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PREFACE

This report was prepared in the course of a continuing study,

sponsored by the Defense Advanced Research Projects Agency, of Soviet
research and development of high-current, high-energy, charged particle

beams and their scientific and technological applications. The report

H-T examines Soviet research on (1.) high-intensity negative ion sources and

(2) space-charge neutralization, beam transport, and focusing of high-

intensity negative ion beams, as reported in Soviet open-source tech-

ir'itnical publications. A forthcoming report will discuss Soviet research

on the formation of neutral beams by electron strippiing of negative ion

beams, the development of beam neutralizers, and char-e-exchange targets

for the conversion of positive to negative ion beams.

The report may be of interest to those dealing with pulsed-power

and energy-related research.



SUMMARY

In 1971, Soviet researchers at the Nuclear Physics Institute in

Novosibirsk obtained intense negative ion yields by introducing cesium

vapor into a specially designed arc discharge source., which they called

a surface-plasma ion source. Thanks to this development and the intense

research effort that followed it, the Soviets can now produce high-

intensity, high-brightness, low-emittance negative ion beams that are

probably on a par with current U.S. achievements for both pulsed and

continuous beam operation.

Along with developing surface-plasma ion sources, the Soviets also

investigated the transport of negative ion beams through gases at

various pressures. This research, carried out largely at the Physics

Institute in Kiev, concentrated on ion-beam space-charge neutralization

and various beam-focusing mechanisms.

Research on the formation and transport of high-current negative

ion beams relates directly to the creation of intense neutral beams

for injection into magnetic traps and tokamaks, for inertial confine-

ment fusion, and possibly for exoatmospheric beam weapon applications.

The analysis of Soviet developments in ion beam research may thus

provide insight into the Soviet capability to develop such weapons.

This report presents such an analysis, using data obtained from a

survey of Soviet open-source technical publications over the past4

ten yastuyn.h aaeesfrotmmoeain~ h o

sourcstuaynd the efetpfarme discharg o ndimu prtioson ofthe iontes

andce qalitdo the nfegativ oardionhabems Sovdietioresearcher hinetemn-it

[tated thalty (1) the deaischarge behaviorvdetermieseather ioveodeical

charateritcso that()te bichrem andvio (2docilterionscetdb the sourptcel

dichargceritcan be minmied bya andju)stiaings sucpreaeters byaheource

modifications of the surface-plasma ion source (including semiplanotron

and axial. hollow-beam versions) have been tried with the aim of improv- *

ing the control of the source discharge and increasIng the power and

gas efficiencies. A gas-blocking mechanism created by the presence of
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vi

the plasma in front of the source's emission aperture was found to

increase gas efficiency.

The surface-plasma source has produced pulsed H ion beams of up

to 1.0 A, H DC beams of 100 mA, and pulsed H beams of over 150 mA

with a brightness of up to 108 A/cm2 -rad 2 . Stable operation of the

hollow-beam surface-plasma source was demonstrated with a projected

pulsed Hf ion beam output of 3 A.

Soviet researchers also investigated negative ion beams produced

from Penning ion gauge (PIG) ion sources and determined thdt the noise

of the current oscillations in the negative ion beams was several orders

of magnitude lower than the noise in positive ion beams. Work in the

USSR on double charge exchange and, especially, on the design and test

of charge exchange targets will be reported in a future Rand publication.

In investigating negative ion beam transport through gases at

various pressures, Soviet researchers concentrated on the basic mecha-

nisms involved in space charge neutralization of the beam; optimization

of beam self-focusing; the study of beam oscillations; and the effects

of plasma ion and electron oscillations on beam quality. Probe measure-

ments of the beam potentials and measurements of the positive ion and

electron currents created in the beam by the ionization of background

gas were made at various locations along the beam and at various gas

pressures. At low pressures, these measurements demonstrated the exis-

tence of a large positive ion flow along the beam. The flow explains

the radial loss of the neutralizing positive ions from the beam. At

high pressures, the radial positive ion current was found to be inde-

pendent of location along the beam and rtpresented by the rate of ion

production caused by beam ionization of background gas.

The Soviets conclude that negative ion beams are more easily

transported over large distances than are positive beams. They also

point out--on the basis of their investigations--other advantages of

using negative ions, such as the high efficiency of converting negative

ions into neutrals at high energies and the considerably lower current

oscillctions in negative beams than in positive ion beams. The consid-

erable effort that the Soviets have invested in negative ion beam research,

charge exchange targets, and neutralizers implies the continuation of

interest of the Soviets in neutral beam production.

s . . . ......... :. . o ,• :• e' ':• : • - ••• '' • • -, . • : '
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GLOSSARY

'j

Ion Source Parmatcrs Symbol Unit.

Negative ion beam current (unspecified) I mA, A

Negative hydrogen ion beam current IH- mA, A
H-

Negative ion beam current density

(unspecified) J- mA/cm2 , A/cm2

Negative hydrogen ion beam current density J mA/cm2, A/cm2
'JIi

Arc discharge current Ia A

Arc discharge voltage Va V A

Electron beam current I mA, A

Total beam current (total extractor power

_Ii supply load current) IT - _ + TT mA, A :A

Extractor voltage V kV

Cathode current density Wk kW/cm2

Source magnetic field B (or H) kG (or kOe) A

Source discharge chamber pressure Torr, microns

Minimum source pressure to maintain

"-. arge Pmin Torr, microns

Neutral gas flow (through emission slit

without discharge) Q0 atoms/cm2-s

Gas flow (through emission slit with

discharge present) Qa atoms/cm2-s

Source gas efficiency I_/Qo

Ion source anode aperture (or emission

slit) size A .. 2, cm2
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} Ion Source Parameters Symbol Units

Normalized beam emittance

across the emission alit E cm-mrad•I nx
along the emission slit E cm-mrad

ny

INormalized beam brightness 8 A/cm2-rad 2

Beam energy spread eV

Beam Parameters -1

Ion beam energy E keV

Ion beam velocity vb cms

Ion beam potential V

Ion beam power density W W/cm2

E -Distance along beam path (unless otherwise

specified measured from ion source anode

aperture) z cm

Full length of the beam trajectory L cm

Ion beam radius r cm

Radial positive ion current I+ mA

Pulsed beam neutralization time Us

Background gas pressure at point where

changes polarity P Torr

Concentration of atoms in vacuum chamber n

Concentration of atoms in vacuum chamber

at pressure PO na0

Electron concentration n
e

Positive ion concentration n
+

i;I
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Beam Parameters Symbol Units

Negative ion concentration n

Conversion coefficient (positive to

negative ion) T- percent

Conversion coefficient (positive and

negative ions to neutral atoms) no percent

Gas target thickness atoms/cm2 , mol/cm2

Electron detachment cross sections
A

for H to H0  0-10 cu 2 /Part
for H0 to H+ a01  cm2/part

for H to H+ 0-ii cm2 /part

Electron capture cross sections

for H+ to H0  a10  cm2/part

for H0 to H 00-1  cm2/part

forH+ to H 01. 1  cm2 /part

Ionization cross section of gas

(formation of gas ions due to collision

of negative ions with gas atoms) ai cm2/part

Electron formation cross sectionI

(ae a ai + a- 1 0 ) a cm2/part
Se.



I. INTRODUCTION 7

This repo"it:,examines Soviet research on (1) high-intensity, high-

brightness negative ion sources and (2) space-charge neutralization,

beam transport, an.6'.focusing conditions of high-intensity negative

ion beams. It also correlates Soviet technical research with data

on the Soviet facilities and organizations responsible for ion beam

source development.

The Soviets have stated in their research papers that high-current

negative ion beams have been developed to create intense neutral beams

for injection systems for mirror traps and tokamaks and for inertial

confinement fusion. These applications require high-performance

characteristics of the neutral beams, particularly high beam current

and good beam quality. The same characteristics are required of neutral

beams for exoatmospheric beam weapon applications. The present analysis

may thus provide insight into Soviet capability to develop such weapons.

This report concentrates on negative iov beams, because they

exhibit much higher power efficiencies than positive ion beams in

conversion to neutral beams above 200 keV. It examines, in particular,

Soviet development of the surface-plasma ion source and includes, for

purposes of comparison, a brief account of corresponding U.S. develop-

ments. The surface-plasma ion source is currently iperior to any

other type of ion source presently available in its ability to provide

the highest brightness negative ion yields. Since its creation at the

Nuclear Physics Institute (NPI) in Novosibirsk in 1971, the surface-

plasma ion source has become popular among both Soviet and U.S.

researchers and has undergone many modifications and improvements.

The source, which has been under continuous development at NPI, has

recently received some attention at the Yefremov institute of Electro-

physical Equipment (EPA) in Leningrad and is being applied for negative

ion beam transport research at the Physics Institute (IFANU) in Kiev.

In the United States, surface-plasma ion sources have been developed

at the Brookhaven National Laboratory (BNL), Los Alamos Scientific
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Laboratory (LASL), Fermi National Accelerator Laboratory (Fermilab),

and Argonne National Laboratory (ANL).

In addition to the surface-plasma ion sources, tIis report men-

tions Soviet developments in charge-exchange, hollow discharge duo-

plasmatron (HDD), and Penning ionization gauge (PIG) sources. These

sources, although of lower brightness, are still of interest in pro-

ducing negative ion beams. Charge-exchange ion sources have been

developed at NPI, the Kurchatov Energy Institute, ind the Solid State

Physics Institute (IFTT) in Moscow. The HD! source was first developed

at EFA following intensive work on duoplasmatrons. Because of its

low ion output, the HDD is not extensively covered in this report.

PIG-type sources have been used at IFANU in beam transport studies.

The remaining ion source types (such as the regular duoplasmatron)

[. have significantly lower output and are, therefore, not included in

this report.

Soviet development of charge-exchange sources, especially for
neutral beam production, will be discussed in a future Rand report.

.,I
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II. OVERVIEW OF RESEARCH ON SURFACE-PLASMA SOURCES

USSR DEVELOPMENTS

The surface-plasma ion source, known as the magnetron ion source

in the United States, was developed in the USSR in the planotron-

geometry and Penning-discharge-geometry versions. Of the two, the
planotron remains the more efficient In terms of total negative

ion yield. The planotron uses an oval cathode surrounded by an

anode and operates with the magnetic field parallel to the cathode

surface; it can be converted into a Penning-discharge chamber by

removing the oval cathode. The planotron can be scaled up in

two dimensions; the Penning-geometry source, in only one dimension

(by lengthening the cathodes). Recent improvements of the planotron

include increased ion yield and gas and power efficiencies.

In the original planotron surface-plasma ion source, developed by

Soviet researchers in 1971-1972, the beam current density was increased

from 0.75 to 3.7 A/cm2 by adding cesium vapor to the hydrogen gas in

the discharge chamber, producing a maximum of 300 mA of H 4.ons. The

source was further developed in 1973 primarily by increasing the lengthI of the emission slit and the associated discharge chamber dimensions.

The total H ion yield was i.acreased to 880 mA with an electron beam

current of 1.7 A. Without cesium in the discharge chamber, this new

version of the source yielded only 15 mA of H

From 1974 through 1977, the Soviets investigated multiaperture

beam-forming systems to raise the negative ion outputs. In the pulsed

mode approximately 1 A per cm of slit length was obtained from a

planotron-geometry surface-plasma source through a sectional emission

slit 3 nun wide. An independent negative ion emitter h&ving a high cur-

rent discharge with electron oscillations was installed in the dis-

charge chamber. The yield from the source was found to be proportional

to the discharge current and the area of the emission slit and was

found to be optimum at short gaps between the negative ion emitter

and the discharge column. With an emission slit of 0.37 by 10 ,,2

:.,ga a- if..
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the emission current density from the source reached 5.4 A/cm2 , a

factor of 1.5 higher than that previously obtained from surface-plasma

sources.

In 1978, the Soviets developed the semiplanotron surface-plasma

Ii ion source. Because it confined the discharge close to the emission

slit, the new source required less than half the power previously

needed to support the gas discharge. This soi--e yielded 0.9 A of H

and 0.55 A of D" at repetition rates up to 10 Hz. A recent modifica-

tion of the electrodes of the planotron geometry ion source provided

an important means of controlling the discharge, thereby optimizing

the source gas and power efficiencies.

A hollow-beam surface plasma source developed in 1978 maintained

F a symmetric hollow discharge 8 cm In diameter in the pressure range

of 0.1 to I Torr and formed a hollow beam with a projected maximum

beam current of 3 A. The maximum beam output has not yet been re-

ported, but preliminary tests showed positive results with current

densities of 0.7 A/cm2 for normal operation and 1.2 A/cm2 as a maximum.

Gas-flow efficiency measurements made in 1980 on the surface-

plastia sources revealed a gas-blocking mechanism. This mechanism,

which occurs when the plasma is sustained at the emission slit, can

reduce unwanted flows of hydrogen and cesium and is even more effec-

tive when continuous or long-pulsed beams are used.

In the Penning-geometry source, discharge voltage and current

fluctuations, measured in 1977-1979, demonstrated the presence of a

wide range of frequencies. These fluctuations strongly degrade the Ii

optics of the output ion beams. However, operations with higher hy-

drogen gas pressures and weaker magnetic fields eliminated these

random fluctuations (noise). Operation in this mode increased the

source brightness by a factor of 100 and decreased the beam emittance

by a factor of more than 10.

A 100-mA (150-mA max) H- Penning-geometry surface-plasma ion

source, produced in 1977, had repetition rates up to 100 Hz and pulse

lengths of 300 us. This source can also be operated in a noiseless

mode.

- . . ..
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The normalized beam brightness for a Penning-geometry surface-

plasma source was found to be 1 to 5 x 106 A/cm2-rad 2 for the noisy

"and 108 A/cm2-rad 2 for the noiseless operation of the source. The

normalized emitt-ance values for the noisy source operation yielded

E - 0.05 cm-mrad and E - 0.2 cm-mrad with energy sp;:ead of 1.5fix fly
keV and 80 eV, respectively. When the source discharge was adjusted

by increasing the source pressure and decreasing the source magnetic

field to remove the random fluctuations, the source operated in a
[1.

noiseless mode and the emittance was reduced to E .003 cm-mrad
nx

and E = .02 cm-mrad with energy spread of 5 eV and 1 eV, respectively.

Recent Soviet research concentrated on developing a high-current

DC and long-pulse-length H and D ion beam by using a modified plano-

tron, a double charge exchange, and a PIG-type ion source. Research-

ers at the Nuclear Physics Institute (NPI), using a modified planotron

geometry source, were reported to have produced an H DC ion beam

with a beam current greater than 100 mA in late 1979 [1]. However,

this development has not yet been reported in the open literature.

In 1980, the Kiev Physics Institute (IFANU) group, using a PIG-type
ion source, obtained a 20-mA H DC beam with very low beam current

oscillations. In 1977, researchers at Kurchatov Institute, using a

charge exchange ion source on the institute's MIN test facility, ob-

tained 1.4 A of H- beam pulsed at 10 ma.
In the early 1970s, Yefremov Elect: physical Equipment Institute

(EFA) developed the hollow discharge duoplasmatron (HDD), which yielded

6 mA of Hf (at that time a factor of 3 higher than any previous yield i
from a standard duoplasmatron source). The development was an out-

growth of concentrated work on duoplasmatrons during the late 1960s.

At first, the HDD source's relatively high brightness made it attrac- A

tive for use in high energy accelerators. However, the HDD's very low

power efficiency, the difficulty of removing electrons from the beam,

and the relatively low ion yields made it inferior to the surface-

plasma source for applications in neutral beam production.

U.S. DEVELOPMENTS

The surface-plasma ion source has recently excited much interest

and developmental effort in the United States. At present, Brookhaven

I __ _ _ _ _ _
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National Laboratory (BSI.) has an intevsive program aimed atproducing A

a 1-A H ion source operational in a steady state (DC) mode or with

long pulses (5 to 30 s). Future efforts will be concentrated on a

10-A H source with a cathode power density of 0.1 kW/cm2 at a cathode

current density of about 1 A/cm2 [2]. BNL has reproduced and further

devLeloped the Penning and the planotron geometry surface plasma source

as a source for high-energy neutral beams [2-9]. Currents in excess
of 1 A of H have been obtained from the planotron geometry magnetron

with pulse lengths of 20 ms at a low repetition rate. According to

K. Prelec the effort has switched exclusively to the planotron source

because of its higher output [6].

BN4L achieved a breakthrough in this line of research by develon-

ing an asymmetric geometry planotron source with focusing cathodes

which increase the gas efficiency by allowing a lower operational

discharge gas pressure. The power efficiency was improved by a fac-

tor of 3 or 4 to 8 kW/A, while the gas efficiency was increased to

about 6 percent. The ratio of electrons to H ions was found to be

as low as 0.5 [71. Thrt late3t experiments, using the asymmetric mag-

netron with focusing grooves in the cathode, demonstrated a decrease

in emittance of a factor of 3 [8]. Plans are beWig made to develop a
modificd version nf the magnetron with plasma injection from a hollow
cathode discharge 19]. This research is closely linked to the semi- .

planotron work performed it NPI. However, the BNL Sroup attempts to

operate the source at much lower power densities than those used by

NPI in the semiplanotron.

Usin& NPI (Dudnikov) data, in 19/7, P. Allison constructed a

Penning-discharge surface plasma source at the Los Alamos Scientific

Laboratory (LASL) [10,11]. Over 100 mA of F- was obtained with a

750-ps pulse length and a repetition rate of 11 Hz; 2 mA was obtained

at contin,ious operation of the source. The U.S. model's emittance

generally measured higher than that of the NPI model. LASL expects

to decrease emittance measurements by reducing focusing aberrations

and noise in the beams.

Researciers at LASL recently obtained up to 160 mA of h extracted

at 20 kV from a Pcnning surface-plasma source with a current density
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of 3.2 A/cm2 at the extractor [12]. The same researchers, using a

circular emission aperture aud extractor in their source, observed

emittance as a function of beam fraction and found a factor-of-3 re-

duction in emittance obtained with relatively noise-free discharge

voltages [13]. Under optimum conditions, the normalized emittance

was measured to be 0.005 (r-cm-mrad).

Research at LASL now also involves the development of a 100-mA

DC H ion source of the Penning geometry with rotating electrodes
r- Z [14]. In this source, the power density on the electrodes is reduced

by magnetically confining the discharge to a small region near the

emission aperture. The rotating source, using a fixed anode and ro-

tating cathodes in order to dissipate the power, shows beam outputs and

emittances comparable to the fixed-electrode source previously tested.

In 1977, following the LASL drawings, J. Fasolo built a source

at the Argonne National Laboratory similar to Allison's first model,

to be used on the ZGS accelerator [15,16]. This source operated es-

sentially as the one at LASL and yielded an 80-mA H beam current.
I Lower current operation ranged from 30 to 40 mA, with a 500-us pulse

L length and repetition rate of 40 Hz.

In the early 1970s, an early version of the BNL source was taken
to the Fermilab, where a later model evolved into the Fermilab nega-

tive ion source [17]. Developed by Schmidt and Curtis [18,19,20], it

now produces 50 mA of H ions at 750 kV, with a 60-ps pulse length
and a repetition rate of 15 Hz. This source, now being used on the

Fermilab Linac [21] for H- operation, is reported to have operated

dependably for over two years and to have "become the principal ion

source for all modes of accelerator operation at Fermilab" [17].
K. Ehlers at the Lawrence Berkeley Laboratory (LBL), using H

ion sources of a different geometry, obtained a 0.5-A H DC beam

(also D-) from a surface conversion plasma source, using a cusp-shaped

magnetic field around the plasma discharge [22]. The negative ions

were extracted radially across the magnetic field through a 4 by 10

cm2 exit aperture. Initial results of Ehler's research are presented

in [23] with more recent developments given in [24,25]. Ehler's

source is also under consideration for producing neutral beams for

injection into tokamaks.

.............. ... •..••....,•---------•--- - - -- ---•;. . •5 :,-.- ..



1II. SURPACE-PLASMA ION SOURCES

DESIGN AND OPERATION

In 1971, researchers at the Nuclear Physics Institute, while

investigating negative ion emission from high-current discharges,

discovered a marked increase in H- ion emission when cesium was added

to the gas discharge [26,27]. These findings led to the development

of the surface-plasma method of producing large beama of negative

ions and to the subsequent development of the surface-plasma ion

source [28,29]. The basic mechanism of surface-plasm negative ion

production was described more recently by NPI researchers [30,31, 3 2 j.

The surface-plasma ion source, so called because of the inter-

action of the plasma with the electrode surface which results in the

formation of negative ions, possesses an oval-shaped cathode sur-

rounded by an anode operating in a magnetic field parallel to the

cathode surface. In the presence of a magnetic field, a dense plasma

is created in the anode-cathode gap when hydrogen gas is introducedI into, and voltage is applied across, the gap. The positive ion bom-

bardment of the cathode forms H ions [33]. Each positive ion ac-

quires two electrons as either (1) it strikes the cathode surface and

then is reflected as a negative ion or (2) it sputters atoms from the

cathode causing negative ion production. The introduction of cesium

into the source and the subsequent coating of the cathode surface

lowers the surface electron work function and thus increases the

probability of electron capture from the cathode [31].

The negative ions which are thus formed are then accelerated by

the cathode potential drop and are passed through the thin cathode

plasma sheath toward the emission aperture. To decrease both the

energy spread of the ions in the beam and the flow of the accompany-

ing electrons, an equipotential depression, filled with dissociated

discharge gas, is formed in front of the emission aperture. Here

the fast negative ions, having a large velocity spread, are trans-

formed into slower ions by resonance charge exchange, and the ener-

getic electrons are trapped along the magnetic field lines at the

I• _
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surface of the depression. In this way, a plasma consisting of low-

velocity negative ions along with the positive ions is formed in

front of the emission aperture (29].

The Hbeam is extracted across the magnetic field through the

anod4 emission alit, which is perpendicular to the magnetic field.

This design decreases the output of electrons (vhich are extracted

from the source alonig with the negative ion beam), decreases the total 2
size of the source, and allows a large change in slit length without

changing any other source parameters. An optimum magnetic field con-
figuration provides efficient deflection and collection of the un-

desirable electrons from the beam path.4

In the actual operation of the source, several factors complicate

the separation of the electron beam from the negative ion beam: the

penetration of the extractor electric field into the emission slit, :

FI- the secondary emission from the walls, the cesium flow from the source,
etc. Oscillations in the discharge can increase as wall as decrease

the electron flow, which depends on the hydrogen and cesium gas inputs
and on the extractor voltage (27]. Under optimum conditions, the total

electron current in the extraction region is only 1.5 to 2 times

greater than the H ion beam current, but in some adverse instances,

it can be as high as 10 to 20 times greater.

The space between the emission slit and the extractor electrodeL

is minimized so as to form beams with a high emission current density,

to decrease the negative ion loss in the extraction gap, and to reduceI
electron formation. These factors have been found to be important
in the formation of negative ions because of the high gas density in

the gas discharge chamber, the large electron detachment cross sec-

tions of negative ions, and the extraction of the accompanying elec-

trons in the extractor gap. Only because of the high emission current

density can the gas efficiency of the source remain high. Due to the

high value of the electric field, the H ions accelerate to several

keV, at which the resonance charge exchange cross section decreases

considerably for relatively short distances. However, at the mini-

mixed extraction distance, defocusing takes place in the extractor aind

the divergence of the H beam increases along the magnetic field [34].
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The spacing between the emission slit and the extractor electrode

is usually from 2 to 2.5 a for an 0.8-um wide aperture in the ex-

tractor electrode. The extractor voltage can usually be varied up

to 30 kM. To maintain a stable and rigid system, the emission slit

electrode should be massive and the plates of the extractor electrode

should be clamped to the source to obtain optimum cooling. In one of

the latest surface-plasma source developmants, demineralized water A

In used under pressurised nucleated boiling conditions to force-cool

the electrodes, especially the cathode. A precise aligsment of the

electrodes is necessary: A misalignment of only 0.1 mm along the

axis or an equivalent skewing produces an observable displacement in

the H ion beam [34].

BASIC DESLGN TYPES

Planotron Geometry

NPI developed the first model of the planotron surface-plasma

ion source between 1971 and 1972. With cesium vapor in the discharge,

a 300 mA H ion beam current was extracted from this source, producing

a beam current density of 3.7 A/cm2 . Without cesium, the current

density was only 0.75 A/cm2 . With cesium, the source operated with

a 1-: a pulsed 150-A discharge current, repetition rated at 10 Ha, at

a voltage of 100 to 150 V.

The first model of the source, shown in Fig. 1, had a planotron-

geometry discharge chamber with a cold cathode (26,27]. In Fig. 1,

the discharge is confined to a ring gap between the central cathode

plate (1) and the anode (4) which surrounds it and incorporates the

emission slit (9). The cathode face shields (5) limit the extent

of the discharge volume. The hydrogen gas is introduced into the

discharge through the channel (3) using a pulsed electromagnetic

valve. The I" ion beam (11) is extracted through the emission slit

(9) in the anode across the magnetic field, which is formed by the

poles (6). The electric field required for extraction is provided by

the extractor electrode (10). The accompanying electrons (8), which

-- .}.. w
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(By permission of American Institute q
Vof Physics)]

1--cathode plate
2--cathode plate cavity (f illed with

cesium bichromate and titanium)
3--gas inlet channelA
4--anode
6--elctrom agcet poiles
5--elcathode ane shiels
7--electron collector electrode
8--electron beam paths
9--emission slit

10--extractor electrode
11--ion beam

are also extracted from the discharge, are trapped along the magnetic

lines of force and are collected on the collector electrode (7).

The cesium vapor is introduced into the discharge chamber when I
the cathode plate (1), the cavity of which is filled with a mixture

of cesium bichromate and titanium (2), is heated by ion bombardment. ~

The density (which must be optimized) of the cesium vapor in the.

discharge chamber is controlled by the chamber's change in temperature.

The basic parameters required to maintain a normal high-current

pulsed discharge in this early version of the source are [26]:

H2 minimum pressure .. .4................ 1016 mol/cm3

B minimum near cathode ................. 1 kG

Va (in H2 + Cs vapor) ................... 100 to 150 V

Ia (1-ms square pulse with repetition
rate up to 10 HO) ................b.......... 1 to 150 A
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The dependence of H output on the source magnetic field proved to be

weak. Any increase in the H2 pressure in the discharge, above the

pressure needed to maintain the arc, decreased the H ion output. The

H beam intensity was proportional to the emission slit area over a

range of slit width values from 0.4 to 1 mm without cesium and from A

0.4 to 2 mm with cesium. The current of the extracted electrons was

found to be proportional to the slit length and very strongly depen-

dent on slit width. For a discharge with cesium and a 0.4-mm slit

width, the electron current was considerably less than the ion current;

with a slit width of 1.5 mm, the two currents extracted were about

equal. The maximum H- ion beam obtained from this source with cesium
in the discharge was 300 mA with a slit of 1 by 10 mm2.

The H ion beam current densities developed in a 0.4-mm-wide

emission slit at optimum source conditions are shown in Fig. 2 as a

function of arc current (I a) with and without the use of cesium vapor

in the discharge.

NPI obtained similar discharge characteristics when the source

was changed over to a Penning-discharge geometry by removing the

cathode plate (1) in Fig. 1. In this case, current densities of 2.5
to 3 A/cm2 were obtained with cesium in the discharge.

2
J,-,A/cm i

Cesium in discharge

I .---------- No cesium in discharge

0a 0 #0 too RIO 'a'

Fig. 2--H- ion beam current density in 0.4-mm-wide
slit as function of arc current [261
(By permission of American
Institute of Physics)

Revised PlanotroA Geometry

In 1973, NPI developed a new version of the planotron-type ion

source incorporating a longer emission slit (0.9 by 30 mm2) and a

corresponding longer discharge chamber. This source produced a total
A_ .

k.2

i, -
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of 880 mA of H ions with an associated electron current of 1.7 A [29].

The maximum current density in the emission slit obtained from this

source, shown in Fig. 3, remained 3.7 A/cm2 with an emission slit of

0.4 by 5 mm2.

I V

VT0 2 3

\s.-- -----. _;y• I •

16 R

Fig. 3-- Planotron-geometry source with elongated emission slit [29]
(By permission of American Institute of Physics)

1--discharge chamber body
2--high voltage ceramic insulators
3--ceramic cylinder
4--support rod for cathode side shields
5--fast-acting electromagnet valve
6--anode insert
7--gas inlet channel
8--top anode protrusion
9--cathode

10--cathode side shields
11--bottom anode protrusion
12--ion beam
13--extractor electrode
14--emission slit
15--electromagn( t poles
16--ion beam collector

In Fig. 3, the body of the gas discharge chamber (1) is mounted on
high-voltage ceramic insulators (2) between poles (15) of the electro-
magnet. The discharge chamber, including cathode plate (9), emission

slit (14), and extractor electrode (13), is considerably longer than

i,
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the source in Fig. 1. Hydrogen gas is fed to the discharge chamber

through channel (7) in bursts controlled by fast-acting electromagnet

valve (5). The length of each burst can be regulated from 10-4 to

6 x 10-4 seconds by changing the parameters of the current pulse open-

ing the valve. The time constant of the gas flow from the discharge

chamber through the emission slit is 10-3 to 10-2 s. This source can

maintain pulsed operation with repetition rates up to 10 Hz with a

160 i/s pumping speed beyond the extraction aperture. The cesium

was introduced into the discharge in the manner described in connec-

tion with the source shown in Fig. 1.

SThe H beam output was found to be proportional to the area of

the emission slit as in the earlier version of the source. In Fig. 4,

H beam current (IH-) collected on the Faraday cup and total extractor

load current (IT) are plotted as a function of arc current (Ia).

The maximum negative ion current output from these sources is

observed when the thickness of the cathode plasma layer is at a

minimum and the hydrogen gas pressure is sufficiently high to maintain

the required arc discharge. Any unnecessary increase in source gas

pressure (also the introduction of cesium into the discharge) decreases

the negative ion output, because negative ions are easily destroyed

at higher gas pressures. With an emission slit of 0.4 by 5 mm2 and

an arc current of 150 A, this source, operating without cesium, yielded

15 mA of H-. The corresponding current density was 0.75 A/cm2.

In 1975, NPI developed a fast-acting electromagnet valve (item

5 of Fig. 3), allowing pulsed flow of gas with repetition ratei up

to 1 kHz with an operational life longer than 109 cycles [351.

A valve developed at EFA in 1978 [36] provides a wide choice of

pulse lengths and gas volume adjustments. Using mechanical regulation
of the operational gap without disrupting the vacuum, this valve can

provide gas, flows of 1018 to 1023 molecules/s at pulse lengths of 0,3

to 2 ms and repetition rates up to 1 kHz. The operational character-

istics of the valve did not change for a 100-hour-life test operating

at 100-Hz repetition rate. In the case of surface-plasma sources with

discharge volumes reaching up to 100 cm3, gas flows can be adjusted

using this valve to maintain pulsed source pressures of 0.01 to 1 Torr.

S.. . .. •- . -. , • : =.•. .. •..: .• ,
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Fig. 4--Dependence of IHj- and IT on la [29]
emission slit - 0.9 x 30 mm2
cathode - 4 x 6 x 35 m3

(By permission of American
Institute of Physics)

Semiplanotron Geometry

In 1978, NPI reported the development of a new version of the

surface-plasma ion source in which the discharge, previously confined

in the anode-cathode gap, was limited to the area opposite the emis-

sion slit [37]. This source, called the semiplanotron surface-plasma
source, required only half the power needed to support the gas discharge.

The source yielded a maximum of 0.9 A of H and 0.55 A of D at a repeti-

tion rate of up to 10 Hz.

The electrode configuration of the semiplanotron is shown in

Fig. 5. As in the planotron, the discharge in the semiplanotron is

confined in the narrow gap between cathode (1) and the surrounding

anode (2). In the seaiiplanotron, however, the conditions for confine-

ment of fast electrons emitted by the cathode are met only in a small

section of the gap near the emission slit (5), which is oriented across
the magnetic field. In this area, the magnetic lines are shaped by

magnetic i=tserts (3) to force the electrons to cross the surface of

semicylindrical groove (7) in the cathode without touching the anode.

This configuration enables the fast electrons to oscillate along the

magnetic lines and to be reflected from the cathode. A deep notch (8)
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Cathode viewed from Source cross section
emission slit end

Fig. 5--Semiplanotron surface-plasma
negative ion source [37]

1--cathode
2--gas discharge chamber
3--magnetic inserts
4--electromagnetic poles
5--emission slit
6--extractor electrode
7--cylindrical groove in

cathode
8--notch in cathode surface

is made in one side of the cathode to facilitate the striking of the

discharge. Bursts of hydrogen gas are fed into this notch by an

electromagnetic valve, and cesium is introduced from a heated container.

A voltage across the anode-cathode gap in the presence of hydrogen

initiates the discharge in the notch. The discharge then spreads

along the semicylindrical groove in the cathode adjacent to the emis-

sion slit. To eliminate the discharge from other parts of the anode-

cathode gap, the cathode and its surrounding anode are shaped to

throw the electron in the gap onto the anode along the magnetic lines.

The first experiments with the semiplanotron used an emission

slit of 1 by 10 mm2 located opposite the center of the cathode. The

characteristics of the discharge and its dependence on the magnetic
field and the hydrogen and cesium input were similar to the character-

istics of the planotron chamber discharge in [30]. As the cesium

input was increased, the discharge voltage decreased from 400-600 V

to 100-150 V, and the H output increased markedly.



17

The dependence of the I- and D beam outputs from the ion source

with optimized parameters as a function of discharge current is

presented in Fig. 6 for various slit dimensions. When the slit A

length was increased from 10 to 20 mm, the H and D beam intensity

increased by a factor of approximately 2; when the slit length was

L increased to 40 mm, the proportional bean. current increase did not

occur. Various slit sizes were tried. The 0.5 by 41 MM2 slits showed

a better homogeneity along the slit than that obtained in the 1 by-

40 mm2 slit and allowed operation at a higher discharge current (up

to 150 A). The H beam current reached 0.8 A and D beam current

0.55 A at these settings. When the slit was further increased to

0.72 by 45 mm2, the optimum discharge current decreased to 120 A;

the H beam output reached a maximum of 0.9 A.

The above experiments with a semiplanotron demonstrated efficient .
negative ion generation and enhanced beam output with ribbon beam ion J
sources, using a discharge in crossed fields without a closed electron

drift space. An important recent development at NPI, the modification

IHJDAHl- ID-'A

H- 0.72 x 45 mm2

H- 0.5 x 41 mm 2

S~H- I x 40 mm2 i

-D 0.5 x 41 mm2

a, H- I x 20 mm2

u ~D- I x 40 .m.2
SD- I x 20 mm2

I . A
a

Fig. 6--Dependence of H- and D- ion beam outputs
as function of discharge current;
emission slit area is noted to
right of each curve [37]

• i
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of the planotron-geometry source electrodes (including the development

of the semiplanotron), provides better control of the source discharge

and optimizes gas and power efficiencies.

Hollow-Beam Source

In 1978, Yefremov Electrophysical Equipment Institute in Leningrad

(EFA) reported the development of a surface-plasma ion source which

generates an axially symmetric hollow H ion beam [38]. This source,

which produced current densities of 0.7 A/cm2 for normal operation and

[ 1.2 A/cm2 as a maximum, had an electron-to-ion beam current ratio of

less than 2. EFA investigated various discharge chamber electrode

shapes and arrived at a geometry that allowed stable operation and

L• symmetric distribution of the narrow ring channel discharge in the

[ pressure range of 0.1 to 1.0 Torr of hydrogen gas. The emission

characteristics were studied as a function of various source parameters;

their dependence on the source parameters was found to be similar to

taat in the normal planotron source. The successful operation of this

source indicates the possibility of obtaining 3 A of an H hollow beam

with the use of a ring emission slit 1 mm wide. By further optimizing

ýhe pressure of the cesium vapor in the discharge and by modifying other

lements in the source construction, EFA hopes to achieve larger ion

beam outputs.

Figure 7 shows the EFA-designed surface-plasma source intended to

produce a high-current axially symmetric H beam. Tn this source the

nL.3 harge occurs in crossed E ai.d B fields. The ring electrode geometry
of the discharge chamber has an 80-mm anode aperture slit diameter. The

toroidal gas discharge chamber of the ion source is formed by a stainless

steel anode (1) and cathode (2) located in a radial magnetic field formed

by poles (6 and 7) of the magnetic system. The intensity of the magnetic

field betwecn the poles of the magnetic system is shown in Fig. 8.

The discharge is held in the ring gap between the anode and the

hollow of the cathode. The operating gas is introduced into the

discharge chamber (Fig. 7) through zhe channel (13) located in the

cathode support (3) and through twelve 0.8-mm-diameter apertures in

the cathode. The cathode has twelve cavities containing pellets (8),
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Fig. 7--Hollow beam negative ion source [38]
(By permission of American Institute of Physics)

1--anode
2--cathode
3--cathode support
4--extractor electrode
5--anode aperture (emission slit)
6 and 7--poles of the magnetic system
8--pellets of cesium chromite and titanium

mixture
9--central magnetic core

10--electrode cooling systeia
ll--electrode cooling system
12--electrode cooling system
13--gas input channel
14--insulator

made of a mixture of cesium chromite and titanium (30 percent Cs2 Cr04 +

70 percent Ti). The cavities with pellets are covered by metal plates.

When the cathode is heated by ion bombardment, cesium is liberated from

the pellets and introduced into the gas discharge chamber. The cathode

and anode temperatures are regulated by either the cooling system (10, 11,

12) or the power input into the discharge, which, in turn, is controlled

by varying pulse frequency from 0.1 to 10 Hz.

The ions are extracted perpendicular to the magnetic field through

the anode aperture (in this case the ring slit) by means of the electric

field of the extractor electrode (4). The electrons, which are also

extracted through the exit slit, are collected at the magnetic field

poles along the magnetic field lines.

'I
~~~......,._._ =•• £:... .
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Fig. 8--Magnetic field intensity between
magnetic system poles, with cur-
rents in magnetic field coil of
0.5 A (curve 1) and 1 A (curve
2) [38] (By permission of
American Institute of|.
Physics)

EFA investigated the emission characteristics and the symmetry of

the discharge by using six 0.3-mm-diameter apertures (acting as emis-

sion apertures) located 60* apart in the anode plates. The maximum

negative ion current density under stable source operation--0.7 A/cm2  .2

at a discharge current of 300 A and 1.2 A/cm2 at a discharge current of

500 A--occurred just before the ring discharge turned into a nonsymmetric
arc. The parameters for optimum ion beam output from the ion source ;
required an arc discharge of 200 V, a magnetic field of 1.2 kgauss, and

a hydrogen gas pressure of 0.2 Torr. Various arc discharge currentsI

were tried; unstable source operation was observed at arc currents

greater than 300 A. Figure 9 shows the total beam current output

(IT) as a function of the arc current (Ia). The total beam current

consists of the negative ion current (I,-) collected on a Faraday cup,

and the accompanying electron current (Ie) deflected onto the extractor

electrode. In general, the dependence of the ring-geometry surface-

plasma source parameters on the source gas pressure, magnetic field,

extractor voltage, and arc current is very similar to the dependence

found in the planotron-geometry discharge sources.
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Fig. 9--Total beam current and negative ion
current as function of arc current
[38] (By permission of American

[. :Institute of Physics)

EFA found the best concentration of cesium on the surface of the

electrodes to be 1 to 4 x 1014 cm- 2 , a value that corresponds to the

minimum value of the work function of 1.2 to 1.6 eV [39]. This concen-

tration is maintained by having the cesium flow onto the chamber surface

from a desorption-controlled cesium reservoir. A surface ionization

cesium detector was used to study the flow of cesium from the source. ]

PRINCIPAL OPERATING CHARACTERISTICS

Gas Flow Efficiency

The Nuclear Physics Institute in Novosibirsk gave special attention

in late 1979 to the gas flow efficiency of the surface-plasma sources

[40]. Researchers made detailed measurements of the minimum hydrogen

gas pressure (pmin) required to maintain the discharge in the source

ard the gas flow out of the source through the emission slit without

a discharge (Q0 ) [28,41]. In a source having a planotron-geometry

discharge chamber, the (pn) equals approximately 0.1 Torr and the
min

corresponding flow Q0 is 20 to 30 times larger than the negative ion

output (IH-). The ratio of these two values, namely IH-/Q 0 , is defined

.I __ _ _ _ __ _ _ _ __ _ _ _ __ _ _ _ _
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as the gas flow efficiency and has a value of 3 to 5 percent for

surface-plasma sources. NPI's gas-flow measurements showed that the

gas flow drops during the source discharge on-cycle (423. However,

noise of the plasma discharge made quantitative analysis impossible.

Using a differential high signal-to-noise ionization counter, 4
NPI measured the gas f low with a discharge present in the source 

'i

[40]. The time dependence of the various measured signals is shown in

the oscillograph trace of Fig. 10. The graph illustrates the drop in

the hydrogen flow out of the source during the interval that the

discharge is on.

The values of Qo represent the hydrogen flow through the emission

slit without a discharge in the source; I and Q show the measureda a

values of discharge current and the corresponding hydrogen flow through

the slit with the discharge present in the source. The differential

signal 6 indicates the noise level caused by the discharge plasma.
aA

The discharge is struck when the hydrogen density reaches close to

maximum in the region of the farthest anode-cathode gap from emission

slit. With an increase in the cesium pressure in the discharge, the

values of (p )and Q decrease. NPI also determined O~at with a
min

discharge, the flow of hydrogen through the slit unobstructed by dense

plasma actually increases, thereby demonstrating the expulsion of

hydrogen from the gas discharge gap.

aI

a

L dscharge on!ý

Fig. 10--Time dependence of hydrogen gas flow
and discharge current in a surf ace-

plasma ion source (401 (By per-
mission of American Institute
of Physics)
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The experiments showed that at an optimum cesium concentration,

the discharge was struck at Qo u 3 to 5 x 1020 atoms/cm2-s, corre-

sponding to a hydrogen gas pressure p w 0. to 0.15 Torr in front of

kj the slit. When the discharge current was increased to 50 A, the

hydrogen gas flow through the slit (Qa) decreased to

0.7 to 1.0 x 1020 atoms/cm2 -s, with p 2 to 3 x 10-2 Tcrr, and

remained at this level even with an increase in discharge current. A1

Under optimum conditions, the emission of current density ranged

from 3 to 4 A/cm2 (2 to 2.5 x 1019 ions/cm2 -s), demonstrating that

about 30 percent of the total hydrogen gas flow was converted into theH ion beam exiting through the source emission slit. The decrease in

[ hydrogen density near the emission slit decreases the possibility of

negative ion loss caused by collisions with background hydrogen gas

and guarantees maintenance of high electric strength in the extraction

gap region. The gas blocking mechanism in the source caused by the

dense plasma as mentioned above and the blocking of cesium as referred¶

to in [39] can be more efficient when continuous DC beams or beams

with long pulses are used.

Discharge Fluctuations and Noise

NPI observed intense voltage and current fluctuations (noise) in

the ion source discharge when it is located in a strong magnetic field.

Experiments carrind out between 1977 and 1979 showed that these fluctua-

tions degraded the optical properties of the negative ion beams 134,

43,44]. It was determined that the fluctuations could be stopped by

decreasing the source magnetic field and increasing the hydrogen and

cesium gas pressure. The hydrogen gas pressure had to be increased

by a factor of 1.5 over normal operation to stop the fluctuations.

These intense fluctuations, present in most modes of operation

in the surface-plasma source with planotron- and Penning-geometry

discharge chambers, also appear in HDD sources [34]. Source operation

with high noise in the beam, observed at magnetic fields of 1.5 to

2 kG with minimal hydrogen and cesium gas density in the chamber,

allowed switching between the glow and the low-voltage discharge mode

(100 to 150 V). A typical oscillogram of the discharge voltage in this

mode of operation is shown in Fig. 11, a. The frequency spectrum of the

-~~~ ~ • :• • •. ... .. ..... .."



24 1

* * * *Discharge with noise

- Discharge with coherent
high-f requency4
oscillations

c - 4 Dischargewihcern
~ ,~ -hig'h-f requency

d

Vertical scale: 100 V/cm

Fig. 11--Discharge voltage in different
modes of source operation [341 -

flucuatonsis uniform in the range of 0.1 to 10 Mliz. The most effec-

tive generation of R ions takes place in this operation mode, but the

fluctuations strongly degrade the quality of the output ion beam.

When the source magnetic field is reduced, the fluctuations disappear

almost immediately; in certain cases, however, modulated coherent oscilla.-
tions appear in the frequency range of 17 to 18 M'iHz (Fig. 11, b and c).

The source parameters (magnetic field, discharge current, hydrogen and

cesium density) strongly affect the amplitude, but not the frequency, of

these oscillations. Further decrease in the magnetic field, or increase

in the hydrogen or cesium flow, eliminates the fluctuations of all the

discharge parameters (Fig. 11, d). With a fixed geometry of the dis-

charge chamber, the fluctuations disappear at a fixed value of the

ratio of the magnetic field to the hydrogen gas density [30]. When

the anode slit width is decreased, the criticality of this value

increases, i.e., the noiseless discharge is formed at a higher magnetic

field and a lower hydrogen density. However, the minimal value of the

magnetic field, at which the intense glow discharge is struck, increases,

and the operating range of the parameters becomes narrower. The effective-

ness of the discharge for the formation of negative ions decreases as alit
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width increases. In some modes of operation, high-frequency coherent ]
oscillations (as shown in Fig. 11, b and c) can be generated efficiently;

however, the specific nature of such oscillations has not yet been

investigated.

In discharges with cesium fluctuations, properties of the cathode

can affect noise, which strongly depends on the processes of absorption- j-

desorption of cerium [30,39]. This effect is present at low cesium
1: A

inputs into the chamber when the cesium concentration changes on the

cathode, causing corresponding transition from the low-voltage dischargeI.

mode with cesium (2 100 V) to the high voltage mode (with voltages up

to 1 kV). In discharges without cesium, the noiseless operation is

more stable and can be achieved at high magnetic fields (and at higher

hydrogen densities). A small amount of cesium can increase the electron

scattering and noise damping.

In the noisy mode of operation (Fig. 11, a) there was a correla-

tion between the fluctuation of discharge voltage, discharge current,

beam current, and current density. In this case, the normalized beam
brightness was 1 to 5 x 106 A/cm2-rad 2 , and the normalized emittance was

3 to 5 x 10-2 cm-mrad across the slit and 0.1 to 0.2 cm-mrad along the

slit, corresponding to the transverse velocity energy spread of 1.5 keY
and 0.1 keY, respectively. The beam expanded by a factor of only 2 to 3

in the direction perpendicular to the magnetic field. The factor of

emittance difference in the two orthogonal directions was only 3 to 5.

The corresponding dimension difference of the emission slit was a
t

factor of 20.

In the discharge mode without noise (Fig. 11, d), the normalized

beam brightness was 108 A/cm2-rad2 , a factor of 100 improvement over

the case of the noisy discharge. The minimum normalized beam emittance

obtained was 3 x 10-3 cm-mrad across the slit and 2 x 10-2 cm-mrad

along the slit.

Development of a 100-mA H Ion Source for Accelerators

In 1977, the Nuclear Physics Institute announced the development of

a 100-mA H ion source [43] designed for powerful linear accelerators

(meson factories) and for circular accelerators with charge-exchange
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injection of protons, to be used for proLon synchrotron boosters. The
source was a new design of a Penning-gcometry surface-plasma type with

a maximum beam current of 150 mA (100 mA nominal), repetition rate up

to 100 Hz, current pulse durati.in from 100 to 300 ls, and ion energy

to 30 keV (20 keV nominal).

The discharge volume was filled with hydrogen in 200-ms pulse

bursts using the electromagnetic valve mentioned in [35] (see above,

p. 14), which has an operational life longer than 109 cycles. For

nominal H ion outputs of 100 mA, the discharge voltage was 100 V, and

the total current in the extractor circuit was about 200 mA.

To transport high-current negative ion beams, one must provide

either very strong beam focusing or space charge beam neutralization

with positive ions. In the beam, ionization of the background gas

forms positive ions, and the beam loses negative ions because of elec-

tron stripping. Measurements of an H ion beam current at 25 cm
F from the emission slit showed that 90 to 95 percent of the negative

ions were present in the beam at a background pressure of 5 x 10-5

Torr but that only 80 percent were left at a pressure of 10-4 Torr. i
These measurements demonstrate the importance of proper pumping and a I

control of the background gas pressure for space charge neutralization

(see Section V, below).

With the source operating so that the background gas around the

beam is well below 10-4 Torr and low-frequency fluctuations are present

in the discharge, the ion beam diameter at the output increased to

3.5 cm and the normalized beam emittance was 0.04 cm-mrad parallel to

the magnetic field and 0.2 cm-mrad perpendicular to the field. When

the background gas pressure was increased to 10-4 Torr, the beam

emittance decreased by a factor of 1.5 to 2 in both directions. In

the noiseless mode of operation, the emittance decreased to 0.003 cm-mrad

and 0.02 cm-mrad, respectively, and beam diameter was below I cm.

*1
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IV. OTHER TYPES OF NEGATIVE ION SOURCES
AND THE FORMATION OF NEUTRALS

PIG-TYPE SOURCES AND DC H BEAMS

In the investigation of high-current continuous beam (DC) ion

sources, 5 mA of H- ions was long considered to be the limit of the

plasma-discharge-type ion sources [45]. In 1978, IFANU developed a

PIG-type ion source which yielded 15 mA of DC H beam with a hydrogen

gas flow of 207 cm3 /min through a 20 by 0.6 cm2 slit and a discharge

current of 3.5 A [46]. The maximum extractable current expected from

this source was 40 mA, with an 80-mm slit length and a proportionately i

larger gas flow. The yield was found to be directly proportional to

the neutrals in the discharge chamber and to the emission slit length,

but not to the width [47]; see Fig. 12.

f 2 S 4 1 7
at U(

Fig. 12--PIG-type ion source developedat IFANU [461 (By permission
of American Institute of
Physics)

1--tungsten cathode
2--tantalum aperture
3--anode chamber
4--exit aperture in anode
5--plasma column
6--extractor electrode
7--electron reflector

I
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In a 1980 report on (DC) ion sources [48], IFANU disclosed the

formation of a 20-mA H ion beam with very low level beam current

oscillations. The IFANU taam investigated the output of the source for

both negative and positive ion beams and compared the beams' oscilla-

tions and noise spectra. The dependence of the beam current oscilla-

tion coefficient K on the source hydrogen gas pressure was measured

(see Fig. 13). The coefficient for negative ions could be reduced

below 0.05 percent at a maximum value of beam current for a range of
operating pressures (region B of Fig. 13) and was several orders of

magnitude lower than the value for positive ions.

The H- ion beam increased linearly with source pr.,ssure up to

0.1 Torr, while the H+ beam was found to depend only weakly on pressure.

The maximum beam current of 20 mA H was obtained in this mode of opera-

tion with a pressure of 0.1 Torr, a discharge current of 4 A, discharge

voltage of 250 V, and an associated electron beam current of 100 mA. I
The beam noise spectra for both the negative and positive ions in

region B were characterized by sharp peaks in the 1-MHz range. The

frequency of these peaks decreased as source pressure increased.
4

Positive ions

Zj

A B
0 -z Negative ions

Source pressure x 10-2 Torr

Fig. 13--Beam current oscillation coefficient K

as function of source hydrogen gas
pressure [481 (By permission of
Plenum Publishing Corporation)
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The IFANU team explained [48] the marked difference in beam

noise between the negative and positive ions extracted from the source

as follows: Fluctuations set up in a plasma discharge having electrons

oscillating in a strong magnetic field perturb the plasma column

circular profile. This perturbation strongly modulates the positive

ion density near the exit slit and the ion beam current. However,

all the negative ions leaving Lhe plasma column across its lateral

surface, as described in detail in [47], are extracted through the

exit slit, so that the beam current is much less sensitive to the

fluctuations. This effect is observed in the source operating in

region B of Fig. 13.

In 1976, IFANU obtained 1.2 mA of Sb1  (antimony) ions from the

same type of ion source with a current density of 12 mA/cm2 in the

14 by 0.7 mm2 emission slit [49]. The associated electron current wasV 12 mA. The arc discharge was initially struck in Ar (argon); Sb was

then introduced from a heated crucible. Subsequently, Ar was cut

back to allow optimum operation of the source.

In 1976, IFANU developed a pulsed PIG-type source to produce

80 mA of H with a pulsed duration of 0.6 ms and a current density

of 50 mA/cm2 at 15 keV beam energy. This source was used to study

space chargc neutralization of H- ion beam and the self-focusing

of the beam, which was observed at relatively high background gas

pressures (see below, Section V). Strong beam deneutralization due

to beam instabilities was observed at beam current densities of

about 50 mA/cm2 [50].

CHARGE EXCHANGE SOURCES

The double charge exchange of a low-energy positive ion beam in

various charge exchange targets is another method of producing

intense negative ion beams. (An alternate method--the direct extrac-

tion from ion sources--is discussed above.) The double charge exchange

method is effective in producing large negative ion yields (especially

when alkali metal vapor targets are used), but it has a number of

major problems: (1) high residual gas pressure along the beam axis;

(2) vapor leakage from the charge exchange cell (the leakage contaminates

4' -

ItI
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the vacuum system and degrades the electric strength of the accelera-

tion gaps); (3) the inherently large cross section of the beam; and

(4) high beam instabilities.

The Kurchatov Institute in Moscow, Solid State Physics Institute

(IFTT) in Chernigolovka, and NPI in Novosibirsk are investigating

charge exchange sources. Kurchatov has developed sources and charge

exchange targets geared for neutral beam injectors for thermonuclear[ reactors [51]. In 1976, Kurchatov began operating a special test
facility (MIN), built specifically for research on charge exchange

systems and negative ion injectors. The facility's power supply

capabilities allow positive ion currents of up to 100 A at 10 keY and

negative ion currents of up to 10 A at 100 keV, with pulse lengths up

to 1.5 s and intervals between pulses of 40 to 60 s [52]. As reported

in 1977, MIN obtained H7 ion beam currents of 1.4 A at 40 keV using an

8-A H+ beam at 10 keV with a pulse length of 10 ms focused into a

Na or Cs vapor target. The negative ion beam formed represented about
18 percent of the total current of positive ions and neutrals channeled

through the charge exchange cell. Beams up to 20 A H +have been tried-.

but higher negative ion yields have not been reported. The IBM-5

positive ion source [53], a copy of the Berkeley bucket source used

at Kurchatov, is designed for the T-11 tokamak injector, which provides

neutral atoms with an energy of 25 keV and a power of 500 kW. This [
+source produces over 30 A of H at 25 keV with a pulse length of 20 ms

and uses no external magnetic field. The source's emission aperture,

consisting of 42 slits (each 8 by 0.2 cm2), provides an initial beam

cross section of 8 by 18 cm2 . The dispersion angle of the beam is

: 0.6* along the slits and 2.5a perpendicular to the slits.

At the Solid State Physics Institute (IFTT), a team headed by

B. A. D'yachkov conducted work on all aspects of charge exchange.

Development of various metal vapor targets for the production of both

negative ions and neutrals began in the mid-1960s. The early investi-

gations of an ultrasonic lithium vapor target (and later sodium,

magnesium, and zinc vapor targets) for the production negative ions

showed that the conversion coefficient (n) for H+ to H was consid-

erably higher for metal vapors (here Zn and Mg) than for gas targets

- - * L&k, -- ,
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[54,55]. This coefficient sharply decreased as a result of an increase
in positive ion beam energy. At 20 keV, the coefficient was 2.5 per-

cent for Zn, 1 percent for Mg, and only 0.2 percent for Li and Na.

Vapor leakage into the vacuum was studied in [56]. In 1971, a Na

vapor target developed for He production showed a 1.7 percent conver-

sion coefficient at an optimum beam energy of 12 keV [57].

More detailed measurements of the conversion coefficients for H

to H were also made during 1971 [58]. Optimum values of 5.3 percent

for Li, 9.5 percent for Na, 4.2 percent for Mg, and 9 percent for K

at 2 keV positive ion-beam energy were obtained. The optimum value of

the charge exchange target thickness was 2 x 1015 atoms/cm2 for alkal.

metals and 3 x 1015 atoms/cm2 for Mg. By comparison, the conversion

coefficients in gas targets normally run about 2 percent. The conver-

sion coefficients of other ion species were measured in 1975 [59].

The coefficient for 0+ to 0 conversion was fouud to be about 47 per-

cent in K, 35 percent in ..a, 33 percent in Mg, and 22 percent in Cd at

3 keV. In this work the n for H was optimized at 12 percent for a

2.5 keV beam, which is in agreement with NPI's measurements [60].

In 1973, IFTT constructed a Li vapor target with beam line aper-

tures 4.5 cm in diameter and a target thickness of 5 x 1015 atoms/cm2;

the target thickness could be maintained continuously for 20 hours by

circulating and recovering the Li [61]. A Na vapor target with a 10-cm-

diameter beam aperture, constructed in 1975, provided the optimum

target thickness of 2 to 3 x 1015 atoms/cm2 for continuous periods of

70 hours [62].

In 1973, the NPI team that developed the surface-plasma ion

source produced a pulsed charge exchange ion source [60]. This source,

which used a hydrogen-filled charge exchange cell, yielded 54 mA of

H- with a pulse length of 100 us. The normalized emittance of the

beam was 0.2 cm-mrad by 0.025 cm-mrad. This source was used on a

Van de Graff accelerator, which provided an output of 20 mA of H

at 1 MeV with a pulse length of 200 us [63]. NPI reported on the

work on charge exchange, measurement of conversion coefficients, and

electron stripping of negative ions [64], in a 1978 review article

[65].



FORMATION OF NEUTRALS BY ELECTRON STRIPPING

High-energy neutral hydrogen atoms and molecules (or hydrogen

isotopes) are most efficiently formed by injecting an H ion beam

into gas or plasma targets (i.e., by removing an electron from the H

ion or H atom). The effectiveness of this method results from the

large cross section for the detachment of one electron from the H

ion or H atom. In gas targets, up to 65 percent of the H ions can

be converted to hydrogen atoms (Fig. 14) [55,65]. Plasma targets

provide even higher values of cross sections, allowing up to 80 to

85 percent of H ions to be converted into neutrals at ion energies

greater than 100 key (Fig. 14) [64,66,67]. The electron detachment

cross sections for H- ions (oi0) and H0 atoms (o01) in an H+ + e

plasma are shown in Fig. 15.

to:

L L%80

50 Mg

40 Cross !
section, a
cm2 /part

20

too zoo Soo WOO 0 ~ too

Energy, keV/nucleon Energy, keV/nucleon

Fig. '...ouaver! .... .oefficient Fig. 15--Electron detachment cross
of H- ions into H0 in gas (Li, sections for H- ions (0 1 0 ) and
_g H2 ) and lasma (H + e, H0 atoms a0l) in H+ + e- plasma

Li* + e, M. + e-) targets (65] on ions J and on cold electrons
0 e [65]

(By permi-' of American Institute of Physics)
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In Fig. 16, the efficiency of transforming protons, molecular

ions, and H- ions into fast neutral atoms is shown at various energies, ý,a

using optimized gas and plasma targets [655. The relative inefficiency

of neutral hydrogen production from positive ions at energies greater

than 100 keV is evident. This inefficiency stems from the drop-off

of the cross sections (see Fig. 17). Additional increases in the

too

8O

20

o qoo M'o 1LV

Energy, keV/nucleon

Fig. 16--Conversion coefficients for hydrogen ions
into neutrals in gas targets (solid lines) and
plasma targets (broken lines) for 1--H+; 2--Ht
and H1; and 3--H- [65]

to fogologo MW

I0-

Particle energy,
keV/nucleon

Fig. 17--Dependence of electron capture cross section
(ao,0 a0-1, al_1) and electron detacbmnent cross sec-
tion (Cross ols a-11).of hydrogen ions and atoms in
molecular hydrogen; too is electron capture cross
section by hydrogen ions in atomic hydrogen (651
(Figs. 16 and 17 by permission of Amerioan

Institute of Physics)
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efficiency of neutral hydrogen beam production can be obtained by using

photon targets with which the H transformation can be achieved

with 100 percent conversion [68,69,70].

In 1980, the Kurchatov Institute, using a double charge exchange

ion source, designed a neutral beam injector for thermonuclear reactors

to provide deuterium atoms at energies of 400 to 600 keV (51]. Figure 18

shows the efficiency of the neutral beam injector as a function of beam

energy for both positive and negative ion beam use. This figure shows

again that optimum operation at higher energies is accomplished with

negative ions (in this case obtained by charge exchange in cesium and

sodium).

Solid State Physics Institute (IFTT) measured the conversion of

negative ions of C, 0, F, and Cl into neutral beams in gases

(H2 , He, C02 , air) and metallic vapors (Li, Na, Mg) in (71]. The
charge exchange coefficient was measured as a function of energy

from 110 to 380 keV; typically the coefficient ranged from 40 to

60 percent in gases, 60 to 70 percent in metal vapors, and 35 to

45 percent in CO2 at 200 keV.

The scattering angle of neutral hydrogen formed by the electron

stripping of H ions at energies of 50 to 150 keV was measured in

Efficiency

V'WV

0 t00 40# 100 8106 to0# I20O E~o keV

Fig. 18--EffiLiency of deuterium beam injector as a
function of energy (61] (By permission of
Plenum Publishing Corporation)

1--positive ion injector
2--positive ion injector plus energy recovery

(90 percent efficiency)
3--negative ion injector (charge exchange in Cs)
4 -- negative ion injector (charge exchange in Na)

-5• . .I , - . 2. . . . .. . ... .. ..
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H2, He, and Li targets for target thickness of 5 x l014 to 1 x 1016

atoms/cm2 (72]. The scattering angle of neutrals was found to be

independent of target thickness in the normal thickness range. The

angle was basically determined by the nonelastic electron stripping

process and varied with increase in energy as E"½. The scattering angle

and the charge exchange coefficient T? are shown in Fig. 19 as functions

of target thickness and energy for H2 and He. For comparison, the

values for the proton-to-neutral hydrogen conversion, shown by the

dashed line, demonstrate inferior operation.

A 1980 NPI paper on the production of neutrals (73] describes

experiments using a hydrogen plasma target to convert a D ion beam

into neutral deuterium atoms. A stable plasma was set up along magnetic

lines of force; the plasma reached a density of 3 x 101 cm- 3 with a
++

composition of 85 percent H+ and 15 percent H2+. In preliminary

investigations, the plasma target thickness was measured by observing

the attenuation of a 5-keV atomic hydrogen beam as the latter passed

through an 80-cm length of the plasma. The atomic hydrogen beam was

created by the diagnostic injector as described in [74]. For 60 kW

and 800-A discharge ii the plasma-forming source, the target thickness

was determined to be 2.2 x 1015 atoms/cm2. This thickness corresponds

to the optimum thickness for neutralizing 1 MeV D ions.

60 keV s 60
40 - ' 4 e

150- -2 Z O O
0 too -
S 0

i.10-t- • .50-

ISI
. rad U -- ------- Y .1 -i4 '

Hydrogen 6, mol/cm2  Helium 6, at/cm2

Fig. 19--Scattering angle and charge exchange coefficient
as functions of target thickness [72]
(By permission of American
Institute of Physics)
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V. SPACE CHARGE NEUTRALIZATION OF NEGATIVE ION BEAMS

V ! The Physics Institute (IFANU) in Ki••v devoted a large effort,

headed by M. D. Gabovich, to the study of Lon beam space charge neutrali-

ration and beam transport and focusing conditions. The investigations,

begun in the early 1960s, included space charge neutralization of both

positive and negative ion beams, transport and focusing of neutralized

ion beauis, dynamic deneutralization of beams, and collective 6scilla-

tions in neutralized ion beams and their effect on ion beam transport.

Investigating space charge neutralization of a high-current nega-

tive ion beam in 1973-1974, the Gabovich team observed self-focusing of

the ion beam as it passed through gas at a relatively high pressure

[75]. In these and later experiments in 1978-1979 [76,50,77,78], the

beam potential ý was measured as a function of beam parameters and

type and pressure of the background gas. The beam potential was founid

to change with gas pressure and to show a polarity reversal above a

certain value of background gas concentration. Coulomb repulsion

controlled the beam potential. Repulsion between the ion beam and the

plasma electrons transferred enough energy to the electrons to make

the latter leave the potential well formed by the space charge of the

slow plasma ions. Coulomb repulsion also caused the electron buildup

to decrease and allowed the beam neutralization with a positW.ve space

charge to compress the beam, thus creating the "gas focusing" condi-

tion. In the case oi positive ion beams, this mechanism led to
deneutralization and defocusing. Unfortunately, gas focusing of the

negative ion beam occurred at a relatively high gas pressure, at which

the collision of the gas atoms with the negative ions leads to a

loss of negative ions by electron detachment. For best beam transport

conditions, an optimum pressure must be chosen to allow maximum beam

focusing over a long distance without undue beam loss.

The beam potential reversal is illustrated in Fig. 20. The

radial potential distribution of a negative ion beam is shown:

(a) drifting through a vacuum, (b) passing through gas with a high

degree of neutralization, and (c) passing through high-pressure gas
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c--through higher
b--through low- pressure gas

a--through vacuum pressure gas (polarity reversal)

Fig. 2C--Radial potential distribution of negative ion beam

with a polarity reversal of potential. The potential distribution of

a positive ion beam is shown for comparison in Fig. 21.

In their initial research into gas focusing of an H ion beam

in 1973, the Gabovich team injected a 10-mA current beam at 10 keV

into argon gas ce various pressures and, using a thermoprobe, measured

II

I I-
I r

Fig. 21--Radial potential distribution of positive ion
beam with and without neutralization

A•O-initial value of potential well
AOn--neutralized value of potential well

L3
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the beaum potential a along the beam axis at 100 cm from the source

(75). Figure 22, based on the experimental data, shows values of

beam potential versus argon gas pressure in the drift chamber.

At pressure po > 10-4 Torr (for argon), the beam potential changes

from negative at lover pressures to positive at higher pressures. In

addition to the change in beam potential, the probe showed an increase

in the power density W along the axis of the beam (curve 2 in Fig. 22),

thereby demonstrating the presence of gas focusing. To examine this _

effect in more detail, the Gabovich team measured the radial distribu-

tion of the beam potential (along the whole width of the chamber at

pressures considerably greater than Po) and the corresponding distribu-

tion of the beam current demsity. These measurements, shown in Fig. 23,
demonstrate a two-step potential distribution in which the electric

field on the beam boundary causes the beam to compress. The distribu-

tion does not represent the full potential drop (41 + W2), but only j
the small potential drop (-•2) in the proximity of the beam. The

small potential drop and the loss of electrons from the negative ions

at the higher pressure range (see the drop of W in Fig. 22, curve 2)
both contribute to the relatively small compression of the beam. Even

at P0, the mean free path for this process of electron detachment is

on _h. order of the path length of the bea& in the gas.

The two-step potential distribution should be seen in the trans-

port of all high-intensity particle beams through gas with a sufficiently L7

relative
. .--...-------------- - units

p, Torr

Fig. 22--.Beam potential (curve 1) and power density
(curve 2) along beam axis as function of
Ar pressure (751 (By permission of
American Institute of Physics)
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Fig. 23--Potential distribution (curve 1) and nega-
tive ion current density (curve 2)' as
function of chamber width [75] (By
permission of American Institute
of Physics)

high concentration of atoms. When electrons or negative ions are

transported, the electric field at the beam boundary exerts a focusing

effect; however, when positive ions are transported, the electric

field always defocuses the beam.

The recent experiments on the H ion beam space charge neutral-

"ization described in [76] used the setup shown in Fig. 24. The ions

L were extracted from the ion source (1) perpendicular to the magnetic

[ 67 - 9 1o•:3 4

Fig. 24--Apparatus for beam neutralization
experiments [76] (By permission
of American Institute of Physics)

1--negative ion source
2--liner
3--magnetic field coil
4--magnetic shield
5--magnetic lens
6-beam
7--aperture

8,9--probes
10--target

I'
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field produced by the coils (3) of the liner field (2). They entered

the magnetic shield (4) and were focused on the target (10) by the

lens (5). The maximum beam current = 6 mA at 12 keV, with a negative

ion concentration of n - 107 to 108 cm" 3 . The radial distribution --

of the static potentials was measured with thermocouple probes and

collectors; voltage oscillations were measured with capacitive probes

[79].

The potential at the center of the beam, measured as a function

of gas pressure, is shown in Fig. 25. As the pressure increases, the

potential changes from a negative to a positive value. The zero.

value of the potential appears at p - 3 x 10" Torr for helium,

4 x 10-5 Torr for air, and 2 x 10-5 Torr for krypton. The values

agree with calculations based on the ion plasma balance equation

[76]. The calculated values for zero potential appeared at

p _ 1.1 x 10-3 Torr for helium, 8 x 10-5 Torr for air, and 2.4 x 10-5

Torr for krypton, assuming an ion temperature of 0.1 eV and ionization

cross sections a - 4 x 10-17, 2 x 10-16, 4 x 10-16 cm2 /part, respec-

tively. The beam potential ý at low gas pressures does not depend on

the type of gas used (see Fig. 25).

12

p, Torr

Fig. 25--Potential at beam center as function
of background gas pressure [76] (By
permission of American Institute of
Physics)

H7 beam current • 3 mA
beam energy - 10 keV
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The radial beam potential distribution, measured by a thermocouple

probe as a function of pressure, is shown in Fig. 26. At low pressures
(below approximately 5 x 10-5 Torr), the potential drop takes place
within the beam. At higher pressures, when the concentration of the

plasma ions is much greater than the concentration of the beam particles,

the observed voltage falloff at the beam boundary demonstrates a plasma

beyond the limits of the beam.

Ion focusing of the beam was more pronounced in krypton than in
air or argon [75]. Figure 27 demonstrates negative ion current density

8-

1 x 10-4 Torr (Kr)
1 x 10-4 Torr (air) *1

--- 6.2 x i0-5 Torr (air)
3.4 x 10-5 Torr (air)

/-2 x 15 Torr (air)/ 1 x 10-5 Torr (air)

° jII

Fig. 26--Radial potential distribution as function
of pressure [76] (By permission of
American Institute of Physics)

relative
units 4

2

68i0" 2 4 68?0-4

p, Torr

Fig. 27--Negative ion current density at beam center
as function of Kr gas pressure [76] (By
permission of American Institute of
Physics)
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as a function of Kr pressure, with the best focus at 2 x 10-5 Torr

[76,77].

IFANU compared calculations and measurements of the potential

drop At as a function of beam current density. Figure 28 shows the

experimental data, represented by the points, with air pressure at

1 x 10- Torr and a beam current of 5 mA at 10 keV. Figure 28 also

[ shows the calculated values for krypton and air for comparison;

although the calculations were only approximate, the agreement with

the measurements is teasonable. This comparison demonstrates that a

relatively high value of At at na > n0 (where na is the concentra-

tion of atoms in the chamber and n is the concentration of atoms ata0
po; see Fig. 22 above) is achieved by Coulomb repulsion between the
beam ions and the electrons. These electrons obtain the necessary

energy to leave the potential well formed by the space charge caused

by the slow plasma ions.

At high pressures, the scattering of and electron detachment from

the negative ions become significant, decreasing the current density

(see Fig. 27, above). The distance thiat the ions can travel without

substantial losses in the case of gas focusing is15 1/n a-10 (approxi-a
mately 200 cm in the case of air and krypton). IFANU concluded, there-

fore, that gas focusing could be used only for short beam transport

distances at high pressures.

air

0 51
J-, mA/CM2

Fig. 28--Beam voltage change as function
of current density [76] (By
permission of American
Institute of Physics)
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During beam transport in low background pressures, the values of

4A are negative and in a low voltage range (see Fig. 26, above).

Analysis has shown that in a stable negative ion beam such high valiies

of beam potential should not exist. Assuming that AO is determined

by Coulomb interaction between beam and plasma ions, calculations

show that AO should have a value of about 10-2 V and that the concen-

tration of the ion beam should be n -- 108 cm- 3 (I -_ 6 mA). In the

other possible deneutralization mechanism--the recombination of plasma

ions with beam ions--Ao should be < 10-2 V. Thus, the observed value

of AO can be assumed to be connected to dynamic deneutralization.

Experiments "nvestigating dynamic deneutralization in positive Ion

beams [80,81] showed that the beam current was modulated with mono-

chromatic oscillations which, depending on the source discharge,

varied from 200 to 500 kHz. The amplitude of these oscillations,

ranging from 10 to 20 percent of the total negative ion beam current,

can cause voltage oscillations which, in turn, can generate beam

deneutralizat ion.

From the above experiments and analysis, IFANU reached the follow-

ing conclusions:

1. The 'oulomb repulsion between the ion beam and the plasma

electrons determines the value of the positive potential in

a negative ion beam passing through a gas of sufficiently

high pressure. -q
2. A suitable selection of gas species can achieve an optimum

compression of the beam through gas focusing.

3. Current oscillations tend to deneutralize the beam if the

background pressure is not sufficiently high [76].

Experimental investigations in 1974 demonstrated radial focusing

of a negative ion beam as the beam passed through and excited ion

oscillations in a plasma [82]. Plasma formed by the negative ion

beam ionization of the background gas has a small concentration of

electrons at low gas pressures. Standing oscillations occur along

the beam radius. The whole beam interacts with the plasma ion
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oscillations and focuses towards the axis. In experiments made in
air at PO - 5 x 10-5 Torr, the beam potential had a value of zero and
the loss of negative ions from collisions with background pressure was
negligible. Ion oscillations with maximum amplitudes corresponding

to the Langmuir ion frequency were induced in the beam without external

modulations. The application of an external, large-amplitude signal

at this frequency in the beam dampened all (except signal) oscillations.
Probe measurements demonstrated that the phase of the oscillatiuns does
not change along the beam diameter and that the maximum amplitude is

found at the beam axis.
The effects of radial focusing of the beam particles are demon-

strated in Figs. 29 and 30. In Fig. 29, the current density along the

relativeqo 30 relative
units 20: .... units

U1 , V

Fig. 29--Current density of alternating beam J. (curve 1)
and constant beam J- (curve 2) as functions of
voltage amplitude U1 of modulating generator;
dependence of J- on constant voltage applied
to modulator (curve 3) [82] (By permission
of American Institute of Physics)

50

N10 2

relative JO

units z

SfI0

F2 a V
r, cm

Fig. 30--Radial distribution of beam current density
without external modulation (curve 1) and
with optimum modulation (curve 2) [82]
(By permission of American Institute
of Physics)
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beam axis for an alternating beam J'% (curve 1) and a constant beam

J- (curve 2) are shown as functions of the voltage amplitude of the

modulated signal U1 , which determines the initial amplitude of the I

radial beam velocity. Measurements were made at a distance of 220 cm

from the modulator 4t a pressure of 5 x 10-5 Torr and a modulating

frequency of 140 kHz.

Figure 30 shows the radial distribution of the current density

J- in the beam without external modulation (curve 1) and with optimum

modulation (curve 2), with U1 - 80 V, f - 140 kHz, z - 220 cm, and

p - 5 x 10-5 Torr. These figures show that the radial ion oscillations

of the plasma cause radial focusing of the beam particles; optimum

radial focusing occurs at z - 220 cm, with V1 = 4 x 105 cm/s, figures

that agree with calculations made in [83].

IFANU's 1974 research on the collective interaction of a fast

negative ion beam with plasma ions demonstrated that even at very

low background pressures, low frequency oscillations (the frequency

of which increased with pressure [plasma density]) occurred in the

system [84]. The frequency and amplitude of these oscillations as

functions of pressure are shown in Fig. 31. Damping, caused by the

collision of the charged particles with neutrals, leads to an amplitude

decrease at higher pressure (as in the case of positive ions [85,86]). i A

Negative ion beams show more pronounced ion oscillation excitation ij
than positive ion beams under much broader gas pressure ranges.

Frequency, 0.' - Amplitude,
kHz j705 relative

I *2 units

0 2 3 €

p, 10-4 Torr

Fig. 31--Frequency (curve 1) and amplitude (curve 2)
of ion oscillations as functions of air
pressure where H- bean current - 2 mA
at 20 keV [84] (By permission of
American Institute of Physics)
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The interaction of a negative ion beam with the plasma electrons

created by the ionization of a neutral gas by the same beam can affect

the degree of neutralization and consequently the transport of the
A
4beam [87]. An added energy transfer from the beam ions to the plasma

electrons accompanies the electron oscillation excitation and causes

an increase in the positive beam potential along the axis [88,89].

This effect produces radial focusing of the ions in a negative ion

beam and defocusing in a positive ion beam [88]. Plasma electron

excitation by a negative ion beam, as for ion oscillations, shows

dependence on pressure--although iii a different frequency range. The

frequency increased from 7 to 30 MHz in a pressure change from 1 to

6 x 10-4 Torr. In this region, the amplitude of the oscillations

jumped by a factor of 4 to a sharp maximum at a pressure of 5 x 10-4

Torr, beyond which value the amplitudes demonstrated a sharp drop,

caused by the collision of the charged particles with neutrals.

The effect of radial limitation of the system on the excitation

of electron oscillations was demonstrated in [87] by using an iris

diaphragm. Various size diaphragms determining the beam and plasma

radii were used to measure spectra of the excitation oscillations.

The dependence of the frequency and amplitude of the oscillations on

the beam radius were measured at different pressures. These measure-

ments demonstrated a rapid increase in the frequency and amplitude

of the electron oscillations with increase in beam radius at pressures

of 4 to 5 x 10-4 TorE and above. Below these pressures, the frequency

and amplitude of the oscillations showed little change. Members of

the team at IFANU concluded that the excitation of longitudinal electron

oscillations depends greatly on the radial limitation of the system.

They are currently investigating the effect of (1) radial plasma

inhomogeneity on electron oscillation excitation and (2) oscillations

on the degree of neutralization and transport of the beam.

In 1979, the Gabovich team investigated the transport of a high-

current-density negative ion beam at J - 100 mA/cm2 (1 mA/cm 2 in

previous studies) [50]. Team members observed large deneutralization

caused by beam instabilities at current densities of about 50 mA/cm2 ,

depending on the length of transport in gas. Figure 32 shows the

- -. k -.J

................................................................................................................
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Fig. 32--Apparatus for high current density negative ion •
beam transport [50] (By permission of •
America4 Institute of Physics)

1--negatsve ion source dg

2-deflection magnet
3--Rogovsky loops
4--positive ion and electron analyzer
5--magnetic quadruple lens A
6--collectors 4

experimental apparatus used. An 80 mA, 15-keV H beam was formed with

a current density of 50 mA/cm2 and a pulse duration of 600 ps. The

beam was injected into gas at pressures from 2 x 10-6 to 10-4 Torr.

The beam potential, measured by a specially designed capacitive probe,

determined the degree of space charge neutralization. A Rogovsky

loop was used to measure the beam current and a Faraday cup to measure

the beam current density. j
Beam potential oscillograms recorded at various positions along A

the beam (distance z in this case is measured from the magnet chamber)

are shown in Fig. 33. The large negative potential at the beginning

of each pulse (at small z's) corresponded to a poor space charge

neutralization of the beam. During this period, the beam is strongly

defocused and partly lost to the chamber walls. With increased z,

the potential, which is proportional to the beam current, decreased

considerably.

Good beam neutralization was observed at small z's after the

elapse of the neutralization time T w (naO v )-1 (where nn aib a
concentration ot atoms in the chamber, vb - ion beam velocity, and

- slow ion formation cross section caused by the collision of a

t
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"z - 10 cm

ta z " 20 am

y z 30 cm

z 350cm

z 45 cm

100 s 1USs

Fig. 33--Oscillograms showing beam potential as
function of z with p - 2.5 x 10-6 Torr
(slow scan on left, fast scan on right)
[50] (By permission of American
Institute of Physics)

negative ion with an atom), during which time positive ions can be

accumulated. At this point, the beam had neitner large statistical

and oscillatory fields nor current density pulsations (see Fig. 33).

However, even at distances of 20 to 30 cm, the beam neutralization

was lost. This loss was indicated by the appearance of oscillations

of the negative potential, the amplitude of which increased to a

value as high as 10 to 20 percent of the nonneutralized beam potential

- I/Vyb where I- is the beam current with the given cross section.

IFANU's analysis of the data in [50] related the observed phenomena

of ion-ion beam instabilities for the following reasons:

1. The oscillation amplitudes increased as the beam progressed

along the beam line.

2. The Langmuir frequency of the neutralizing positive ions,

f+ (e 2n+/,fM+) as calculated for corresponding beam current

I'+
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density, was close to the characteristic frequency of the

observed potential oscillations and had a value of about 1 MHz.

3. Current density signals, as measured by collectors located
symmetrically about the beam axis 20 mm from each other, were

found to be in opposite phase, demonstrating that the oscilla-

tions occurred perpendicular to the propagation of the beam.

4. At large distances (z) the large potential oscillations were

accompanied by oscillations of almost 100 percent in beam

current density.

The amplitudes of the observed beam oscillations depended markedly

on the gas pressure in the chamber, as shown in Fig. 34. Analysis

showed that at low pressures (5 x 10-6 to 4 x 10-5 Torr), the electrons

that were formed quickly left the beam and the concentration of positive

ions was very small: ne/n+ • 5 x lO- to 5 x 10-3. This analysis

p, Torr"
I r9 V x10.6

• •1.4x 1O-5

4 7T 2.8 x i0-5

S JVVYVV 4 10-5

""PP" V W 6 x I0-5

'J -' •6.8 x 10-5
I00 Us 1 us

Fig. 34--Oscillograms showing beam potential as
function of pressure with z - 50 cm
(slow scan on left, fast scan on
right) [50] (By permission of
American Institute of Physics)
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explains the existence of the observed large amplitude oscillations

and their nondependence on the gas in the low pressure range. With
further increase in gas pressure, the beam potential changed from a

negative to low positive value, at which point the electron concentra-

tion was comparable to that of the positive ions. Furthermore, the

amplitude of the potential oscillations considerably decreased. IFANU
concluded that, despite an absence of initial current oscillations,

strong oscillations of the negative potential are generated in the

neutralized negative ion beam because of ion-ion instabilities in

the beam. The field associated with the instabilities can cause the

beam to defocus and increase the beam emittance, thereby hindering

the transport of intense negative ion beams at low gas pressures.

Continuing in 1980 to study the mechanism instrumental in the

deneutralization of dense negative ion beams (beam density approx-

imately 50 mA/cm2 ) passing through low pressure gas [90,91], researchers

at IFANU demonstrated that high amplitude radial oscillations produced
in the beam caused the radial dispersion of the positive ions, which

have a rate of flow almost proportional to the amplitude of the oscilla-

tions. The above experimental results were obtained with the same

apparatus that was used in previous experiments, modified by the addi-

tion of dosimetric equipment: specially designed beam probes, several

Rogovsky loops, and variously apertured Faraday cups [50). A cylin-

drical four-grid analyzer for slow particles measured the radial

current component and the energy spectrum of the positive ions. The

experiments used H beam currents up to 100 mA at 14 keV, with 600-ps

pulse length and a starting current density of approximately 50 mA/cm2.

The background gas pressures was regulated from a minImum of 3 x 10-6

Torr.

IFANU modulated the negative iou beam externally and observed the
modulation's effect along the length of the beam. To modulate the

radial velocity externally, an AC voltage was applied to a metal probe

placed at the center of the beam at position z - 0. The length of the

longitudinal wave generated along the beam was measured by noting the

change in phase (along z) of the potential oscillations set up by the

external modulation. The wave length was observed to be X - 25 cm,z



with the longitudinal phase velocity v -A f -1.8 X 107 cm/s.
a~ mod

beam velocity vb 1.7 x 108 cm/u, fmd-07~fiadmdltn

voltage *125 V. The above measurements provided the first experi-

mental evidence that the longitudinal phase velocity of the produced

oscillations was considerably lower than velocity of the beam.

IF.ANU determined that the balance between the rate of positive

ion production and the rate of their loss from the beam governed the

depth of the negative potential well. This depth, in turn, determined

the radial velocity and energy of the leaving positive ions. When

ions leave only in the radial direction, the ion current is equated

to the beam current as follows: I+MI an L, where I is the beam?ia
current, I+ is the radial positive ion current, L Js the length of the

beam trajectory, na is the concentration of atoms proportional to the

background pressure, and Gi is the ionization cross section of the

gas. The measured experimental dependence of I+ on background pressure

is shown in Fig. 35 for two locations along the beam.

I' *6'0+

p, Torr

Fig. 35--Radial positive ion current (I+) as function
of background pressure along beam line at
Z a 18 cm (curve 1) and z -38 cm (curve
2) [90] (By permission of American
Institute of Physics)
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The data represent two separate, well-defined areas of pressure

In which the character of the current dependence of the positive ions

is substantially different. In the area of low pressures (region B in

Fig. 35) at small z's, the current is much lower than the value of the

radial positive ion current of IainaL; at large z's, the current is

greater than this value. In the area of low pressures, the value of

I+ increases considerably with the increase of z from 18 to 38 cm. At

the minimum pressure this increase can be as high as one order of

magnitude. In the area of higher pressuires (region A in Fig, 35),

the value of I+ does not depend on z but correlates with the ion+J
production rate.

The above observations lead to the following explanation of the

positive ion loss from the beam: At low gas pressures, ions that are

formed at short distances from the source (small 2) move alon6 the

beam and have a very small radial current component. However, at large

distances from the source (large z), the ions formed move outward

radially together with the ions formed at small z's to create a radial

current that is considerably greater than the current resulting from A

ion production [91]. .

Measurements of the electron current made at z - 18 cm [91]

demonstrated that the current can be represented by an expression

analogous to the I+ equation stated above: I a Ia n L in which

e a a + j-10. Here a-10 is the electron detachment cross section

for a negative ion collision with the background gas #toms. The

relationship of the electron and ion currents in region A was experi-

mentally determined to be Ie/+ - 4. This ratio is close to the

calculated value of Ie/I - a /ui - 5, in which a - 2 x 10-15 cm2

e + ei e
and oa 4 x 10-16 cm2 for argon.

The energy spectrum of the ions leaving the beam radially was

measured in [911 at various beam currents, background pressures, and

locations along the beam path. The data for relatively low beam

currents (15 to 20 mA) and a pressure of 3 x 10-5 Tcrr determined

the positive ion formation energy to be only several eV. With a beam

current of about 80 mA, the energy spread was in the tens-of-eV range.

At low pressures, when the beam possesses a negative beam potential,

.... . ... ........................... .......-. -i ....'.• T .•,'I:•... :2 •;- -- : .... : • 7 • . ... .. . ,' "-- . f

- .•,•,.,. .... •• .,:•- ,•L : •• .• :.. ,. :• .. - ,
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the spread in the ion energy, which is caused by oscillations of the
beam potential, is proportional to the oscillation amplitudes. These

measurements showed the direct dependence of the radial ion current

on the oscillation amplitudes.

Recent Soviet papers demonstrate the existence of a large flow
of positive ions along the negative ion beam at low gas pressures.1~This effect was shown to be linked to the radial oscillations of the

LI neutralizing positive ions induced by the beam and to be the basic

.. mechanism involved in the radial loss of positive ions.
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VI. CONCLUSIONS

Thanks to the development of intense surface-plasma-type ion

sources in the USSR, the Soviets now have the capability to produce

pulsed H ion beams of £00 to 150 mA with high brightness (up to

108 A/cm2-rad 2 ). Although the Soviet literature does not reveal the

if values of the H DC beam currents produced by these sources, U.S.

Sresearchers [1] report that the Nuclear Physics Institute has produced

an H- DC beam of over 100 mA and is working toward a 1-A H DC beam.

Researchers in the United States [921, however, note the low emit-

tance measurements reported by the Soviets. The above values show

Soviet capabilities to be at least on a par with current U.S. achieve-

ments in maximum ion beam output, as well as beam brightness and emit-

tance, for both pulsed and DC continuous beam operation. Soviet

r researchers assert that present maximum operating values do not

represent the limit of the surface plasma source output and that

further development of the source will considerably improve the source
emission characteristics, ion yields, and beam quality.

Soviet research has demonstrated that the behavior of the dis-
charge in the source determines the ion-optical characteristics of the

beam. Optimum operation of the source discharge can be obtained by
adjusting the source parameters (magnetic field, hydrogen and cesium

gas flow, electrode temperatures, etc.) to virtually eliminate oscilla-

tions in the discharge (i.e., to achieve noiseless operation). Random

oscillations in the source discharge limit the minimum value of the

normalized beam emittance to 3 to 5 x 10-2 cm-mrad across and 0.1 to

0.2 cm-mrad along the emission slit. The corresponding minimal values

of emittance achieved in a noise-free discharge were 3 x 10-3 cm-mrad

and 2 x 10-2 cm-mrad, while the beam brightness increased by a factor

of 100 over the noisy source operation.

The development of the semiplanotron surface-plasma ion source,

together with modifications made in the planotron electrodes, led to

better control of the discharge and a substantial increase in source

power and gas efficiency. While making source gas flow efficiency

Si[
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measurements, Soviet researchers observed a gas blocking mechanism

when the plasma was sustained in front of the emission slit. The *
resulting decrease in pressure beyond the slit decreased the negative

ion loss due to electron stripping and provided a high electric strength

in the extraction-gap region. A

Research on the hollow-beam surface-plasma source showed that

in principle a symmetric hollow discharge could be maintained and used I4 for the production of future high-current, hollow, negative ion beams

(projected 3 A of H_).

By means of a PIG-type ion source, a 20-mA DC H ion beam was

formed with low-level beam current oscillations (less than 0.05 per-

cent). The oscillation amplitudes were found to be several orders of

magnitude lower than the corresponding oscillations in a positive ion

beam. The H ion beam was found to increase linearly with source

pressure up to 0.1 Torr, whereas the H+ beam demonstrated weak pressure

dependence.

The production of intense negative ion beams by the double charge

exchange of a low-energy positive ion beam was also investigated. This

method, using an 8-A positive hydrogen beam at 10 keV, provided 1.4 A

of H at 40 keV with 10-ms pulse lengths. A multiple-slit positive

ion source that does not use an external magnetic field was developed
+

for double char~ge exchange. The source yields 30 A of H at 25 keV,

with a 20-ms pulse length and a beam cross section of 8 by 18 cm.

Investigating negative ion beam transport over large distances

through gases at various pressures, Soviet researchers co-ncentrated

on basic mechanisms involved in space charge neutralization of the

beam. The formation of neutralizing positive ions within the beam

by the ionization of the background gas was analyzed as a function of

gas pressure and distance along the beam. At low pressures and short

distances from the ion source, a flow of positive ions traveling along

the beam was observed to show very small radial current flows; however,

positive ions formed at large distances were found to move only radially

outward. These positive ion flows, formed at small and large distances,

combine to create a total radial current considerably greater than the

curentreultngfrom ion production alone. Thus, at low pressures,
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a large flow of positive ions along the negative ion beam was demon-

strated experimentally. This flow explains the radial loss of positive

ions from the beam. At high pressures, the radial positive ion current

was found to be (1) independent of location along the beam and

(2) represented by the ion production rate caused by the beam's ioniza-

tion of background gas. Measurements of electron currents demonstrated

an analogous condition to positive ion current dependence on beam

current. At relatively high pressures (above 3 x 1Q-5 Torr), the

ratio of electrons to positive ions formed within the beam was found to

be 4 (for argon), as against the figure of 5 obtained from the ratio

of the two ionization cross sections. The above data suggest that the

Soviets are expending considerable effort on studying space charge

neutralization of negative ion beams.

One Soviet report showed that gas focusing could be used only[ for relatively short beam-transport distances (up to 200 cm) at high

pressures (approximately 10-4 Torr), because of the reduction in beam

current density caused by electron stripping. Good beam neutralization

was observed at short distances from the source after an elapse of

neutralization time during which positive ions could be accumulated.

Beyond a distance of 30 cm, oscillations of the beam potential were
V observed to show loss of beam neutralization.

Studying other methods of negative ion beam focusing, the Soviets

observed focusing experimentally when the beam interacted with ion

and electron oscillations in the plasma created when the beam ionized

the background gas.

The possibility of compressing negative ion beams either by gas

focusing or interaction with collective plasma oscillations led Soviet

researchers to conclude that negative ion beams are more easily trans-

ported over large distances than are positive ion beams. In addition,

negative ions are more efficiently converted into neutral beams at $

high energies, and negative ion beams emitted from a PIG-type ion

source have considerably lower beam current oscillations than do

positive ion beams.
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The research and development of the surface-plasma negative ion

source has been centered at NPI since the source's creation in 1971.

G. I. Dimov heads the team responsible for the research; V. G. DudnLkov

and Yu. I. Bel'chenko are the principal investigators. The team has j
published papers on the surface-plasma source in the open literature

since 1972, reaching a maximum of eight in 1977, but only three in

1979 and two in 1980-1981., Since 1977, however,-the papers published

t by this team have revealed increasing attention to the itivestigation •

of plasma targets for the creation of neutral beams by stripping

electrons from negative ion beams.

This change in research direction indicates that the team has

taken the next step in the development of neutral particle beams. The

decrease in papers on source development in the past two years can be

explained as either the acceptable fulfillment of the project's goals

and termination of the investigations and start-up of the next phase

of development, namely, electron stripping targets, or the imposition

of security classification on any further ion source developments.

Whatever the reason for it, the silence contrasts dramatically with

the reporting of Western research, as exemplified by the publication

in 1980 of the Proceedings of the Second International Symposium on

the Production and Neutralization of Negative Hydrogen Ions and Beams

at the Brookhaven National Laboratory.

A team headed by V. L. Komarov at the Yefremov Institute is the

only other Soviet group publishing research on the surface-plasma source

itself. This team's limited effort on the axially symmetric hollow

beam source ended in 1978.

The research at IFANU concentrated specifically on the transport

of negative ion beams involving spare charge neutralization and focus-

ing conditions; the IFANU team was not involved, however, in the ion

source development project and did not interact with the other research

teams mentioned in this report.

The IFTT team headed by B. A. D'yachkov, also unconnected with the

other teams mentioned, has lately concentrated on the development of

alkali-metal-vapor targets for use in transforming intense positive

ion beams into negative ion beams by dcublt charge exchange. These
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targets are to be used in the neutral beam injectors for tokamaks

and magnetic traps, which are being developed at the Kurchatov Atomic

Energy Institute in Moscow. Earlier work by the IFTT team involved

neutral beam formation by electron stripping of negative ions, the

development of beam neutralizers, and the measurement of electron

capture and electron detachment cross sections. The investigations

being conducted at IFTT, NPI, and other research institutes on the

formation of neutral beams by electron stripping of negative ion beams,

development of beam neutralizers, and charge-exchange targets for :
conversion of positive to negative ion beams will be described in

detail in a forthcoming Rand report.

.1
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