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beamline is discussed, beginning with the positive ion source and the cesium 
charge exchange cell. The formation of plasma and its flow is described; it is 
shown that a drift space can be employed to stabilize the beam and to control 
the electron concentration at the entrance to the high voltage accelerator 
structure. The design of the accelerator is given in the last paragraph of 
this section, and data on the accelerated beam is presented. 

The Positive Ion Source 

The double charge exchange method of producing a negative ion beam 
requires a well directed flow of positive ions into the charge exchange target. 
The source of positive ions employed in the experiments described here is a 

5 6 
"10-amp" source developed at LBL. A strong accel-decel grid array is employed 
for the ion extraction and beamlet focusing; the grid is 603! transparent, with 
10 amps extracted over a 7 cm x 7 cm area. Due tD breakdoivn limitations in the 
grids, the RMS angle of the flow divergence has been 8 C in the tests reported 
here. The extracted ions are substantially neutralized by charge exchange on 
the background gas flowing from the source. Pumping of the excess gas is 
achieved by expansion into the volume of thi> source vacuum chamber, with a 
resulting limit upon the pulse duration of 10-25 ms. 

The grids have been redesigned to improve the divergence. Preliminary 
tests indicate that space charge in the neutralizer near the grids is important, 
so electron emitters are being installed tD reduce the problem. Ue are also 
testing a very different source, the MPD arc, described later in the paper. 

The Charge Exchange Cell 

The primary function of the charge exchange cell is to convert an 
incident positive ion beam to a negative ion beam. The charge; exchange medium 
employed for this purpose, cesium, can adversely affect parts of the beamline 
such as the accelerators, and is an undesirable impurity in the target plasma. 
The cesium, therefore, must be contained within the confines of the charge 
exchange cell. An effective way of minimizing the loss of cesium along the 
beamline is to employ a directed flow of cesium transverse to the beamline. 
Upon crossing the region of charge exchange, the cesium vapor 1s pumped by 
cooled surfaces. The randomly directed component of the cesium flow 1s 
restrained from flowing along the beamline by a set of cooled baffles. 
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The charge exchange cell employed in this experiment is shown in 
Fig. 2. The flow of cesium 1s pulsed in order to reduce the quantity of the 
cesium flowing in the cell. The cesium is vaporized in the oven and passes 
through a transfer tube to a pulsed valve that controls the flow of vapor to 
the plentim and a slit nozzle orifice. The valve is open for ^1 sec. The cesium 
vapor forms a Jet through which the beam passes and is charge changed. The 
flow is directed onto a liquid nitrogen cooled surface, the hopper, and is 
collected. A set of cooled baffles along the beainline aid in the collection 
of the vapor. The cesium is periodically recycled into the oven. Operation 
of this system has been highly reliable, with many recyclings before additional 
-esium is required. 

The effect upon beam intensity of the angular scattering during 
charge exchange collisions was investigated. Calculations show that the 
scattering 1s small at the line density (2 x 10 cm ) of cesium that is 
required to reach the equilibrium fraction (243 at 1 keV) frar. an incident 
D°, D beam. A measurement of the D" production efficiency from the ion beam 
employed in this experiment yielded a value of 20?.. This value, when corrected 
for the contribution of molecular ions in the beam, corresponds well to the 
measured equilibrium fraction of 24% for D°, D -+ D", D° conversion, and thus 
confirms that angular scattering does not reduce the beam intensity. 

Plasma Formation 

The Ian beam generates a plasma as 1t passes from the positive ion 
9 source through the charge exchange cell to the high voltage accelerator. The 

plasma, which flows along and away from the beam, serves to neutralize the 
space charge within the ion beam. The presence of electrons within the beam 
and near the aperture of the accelerator will cause a current drain due to the 
acceleration of electrons along with the ions. Interaction of the beam with 
the plasma may cause unstable propagation. Thus, the self-generated plasma 
has a strong effect upon beam acceleration and propagation. 

The background gas density required to neutralize the space charge 
within a beam can be estimated. We model the beam in cylinorical geometry, 
with a beam radius R. , velocity v b, and density n b > The continuity equation 
for the radial outflow of ions is written 

7 SF <""> " s • 
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where S is the rate of creation of the background positive ions. In this exper
iment, the dominant source of ions is ionization by a ID keV component of the 
beam. This component, about 5% of the extracted beam, is formed by charge 
exchange in the extraction grids, and is highly directed. Due to its low 
divergence, the density of the 10 keV beam component, which does not charge 
exchange in the cesium cell, is estimated to be equal to the negative ion beam 
density. The ionization cross section a «• 10 cm . 

Thus S = av. n. n . where n is the background deuterium gas density. 
Other sources of positive ions, such as ionization by electrons, by the 1 keV 
beam, charge exchange processes, and effects in cesium, are estimated to be 
weaker. 

In order to estimate a gas density at which the positive ion density 
roughly equals the beam density, we estimate v = \fkl /M. at the beam edge 
r = R b; then the gas density for which n = n. is n = (2/Rb o) (/kTg/M^V^). 
For R. = 5 cm and T = 1 ev, n = 2 x 10 c m , i.e., a gas pressure of 

b « e c 
6 x 10 Torr. At this gas pressure, therefore, the beam and electron densities 
are nearly equal. 

The experiment operates at an order of magnitude below this pressure, 15 2 so that stripping of the D (o = 10 cm ) reduces the D beam intensity by no 
more than 20". It is found experimentally that the beam propagation is not 
stable below a pressure of 4 x 10" Torr. 

The generation and two-dimensional flow of plasma along and across 
the beam was investigated computationally. * Of particular interest was 
the flow of plasma from the cesium cell, where it is relatively dense, toward 
the accelerator where the presence of electrons is not desirable. The ^ a m is 
again assumed to be rigid, and the geometry is axially symmetric. A raJial 
beam density profile n. (r) and an axial distribution of background gas n (z) 
is employed. The results of a typical computation are shown in Fig. 3. It is 
noteworthy that the electron density 1s localized near the region of the 
greatest ionization rate, e.g., the electron density falls off sharply away 
from the cesium cell. Thus, these results show that the accelerator structure 
may be placed within a few beam diameters of the cesium cell without adverse 
effects due to the formation of plasma in the cesium cell. 

Infinite medium analysis of the stability criteria indicate that the 
negative ion beam should propagate stably for electron velocities greater than 
the beam velocity, as in our experiment. A computer code has been employed to 
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Fig. 3. Plasma densities in two-dimensional flow; n, - 2 x 10 exp(-r ), 

n - 0.26 n ,, (1 + 3e~z). g cr 
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study the instabilities associated with the non-uniform beam. Preliminary 
13 14 results ' indicate instability at low pressures, resulting from coupling to 

a radial acoustic wave. Detailed comparison with the experimental observations 
is not yet possible. 

D" Acceleration 

Approximately 100 mA of D" is injected into the accelerator shown in 
Fig. 4. The trajectories have been calculated by the Wolf code. For these 
results, the beam has been assumed to have zero temperature. 

The detailed design takes into account the actual particle trajecto
ries, of course, but the electrodes have specific purposes. The first (entrance) 
electrode defines the beam size. The third (focusing) electrode is used to 
concentrate the beam to optimize the beam optics in the main a..celerating gap. 
To the first approximation, the resulting space charge in this gap satisfies 
the Child-Langmuir M W . The second (control) electrode is biased to ninimize 
overfocusing of the particles at the beam edge; in essence, it plays the same 
role as the Pierce angle in standard charged particle accelerators. The last 
pair of electrodes can be hiased to prevent backstreaming ions, although in 
the present experiments they were set to the same voltage. The shapes of elec
trodes near the walls prevent a direct line of sight between the beam and 
insulators. 

Tnitial umasurertients of the accelerated beam indicate that the elec
tron current is significantly less than the negative ion current. These meas
urements were made using a weak magnetic field at tf-e exit of the accelerator, 
and confirm the measurements made in the 1 ksv beam upstream from the accelerator. 

Faraday cup measurements 1 meter from the accelerator, Fig. 5, yield 
a beam divergence of + 2.5° both along and across the aperture, which compare 
with + 1.6° calculated by the Wolf code. 

Neutrons produced in a titanium disk saturated with deuterium give 
a qualitative confirmation that a high energy deuteron beam is produced. 

Although these results are preliminary in nature, they are very 
encouraging for the accelerator techniques used in the experiment. Work will 
continue to compare experimental and theoretical results in this area. 



Fig. A. High Voltnge Accelerator, j • 3mA./cm . Electrode potentials are 

(from the left) 0 kV, 2.5 kV, 10 kV, 35 kV, 60 kV, and 60 kV. 
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Advanced Double Charge-Exchange Techniques 

To extend the results described above, we are developing new methods 
of producing intense positive ion beams and of producing a highly directional 
cesium jet. The goals of these developments are the production of D~ current 
densities of 50-1Q0 mA/cm , and the confinement of the cesium ta a small sec
tion in the beamline. The latter goal will permit a much more compact beamllne 
to be constructed. 

The fraction of a proton or deuteron beam which can be converted to 
negative ions exceeds 30% at 600 eV, and is independent of energy at least as 
low as 300 elt' (c.f. Section r n and Ref. 8). In this energy range, the cross 
sections for conversion from neutral atoms to negative ions and vice versa 
decrease somewhat, but their ratio is constant. Extrapolation of the results 
is uncertain, of course, but It is quite likely that large conversion effi
ciencies exist to considerably lower energy. 

In the energy range of hundreds of eV and below, intense plasma beams 
can be produced with a highly directed flow. Such beams contain equal densi
ties of electrons and ions, and are thus not subject to space charge limitations. 
These could then be used to produce quite intense negative 1on beams. 

15 IB Me are working with one such source, the MPD arc, ' shown in 
Fig. 6. MPD arcs are extremely intense, typically operating at SO volts and 
SOD amperes. The injected gas is consequently highly Ionized; heating and 
compression near the cathode tip, followed by expansion as the plasma is 
ejected, produces a highly directional flow at energies up to at least 60 eV. 
These arcs were originally produced for use as space thrusters, and are sur
prisingly sturdy and reliable. Testing of the MPD arc far negative ion pro
duction has just begun, and no results are available at the time this is written. 

Further development of the cesium jet 1s important for successful 
development of intense seams. The present jet, described atovs, is formed from 
a simple slit geometry. Measurements of the resulting cesium density distri
bution show that it can be modeled as coming from a diffuse source on a line 
several si it widths below the actual slit. The resulting distribution, 
fcoseyV2, drops as distance cubed for large distances along the beamllne. 
This rate of fall is satisfactory for an experiment, but requires improvement 
in an actual neutral beam system. 

Metal vapor jets have been developed 1n the USSR using Laval 
nozzles as illustrated in Fig. 7a. More than SOX of the flowing material is 



Fig. 6. MFD (Magnetoplasmadynamlc) arc. 
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in a highly directional supersonic jet. A substantial amount of material is 
in boundary layers* however, and is emitted over a wide angle. Skimmers are 
used to trap this material, but as the flow is not in the free molecular regime, 
collislanal effects destroy the uniformity and directivity of the jet 

This problem can be alleviated by a jet of the design shown in Fig. 7b. 
Mate-ial is emitted from two slits. Calculations show that boundary layers 
develop a lorn/ the "center body" between the two slits, muse boundary layprc 
merge at the end of the center body, and are confined by momentuni exchange with 
the supersonic flow. Small boundary layers also form on the outer edges of 
the sli-s, of course, but because the amount of material in these boundary 
layers is small, they rapidly become collisionless and can be trapped by cold 
surfaces and skimmers. Detailed calculations and design of such a jet are 
underway, with initial testing planned to be 1n the present cesium cell. 

Charge-Exchange in Sodium 

Vapors other than cesium may also be used for the double ci.^-ae-
exchange oroducdon of D~; Schlachter' has summarized the crass sections and 

19 equilibria, fractions. Sodium has been used by Semashko and co-workers to 
produce greater than 1 ampere of H". Millisecond beam pulses have been accel
erated to 40 KV. 

Table 1 compares sodium and cesium. Cesium has one major advantage-
the conversion efficiency is very high at low energies. As a result, the beam 
powp. and gas efficiencies can be considerably higher than with other substances. 
Furthermore, the low energy requirements may permit the use of plasma accel
erators, as discussed above, with resultant high current densities and greater 
simplicity. 

21 
Sodium, on the other hand, dots have several advantages The ini

tial positive ions will have better beam optics at the higher energy, and thus 
can be easily transported. Furthermore, molecular ions can be dissociated 
without angular scattering, broadening the beam significantly. At the low 
energies required in ces !um ? the large vapor line densities required for dis
sociation will appreciably broaden the beam, so that the use of molecular Ions 

22 
will be difficult. Also, because of the lower atomic number oV sodium, con
siderably more leakage of sodium than cesium can be permitted into the fusion 
experiment, and the lower sodium vapor pressure at the melting point makes 1t 
easier to control. For both cases, however, extremely good control of the 
metal is required. 
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Table Comparison of Cesium and Sodium 
Charge-Exchange Targets 

Cesium Sodium 
1 

Maximum D Fraction 0.35 at 0.3-0 
5 keV 0.12 at 2-8 keV : 

J Vapor Pressure at 
liquid point 

2 x 10~ 6 Torr 
302° K 

at 0.9 x 10" 8 Torr I 
at '71* K 

! Atomic Number 55 11 
] Permitted n(Cs)/n(ioi ) i 
| in Tokamak^ 1.5 x 10"" 2.5 x ID" 2 

(TFTR, q - 10) I 

til. Atomic and Surface Physics* 
D" Formation by Charge-Exchange 

Measurements of the equilibrium fraction ?f negative ions in deuteron 
beams have been made in several metal vapors. Results for cesium are shown 
in Fig. 3. As emphasized previously, the equilibrium fraction has not started 
to decrease .<t ,:00 eV, and significant generation of D" may be possible to quite 
low energies. Measurements have also been made in rubidium, magnesium, and 
strortium. 

D" Formation on Surfaces 

The generation of intense negative hydrogen ions 1n cesiated magnetron 
23 24 and other plasma sources is believed to result frora surface effects. ' The 

formation of H" on partially cesiated surfaces has been analyzed, ' and the 

results support this conclusion. 

The coefficient for formation of negative ions is calculated as 
K = R P_ f. The backscattering particle reflection coefficient, R , is 

The work described in this section was done by A. S. ScHachttr, K. R. Stalder, 
J. U. Stearns, W. G. Graham, and P. J. Schneider at LBL, and by J. R. Hiskes, 
A. Karo, and H. A. Gardner at LLL. 
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estimated at 60a: to 802 from published measurements. The probability for nega
tive ion formation, P , is calculated to vary from 552 for a 100 eV H" ion to 
> 99£ at 1 eV. The survival fraction, f, is calculated to be close to unity in 
the range >4 eV for a parUally cesiated surface. The resulting coefficient < 

is thus 30% to 50% for energies 10-100 eV; no reflection coefficients are avai 7-
able below 10 eV. For thick alkali metal coatings, f, and thus *, are consider
ably smaller. 

Measurements have been made ' of the total backscattered D~ yields 
from thick surfaces of Cs, Rb, K, Na, and Li, bombarded with D ? and D^ in the 
energy range 0.05 to 3.5 keV/nucleon. As seen in Fig. 9, the D~ yield was found 
to be a maximum (as h'jh as V.% per incident deuteron for Cs) between 150 and 
300 eV/nucleon. 

Some preliminary niearurements for partial coverage of the target with 
alkali metals have also been made. Fig. 10 shows the negative ion yield as a 
+i.nction of Na evaporation time onto a Cu substrate. T'te maximum yield is 
believed to correspond to a coverage where the ref"iect:on is predominantly from 
the Cu substrate, while the work function is that of Na. Therefore, partial 

coverage substantiaTy increases the negative ion yield. 
29 This 1s alsc shown in F:<% 9 from the measurements by Dudnittov, 

using a niagnetron ion source. At 130 eV, the H" yield from a surface with 

an "optimum" cesium coverage (one where the work function is minimum) is twice 

that far a thick cesium surface. The increase at higher energies is believed 
to be due to decreasing cesium coverage of the surface. 

An "-.jriiaent is also underway to investigate VT production by the 
reflection of very low energy H° incident on treated metal surfaces. Surfaces 
with partial Cs coverage are bombarded with H atoms produced in a furnace. The 
average energy of the H atoms is about 0.25 eV, but it is estimated that 107. 
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of the H atoms have an energy in excess Df 0.75 eV. Since large fluxes are 
available, H" production from particle; with energies as high as 2 eV can be 
determined. 

IV. Proposed Neutral Beam System Using Surface Production of p" 

It follows f-om the results in magnetron sources, J supported by 
oc oc 97 pa 

the above calculations ' and experiments, ' that it may be possible to 
induce large cu-rents of D" on surfaces. As discussed, the conversion from 
D° to D" may be 30-50?., even at 10 eV or less. Further supporting the produc
tion of negative hydrogen on partially cesiated surfaces, are preliminary mea
surements in thermionic diodes at Rasor Associates. Negative hydrogen is 
observed using ma^s spectroscopic measurements, even at zero applied voltage. 

To take advantaga of this production, the system shown in Fig. 11 
31 32 10 has been proposed. * ' Neutral atoms are produced far from the conversion 

surface, so that excess gas can be pumped before it pnters the accelerating 
structure. An initial ion beam is produced using an NPD arc similar to that 
described earlier in this paper. The beam is guided by a magnetic field and 
converted to neutrals by recombination with electrons or by charge-exchange in 
vapor. The D" beam is then accelerated by a grid structure similar to that 
used in positive ion sources with total currents of 50 A or more. 

This system would have several major advantages. In particular, 
(a) excess gas is pumped in a region where it is not harmful; (b) the accel
eration structure is simple and compact; and (c) the system can be scaled to 
n y required current, with d.c. operation. 
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