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Abstract

We evaluate the feasibility of producing and using atomically neutral heavy ion

beams produced from negative ions as drivers for an inertial confinement fusion reactor.

Bromine and iodine appear to be the most attractive elements for the driver beams.

Fluorine and chlorine appear to be the most appropriate feedstocks for initial tests of

extractable negative ion current densities.  With regards to ion sources, photodetachment

neutralizers, and vacuum requirements for accelerators and beam transport, this approach

appears feasible within existing technology, and the vacuum requirements are essentially

identical to those for positive ion drivers except in the target chamber.  The principal

constraint is that this approach requires harder vacuums in the target chamber than do

space-charge-neutralized positive ion drivers.  With realistic (but perhaps pessimistic)

estimates of the total ionization cross section, limiting the ionization of a neutral beam to

less than 5% while traversing a four-meter path would require a chamber pressure of no

more than  5 x 10-5 torr. Alternatively, even at chamber pressures that are too high to allow

propagation of atomically neutral beams, the negative ion approach may still have appeal,

since it precludes the possibly serious problem of electron contamination of a positive ion

beam during acceleration, drift compression, and focusing.
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I.  Introduction

A few years ago, we suggested that it  might be feasible to use atomically neutral

beams (as opposed to beams which are space-charge-neutralized) as the heavy particle

driver beams for inertial confinement fusion (1) .  This approach would require producing

heavy negative ions, accelerating them, and then converting them to neutral atoms with a

photodetachment neutralizer just after the final focusing element, so that the beam

traversing the target chamber would, along much of its path, be composed primarily of

neutral atoms on ballistic targets.

A beam of energetic neutral atoms would not be subject to the vagaries of space-

charge forces, self-magnetic fields, or beam-plasma instabilities.  This would greatly

simplify the physics of beam transport in the target chamber, and allow a more compact and

predictable final focus footprint.  From the outset, it was appreciated that this approach

would only be attractive for scenarios in which the target chamber operated at relatively

hard vacuum, with accelerators at very hard vacuum.  The impact of multielectron-loss

processes (1,2,3) would be as detrimental for atomically-neutral beams as for positive ion

beams.  

It was pointed out (4) that, even if one did not photodetach the negative ions

because of inadequately low target chamber pressures, there might still be some merit to the

use of negative ions inasmuch as negative ion beams would not draw electrons from the

chamber plasma or from surfaces into the beam as it traversed the accelerator, drift

compression region, and final focus optics.

In this paper, we describe a study to assess the viability of the negative-ion driver

and neutral beam approach by  considering the main critical issues.  We also suggest a

small experiments that could be carried out to test some aspects of the required technology.
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II.  Critical Technical Issues

The critical technical issues for the negative-ion neutral beam approach are:

(1) Choice of beam element,

(2) Ion source,

(3) Photodetachment neutralizer,

(4) Vacuum requirements in accelerator and other parts of beam transport

system, and

(5) Ionization of beam particles in the target chamber.

We briefly discuss these issues in the following sections of this paper.

III.  Choice of the Beam Element

In order to produce negative ions, one must choose an element which has a finite

electron affinity, which is the binding energy of the extra electron.  In general, the greater

the electron affinity, the easier it is to produce a negative ion of that element, and the more

robust it is against being converted back to a neutral atom.

Throughout the periodic table, there are a number of elements with electron

affinities  of sufficient magnitude that they should be able to yield current densities of

reasonable levels (10’s – 100 or more per square-cm).  Table I displays the atomic number,

mass, and electron affinity of candidate beam elements.  We have divided these candidates

into  three groups.

The first group should be relatively easy to make.  These elements, mainly

halogens, have large electron affinities, which means that a sizeable fraction (tens of

percent) of the ions in most plasma discharges will naturally  be negative ions, and it is

probably possible to produce them all, if desired, from feedstocks that are either gases

(fluorine and chlorine), elevated temperature vapors (bromine and iodine), or compound

gases (such as hydrogen sulfide). Because negative ions produced from these elements will
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be relatively strongly bound, they are somewhat more robust in transport than negative ions

produced from elements with lower electron affinities. However, this also means that

higher-energy photons are required in the photodetachment neutralizer.

The second group of candidates consists of elements, mostly alkalis, whose lower

electron affinities allow them to be neutralized by lower energy photons.  This allows a

wide choice among different types of lasers for a photodetachment neutralizer, since most

lasers operate at photon energies greater than the binding energies of this group of negative

ions.  Correspondingly, the lower electron affinities of these elements mean that plasma

discharges composed of these elements would contain a much lower fraction of negative

ions than would be the case for the first group of candidate elements.  Although not a heavy

element, hydrogen, which has an electron affinity of 0.75 eV, is  included for comparison

because there is a great body of work connected with hydrogen negative-ion sources for

magnetic confinement fusion applications.  In these ion sources, the hydrogen negative-ion

current which can be extracted from a source is usually only 2 – 3 % of the positive-ion

current which could be extracted under the same discharge conditions.  Addition of cesium

allows the negative-ion current to reach as much as 10 – 14 % of the positive-ion current

extractable under the same arc conditions.  The mechanism of this enhancement remains

somewhat obscure and controversial, and its applicability to other candidate beam elements

is unclear, and unnecessary for the halogens.  If, as discussed later, adequate laser

technologies exist to photodetach the more tightly bound negative ions produced from the

first group of elements, then this second group seems relatively unattractive because of the

likelihood of lower negative-ion current densities.

The third group of candidate elements is comprised of heavy metals with a range of

electron affinities.  These seem unlikely to prove attractive because, while it is common to

produce negative ions of at least some of them from sputter sources, it is not apparent how

one would produce these by any means other than sputter sources.   The negative ions

produced by sputter sources typically have large transverse energies of at least several eV.

This would probably preclude their use in heavy ion fusion, unless some way could be
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found around this technical issue.

The first two groups of candidate beam elements each span a fairly wide range of

masses:  19 – 127 for the first group, and 23 – 133 for the second group.  This allows

some leeway in choosing an element, depending on how the heavy ion fusion program

strategy evolves with the tradeoffs between mass, energy, current, and accelerator length.

IV.  Ion Sources

Plasma sources, similar to those used in magnetic confinement fusion, and driven

either by arcs, RF, ECH, microwaves, or inductively, could be used to produce beams

from all the candidate elements in Groups 1 and 2.  In the cases of fluorine and chlorine,

this should be especially straightforward, since these elements are naturally gases at room

temperature.  They are, of course, both poisonous, but no more so than feedstock gases

which are commonly used in the semiconductor industry.  More significantly, these, like

most of the other candidate elements, are corrosive, which requires the use of appropriate

materials.

Negative ions of sulfur could also be produced in a straightforward manner with

conventional sources by using a gaseous feedstock such as hydrogen sulfide.

Unfortunately, this would probably result in a number of negative-ion species being

produced, since hydrogen has an appreciable electron affinity.  Sulfur has a larger electron

affinity, which should result in more negative ions of sulfur than of hydrogen.  However,

since the hydrogen negative ions are lighter and would have a greater drift velocity toward

the extraction plane, the resulting beam might well consist of more hydrogen than sulfur.

Bromine, iodine and (perhaps) sulfur from the first group of candidate elements,  

and cesium, rubidium, potassium, and sodium from the second group could all be heated to

a vapor in order to feed plasma sources operating at elevated temperatures.  While

conceptually straightforward, and almost certainly practical, this would be more

complicated than simply changing the feedstock of an existing source to fluorine or



6
chlorine.  Thus, while the most desirable candidate elements for an HIF driver beam are

bromine (mass 81) or iodine (mass 127) if an intermediate mass beam is wanted, it would

be easier to initially test the ease of negative-ion production by introducing fluorine or

chlorine gas into sources being tested for positive ions in the heavy ion fusion program.   

This would also require reversing the polarity of the extractor, and any pre-accelerator stage

on the source, and changing the polarity of the grounding of the power supply. In addition,

permanent magnets would need to be added across the extractor to suppress electrons.  

This is straightforward on a small system.

A simple test of this type with fluorine or chlorine should be a meaningful proof-of-

principle experiment with respect to estimating the extractable negative-ion current densities

(after adjusting for the differences in masses) which could be obtained using bromine and

iodine.  This is because the electron affinities of fluorine (3.45 eV) and chlorine (3.61 eV)

are very similar to the electron affinity of  bromine (3.63 eV), and only modestly greater

than that of iodine (3.06 eV).  

Because of the high electronegativity and large mass of bromine and iodine, their

extractable current density will probably be limited by the extraction field strength that can

be applied without breakdown occuring, rather than by the density of negative ions

available, and thus will be a characteristic of the extractor design, rather than the polarity of

the ion.  Accordingly, for these ions of masses likely to be usable as HIF drivers, the

extractable current density of negative ions may be essentially the same as would be

obtainable with positive ions of similar masses.

In general, any type of source which produces positive ions from a plasma should

be capable of producing negative ions with the right feedstock.  If there is interest in this

approach, it is appropriae that plasma sources being considered for positive ions for HIF

be tested also with fluorine or chlorine.  For a given type of source, the rise times and fall

times of the extracted pulses should be similar for negative ions and positive ions.  These

time scales are primarily determined by the types of switches used in the circuits  for the

extractor and preaccelerator gaps.
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Negative-ion beams, especially when they are at low energy, are susceptible to

stripping by gas along their flight path, which reduces them to neutrals or positive ions.

This problem is most familiar with large hydrogen negative-ion sources, where the large

extraction areas preclude the effective side pumping of the extractor and accelerator

structure.  This problem should be less severe for the cases we are interested in.  Because

the electron affinities of fluorine, chlorine, bromine, and iodine are all more than four times

larger than that of hydrogen, the ratio of negative ions to neutral vapor propagating down

the extractor and preaccelerator will be more favorable.  In addition, the ions, being

correspondingly more strongly bound, will be more robust.  Since the ion source units will

probably be considerably smaller than the hydrogen negative-ion sources presently in use

in magnetic confinement fusion, the side pumping of the extractor and pre-accelerator

should also be more practical.  If bromine or iodine negative ions (or any of the alkali

metals) are eventually produced from heated vapors, it will be necessary to also heat the

grids and insulators in the extractor and preaccelerator to avoid metal vapor deposition and

a corresponding compromise of voltage-holding characteristics.

V.  Photodetachment Neutralizers

The neutralizer cells that are used in present day hydrogen negative-ion-based

neutral beam systems to heat magnetic confinement fusion experiments use gas to

collisionally detach the extra electron from a negative ion.  However, multiple collisions

can remove the remaining electron and produce a positive ion, so the neutralizer cell length

has to be  optimized.  In practice, the maximum fraction of a hydrogen negative ion beam

which can be  converted to neutrals by a gas cell is about 60%.

For heavier elements, gas cells are entirely impractical as neutralizers, due to the

prevalence of multi-electron-loss events, which produce a wide range of charge states

(2 ,5 ,6) .  Using photons instead of gas to remove the extra electron from a negative ion

sidesteps this problem.  If the photon energy is a little greater than the binding energy of the
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extra electron (the electron affinity of the element), but less than the binding energy of the

next electron (which is generally several times greater than the binding energy of the extra

electron), then no positive ions will be produced (except through multiple photon

absorption which is very rare).  Accordingly, it is in principle possible to approach 100%

efficiency in converting the negative ions to neutral atoms.  

For this to be appealing, the energy used to drive the source of photons (usually a

laser except in the case of very weakly bound negative ions) should be small compared to

the energy in the extra fraction of neutral beam produced.  Decades ago, photodetachment

neutralizers were considered for the magnetic confinement fusion program, and again a

decade ago for the neutral particle beam component of the Strategic Defense Initiative.  In

both cases, these approaches foundered upon two characteristics of the ion beams they

were meant to neutralize:  ion beam power density and pulse length.

The power density of the ion beams in the neutralizer cell for both of these

applications was relatively low (a few kilowatts per square-cm), while the beam pulse

length was long (essentially continuous for the magnetic confinement fusion application,

and significant fractions of a second, with a very high duty factor, for defense

applications).  The low power density meant that it was difficult to use less power to drive

the lasers than was gained in the extra neutralized beam, and the large cross-section of the

beam required high laser power.  The long or continuous pulse length meant that one was

limited to lasers with continuous or near continuous capability, and thus to power levels

orders-of-magnitude below those available with pulsed lasers.

For the case of heavy ion fusion, the conditions are much more favorable to

photodetachment lasers.  The power density in the ion beam is many orders-of-magnitude

greater, and the pulse length and duty factor are millions of times less, permitting the use of

pulsed laser technology.

Although the data base for photodetachment cross sections is relatively small, the

cross-section generally rises steeply at photon energies just slightly greater than the binding

energy, and then varies weakly with photon energies more than 0.2 – 0.4 eV above the
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binding energy.  Thus, for the more weakly bound alkali negative ions of the second group

of candidate elements (with electron affinities of 0.47 – 0.54 eV), wavelengths shorter than

about 1.9 microns should be usable.  This rules out carbon dioxide, carbon monoxide, and

holmium lasers, but leaves a wide range of possible choices, including, among others,

iodine, Nd-glass YAG, color center, vibronic (Ti Sapphire), ruby, Kr-F, and Xenon

lasers.

However, as discussed in the earlier sections, the negative ions which are most

likely to produce sufficiently large current densities for a heavy ion driver are the more

strongly bound halogens of the first group of candidate elements.  With electron affinities

of 3.06 – 3.63 eV, these require  wavelengths shorter than 0.34 microns (for the most

bound ion).  According to the NRL Plasma Formulary (2000 edition), two laser systems

capable of this are Kr-F and Xenon.  According to the Formulary, the state-of-the-art

pulsed-power levels available around 1990 were >109 watts for the Kr-F laser, and >108

watts for the Xenon laser.  For the same period, the state-of-the art efficiency of the Kr-F

laser was 0.08, and of the Xenon laser 0.02.  Both of these power levels and efficiencies

should be acceptable for the application here.

Although the exact amount of laser power required would depend upon the detailed

design of the neutralizer cell, the reflectivity of its mirrors, and the cross-section of the ion

beam at the point where it is neutralized after the final focus elements, we can obtain an idea

of whether the existing laser technology is likely to be adequate by considering a simple

example.

Consider a negative-ion beam pulse with a cross section of 1 square-cm as it passes

through the neutralizer cell, and with a pulse duration of 20 nanoseconds to neutralize a 10

nanosecond beam pulse.  Although we don’t presently have data on the photodetachment

cross-sections for the beams we would most like to use, calculations and data for a variety

of other negative ions in Massey (7), show photodetachment cross-sections in the range of

1 x 10-17 cm2  to 2.4 x 10-16 cm2 .

We choose, for the purpose of this example, the lower end of this range (1 x 10-17
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cm2  ), as a reasonable estimate of the photodetachment cross-section of iodine. A Kr-F

laser, which produces 4.7 eV photons, should be very well suited for photodetaching

negative ions of iodine, which are bound by 3.06 eV.

The line density (LD) of 4.7 eV photons required to  neutralize a fraction nf of a 4

GeV negative-ion beam of iodine, is given by the expression:

LD = 6.02 x 108  ln (1/(1-nf  )) watts/cm.

To neutralize 99% of the beam,  the required line density is 2.77 x 109  watts/cm.

For a 20 nanosecond pulse, the required laser energy is 55.4 joules/cm, and to maintain

this line density across a beam diameter of 3 cm, the required laser energy per pulse is

166.2 joules.  For mirrors allowing 100 reflections, which should be readily available, this

energy requirement would be reduced to about 1.7 joules, and the corresponding laser

power is 2.77 x 107 watts/cm.  In 20 nanoseconds, light travels 6 meters, which would be

enough time for 150 transits along a 4 cm bounce path.

With a laser efficiency of 0.08, a laser burst of 1.7 joules would require an input

power of about 21 joules.  This is two orders-of-magnitude less than the state-of-the-art for

Kr-F lasers in about 1996.  

There are some simplifications and  uncertainties in this simple example; however,

dielectric mirrors with reflectivities in excess of 99.9% have been available for many years,

and designs have been carried out in the past for laser neutralizer cavities in which the beam

was confined for several thousand bounces.    Thus,  one could gain  another factor of 10

or much more with the correct choice of mirrors and cavity design.   Accordingly, even a

completely realistic and correct engineering  design of the laser neutralizer should not

change the conclusion that the laser technology requirements for a heavy ion

photodetachment neutralizer are well within the state of existing technology.
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VI.  Vacuum Requirements in the Accelerator and Beam Transport Regions

At low energies of a few tens of kev/amu, the cross-sections for neutralizing a high-

energy negative-ion or converting are considerably larger than the cross-sections for

converting a positive ion to a neutral.  Thus, the vacuum requirements are more stringent

for transporting and accelerating low-energy negative ions than for their positive

counterparts.

However, once the ions reach energies of 100’s of keV/amu to 10’s of MeV/amu,

the difference in vacuum requirements for positive and negative ions is likely to be much

less significant.  This is because, at higher energies, the positive ions are themselves

subject to ionization to higher charge states, with total cross-sections that are probably not

significantly smaller than for the negative ions.  One can see this readily from the fact that

the translational kinetic energy of the electrons is larger than the binding energies for most

of the electrons in the projectile’s electron cloud, not simply the extra electron of the

negative ion.  For example, at an energy of just 1.4 MeV/amu, the translation of kinetic

energy of the  bound electrons is 0.76 keV.    

The ions are most susceptible to destruction when they are at low energy in the

region extending from the source and pre-accelerator to the first higher-energy accelerator.

However, if the beam ion is iodine or bromine, the most likely choices for a negative-ion

driver, then the feedstock will most likely be metal vapor, which is very easily pumped

with cooled surfaces.  Thus, since this region is short, it should be fairly easy to keep

losses to an acceptable level prior to the start of the RF accelerator sequence.

A much more serious problem is the vacuum requirements for the vastly longer path

length through the RF accelerators, drift-compression region, and final focus optics.  As an

example, we consider a path length of 1 km, and we take the  path-averaged total ionization

cross-section to be 1.6 x 10-16  cm2 .  

We arrive at this estimate for the cross-section in the following way.  Reference ( 2 )

measured the total ionization cross-section for 3.4 MeV/amu Kr+7 passing through
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molecular nitrogen to be 0.78 x 10-16  cm2 .  This cross-section includes the cross-section

for single ionization (0.44 x x 10-16  cm2  ) as well as the cross-section for multielectron loss

events (0.34 x x 10-16  cm2  ).  For-singly charged positive ions (which would be

characteristic of drivers currently envisioned), the cross-section would be somewhat higher

than this, and for negative ions, slightly higher still.  On the other hand, heavy ion fusion

driver beams will likely operate at 20 - 40 MeV/amu or higher, and these cross -sections

should decline with energy.  Consequently, we have chosen to double the experimentally-

measured cross-section as a reasonable estimate for this evaluation.  This is meant to

approximate the path-averaged destruction cross-section, from the beginning of the RF

accelerator, where the energy is a few 10’s of keV/amu, through the drift-compression

region, where it is 10’s of MeV/amu.

If the path-averaged destruction cross-section is 1.6 x 10-16  cm2 over a path length

of 1 km,  and if we lose less than 5% of the negative ions, then the pressure should be no

higher than 1 x 10-7  torr.  For a system this large, this pressure is probably modestly

challenging, but not intimidating.  In any event, as discussed above, the high -energy

vacuum requirement for negative ions should not differ significantly from whatever is

determined to be necessary for singly charged positive ion beams.

Another source of ion charge state change is Lorentz ionization, which can occur

when particles pass through strong magnetic fields.  However, it takes considerable effort

to make this happen even with very weakly bound negative ions such as He- , which has a

binding energy of only 0.075 eV, so it should not be a significant problem for negative

ions like fluorine, chlorine, bromine, or iodine, with their binding energies of 3.06 - 3.63

eV.

VII.  Ionization of the Beam in the Target Chamber

From the outset, it was fully appreciated that the most critical issue, and the one

which would most severely limit the use of atomically neutral heavy ion beams as drivers,
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is the gas pressure in the target chamber for whatever scenario ends up being adopted for a

fusion reactor.

To estimate the vacuum requirements in the target chamber, we again use the

measurements of Reference (2).  These measurements were done with molecular nitrogen

as the target gas because it should be a good model of FLIBE vapor.  The measurement of

0.78 x 10-16  cm2 for the total ionization probability (including multielectron loss events)

was done at 3.4 MeV/amu on Kr+7  .  The beams crossing the target chamber will be at

higher energies of 20 - 40 MeV/amu, which will reduce the cross-section, perhaps by as

much as the energy ratio (which would be a factor of 6 - 12).   However, the reduction

might be weaker than this, due to the influence of multielectron loss events, because

progressively more electrons become accessible to ionization  until the translational kinetic

energy of the innermost electrons exceeds their binding energy. On the other hand, the

beam traversing the target chamber in this scenario will be atomically neutral, so the total

ionization cross section will be larger at a given energy than the one measured in Reference

(2) .  

Accordingly, we have attempted to balance these three opposing trends by making

the probably conservative (i.e., pessimistic)  assumption that the total ionization cross-

section for 20 - 40 keV/amu neutral atom beams traversing FLIBE vapor in the target

chamber is simply the 0.78 x 10-16  cm2 value measured in Reference (2) . If we assume a

four- meter flight path from the photodetachment neutralizer across the target chamber

medium to the target, and if we want to ionize less than 5% of the neutral beam, then the

pressure should be no more than 5 x 10-5 torr.  This is a fairly stringent requirement,

especially for a target chamber with liquid FLIBE walls and jets.  The HYLIFE-II ( 8 )

reactor design was expected to have a pressure of 1.7 x 10-3 torr of beryllium difluoride

vapor.  However, recent work suggests (9) that it should be possible to reduce this

pressure by factors of 5 or more by various means, including using some lower

temperature FLIBE jets to shield higher temperature flows, and by other measures with

different salt mixtures (10).
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VIII.  Conclusions

It appears that bromine and iodine offer the most attractive negative ions for heavy

ion beam neutral-atom drivers.  However, fluorine and chlorine will be the easiest gases to

use for any initial tests of available negative-ion current densities from practical sources.

Since their electron affinities are quite similar to those of bromine and iodine, it should be

reasonable to extrapolate the current densities that could be produced with those ions from

results obtained with fluorine and chlorine, after allowing for mass effects on the

perveance.

It also appears that modifications of positive-ion source technology are likely to

result in adequate negative-ion current densities from these halogens.  The requirements for

photodetachment neutralizers appear to be fairly moderate, and well within the state of the

art.  The negative ion pressure requirements on the accelerators, transport, focusing, and

drift-compression regions should be almost identical to the pressure requirements for

positive heavy ion beams.  The one limiting constraint is the one initially anticipated, which

is that for the atomic beams to reach the target as neutrals, the pressure in the target

chamber needs to be low.  For less than a 5% ionization loss across a four-meter flight

path, our estimate is that the pressure should be no higher than 5 x 10-5 torr.  This estimate

uses assumptions about the cross-sections which are arguably pessimistic,  but it is in any

event clear that this scenario requires lower pressures than those presently being considered

for space-charge-neutralized positive-ion driver beams.  Work by Molvik et. Al. Suggests

that significant reductions in chamber pressure are possible (9,10).

A logical next step should be to try fluorine, or more probably, chlorine, as a

feedstock in a candidate HIF positive-ion source (with the accelerating polarity reversed

and with permanent magnets added to the grid for electron suppression) to give an

experimental evaluation of extractable negative-ion current densities.  If these results are

favorable, then it could serve as the basis for the design of an elevated temperature ion
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source using bromine or iodine.

Even if scenarios for HIF target chambers do not ever return to versions with

sufficiently low pressures to allow photodetached atomically neutral beams to propagate to

the target without significant ionization, negative ion driver beams still have an advantage

which might turn out to be crucial.  Negative ion beams will not invite the accumulation of

electrons pulled by strong electric fields from nearby surfaces which may be a problem for

intense heavy positve ion beams passing through the long accelerator, drift compression

space, and focusing elements.  Unless this electron contamination is highly reproducible

from shot to shot, it could alter the focusing in ways that might be very difficult to

compensate.  Thus, heavy negative ions such as bromine or fluorine could serve as a

backup technology for the HIF program if electron contamination should turn out to be an

intractable problem in positive ion beams.
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Table I

Electron Affinities of Selected Elements

Element                    Z                        Mass Electron Affinity (eV)

Group 1.  Relatively Easy to Make:

F 9 19 3.45

Cl 17 37 3.61

Br 35 81 3.63

I 53 127 3.06

S 16 32 2.08

Group 2.  Relatively Easy to Photodetach:

Cs 55 133 0.47

Rb 37 85 0.49

K 19 40 0.49

Na 11 23 0.54

H  1 1             0.75

Group 3.  Require Sputter Sources:

Sb 51 123 1.05

Ag 47 109 1.30

Au 79 197 2.31

Pt 78 195 2.13
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