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Abstract 

 

 Over the past quarter century, advances in hydrogen negative ion sources have 

extended the usable range of hydrogen isotope neutral beams to energies suitable for 

large magnetically confined fusion devices.  Recently, drawing upon this experience, 

negative halogen ions have  been proposed as an alternative to positive ions for heavy ion 

fusion drivers in inertial confinement fusion, because electron accumulation would be 

prevented in negative ion beams, and if desired, the beams could be photodetached to 

neutrals.
 
 This paper reports the results of an experiment comparing the current density 

and beam emittance of Cl
 +

 and Cl 
–
 extracted from substantially ion-ion plasmas with 

that of Ar
+ 

extracted from an ordinary electron-ion plasma, all using the same source, 

extractor, and emittance scanner.  At similar discharge conditions,  the Cl
- 
current was 

typically 85 – 90% of the positive chlorine current, with an e
-
/Cl

-
 ratio as low as 7 

without grid magnets.  The Cl
- 
was as much as 76% of the Ar

+ 
current from a discharge 

with the same RF drive.  The minimum normalized beam emittance and inferred ion 

temperatures of Cl
+
, Cl

-
, and Ar

+
 were all similar, so the current density and optical 

quality of Cl
 –

 appear as suitable for heavy ion fusion driver applications as a positive 

noble gas ion of similar mass.  Since F, I, and Br should all behave similarly in an ion 

source, they should also be suitable as driver beams. 

 

I.  Introduction 

 

 Energetic beams of atoms of hydrogen isotopes have been used for decades to 

heat and drive current in magnetically confined plasmas for fusion energy research.  For 

many years these atomic beams were formed by electrostatically accelerating positive 

ions, and then converting them to neutrals through charge exchange in a gas cell.   

However, the neutralization efficiency of positive hydrogen isotopes declines rapidly at 

energies beyond 40 keV/amu, whereas the neutralization efficiency for negative 

hydrogen is nearly constant out to energies of many MeV.  As a result, the two most 

recently deployed neutral beam systems used negative hydrogen isotope beams.  The JT-

60U D
-
/H

-
 neutral beam system 

1
 in Naka, Japan began operation in 1996, and the  LHD 

H
-
 system 

2
 in Toki, Japan started operation later the same decade. 

 

 The ion sources developed for both these beam systems were cesiated tandem 

sources, also known as cesiated volume sources 
3,4

.  In such sources negative ions are 
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formed through at least two processes.  One process is dissociative attachment of 

vibrationally excited molecules by low energy electrons
5
.  In order to facilitate this 

process, the ion source is partitioned into two (tandem) regions by a magnetic filter field, 

which serves to inhibit the flow of high energy primary electrons from the driver plasma 

(where the cathode filaments are located) into the extractor plane plasma, from which the 

negative ion beam is extracted.  The energetic electrons excite molecules to high 

vibrational states in the driver plasma.  Some of these vibrationally excited molecules 

drift into the extractor plasma, where low energy electrons dissociatively attach to form 

negative ions.  Because this process does not involve surface contact, it is often called 

“volume production.”  Adding cesium vapor to the discharge results in cesium depositing 

on surfaces, where it lowers the electron work function, making it much easier to form 

negative ions through reflection or desorption mechanisms, generally called “surface 

production.”  In the sources used for magnetic fusion energy applications, the most 

important surface production occurs at the plasma grid which forms the boundary 

between the extractor plane plasma and the extractor/accelerator grid series.  The fact that 

the filter field at least partially shields the extractor plane plasma from high energy 

electrons enhances the survival of the negative ions formed there, since their destruction 

cross section rises at higher electron energies.  In the hydrogen ion sources used for 

magnetic fusion energy experiments, most (usually 75 -80%) of the extracted negative 

ions result from the addition of cesium, and thus are thought to arise as a result of surface 

production.  The accelerated current densities of negative hydrogen isotopes which are 

successfully produced and accelerated in these systems is typically a factor of 10 – 20 

lower than the case for positive hydrogen isotope sources used in similar magnetic fusion 

energy applications.  This reflects the relatively low electron affinity of hydrogen (0.75 

eV), which makes negative hydrogen harder to form, and easier to destroy in the 

accelerator, than its positive counterpart.   

 

 In addition to magnetic confinement, the other major approach to fusion energy is 

inertial confinement, in which a brief intense burst of energy is transferred via a driver to 

a target capsule, compressing it to thermonuclear ignition.  A leading potential driver for 

inertial confinement fusion is an array of heavy ion beams at tens to hundreds of 

MeV/amu
6
.  For the most part, the beams that have been considered as candidate heavy 

ion drivers were positive ions, because it is easier to form positive ions than negative ions 

of most elements, a fact which had been made clear by the effort required to develop 

negative hydrogen beams for magnetic fusion energy.  

 

 A few years ago, negative ion beams made from halogens were proposed as 

potential drivers for heavy ion fusion
7,8

.  Halogens have electron affinities ranging from 

four to nearly five times that of hydrogen.   Thus they form negative ions much more 

readily, and the ions are more robust against low energy stripping losses in the extractor 

and pre-accelerator than is the case for hydrogen.   The principal advantages of negative 

ions as driver beams are that they will not collect electrons in the deep potential wells that 

will accompany the intense compressed bursts needed for drivers, and they could also be 

readily converted to neutrals by laser photodetachment to reduce the average space 

charge and expansion of the beam as it traverses the target chamber.  Although the beam 

will be ionized in transit, the average beam self-perveance will be lower if it starts out 
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neutral, and space charge expansion far from the target, where the lever arm is larger,  

has a greater effect than space charge near the target
9
.  High energy negative halogens are 

subject to somewhat greater loss due to electron stripping in the main accelerator and 

compression region than are positive ions of similar atomic number, but since multi-

electron loss events are important for both heavy positive and negative ions, the vacuum 

only needs to be a factor of 2 or so better for the negative ions to have the same loss rate 

as similar mass positive ions
10

. 

 

 Questions remained, however, about whether negative halogens could be 

produced with current densities and normalized emittances similar to those obtainable 

with similar mass positive ions, so an experimental program was started to produce and 

characterize negative halogen beams.  

 

  Because halogens form negative ions through the same process, dissociative 

attachment of electrons to vibrationally excited diatomic molecules (and perhaps also 

ground  state molecules in the case of halogens), which is called volume production in the 

magnetic fusion energy ion sources, it was possible to easily adapt the technology 

developed for high current negative hydrogen beams to the production of negative 

halogens.  While the high current negative hydrogen sources used to heat tokamaks and 

stellarators have all used cathode filaments to drive the arc, this could prove difficult with 

a halogen feedstock, so RF drive was used instead.  The other change was that, since it 

was expected that dissociative attachment would be a prolific source of negative 

halogens, it would not be necessary to add cesium to promote surface production, which 

was a major simplification. 

 

 Since the halogens under consideration, Fl, Cl, Br, and I, all have large electron 

affinities (3.1 – 3.6 eV) and form negative ions through the same dissociative attachment 

process,  proof-of-principle experiments with any one of them should also validate the 

others.  Chlorine was chosen because, unlike Br and I, it is a gas at room temperature, 

and it is easier to handle than Fl. 

 

 An initial brief experiment was conducted with a small RF-driven tandem volume 

source (with an internal magnetic filter) which had previously been used to produce H
-
.  

It was successful in producing a Cl
-
 current density of as much as 45 mA/cm

2
 with  only a 

0.5% contamination of Cl2
-
, and found a linear increase of Cl

- 
with RF power.  The 

maximum ratio of Cl
- 
 current to positive ion current under the same discharge conditions 

was 0.79, and, with no electron suppression other than the filter field partitioning the 

plasma, an e
-
/Cl

-
 ratio as low as 7, indicating the existence of an ion-ion plasma with 

relatively few electrons in the extractor plane
10,11

.  Ion-ion bromine plasmas were 

investigated long ago by Bacal et al.
12

, but without beam extraction. 

 

II.  Experimental arrangement  

 

 This paper reports a subsequent set of experiments to further investigate halogen 

beams, and to compare the relative currents and emittances of  beams of Cl
-
 and Cl

+
 

extracted from dominantly ion-ion plasmas with Ar
+ 

beams extracted from ordinary 
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electron-ion plasmas, all using one source and one ion extractor geometry, and measured 

with one emittance scanner in one experimental configuration.  This meant that the 

systematic errors should be the same for all three beams, so comparing the beams should 

be more meaningful than would be the case with different sources, optics, and 

measurement systems. 

 

 A new RF-driven source was constructed.  Like the earlier source, this used 

magnetic cusp confinement, and included an internal pair of permanent magnets 

separated by 3.5 cm  to partition the extractor plane plasma from the driver plasma with a 

320 gauss-cm filter field.  The arc chamber was aluminum, and the cusp field on the 

inside wall was about half what it had been in the earlier copper source.  The extractor 

was a pair of plates with a gap of  1.0 cm and a circular aperture 0.125 cm in radius.  A 

pair of permanent magnets 2.9 cm downstream of the ground plate deflected the co-

extracted electrons with a 275 gauss-cm field.  The beams could either run into a biased 

(+300 v collector, -300 v suppressor) Faraday cup 12.8 cm downstream for current 

measurements or into a dual slit emittance scanner (first slit 10.7 cm downstream, second 

slit 23 cm further downstream).  The target chamber was pumped with a turbomolecular 

pump to maintain a target tank pressure of a few 10
-5 

torr range during experiments
 
.  

Figure 1 shows a schematic of the source and extractor.  The beam pulse length in these 

experiments was typically 20 – 50 microseconds. 

 

III.  Experimental results 

 

A.  Langmuir probe measurements 

 The driver plasma contained a Langmuir probe.  Figure 2 shows positively biased 

probe measurements as  a function of chlorine source pressure and RF drive voltage.  At 

all pressures, there is a linear relationship between the RF drive power and the probe 

signal, as was also found to be the case with the beam current in the earlier experiment.  

The maximum RF drive which could be applied was limited by the supply.  The values 

given for RF power are the approximate output of the supply, not the amount coupled 

into the plasma, which would be less by an unknown factor. 

 

 

 

B.  Faraday cup beam current 

 Figure 3 displays the Ar
+
 current collected in a Faraday cup at various beam 

extraction voltages as a function of RF drive, and with a source pressure of about 2 

mTorr. At each voltage, the beam current rises linearly with increasing RF power, as was 

the case with the probe signal in fig. 2, until the current rises past the perveance match 

point, after which the beam divergence increases, resulting in a declining signal from the 

Faraday cup as more of the beam passes around it.  Since argon forms no or very few 

negative ions, the plasma from which this beam was extracted was a pure ion-electron 

plasma.  The Faraday cup signal is linear with current density, and corresponds to about 

15.5 mA/cm
2
 of Ar

+
 at 30 kV extraction and 15.4 kW RF.   
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 Figure 4 shows the Faraday cup current of positive chlorine
 
extracted from a 

chlorine discharge under similar conditions, and with nearly the same pressure 

(difficulties with the gas feed system made it difficult to perfectly match pressures) as the 

argon data.  The overall behavior is similar to that with argon, although the current is 

somewhat lower for similar conditions.  For instance, at 30 kV extraction voltage and an 

RF drive of 8.8 kW, the positive chlorine current in the Faraday cup was about 0.83 of 

the Ar
+
 current.  That they differ somewhat is not surprising.  Although argon and 

chlorine are of quite similar atomic weight (40 amu for argon and a mix of 35 and 37 amu 

for chlorine), the Ar
+ 

beam consists entirely of atomic ions. The positive chlorine
 
beam 

will contain some molecular ions, which will raise the average ion mass, reducing the 

space-charge-limited flow.  In the earlier experiments
10,11

 a momentum analyzer found 

82% of the positive chlorine beam to be atomic chlorine ions, with the rest being mostly 

Cl2
+
, along with some impurity ions. The present experiments did not have momentum 

analysis, but it is reasonable to expect that a somewhat similar portion of the positive 

chlorine beam would be molecular ions.  Moreover, since the extractor plane chlorine 

plasma contains a large component of negative ions, and therefore fewer electrons, the 

dynamics of beam extraction might be somewhat different than those of extracting 

positive ions from an ion-electron plasma.  Given these considerations, the positive 

chlorine currents seem quite similar to the Ar
+
 currents.  The Faraday cup signal 

corresponds to about 13.9   mA/cm
2 

of positive chlorine ions at 30 kV extraction and 15.4 

kW RF. 

 

 Figure 5 plots the Faraday cup current of the Cl
-
 beam at various extraction 

voltages as a function of RF drive at the same pressure as used for the positive chlorine 

figure.  The general behavior is roughly the same as for the positive chlorine beam and 

Ar
+
.  It is apparent that the Cl

-
 currents are only modestly smaller that the positive 

chlorine currents for similar extraction and RF drive voltages.  For instance, with 30 kV 

extraction voltage, the Cl
- 
current is about 80% of the positive ion current at an RF drive 

of 6.6  kW, and is about 90% over most of the rest of  the range, dropping back to about 

85% at a drive of 15.4 kW.   The near equivalence of the positive and negative ion 

currents strongly suggests that the extractor plane plasma is an ion-ion plasma with a 

reduced density of electrons.   The ratio of positive to negative ions in the extractor plane 

plasma would, of course, be somewhat different from the measured beam current ratio, 

since the average mass of the positive ions, which have a significant molecular ion 

component, is heavier than that of the nearly purely atomic Cl
-
.  The attenuation of the 

beams due to charge exchange or stripping losses will also differ, and the dynamics of 

extraction across a sheath in an ion-ion reduced electron plasma may well differ from the 

case of positive ions extracted from an ion-electron plasma.  The Faraday cup signal 

corresponds to 11.8 mA/cm
2  

of Cl
- 
at 30 kV extraction and 15.4 kW RF.  

 

C. Co-extracted electrons 

 If the extractor plane plasma is an ion-ion reduced-electron plasma, then it is 

reasonable to expect that the e
-
/Cl

-
 ratio might be less than what would be expected from 

their relative mobilities, which, for equal temperatures  and no magnetic impedance, 

should be the square root of their mass ratio, or about 240.  Figure 6 shows the e
-
/Cl

- 
ratio 

measured by moving the Faraday cup  to the location of the deflected electron beam, with 
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20 kV extraction voltage and a source pressure of 3.4 mTorr.  At low RF drive power, 

where the Cl
-
 is lower, the e

-
/Cl

- 
 ratio is as high as 15, but drops to about 7 for RF drives 

of 11 kW and higher.  This is roughly the same as the lowest e
-
/Cl

-  
ratio observed in the 

earlier experiment
10,11

.  That this ratio is so much less than the square root of the mass 

ratios, 240, is, like the near-equivalence of negative and positive ion currents, strongly 

suggestive that the extraction is taking place from an ion-ion reduced-electron plasma.  

However, the electron population in the extractor-plane plasma is probably not as low as 

would be implied by comparing the measured ratio, 7, to 240.   While this source does 

not have any electron suppression magnets incorporated into the grids, as is common with 

H
-
 fusion sources, it does have the filter magnetic field, which declines across the 

extractor plane plasma from a strength of 179 gauss  at the filter to 68 gauss  1.05 cm 

away at the plasma grid, and this undoubtedly reduces electron mobility much more than 

it affects the ions.   

 

D.  Emittance measurements 

 

 Figure 7 shows a typical emittance diagram of Cl
-
 taken with the double slit 

emittance scanner.  For all three types of beams examined, using a cutoff of 70% (that is 

stopping the plot when the beam intensity had fallen by 70% from the peak) gave the 

most well-behaved comparison of emittance values, and is characteristic of the beam 

core.  Extending the plot to the 90 % level resulted in sometimes erratic comparisons due 

to noise, so the following figures all use the 70% cutoff.   

 

 Figure 8 shows the Ar
+
 normalized emittance (4 times the rms emittance times 

v/c) versus beam perveance for several source gas pressures.  The normalized emittance 

does not appear to be pressure-dependent within this range, but does increase with 

perveance.  The increase with perveance is most likely an indication that the optics of the 

extraction gap are dominating over the ion temperature, at least at the higher perveance 

values. 

 

 Figure 9 gives the Cl
+
 normalized emittance versus beam perveance for several 

gas pressures, and figure 10 does the same for Cl
-
.  Unlike the argon case, the normalized 

emittance of both Cl
+
 and Cl

-
 do appear to be modestly sensitive to the gas pressure, with 

lower pressures mostly corresponding to higher emittances for a given perveance.  This 

may be a reflection of differences in formation mechanisms for the different ions. 

 It is apparent that the lowest normalized emittance at a given perveance is about 

the same for all three ions; for instance, at .09 nanopervs,  it is 0.0049 for Cl
+
 and Cl

-
, and 

.0055 for Ar
+
, which strongly suggests that, although part of the optimum emittance is 

probably due to optics, the effective beam temperatures of the three ion species are 

probably similar.  Although an ion-ion plasma might be expected to have a lower ion 

temperature than an ion –electron plasma at similar discharge parameters, due to a 

reduced ambipolar potential
13,14

, observing any such effect upon the beam emittance 

would require ion extraction optics which contribute much less to the emittance than does 

the ion temperature.  This could be accomplished by measuring the emittance parallel to a 

long slot-extracted beam, if the ion density were uniform along the slot.  If one asks what 

the ion temperature would be in the absence of any optical contribution at the minimum 
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normalized emittances measured for each species, and extending the emittance diagram 

to nearly 100% of the beam, then the ion temperatures would be about 0.34 eV for all 

three ions, with the Cl
+ 

and Cl
-
 slightly lower, but effectively the same within the 

measurement uncertainties, since the actual contribution of the optics to the emittance 

might be different for the argon and chlorine cases. 

 

IV.  Discussion     

  

 The absolute current densities in this experiment were lower than those in the 

earlier one
10,11

 because the plasma confinement was lower in this source (the magnetic 

cusp field strength at the source wall was about half that of the earlier source), and the RF 

power density was lower because this source was considerably larger.  However, by 

using one source, beam extractor, and set of diagnostics to measure Ar
+
, Cl

+
, Cl

-
, and e

-
, 

the present experiment demonstrated that halogens can be used to produce negative and 

positive ion beams at current densities quite close to those which can be produced of 

similar mass noble gases under similar discharge conditions.  For instance, with 15.4 kW 

RF and 30 kV extraction, at 1.5 mtorr the positive chlorine current is 89% and the Cl
-
 

current is 76% of the Ar
+
 current at 2 mtorr.  The normalized emittance as a function of 

perveance is similar for Ar
+
, Cl

+
, Cl

-
, and the effective beam ion temperature of the 

minimum  normalized perveance beams is essentially the same, about a third of an eV, 

for all three beams.  The relatively low amount of co-extracted electrons (e
-
/Cl

- 
= 7 for the 

best conditions) without any electron suppression other than the internal filter field, is 

probably in part the result of an ion-ion reduced-electron plasma in the extraction plane, 

as is also suggested by the near-equivalence (80 – 95%) of the Cl
- 
and positive chlorine 

currents at similar source conditions. In a heavy ion driver beam injector, this level of 

electrons could either be eliminated after extraction, or eliminated during extraction by 

techniques developed for H
- 
beams in magnetic confinement fusion.  Since the electrons 

move much faster than the Cl
-
, their space charge contributes only a small amount to the 

extraction perveance (about 3% for the minimum electron ratio measured).  Based upon 

these experiments, it appears that, if negative halogen beams are eventually chosen as 

heavy ion fusion drivers, then the current density obtainable with a given source and 

extractor should be nearly as high for the negative ion as for a positive noble ion of 

similar mass, and the emittance should be similar. 
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Figure Captions 

 

FIG. 1  Schematic of the ion source in this experiment. 

FIG. 2  Response of Langmuir probe located in chlorine driver plasma. 

FIG. 3 Faraday cup signal of Ar
+
 beam extracted at various voltages versus RF plasma 

drive, source pressure 2 mtorr. 

FIG. 4  Faraday cup signal of Cl
+
 beam extracted at various voltages versus RF plasma 

drive, source pressure 1.5 mtorr. 

FIG. 5  Faraday cup signal of Cl
-
 beam extracted at various voltages versus RF plasma 

drive, source pressure 1.5 mtorr. 

FIG. 6 Ratio of co-extracted electrons to Cl
- 

measured by the Faraday cup, source 

pressure 3.4 mtorr, extraction voltage 20 kV. 

FIG.  7  Typical emittance plot, in this case for Cl
-
. 

FIG.  8  Normalized Ar
+
 emittance with different source pressures. 

FIG.  9  Normalized Cl
+
 emittance with different source pressures. 

FIG. 10 Normalized Cl
-
 emittance with different source pressures. 
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