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ABSTRACT 

High Z neutral atoms have been injected into TFTR plasmas in an attempt to 

enhance plasma confinement through modification of the edge electric field. 

TFTR ion sources have extracted 9 A of 62 keV N e + for up to 0.2 s during injection 

into deuterium plasmas, and for 0.5 s during conditioning pulses. Approximately 

400 kW of Ne° have been injected from each of two ion sources. Operation was at 

full bending magnet current, with the Ne + barely contained on the ion dump. 

Beamline design modifications to permit operation up to 120 keV with krypton or 

xenon are described. Such ions are too massive to be deflected up to the ion dump. 

The plan, therefore, is to armor those components receiving these ions. Even with 

this armor, modest increases in the bending magnet current capability are 

necessary to safely reach 120 kV 'with Kr or Xe. Information relevant to heavy ion 

operation was also acquired when several ion sources were inadvertently operated 

with water contamination. Spectroscopic analysis of certain pathological pulses 

indicate that up to 6% of the extracted ions were water. After dissociation in the 

neutralize^ water yields oxygen ions which, as with Ne, Kr, and Xe, are under-

deflected by the magnet. Damage to a calorimeter scraper, due to the focal 

properties of the-magnet, has resulted. A magnified power density of 6 kW/cm 2 

for 2 s, from - 90 kW of 0 + , is the suspected cause. 
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1. Introduction 

PreHminary experiments have been carried out on both TFTR and DIH-D 1 

using beams of heavy atoms to generate a radial electric field at the edge of the 

plasma. Such fields, created by a biased probe, have been shown to reduce plasma 

transport. 2 Techniques have been proposed by Ohkawa 3 and Zarnstorff4 to create 

similar fields through the injection of heavy atoms. If a heavy atom is multiply 

ionized by the plasma, and the resulting ion exits the plasma, a net charge and, 

hence, an electric field can be induced over the distance the particles penetrate the 

plasma. To test this hypothesis, argon beams have been injected into DIII-D and 

neon beams into TFTR. 

One of the difficulties associated with using heating neutral beam systems for 

this task is that they were designed for hydrogenic gases. As a result, the 

magnets cannot bend heavy ions to the ion dumps. The TFTR magnet was 

designed to handle ions no stiffer than 120 keV T 3

+ , or 120 kG-cm. A goal to 

achieve 120 keV Xe + , or 570 kG-cm, has, however, been set. An additional 

problem is that the TFTR magnet acts as a focussing lens. Even the modest power 

levels, of order one hundred kilowatts, associated with the heavy ions can cause 

thermal problems due to enhanced power densities. This was demonstrated 

when several TFTR ion sources operated for a short period of time with small 

water leaks. 

TFTR neutral beams have injected 60 keV neon atoms fcr short pulses with no 

deleterious effect on the beamline. Information regarding operation of heavy ions 

has been obtained from the analysis of the operation of water contaminated 

sources. Acceleration of water ions, and their subsequent dissociation in the 

neutralize^ results in the deflection of 0 + with an energy of -90% of the 

acceleration potential. 
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Operation with 80 to 120 kV krypton or xenon beams will necessitate placing 

armor in those locations where ion power will be deposited. This is necessary 

since the repository for this power is not the ion dump, but rather components not 

designed to handle direct beam. Increasing the field of the magnet is also being 

examined in a attempt to increase beam energy for which such operation is 

feasible. 

2) Ne.ojQ.Beam Operation. 
Neon beams were run at 60 kV, 8 to 10 A, for pulse lengths up to 500 ms 

during conditioning and 200 ms during injection. The six ion sources on the two 

counter-injection beamlines all ran with neon. One accelerator failed during Ne 

conditioning due to a ruptured gradient grid rail. Speculation is that this was 

> caused by too much gas or a pre-existing defect in the accelerator structure. 

Subsequent operation of the other five sources was flawless. Two sources, the one 
i 

with the largest tangency radius on each counter-injecting beamline, injected 60 

keV neon atoms into TFTR. Neon gas was Injected into both the ion source and 

the neutralizer. 20% of the throughput was to the source, the remainder went 

into the neutralizer to ensure sufficient line density for neutralization. 

60 keV Ne + is the limit of stiffness (160 kG-cm) which can be accommodated 

on the full-energy ion dump. The magnet power supply was operated at full 

current, 1000 A, with Ne ions barely deflected to the bottom of the ion dump. The 

deflection angle was 40°, as compared to the nominal 60° for full-energy 

deuterium ions. Normally the focal point of the magnet, for 60° deflection, is at 
« 

the exit of the magnet, providing the ion beam time to spread out before reaching 

» the dump. At 40° the focal length is longer; the focal point falling closer to the ion 

dump. 

http://Ne.ojQ.Beam
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Figure 1 shows the trajectories of deuterium ions and 0 + for normal 

operation. For each trajectory, the focal point of the magnet is indicated. Due to 

the curvature of the fringing field at the entrance to the magnet, and the 45° 

inclination of the magnet, positive ions experience a force toward the beam axis as 

they enter the magnet, and, hence, are focussed. Ions stiffer than half-energy D + 

are defocussed upon exiting the magnet. The stifFer the ion the greater the 

defocussing, with the net effect that the focal point recedes from the magnet as 

stiffness increases. Ne + trajectories are similar to those of D 3

+ ; both having a 

magnification of eight at the ion dump. Fortunately, the neon ion power is 

reduced due to the lower operating voltage, the reduced perveance of the higher 

mass ion, and the higher neutralization efficiency.4 Approximately 400 kW of 60 

keV Ne° was injected into the torus per ion source and about 80 kW of N e + was 

dissipated on the ion dump. An ion dump power density of - 5 % of that for high 

power deuterium operation resulted. Temperature rises on the ion dump during 

neon operation were less than -5 °C. 

Nominal divergences perpendicular to the rails for neon beams were 1.2° to 

1.4°, equivalent to deuterium. Neon beams were observed spectroscopically,5 to 

search for the extraction of deuterium and N e + + . Neither was found to within the 

measurement accuracy of the instrument. The inferred N e + + fraction of the beam 

was less than 2%, as expected. 6 

3) HoO Contamination 

The initial symptom of water contamination of the ion sources was a ramping 

of the arc voltage as a function of time, especially late in the pulse. This effect was 

later correlated with Doppler-shifted H a emission from particles with an energy 
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approximately 1/18 that of the full acceleration potential; corresponding to the 

energy of a hydrogen atom created from the dissociation of water. As pulse length 

increased, it was noticed that the relative intensity of the water-related signal 

increased, implying a time varying source of water. Four ion sources had 

measurable quantities of water in the beam. After removal and inspection of 

these sources, it was found that inadequately cooled Langmuir probes in the arc 

chamber were the culprit. As the probes got hot during the discharge, a crack in 

the metal to ceramic seal opened and released water. The size of the crack was a 

function of temperature, and, hence, time. Figure 2 shows the increase in 

extracted water fraction, for the worst ion source of record, as a function of pulse 

length. 

Figure 3 is the worst case contaminated D a spectra for which spectroscopic 

data was collected. Both the data points and a least squares fit to the data are 

indicated. 7 Left to right, the peaks are: full-energy D°, half-energy D°, third-

energy D°, and then water. Half- and third-energy D° are products of the 

dissociation and neutralization of D 2

+ and D 3

+ , respectively. Not shown is the 

unshifted D a line, which lies to the right of the water signal. The accelerating 

potential was 95 kV, the beam current 40 A, the pulse length 1.4 s, the calculated 

D + , D 2

+ , D 3

+ fractions of the extracted beam were 71%, 20%, 3%. The fraction of 

the extracted current attributable to water was 6%. Since the measurement is 

integrated over the beam pulse, and the water level was found to be increasing, 

approximately linearly, with time, the extracted water content at the end of the 

pulse is -12%. Pulse lengths up to 2 s were run under these contaminated 

conditions, implying that even greater water concentrations were most likely 

created, but not observed. Spectroscopic data was acquired for only a few of the 

dozens of long pulse shots. 
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Accelerated water ions dissociate in the neutralizes producing hydrogen and 

oxygen ions and atoms. Dissociation is assumed to be nearly 100% complete at the 

line densities of the TFTR neutralizer. Oxygen dissociation fragments carry away 

89% of the energy of the water and each hydrogenic fragment receives 5.5%. 

Oxygen is neutralized in the deuterium gas cell with an equilibrium neutral 

fraction of nearly 80%. 6 > 8 For the case of figure 3, the time averaged oxygen ion 

power is 40 kW, a power level generally of no concern. 

The problem is that oxygen ions are considerably stiffer than deuterium ions 

of comparable energy, and hence are under-deflected. Figure 1 shows the 

locations of the focal points of the magnet for ions of different relative stiffness. 

Trajectories for D +(E/3), D +(E/2), D +(E), D 2

+ (2E/3), D 2

+ (E) , and D 3

+ ( E ) were 

computed with BEAM. 9 From these focal lengths, tha t for oxygen was 

extrapolated. Due to the proximity of the focal point to the scraper, the 

magnification of the 0 + at the calorimeter scraper is 25. 

Upon completion of the operating period during which water contaminated 

operation took place, it was noticed that the calorimeter scraper (curved scraper 

just before the calorimeter) was melted. A melt spot ran from the top of the 

scraper, where it was deepest, to about 2/3 of the way to the bottom, where it 

disappeared. From the tens of centimeter long, ~2 cm wide shape of the melt spot, 

the focal properties of the magnet were suspected as the cause of the problem. 

Based upon the pattern of shadowed components behind the scraper, it was 

estimated that the angle of the under-deflected particles was -17°. Given that the 

bottom of the melt spot just reached the melting temperature of copper, that the 

angle of incidence a t this point was 35°, and that the angle of incidence at the top 

of the scraper was 59°, we deduce a surface temperature (scraper is 3/4" thick) at 

the top of the scraper of 1600 °C. 
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Carslaw and J aege r 1 0 have solved the one dimensional heat transfer problem 

for a plate of finite thickness, with no heat removal out the back, and with a 

linearly increasing heat flux. For the temperature as a function of depth, z, 

i through the plate of thickness d they give 

S F n / Y t ^ ^ J a |"(2n+iM-z] |"(2n+nd+z"j] 
T ( z > — " ^ — n ? 0 l i e r f l ^ J L ^ jJ 

F 0 is the heat flux at one second, k the thermal conductivity, y the thermal 

difiusivity, and t the time. i 3erfc is the a repeated integral of the error function. 1 1 

For the case of figure 3, F 0 is 3 kW/cm2. F 0 is calculated from the extracted 

ion power, the water fraction, and the equilibrium O"1" fraction of the neutralizes 

» Figure 4 shows the computed surface temperature versus time. The temperature 

rises to a value slightly in excess of 1600 °C. Through the focussing action of the 

magnet, a modest power density of 180 W/cm2 (at 1.4 s), has been concentrated to 

~6 kW/cm2 (at the end of the pulse). Focussing, together with pulse lengths of -2 

s, cause temperatures in excess of the melting temperature of copper. Intentional 

operation with heavy ions must take this effect into account. 

Further evidence of the focussed 0 + power was obtained from thermocouples 

on the full-energy ion dump. A portion of the oxygen ions strike the bottom of the 

ion dump. These are also focussed, but the magnification is reduced since the 

point of impact is farther from the focal point. The profile obtained from the 

vertical column of 12 thermocouples on the durip changed as a function of time. 

As the pulse length was increased, the bottom of the dump increased in 

* temperature faster than the rest of the dump, implying that the bottom portion of 

the beam was increasing with time. 
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4) Krypton and Xenon 

Greate- radial electric fields can be created by heavier ions due to their higher 

atomic number. For this reason, operation with krypton and xenon are of 

interest. At 120 keV such ions are stiffer (by 3 to 3.5 times) than 60 keV Ne + . As 

with oxygen, these beam are expected to be well neutralized. Also, due to the 

large masses involved, the extracted currents will be no more than 10 A at 120 kV. 

Two approaches are being pursued to reach the goal of 120 keV Xe. The first 

is to armor those components in the beamline exposed to the ions; the second is to 

increase the magnetic field. Given the 1000 A limit of the magnet power supply 

and the requirement that heavy ions be kept out of the drift duct, 80 keV Kr 

operation is possible. The resultant deflection angle will be 13°, slightly less than 

the 17° of O*. As with 0 + , the central ray of the beam is incident upon the 

calorimeter scraper, but the focal point has moved -30 cm behind the scraper, 

yielding a magnification of 5. Armoring is required beneath the calorimeter, 

when it is raised for injection, and above the calorimeter exit scraper. 

Pulsed operation of the magnet and paralleling power supplies are being 

considered as means to increase the operating magnetic field. An effort is under 

way to examine these possibilities and quantify difficulties with regard to magnet 

saturation and heating. If the current can be increased to 1200 A, 120 keV K r + 

can be deflected by 13°, and hence to the armor described above. At 1500 A, 120 

keV, Xe + becomes a possibility. 

Approximately 200 kW of ion power must be dissipated for 120 keV Kr + . The 

highest power density will be at the calorimeter scraper and will be -1.6 kW/cm 2. 

Surface temperature rises of 400 °C are predicted for 0.5 s pulses. Reducing the 

angle of incidence on this scraper for added safety margin is being considered. 
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An additional problem associated with krypton and xenon is their effect on the 

cryogenic pumping system. Krypton freezes at 100 K t xenon at 140 K. 

Regeneration of xenon will most likely require the liquid helium panel 

temperature be elevated to liquid nitrogen temperature for many hours to remove 

the xenon. Experiments are planned to quantify the extent of this difficulty. 
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Figure Captions 

Figure 1. Elevation schematic of a TFTR beamline showing trajectories of 

various ions. The dots on the trajectory indicate the location of the 

focal point for that trajectory. 

Figure 2. The calculated water content of the most contaminated ion source as a 

function of pulse length. 

Figure 3. OMA spectrum of a 1.4 s beam extraction from the most contaminated 

ion source. The unshifted D a line is off the right side of the figure. 

Figure 4. Calculated surface temperature versus time for the case of figure 3 

extrapolated to a two second pulse length. 
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