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Abstract
TFTR deuterium neutrz;l beams have been operated unintentionally with
significant quantities of extracted water ions. Water has been observed with an
Optical Multichannel Analyzer (OMA) during beam extraction when small water
leaks were present within the arc chamber. These leaks were thermally induced
with the contamination level increasing linearly with pulse length. 6% of the
beam current was attributed to water ions for the worst leak, corresponding to an
instantaneous value of 12% at the end of a 1.5 s pulse. A pre-calorimeter
collimator was damaged as a result of this operation. A similar contamination is
observed during initial operation of ion sources exposed to air. This latter
contamination is attributed to the synthesis, from adsorbed air, of either DO or
the indistinguishable ND,. Initial operation of new ion sources typically produces
a contamination level of ~2%. These impurities are reduced to undetectable levels
after 50 to 100 beam pulses. Once a water molecule is present in the plasma
generator, it is predominantly ionized rather than dissociated, resulting in the

extraction of only trace amounts of hydrogenated ions. The addition of water to

W,



2

the extracted beam also reduces the optimum perveance, moving the typical
underdense operating point closer to optimum, causing the frequency of grid
faults to increase.

Close to 90% of the water extracted from ion sources with water leaks was
deuterated, implying that the potential exists for the production of tritiated water
during TFTR's forthcoming DT operation. Isotope exchange in the plasma
~ generator takes place rapidly and is believed to be surface catalyzed. The primary
concern is with O implanted into beam absorbers recombining with tritium, and
the subsequent hold dp of ToO on cryopanels. Continuous surveillance with the
OMA diagnostic during DT operation will ensure that ion sources with detectable

water are not operated with tritium.



J. INTRODUCTION

Several ion sources on the TFTR neutral beam injection system! were
operated for a short time with arc voltage ramping near the end of the pulse.2
Small water leaks in the ion sources, present only during source operation, were
responsible for this phenomenon. Through the use of the Optical Multichannel
Analyzer (OMA),2 the presence of Doppler-shifted partial energy deuterium, or
hydrogen, i.e, water contamination, was identified as the cause of the problem.
Water has long been known as a trace impurity in the extracted beams on TFTR
and machines at other facilities. 5 In this instance, the quantity observed far
exceeded previous levels.

Despite this difficulty, neutral beam reliability for TFTR physics experiments
remained high throughout the run period.! Ion sources operated reliably for
months with smail water leaks. Only when source operation deteriorated with
unstable arc discharges were the subject ion sources replaced. Causes of the
leaks were subsequently discovered, and remedial action taken to prevent similar
occurrences in the future.

Following removal of the leaky ion sources, operation of the replacement
sources was observed. The surfaces of the new sources had adsorbed air during
maintenance, and a contamination level of several percent was detected. Cleanup
required several days of operation.

During the planned power breakeven experiments on TFTR, half of the
neutral beam injectors will be operated with trittum.5 Implications of water leaks

into ion sources during such operation are discussed in section IV.




II. EXPERIMENTAL APPARATUS
A. Neutral Beam Injection System

Each TFTR beamline has three Common Long Pulse Ion Sources (CLPIS)?
developed by the Lawrence Berkeley Laboratory (LBL). Figure 1 is a cross-
sectional through the narrow dimension of the source. Two subassemblies can be
seen: the plasma generator, on top, and the accelerator, slightly below the center
of the figure. Positive ions, created in the discharge between the tungsten
cathodes and the copper anode, are accelerated in the three gap accelerator
through a potential difference of up to 120 kV. The accelerator structure, 12 cm by
43 cm, consists of four grids, each an assembly of 56 water-cooled molybdenum
grid rails. The plasma generator floats at high voltage with the potential
decreasing as the ions propagate through the accelerator, reaching ground
potential at the exit grid. Located around the periphery of the plasma generator,
near the first grid, are six water-cooled Langmuir probes used to monitor plasma
density and plasma uniformity, and serving as a real time interlock on plasma
stability. ,

After exiting the ion source, the beam enters the neutralizer, a rectangular
duct 15 cm wide, 50 cm tall, 250 cm long. Here, it collides with gas from the ion
source (~ 0.7 Pa-m3/s) and gas fed directly into the neutralizer (~2.0 Pa-m3/s).
Charge changing collisions convert the incident ion beam into a near equilibrium
mixture of ions and neutrals by the time particles reach the end of the
neutralizer.8 Some of the atoms are collisionally excited and emit light, which is
observed via an OMA tuned to the Ho/Da line.



B. Optical Multichannel Analyzer

Data regarding beam contamination were obtained with the OMA diagnostic,
a computer controlled two-dimensional vidicon detector attached to the output of a
1 m SPEX spectrometer.3 Water is observed indirectly via Doppler-shifted Balmer-
o emission from the H, and/or D, dissociation products of accelerated water ions.
The emission from these fragments is separated in wavelength from that of the
three main beam constituents because their velocity is approximately one-third of
the full-energy D. The OMA views the beam in the direction perpendicular to the
horizontal grid rails at a location 65 cm downstream of the exit grid. The angle,
0, between the OMA's line of sight and the beam is 60°, providing a Doppler shift,
towards blue, of the Balmer-a emission of the fast atoms relative to the unshifted
Balmer-a line of the thermal gas. The magnitude of the shift is AL = ko-g»cose,
where A is the wavelength of the unshifted Balmer-a emission, v is the speed of
the particle, and c is the speed of light.

From the intensities of the Doppler-shifted emissions of the full-, half-, and
third-energy D, from known cross sections,? 10 and from an estimate of the gas
line density from the ion source to the point of observation, the extracted ion beam
composition can be deduced.® 4 11 Additionally, the widths of the Doppler-shifted
lines provide a measure of the beam divergence.4 12, 13

A typical OMA spectrum, with background subtracted, is shown in figures 2
and 3 for the case of 50.6 A of deuterium ions extracted at 95.6 kV for 1.2 8. The
abscissa is detector channel number (wavelength) and the ordinate is the number
of counts in each of the 500 channels. At the nominal dispersion of 8.3
channels/A, the detector covers 60 A. Evident left to right in figure 2 are the
Doppler-shifted full-, half-, and third-energy D lines in the center, and the



6

unshifted Da line at the extreme right. Figure 3 presents the same data with an
expanded ordinate. Several small lines of a few hundred counts, e.g., in channels
368 and 413, are ascribed to molecular deuterium emission.

Spectral data are acquired during the entire beam pulse, with the number of
counts accumulating in each channel over the length of the pulse. Beam
composition, therefore, is a time average over the pulse duration.

A wavelength calibration was necessary to determine the energy of the
hydrogenic water dissociation products. This calibration was performed using
nine neon lines spanning the 500 channels of the detector. It was found that the
detector channels were more closely spaced (by about 10%) at the edge of the
detector than in the center. An accuracy can be assigned to the calibration based
upon its prediction of the location of the half-energy D peak from the locations of
the third-energy D peak and the unshifted Do peak. Using this measure, the
wavelength calibration is accurate to £1/2 channel in identifying the Doppler-
shifted water dissociation products.

IIL RESULTS

A. Indirect Observation of Extracted Water Ions

Data were taken during the episode of arc voltage ramping as the pulse length
was stretched from its nominal value of 1 s upwards toward 2 s. Spectra for the
ion source exhibiting the greatest amount of water contamination are given in
figures 4-6, for pulse lengths of 1.1 s, 1.3 s, and 1.5 s, respectively. 43 A of ions
were extracted at 94 kV in each case. Compared to figure 3, Doppler-shifted

Balmer-o emission between the third-energy D and the unshifted Da line are



prevalent, implying that a portion of the extracted beam ions are hydrogen-
bearing molecular ions. As the pulse length increased, the relative
contamination level increased. Time averaged impurity fractions for the cases of
figures 4-6 were 3.8%, 5.6%, and 6.2%, respectively (assuming that the
contaminating molecules to be water). Since the increase is nearly linear with
time, an estimate of the instantaneous impurity content of the beam at the end of
- the 1.5 s pulse is 12%. Source autopsies revealed that the leaky components were
either the Langmuir probes or accelerator grid masks. Both are actively cooled
with water. Upgrades have been instituted to prevent similar leaks in the future.
Since water leaks were found, it is deduced that the hydrogen-bearing molecular
ion contamination observed during this period of source operation was water.

- Due to the lack of cross sections for the dissociation of incident H,O* and
D,0*, the extracted water fraction is computed assuming a thick neutralizer at
the observation point.}4 Support for this assumption is given in section IV.

Additional evidence for the presence of water is the appearance of an
unshifted Ha line. This line, isotopically shifted by 3 A from Da, and evident at
channel 498 in figures 4-6, is absent under normal operation. Unshifted Ha
emission can arise from the excitation of thermal hydrogen (from the dissociation
of water in the plasma generator) drifting out of the ion source, or from hydrogen
dissociated from thermal water in the neutralizer. The ratio of the unshifted Ha
intensity to that of Da in figure 6 is < 0.05. This value is an upper limit since the
intensity of the unshifted Da line places the detector well into saturation.

An expanded view of the water dissociation product emissions of figure 6,
given in figure 7, indicates that the line shape is not a simple gaussian. It is the
sum of at least two unresolved lines. Candidate parent ions for this convolution of

Doppler-shifted Ho/Da lines are D20+, HDO*, HyO*, DO*, and HO*. Based upon



the spectrometer/detector calibration, the predicted locations of Balmer-o
emission from the extraction of these ions are as given in table 1.

A least squares fit to the data in figure 7 was made to determine the relative
contributions of the possible parent ions. A gaussian distribution was assumed
for each of the six lines. All line were assigned the same width. Each had its
centroid located at the channel given in table 1. Individual amplitudes, and the
common line width, were varied until a best fit was attained. The results of this
fit are indicated in figure 8, where the data are plotted as solid circles and the fit
as open circles. Contributions from DO* and HO* were negligible. Contributions
from each of the other four lines are plotted on the bottom with no offset. The sum
of these four peaks, with an added 800 count background, is shown as open
circles. Agreement with the data is excellent. The molecular deuterium lines to
either side of the water dissociation product lines were excluded from the fit.
Composite contributions are: 56% from D,0*, 22% from DHO* (Ha), 14% from
Hy,0*, and 9% from DHO* (Da). Da emission dominates Ha emission by a factor

of four.
B. Observation of Extracted Hydrogen

Hydrogen accelerated as molecular hydrogen ions has also been observed.
This is clear in figure 9, an expanded view of figure 6. Large lines are the usual
Doppler-shifted full-energy, half-energy, and third-energy Da lines. Small
numbered lines were absent in the water-free case of figure 3. Table 2 lists these
by their parent ion and Doppler shift relative to that of the full-energy D. An
isotope shift separates Ha and Do emissions with the same relative Doppler-shift.

Some of the designated lines are readily visible, others are barely discernable.



The deuterium fragment of HoD* overlays the peak of the primary half-energy
line and is totally obscured. No full-energy H was apparent. The line to the right
of the H,* generated Ha (#1) is one of several attributed to molecular deuterium.

The relative abundances of the trace hydrogen molecules were obtained from
least squares fits to the three primary beam components. Channels comprising
the trace molecules were ignored in the fits. Subtraction of the fit from the raw
data provided estimates of the magnitudes of the traces lines. From this
calculation of the line intensities and from cross sections for excitation of Balmer-
o emission,? 10 egtimates of the extracted ion fractions were made. The results
are 0.02% Hy*, 0.5% DH*, 0.2% DoH*, and 0.02% HyD*. Uncertainties in the
magnitudes of the line intensities, and in the neutralizer line density, yield an
uncertainty in the calculation of these molecular ion fractions of +25%.

Little Ho* or HoD* were extracted since they possess two trace atoms each and
are unlikely to be created in a deuterium-rich environment. DH* and DoH*, on
the other hand, are more plentiful because of the abundance of deuterium for

hydrogen to react with.
C. SeoondaryEﬁectsofWaterUponBeamOpergﬁon

The introduction of water into an ion source has a measurable effect upon the
beam composition and divergence. Data from the three pulses used above, plus a
fourth short pulse, are given in Table 3. Shown are the beam current (I), voltage
(V), perveance (/V1-5), extracted D+, Do*, D3*, and water fractions, and full-width
at half-maximum of the full-energy DO line. The width of the DO(E) line is widest
for the case with the least amount of water contamination. This trend is well

supported since the error bars, +1 channel, are much less than the total spread in
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line width. It is also apparent that the ratio of the D* to Dy* fractions increases as
the water level increases, while the absolute value of the D* fraction is

unchanged.
D. Clean Up of Replacement Ion Sources

Four of the twelve ion sources used on TFTR have experienced water
contamination to some degree during this period of time. These sources were
eventually removed and repaired. (OMA data was obtained during initial
operation of two of the replacement sources. Prior to any attempt at beam
extraction on a new ion source, the arc was conditioned by slowly increasing the
arc power over many pulses until 100 kW was attained. Such operation provides a
thorough discharge cleaning of the plasma generator. Still, initial beam
operation indicated a contamination level of several percent (assuming the
contaminant is water). These values approach that of all but the worst case leak
reported above. Without the preceding arc operation, it is certain that the initial
contamination would have been higher.

Figure 10 shows data from the initial operation of the two ion sources, with
the contamination level plotted versus shot number. Approximately 50 one second
beam pulses were required to reduce the contamination to the limit of
detectability.
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IV. DISCUSSION

The introduction of water into TFTR ion sources is deleterious for several
reasons. First, it affects source operation, making it difficult to maintain a stable
arc discharge. With arc stability adversely affected, reliable beam operation
becomes formidable. Second, oxygen ions, both positively and negatively charged,
are deflected by the bending magnet onto inadequately cooled components. Third,
water will exchange with tritium in the arc chamber producing tritiated water.
Since the derived air concentration of tritiated water is 25,000 times less than that
of elemental tritium,!5 the conversion of elemental tritium to tritiated water
increases the radiological’ hazards associated with the TFTR DT experiments.
Tritiated water production impacts the tritium inventory since it is pumped on the
liquid nitrogen surfaces of the cryopanel and will not be released until the
cryopanels are warmed to room temperature. Oxygen implanted into beam
absorbers is an additional source of tritiated water since it can recombine with
implanted tritium.

The water contaminated beam operation reported above has damaged the pre-
calorimeter collimator. The focal properties of stiff ions passing through the
magnet, in conjunction with long pulse operation (>1 s), are the conjectured
cause.2 A related concern is beam deposition onto components in the negative ion
direction. There is evidence of such ions striking the differential pumping baffle
below the pre-calorimeter collimator and on the magnet support structure. Given
an equilibrium oxygen negative ion fraction of ~10% in a hydrogen target,!6 it is
clear that sufficient negative oxygen ions can be produced to create an observable
effect. Since all ion sources show evidence of impurity bombardment of the

differential pumping baffle, its origin is clearly air adsorption in the plasma
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generator. While not a serious thermal problem for present operatior, O" is a
concern for potential upgrades of the beamline to long pulse operation.

Energetic oxygen implanted into beamline components will recombine with
tritium during the beam pulse to form tritiated water. This is due to the fact that
oxygen is much more likely to be released in the form of water than oxygen,!? and
oxygen will recombine with implanted hydrogen isotopes to produce water.18
" Hopefully, most of the implanted oxygen will be removed by subsequent deuterium
operation as D,0, although significant production of tritiated water will occur
during any tritium pulse that deposits oxygen. Tritium recovery following the
Preliminary Tritium Experiment on the Joint European Torus (JET) has proven
to be more difficult than anticipated.1? .

Upon entering the neutralizer, extracted water ions dissociate, producing O,
H, and D ions and/or atoms. Interest here lies in the fate of the oxygen which
carries away ~80% of the incident energy. For nominal 100 kV source operation,
the equilibrium oxygen fractions are: 63% O, 256% O*, 10% O, and 2% O**.16
Oxygen atoms are predominately deposited on the calorimeter, or injected into the
tokamak. O* is deflected by the magnet, with ~50% being deposited on the bottom
of the ion dump, the remainder spilling over onto the calorimeter entrance
scraper.2 Trajectories of O** have yet to be computed, but they will be deposited
in the vicinity of the calorimeter. O- will strike the pumping baffles and magnet.
The primary constituents, O and O+, will recombine with implanted hydrogen
isotopes to produce water. The fraction of this water that is tritiated remains to be
determined.

Contamination of TFTR neutral beams has arisen from two sources: water
leaks and adsorbed monolayers of air. The leaks were thermally induced since

the leak rate iacreased with pulse length and there was no evidence of leaking
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between beam pulses. Approximately one gram-mole of water was extracted from
the sum of all pulsrs during operation of the leakiest source. A second gram-
mole was obtained from the cumulative operation of three other leaky sources
during the same time period. The potential hazard from water contaminated
beam operation during tritium operation is seen in the fact that the quantity of
deuterium reacting to form water during this water-leak episode exceeds the
maximum on-site inventory of elemental tritium.

Water is present in the air adsorbed on the ion source surfaces during
maintenance as was seen in figure 10. However, most of the water produced in
the discharge comes from the more plentiful adsorbed oxygen combining with
deuterium. This loosely bound layer of air cleans up after of order one hundred
beam pulses. The integrated quantity of water detected (~3.5 torr-l) during
cleanup corresponds to approximately 100 monolayers. While this level of
contamination is significant, it is only a small fraction of that experienced during
the water leak.

It is likely that ammonia is also produced during discharges with adsorbed
air. The resultant Doppler-shifted Balmer-o emission from deuterons produced
via dissociation of D,0 and NDj are indistinguishable. Cross sections for the
production of Balmer-o. emission frem ammonia incident on deuterium have not
been measured. If, for the purposes of this discussion, it is assumed that the
ammonia and water production rates in the discharge, and the Balmer-a
emission cross sections are the same, then the Balmer-o emission from ammonia
would be approximately twice that from water, for the case of an air contaminated
ion source. In such a case, the contamination given in figure 10 is approximately
2/3 due to nitrogen and 1/3 due to oxygen. No unshifted Ha is observed during the

cleanup of adsorbed air because of the small quantities of adsorbed water relative

to nitrogen and oxygen.
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Cleanup of hydrogen isotopes proceeds much faster than the cleanup of
adsorbed air. It takes only one moderate arc pulse, or less, to remove any
adsorbed gas from prior operation with a different isotope.8 Of order one
monolayer of gas is involved in this cleanup. Preceding source operation would
have removed the many layers of adsorbed air.

A large unknown with adsorbed air is the cleanup during the arc
conditioning which precedes beam operation. Contamination levels were highest
during the first beam pulses following arc conditioning. Even more water is
presumed liberated during arc conditioning discharges. While the potential
exists for the production of tritiated water during arc conditioning, it can be easily
avoided by performing all conditioning with deuterium.

Water contaminated beaﬁ: operation at LBL has also resulted in the
observation of D,O* extraction.# Only a single Doppler-shifted water dissociation-
product iine was apparent in their data. The LBL spectrum had a small
unshifted Ha line, indicative of the presence of H,O. Our experience is somewhat
different. A water leak in a TFTR ion source produces a Doppler-shifted water
dissociation product line with two distinct components as well as an unshifted Ha
line. This Ha line was even apparent during arc discharges. During clean up of
adsorbed air, the unshifted Ha line is absent. The signal to noise ratio during air
cleanup is not great enough to state that the water dissociation peak contains only
D,0 or ND; fragments with no HDO or H,O (i.e., no Ha emission), but that is our
conjecture.

The dependence of the beam divergence upon water contamination level, as
presented in Table 3, cannot be explained by the small changes in perveance
among the pulses listed. Based upon a typical perveance scan,20 the change in

divergence [DYE) line width] over the range of perveances in Table 3 is only 7%.
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This is contrasted with an observed 34% change in the line width as the water
contamination increased from 1% to 6%. What has transpired is that the
introduction of water has altered the optimum perveance of the scurce through a
change in the effective mass of the extracted ions. At the nominal composition of
the beam, the average mass of the extracted deuterium ions is 2.56. The addition
of 6% deuterated water changed the average mass of extracted ions to 3.6.
Optimal perveance was concomitantly reduced from 1.7 to 1.43 microperv (106
AV-15), Since the data of Table 3 was taken at a perveance of 1.47 microperv, the
introduction of 6% water decreased the optimum perveance to a value close to that
being run. Instead of being underdense, the new operating point was very close to
optimum perveance and the divergence decreased. The result was improved
divergence and an increase in the number of faults with time during the pulse.

The accuracy of the calculation of the relative water content of the beam
hinges on the validity of the assumption of a thick neutralizer target.
Unfortunately, cross sections for the collisional dissociation of water on hydrogen
are not known. Inaccuracies in the calculation of the water content result since
cross sections for the production of Ho emission from beam constituents? 10 and
water?! can be different. The water dissociation cross section is at least 2x10-17
cm? at the velocities of interest.2! However, this is only the cross section for
dissociation that produces Ha emission. A mean free path of ~350 cm is implied
based on this process alone. While the total dissociation cross section is probably
much larger, the assumption of a thick target for an O beam cannot be justified on
this basis.

It has been shown that as a deuterium beam propagates down a neutralizer,
the relative magnitudes of the Ha emissions from the three primary extracted

ionic constituents are insensitive to the neutralizer line density traversed.l2 A
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similar effect is true for incident water. It is assumed that cross sections for the
production of Ha emission from an incident water molecule on Hy are the same
as those for H, on water vapor at the same velocity. With this assumption and
data from reference 21, the cross section for Ho emission from incident 100 keV
D,0 (2x10°17 cm?) is only slightly different from the contributions of the weighted
sum of the two hydrogenic dissociation products of water (2 x 8.2x10°18 cm?2).
Therefore, the calculation of the water content of the beam only weakly depends
upon whethcr the water has Jissociated or not.

A water molecule in the arc chamber experiences a total ionization cross
section of 2x10°16 to 3x10-16 cm?2 due to 30 to 100 eV electrons.23-25 The primary
ionization product is HoO*, with H* and OH* produced in lesser quantities. At
lower electron energies, 1;he H,O* fraction becomes more dominant, e. g., 90%
H,0* at 5 eV23 versus 80% at 100 eV.26 For an electron density in the plasma
generator of 1.6x1012 c¢cm3,27 the mean free path for water ionization is 20 m,
implying that water molecules will reach a surface before suffering ionization by
collision with electrons. The total ionization cross section for Hy is 1x10"16 ecm? at
70 eV.28 Its dissociation cross section is similar in magnitude, peaking at the
lower energy of 20 eV.28 Given that it is easier to ionize water than hydrogen, the
gas efficiency for water should be greater than for hydrogen, i.e., it should exceed
50%.8 Water admitted to the plasma generator should be ionized and extracted,
only a small fraction should escape as thermal water molecules. In addition, the
extracted water should be accompanied by only a small amount of OH*.

Upon reaching a clean arc chamber wall, a water molecule will most likely
dissociate.1”» 18,29 The walls in these ion sources are assumed to be clean since
the working gas can be switched without cleanup.® It is postulated that the arc
discharge maintains the anode in a state of cleanliness. An oxygen atom on this
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surface will recombine with the dominant hydrogen specie, deuterium,
producing heavy water.l8 Deuterated ammonia is produced the same manner.

The exchange reaction H, + Dy ¢ 2 HD was studied soon after the discovery of
deuterium. It was found that a mixture of H, and Dy attained equilibrium
concentrations of Hy, HD, and D, in a few minutes.3? This reaction has been
studied extensively since its pure protium equivalent is the simplest chemical
reaction known and is amenable to theoretical modelling.3! Subsequent research
has found that the reaction proceeds via D + Hy < HD + H and H + Dy « HD + D,
with H and D produced via surface catalyzed dissociation. These reactions attain
equilibrium in seconds at 1000 K and 100 Pa.32 On molybdenum surfaces, such as
on the CLPIS's accelerator grids, only a single surface interaction is necessary to
reach equilibrium.33 Since measurable H,0* and HDO* were extracted from our
sources, it is concluded that the efficiency of surface catalyzed isotope exchange,
while high, is less than 100%.

Finally, there is the issue of isotope exchange of the hydrogen atoms and
molecules produced via the dissociation of water with deuterium. Cross sections
have been measured for H* + Do —» HD* + D and H* + Dy —» D* + HD. The HD*
production cross section reaches a peak of 3x10°17 cm? at 4 eV while that for D*
production is resonant, increasing to many times 10-16 cm?2 below 1 eV.34'37' For a
deuterium ion source pressure of 0.5 Pa, the mean free path for HD production is
of order 35 cm, a distance comparable to the size of the arc chamber. Mixed
molecules should be produced via this reaction.

Cross sections have also been measured for Hy* + D —» H + HD*. They are
5x10-16 cm? at 2 eV, and exceed 10-15 cm? below 1 V.38 While this reaction has a
large cross section, little Hy* is present to fuel it.

Given the efficiencies of the processes above, little H* is expected in a water

contaminated beam. Isotopic exchange processes in a plasma are efficient.
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Hydrogen freed from water by wall catalyzed isotope exchange would rapidly
combine with deuterium to form HD, the dominant hydrogenated ion observed.
The HD* fraction of the beam would be less than the D,O* fraction, as observed,
since the gas efficiency of HD is less than that of water.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Cross-sectional view of the Common Long Pulse Ion Source showing

both the arc chamber and accelerator assemblies.

Typical deuterium beam spectrum taken with the 500 channel
Optical Multi-channel Analyzer.

Same as figure 2, but with the ordinate expanded to show the details
of the full-, half-, and third-energy D components of the beam.

Water contaminated OMA spectrum from a 1.1 s deuterium beam
pulse for the ion source with the worst water leak.

Water contaminated OMA spectrum from a 1.3 s deuterium beam

pulse for the ion source with the worst water leak.

Water contaminated OMA spectrum from a 1.5 s deuterium beam

pulse for the ion source with the worst water leak.

The data of figure 6, with the abscissa expanded, showing the line
shape of the emission of the hydrogenic products of water

dissociation in the neutralizer.

Fit, open circles, to the data, solid circles, of figure 7 . The fit
includes left to right, HDO* (Da), D,0*, H,0*, and HDO* (Ha).




Figure 9.

Figure 10.

Details of the OMA spectrum of figure 6 due to extracted
hydrogenated ions: 1) Hy*, 2) DH*, 3) H,D*, and 4) D,H*.

Contamination of two replacement ion sources (one open circles, one

solid circles) versus shot number.




Table 1. Candidate parent ions for the Doppler-shifted water-

dissociation product line.
Doppler-shifted atom parent chanpel
H H,0+ 398.0
D DOt 387.1
H HDO* 400.6
D HDO* 384.7
D DO+ 382.1
H HO* 395.2



Table 2. Deuterium and hydrogen atoms present in a water
contaminated beam, their parent ions, and the

relative Doppler shift of the Balmer-o. emission.

Seure 6 designati : : . Doppler shif

H(E)

D(E)

H(E/2)
2 D(2E/3)

D(E/2)
D(E/2)
H(E/4)
D(2E/5)
4 H(E/5)

D+
H2+
DH*
DH*

H2D+
H,D"
D,H"
DoH"

141

0.82
0.82
0.71

0.71
0.71
0.63
0.63



Table 3. Dependence of beam species and divergence upon the
water contamination of the beam.

DYE)
1 v pervesuce Dt Dy, Dy water linewidth

419A 939kV 146x106AV-1:5 717% 24.0%.3.3% 1.0% 24 channels
426 938 148 714 216 32 38 19
429 939 1.49 712 204 29 5.6 18
423 938 1.47 705 204 30 62 18
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