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ABSTRACT
This report discusses the materials physics related to D-T operation in
TFTR. Research activities are described pertaining to basic studies of
hydrogenic retention in graphite, hydrogen recycling phenomena, first-wall and
limiter conditioning, surface analysis of TFTR first-wall components, and
estimates of the tritium inventory.
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1.0 INTRODUCTION

During 1990-91, the last planned phase of TFTR operation will be
dedicated to a limited series (100-300) of full power (> 30 MW) D-T
discharges. This phase of the TFTR project has the scientific goal of
demonstrating the plasma conditions of energy breakeven (Q = 1), and technical
goals of demonstrating the tritium fueling of a magnetic fusion device. An
important part of the latter goal is the analysis of the required tritium
inventory.

The in-vessel tritium inventory is of great concern because of the
limited on-site tritium inventory (5 g) for the TFTR project, and the goal of
minimizing the fraction of vessel inventory that could be considered at risk
during an accidental breach of the vacuum vessel. In order to quantify the
constraints imposed by a 5 g limit to the on-site inventory and assess the
consequences of posed accidents, estimates of the tritium inventory within the
vessel during operational periods are necessary. A majority of the tritium
inventory remaining in the vessel will be codeposited with carbon eroded from
the graphite first-wall.

Tritium inventory estimates have been made for the TFTR vessel based on
in-situ measurements of deuterium particle balance, measurements of hydrogen
isotope (deuterium and tritium) retention in the graphite tiles and wall
coupons removed from TFTR, and laboratory studies and modeling of hydrogen
isotope plasma interactions with graphite. An extensive data base has been
gathered which is useful not only for predicting the in-vessel tritium
inventory, but also for providing guidance on plasma operational techniques
that minimize tritium inventory. The data base and analysis supporting the
TFTR tritium inventory estimates are contained in this report, which was
prepared by the D-T Materials Physies Collaboration involving Princeton Plasma
Physiecs Laboratory, Sandia National Laboratories, Oak Ridge National
Laboratory, Argonne National Laboratory, the University of California (at Los
Angeles), and the University of Toronto.

This report summarizes the research activities of the D-T Materials
Physics Collaboration since it was chartered in October 1986 to prepare
tritium inventory estimates for TFTR. As part of this effort five working
groups were established under the topies of: 1) laboratory simulations; 2)
in-situ measurements (in TFTR); 3) post-run surface analysis; 4) modeling; and
5) tritium inventory. The interests and output from these working groups have
broadened from the original goal of inventory estimates to include many topics
of concern for the operation of tokamaks with graphite first-wall
structures. These ancillary topies include basic measurements and analysis of
hydrogen retention in graphite, particle control and recycling phenomena in



TFTR, redeposition of first-wall materials, and tritium release rates with ion
bombardment (glow discharge cleaning) and air exposure.

The organization of this report is keyed to the working groups.
Section 2.0 presents a summary of the items from the TFTR D-T Plan [1] that
form the basic working assumptions on the D-T discharge scenario, D-T fueling
rates, and operational constraints for the 1990-91 D-T experiments in TFTR.
Section 3.0 presents measurements from laboratory simulations of the relevant
hydrogen-carbon interactions, including retention measurements as a function
of graphite temperature, simulations of tokamak first-wall conditioning and
isotope exchange, and tritium adsorption-desorption phenomena on neutral beam
component materials. Section 4.0 presents in-situ studies on TFTR, including
particle balance measurements and edge-plasma characterization with
electrostatic probes and H, emission measurements. Section 5.0 presents
extensive data from the surface analysis of first-wall and limiter samples
removed after the 1985-87 operations period on TFTR. These measurements
include three-dimensional profiles of the retained deuterium and preliminary
measurements of the small quantity (~0.15 Ci) of retained tritium that was
generated during the run by D-D fusion reactions. Section 6.0 describes the
first phase of an extensive modeling effort that involves the marriage of
several solid-state and edge-plasma computer codes. The eventual goal of the
modeling effort is to predict the temporal and spatial dependence of tritium
retention and recycling.

Section 7.0 presents the tritium inventory estimates for TFTR consistent
with the D-T discharge scenario described in Sec. 2.0. The inventory is
estimated by two methods: One method is an inventory itemized by first-wall
components based primarily on the deuterium retention measurements given in
Sec. 3.0. The second estimation method is based on partiecle balance
measurements in TFTR and yields an approximate prediction for the shot-to-shot
dependence of the inventory. A brief summary of the working group results is
given in Sec. 8.0 followed by a bibliography (Sec. 9.0) of the recent
publications generated by the collaboration.

H. F. Dylla

K. L. Wilson

Co-Chairmen

D-T Materials Physies Collaboration
April 1988
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2.0 TFTR D-T CONFIGURATION AND PROPOSED OPERATIONAL SCENARIO

2.1 First-Wall Configuration

During the 1985-87 operations period, the first-wall structure of TFTR
(See Fig. 2.1) consisted of a water-cooled, toroidal bumper limiter, a cooled,
moveable limiter, and cooled, protective armor to shield the vacuum vessel
from neutral beam shinethrough [1]. In addition, there were Inconel and
stainless steel bellows cover plates to protect the vacuum vessel bellows
[2,3], and the Zr/Al Surface Pumping System [4] which provided enhanced
pumping in the torus and also served to protect the bellows. The bumper
limiter and protective armor have the same basic construction of cooled
Inconel-718 backing plates supporting poco™ graphite (grade AXF-5Q) tiles
(51. poco™ graphite was chosen as the best substrate for a TiC coating
(6]. The protective armor tiles are coated with 20 um of TiC while the bumper
limiter tiles are uncoated.

To further extend the plasma heating capabilities of TFTR, a pair of ICRF
antennas capable of handling 7 MW of injected power were installed on the
device late in 1987. The plasma-facing surfaces of these antennas are
protected with carbon tiles. 1In addition, two poloidal ring limiters [7,8]
were installed on the outer midplane, toroidally upstream and downstream of
the RF antennas, as further protection. These RF antenna-limiters replaced
the TFTR moveable limiter. The surface pumping system was also removed. The
first-wall structure of the device is now complete as envisioned through the
final stage of D-T operation scheduled for 1990-91.

2.2 Tritium Fueling and Recovery

The envisioned plasma scenario for the TFTR D-T phase is the enhanced
confinement, neutral-beam-fueled mode, otherwise referred to as ‘the
"supershot" mode [9,10]. In this mode practically all the plasma fueling is
provided by the four neutral beams, two operated with deuterium and two
operated with tritium. The estimated fueling rates are given in Table 2.1.
Because of the relative inefficiency of the beamline, only a small fraction
(~5%) of the tritium input to the beamlines appears at high energy tritons in
the torus.

All gas handling during the D-T phase will occur in a cycle which
eliminates atmospheric venting of exhaust gases [11]. During H-D operations
of TFTR, exhaust gases from the torus vacuum pumping and neutral beam vacuum
pumping systems are routed to the stack vent. With D-T plasma operations, all
vacuum exhausts (which are dominated by the periodic regeneration of the
neutral beam cryopanels) will be routed to the Plasma Exhaust Tank (PET). The
PET is an explosion-proof tank having a maximum capacity of 475,000 torr



liters. Following cessation of an experimental run, exhaust gases from the
PET will be transferred to approved shipping containers for shipment to and
processing by one of the national tritium handling facilities. Plasma
operations will be constrained to maximum (H,D,T) gas loads of approximately
1/3 capacity of the PET in order to minimize the number of shipping containers
that are required per operational cycle.

2.3 Constraints to D-T Experimental Operations

A number of technical and administrative constraints 1limit the planned
experimental operations of TFTR during the D-T phase. These constraints as
presently defined are:

1) l40-week operations period for the D-T phase (Sept. 1990 — June 1991).

2) Maximum D-T neutron fluence of 1.5 «x 1019 per discharge and 3 x 102
for the entire D-T run.

3) A limit of 2.5 g of tritium loaded onto a hot uranium-tritide storage
canister (U-bed) in the Tritium Storage and Delivery System (TSDS)
(12].

4) Maximum on-site tritium inventory of 5 g.
5) Maximum Plasma Exhaust Tank (PET) capacity of 475,000 torr-liters.

A self-consistent operational scenario which satisfies these constraints is
presented in this section. The upper 1limit to the D-T neutron fluence
(constraint 2) 1limits the maximum number of high-Q D-T discharges to
approximately 300. However, the remaining four constraints will most likely
limit the high-Q discharges to the range of 50-100, while allowing a somewhat
larger number, 200-300, of low-Q D-T discharges.

The tritium fueling efficiency of the neutral beam injectors will allow a
relatively small number of Tritium Neutral Beam (TNB) shots per 2.5 g loading
of the U-beds in the Tritium Storage and Delivery System (TSDS). Table 1.6
shows that 672 torr-liters, or 2.3 kCi of tritium, are required to fuel a
single 6-source TNB shot. For each 2.5 g loading of the TSDS an overhead of
0.8 g is estimated for piping and storage volume inventories between the TSDS
and the TNB [11]. Therefore, each U-bed loading will allow a maximum of 8 TNB
shots. Most of the deuterium and tritium input to the neutral beams will be
deposited onto the NB cryopanels, as will the plasma exhaust following the
cessation of a discharge. After 8 TNB shots, the gas inventory on the NB
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cryopanels will be recovered by regenerating the He panels and transferring
the desorbed gases to the Plasma Exhaust Tank (PET). The total quantity of
gas transferred will depend on the total quantity of gas input to the system
and the recovery efficiency. In addition to the D, loading (8U40 torr-liters)
and T, loading (672 torr-liters) for the 8 TNB shots, the dominant input gas
load will come from the neutral beam conditioning required to ensure a
reliable 8-shot TNB run. For the proposed high-Q TNB run scenario (see Table
2.2), approximately 150,000 torr-liters of exhaust gas are generated during a
3-shift period. Vessel conditioning and NB conditioning prior to the TNB
operation and an additional 5 NB conditioning shots (in D2) precede each of
the TNB-plasma shots. Seven additional shifts are estimated to be required to
process the effluent gases: transfer to the PET, unload to shipping
containers, assay tritium content, and transfer to the designated exchange
point to pick up a new 2.5 g tritium shipment. Any change in the assumptions
which generates a larger gas load, e.g., more conditioning shots, will
increase the cycle time by increasing the number of shipping containers which
must be handled to unload the PET.

If less than 6 NB sources are run on tritium, then the number of TNB
shots per U-bed loading cycle can be increased. A scenario where the run is
unconstrained by tritium (and 1is, therefore, constrained by gas-handling
requirements) is a TNB run with 1-6 sources operating with trace tritium (1%
T/D) levels. This small isotopic mixture of tritium in deuterium will not
affect the beamline opties; however, the tritium will be useful for diagnostic
purposes. This scenario could be run for 23 shots at which point slightly
more than 300,000 torr-liters of exhaust gas (or 6U4% of the PET capacity)
would have been generated. Operation of one or more NB sources with pure
tritium will fall between the limiting cases represented by this scenario and
the Table 2.2 TNB scenario.

The number of times these operations cycles could be repeated depends on
the tritium inventory constraint (4) and the length of the operations period
constraint (1). If tritium were completely recoverable from the vessel and
neutral beamline vacuum systems (i.e., if the inventory were negligible), then
the number of repeat cycles for the 8-shot TNB scenario would be constrained
first by the limited time period for the D-T phase and then by the total
neutron fluence.

A strawman scenario for the 40-week D-T phase is given in Table 2.3. The
run starts with 4 weeks of vessel conditioning followed by 6 weeks of D-D and
1% T-D operation. Week 11 is then devoted to TNB testing. A second full
parameter D-D run is then scheduled for the next 6 weeks which can include
more 1% T-D operation and T-ohmic plasma studies. Following a 2-week break,
the remaining 18 weeks comprise the low-Q, medium-Q and high-Q experiments
with weekly cycles similar to the TNB scenario of Table 2.2.
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TABLE 2.1

SUMMARY OF ESTIMATED GAS FLOWS: HIGH POWER DISCHARGES

TORUS FUELING REQUIREMENT INJECTION SYSTEM INPUT
(torr-liters/discharge) (torr-liters/discharge)
GIS nB13 gt
MODE
6 D, Sources 6 T, Sources
High density’ 40 66 8l40 672
gas-fueled OH (2.3 kCi)
" with NBI
: 2
Low density 3 66 840 672
gas-fueled OH
with NBI

1) Assumes OH target plasma density of 6 x 1019 -3
2) Assumes OH target plasma density of 1 x 1019 p-3

3) Assumes 12 sources injecting into torus for 2s; 60A @ 120 keV/source
at 0.8/0.15/0.05 species mix

4) Assumes 20 torr-1/s * 5.6 s
y 25 torr-1/s * 5.6 s

112 torr-1 per T, source and

140 torr-1 per D, source

‘ GIS: Gas Injection System
NBI: Neutral Beam Injection



TABLE 2.2

TRITIUM NEUTRAL BEAM SCENARIO 1 (10-Shifts) .

Assumptions:

1. 6 NB sources operated with pure tritium; 6 NB sources operated with D,.
2. 1.8 g of deliverable tritium per U-Bed loading of 2.5 g.
3. All gas exhaust to the PET (Plasma Exhaust Tank)

D, Gas Load T, Gas Load

(%orr-liters) (tgrr-liters)
Shift 1: Plasma Conditioning and Diagnostic Check-Out D2 'I'2
0-4 hr. He conditioning @ 10 shot/hr. 120 0
4-8 hr. He OH fiducials @ U4 shot/hr. (He) 0

Shift 2: Tritium Neutral Beam Operation

0-2 hr. 48, NB conditioning shots in Dy
@ 24 shot/hr. 80,640 0

i

2-9 hr. 8, T-NB shots into plasma 6,720 5,376
@ 1 shot/hr. preceded by 5 accel
conditioning shots in D2 -
€ 1 shot/2.5 min. 58,800 0

Shift 3: Post-TNB Vessel Clean-Up

0-4 hr. He conditioning 120 0

4-8 hr. NB cryopanel regeneration - -
and transfer to PET (Start)

TOTAL 146,400 5,376

Shift 4-10: Gas Processing

Complete NB cryopanel regeneration

Transfer exhaust gas to PET

Unload PET

Transfer new 2.5 g load of tritium to U-bed.

»t




Neutron Fluence

n (2.5 MeV) < 1019

n (2.5 MeV) < 1019

n (2.5 Mev) £ 1079

n (14 Mev) ¢ 1019

n (14 Mev) & 1021

n (14 MEV) < 102!

n (14 Mev) < 1 x 1020
n (14 Mev) < 5 x 1020

9

TABLE 2.3
D-T RUN PLAN
No. of
Plasma
Shots Week
Bakeout, GDC, PDC
Diagnostic checkout 1-4
First 50 kCi shipment on site
92 Full power DD run
50 kCi Tritium System checkout 5-8
Start tracking gas exhaust
1% T/D diagnostic checkout
46 DD run w/o access 9-10
1% T in D for checkout
- Test run of 2 NB in T (not in tokamak) 1
8 TNB shots, Tokamak System maintenance
- Repeat D (2-times) 12-13
46 Full parameter run with NB in Deuterium 14-15
1% T in Deuterium
L6 Ohmic discharges - 1 NB source in 16-17
Deuterium and 1 NB source in Tritium
- Vessel conditioning (GDC, He conditioning) 18-19
- Analyze events weeks 1-19. Vacations. 20-21
92 Low Q experiments: TNB Scenario 2
1 NB source in T; varying number of 22
sources in Deuterium; 1 TNB Scenario 2
cycle per week; 23 shots per cycle
Repeat J 3-times 23-25
- Vessel conditioning 26
16 High Q experiments: TNB Scenario 1 27
2 NB in T; 2 NB in D; 2 TNB Scenario 1
cycles per week; 8 shots per cycle
80 Repeat M 5-times 28-32
Vessel conditioning 33-34
16 Medium Q experiments: TNB Scenario 1
2 NB in T; 2 NB in D; 2 TNB Scenario 1 35
cycles per week; 8 shots per cycle
80 Repeat P 5-times 36-40

Tritium cleanup

41
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3.0 LABORATORY MEASUREMENTS OF D-T RETENTION

Contributors: Laboratory Simulation Working Group
R. A. Causey, Chairman

3.1 Tritium Retention and Removal from Graphite and Codeposited Layers of
Carbon and Tritium

3.1.1 Tritium Retention in Graphite

Hydrogen is found in rather large quantities in graphite. This hydrogen
may be partially in the form of water vapor at lower temperatures and may also
be an integral part of the graphite crystallites themselves. However, it does
not allow that tritium introduced during TFTR operation will be retained in
the same magnitudes.

When ¢tritium becomes used as a fuel in TFTR, there will be three
mechanisms by which tritium will be retained in the graphite and carbon-carbon
composites used as plasma facing materials [1-3]. The temperatures where the
different mechanisms control the retention are shown in Fig. 3.1. One
mechanism is the saturation of the implant region. This mechanism has been
studied extensively [U4-6], and the model used to describe it is called the
Local Mixing Model [7]. At temperatures below about 800° K tritium is
immobile in graphite crystallites. Tritium injected into graphite at lower
temperatures diffuses throughout the region near the range of the energetic
particles until saturation is reached. At that time, the tritium migrates
back into the heavily damaged region near the surface. Eventually the entire
region from the external surface to the end of the energetic particle range
becomes saturated, and any additional atoms or ions entering the graphite
result in an equal number being released from the external surface or to the
internal pore surfaces. At room temperature and below, the saturated region
has a tritium to carbon ratio of approximately 0.4. Because the thickness of
the saturated layer is limited to that of the range of the energetic
particles, this mechanism results in tritium retentions less than about
2 x 1017 T/cm2 for triton energies in the keV range. As the temperature of
the graphite is increased, the stability of the saturated layer is decreased,
resulting in lower retention.

Graphites and carbon-carbon composites are normally porous materials.
POCO AXF-5Q, the graphite used in TFTR, has a density of only 1.84 g/cm3 and a
BET surface area of almost 1 m2/g {1]. As the near-surface region of the
graphite becomes saturated when exposed to a tritium plasma, some of the
tritium finds its way to the surface of the pores and can diffuse deep into
the graphite. The depth of penetration depends on the temperature of the
graphite and the duration of the exposure. In theory, it should be possible
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to saturate the entire internal surface of the graphite with a monolayer of
tritium, For a surface area of 1 m2/g, this would result in volumetric
concentrations of about 5 x 1018 T/cm3. In reality, concentrations of this
magnitude are not observed. Because of the limited mobility of the tritium on
the graphite surface, temperatures in the range of 700 K or above are required
to allow deep penetration of the tritium. At these higher temperatures, the
graphite is not able to maintain a monolayer of tritium on the surfaces, and
release in the form of molecular tritium occurs. In tests performed in the
Tritium Plasma Experiment (TPX) using virgin samples of POCO AXF-5Q graphite,
penetration depths of only a few hundred microns were measured for samples
exposed to a tritium plasma at 573° K and 773° K for 1.5 hours. In contrast
to these results, similar experiments performed with graphite tiles removed
from TFTR showed enhanced penetration to several millimeters [8]. Metal
deposits in the near-surface region may have been responsible for the enhanced
migration rate, but they also resulted in lower surface coverage of the pore
surfaces. The net result was a low concentration tail extending deep into the
sample with the cumulative amount of tritium being the same as for the virgin
graphite. Also, conditioning prior to plasma exposure was not seen to have a
significant effect on the amount of tritium retained in the graphite after
removal from the plasma. No enhancement in retention was noted for a sample
exposed to steam immediately prior to plasma exposure or for a sample
intentionally oxidized by rapid heating to 1273° K before water vapor had a
chance to escape. These results are shown in Fig. 3.2.

The PISCES Group at UCLA investigated the surface modification of
graphite by helium plasma bombardment and its effect on hydrogen isotope
retention [9]. They found that a 100 eV helium ion fluence of 5 x 1021
ions/cm® significantly increased surface pore opening. From the gettering
capacity of residual gasses after the exposure, they calculated a surface
roughness factor of 345. From H-alpha measurements they found the dynamic
hydrogen retention of the helium pre-activated surface to be as large as 2 x
1018 H/em® at temperatures below 373° K. For a pre-activated sample that had
recently been saturated with hydrogen, the dynamic retention was still almost
1 x 1018 H/cm2. The experimental results are shown in Fig. 3.3. Both of
these values are higher than that achieved in similar experiments with non-
activated samples. An explanation was suggested by the experimenters is
enhanced dynamic retention associated with the increase in porosity that
actually connects with free surface after the carbon grit that blocks the
pores has been removed in the plasma cleaning process. This increase in
porosity open to the free surface would allow greater tritium coverage of the

internal porosity.

The third mechanism of tritium retention in graphite is the true
diffusion of tritium into the graphite crystallites. This occurs only at

7
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temperatures above about 1000° K. As the tritium migrates into the
crystallites, it is caught in 4.3 eV traps with a density of 5 to 20 appm [1],
depending on the type of graphite. It is the trapped tritium that dominates
the retention because of the apparent low solubility of tritium in graphite.
For POCO AXF-5Q graphite, saturation of the traps results in a uniform loading
of 1.7 x 1018 T/cm3. Concentrations this high have been obtained for POCO
graphite exposed to the plasma and 0.66 Pa gas pressure in TPX at 1300° K for
only several hours. It has been shown through the comparison of results for
gas-only exposures and exposures to both plasma and gas that the gas pressure
and not the plasma is principally responsible for this loading. The gas
easily enters the graphite porosity and acts as a source of tritium for the
10 um grains inside the samples. It is still not known at this time if it is
possible to load uniformly thick graphite tiles in this manner if the gas
pressure is not present. The gas pressure in TFTR near the graphite tiles is
not nearly as high as the 0.66 Pa in TPX.

The RF antenna limiter for TFTR is composed of B. F. Goodrich Staple
KnitTM Carbon-Carbon Composite. Measurements performed in TPX showed this
composite and several others to retain less tritium than POCO AXF-5Q graphite
at all temperatures between room temperature and 1500° K [10].

Although tritium retention measurements performed in TPX have shown
tritium concentrations in graphites to be limited to a few parts per million,
laboratory measurements by B. Doyle, R. Bastasz, and A. Haasz et al. have
shown graphite to contain protium in substantially larger quantities. Doyle
[11] reported hydrogen concentrations in POCO AXF-5Q graphite of 1.0% to 1.3%
atomic with the readings peaking at 5% on the surface. The measurements were
made with fluorine-19 resonant nuclear reaction analysis. He found that only
an insignificant amount of the hydrogen could be outgassed with vacuum baking
at 873° K. Bastasz [11] used SIMS to profile the hydrogen concentration in
POCO graphite. His results indicated that at a depth of 5 to 10 um from the
surface, untreated POCO graphite has a residual hydrogen level of
approximately 0.4% H/C. Vacuum annealing at 1173° K reduced this level by
over an order of magnitude. Examination of the deuterium to protium ratio in
the depth profile did not show any significant deviation from natural
abundance. Beutler et al. [13] measured protium concentrations in pyrolytic
graphite using laser-induced thermal desorption spectrometry. For a sample
baked at 500 K for 24 to U8 hours, the residual protium concentration was
about 0.1% to 1% H/C. This level was reduced progressively by about four
orders of magnitude following vacuum annealing at temperatures ranging up to
approximately 2400 K.
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3.1.2 Tritium Retention in Layers of Codeposited Carbon and Hydrogen

During plasma interaction with graphite tiles, carbon is constantly
eroded and redeposited. Hydrogen chemically reacts with the eroded carbon and
is codeposited to form a hydrogen-rich carbon layer. Thick carbon deposits
with high levels of hydrogen have been observed on graphite tiles exposed to
TFTR discharges. The main concern about codeposition is its capacity for
enhancing the in-vessel tritium inventory. Although our present studies of
codeposited layers are based on protium and deuterium, we do not expect
tritium to behave any differently.

The major mechanisms responsible for the erosion of graphite under plasma
exposure include: physical sputtering, chemical erosion, radiation-enhanced
sublimation (RES), and thermal sublimation. These mechanisms dominate over
the following temperature ranges: (a) physical sputtering, T < 600 K; (b)
chemical erosion, 600 K < T < 1000 K; (c) RES, T > 1200 K; (d) thermal
sublimation, T > 2500 K. The data base for physical sputtering is reasonably
well established. This process occurs in the temperature range for first-wall
actively cooled protective tiles. At the high end of the temperature scale
(T > 2500 K) thermal sublimation dominates, and such a condition normally
occurs only during disruptions and runaway current events. Normal operation
for wall tiles, without active cooling, is expected to be in the chemical-
erosion-dominated regime (600 K < T < 1000 K). Normal operation for limiters
is expected to be in the RES-dominated range (T > 1200 K). In the case of
chemical erosion, the dominant hydrocarbon formed due to energetic hydrogen
ion impact is methane. For combined energetic ions and thermal atoms, as in
the case of fusion reactors, the higher order hydrocarbons also become a
significant part of the carbon erosion [14]. At T > 1200 K, a significant
increase in the erosion of carbon occurs due to the impact of energetic
ions. The released carbon is monatomic (not C, and C3 as for thermal
sublimation) with a thermal energy distribution corresponding to the substrate
temperature. A model based on the formation of carbon interstitials during
ion impact has been proposed to explain the enhanced sublimination [13,14].
New results of the flux dependence of RES due to hydrogen ion impact [15] and
argon ion impact [14] show a quasilinear dependence of RES with incident ion
flux, in disagreement with the proposed model.

The codeposition process has been investigated in plasma simulators by
both Hsu et al. [3] and Clausing et al. [18]. In the work of Hsu, a deuterium
Penning discharge was struck with POCO AXF-5Q graphite cathodes. After a
period of discharge operation, a codeposited layer with a D to C ratio of
about 0.5 was formed on a catcher foil adjacent to the graphite cathodes. The
trapping of deuterium by codeposition resulted in a removal of the deuterium
feed gas. Based on the deuterium concentrations measured in the film,
approximately one-half of the removed deuterium gas can be accounted for in

i
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the layer. The amount of deuterium trapped in the graphite cathodes was
relatively insignificant, which is consistent with earlier studies on hydrogen
isotope retention in bulk graphite, The rate at which deuterium gas was
removed was constant and no abatement of the rate was observed even over long
periods of operation. The codeposition process, therefore, can go on
indefinitely without any apparent self-limiting mechanism.

A nonsaturable hydrogen pumping phenomenon has been observed on TFTR
[19]. (See Sec. 4.2.2). After a typical low density, ohmic discharge with a
non-conditioned graphite wall, only 5 torr-liters of hydrogen are outgassed
out of a total of 20 torr-liters of feed gas [20]. Although there is no
direct proof that the differential of 15 torr-liters is trapped in carbon
films, the non-saturable removal is a strong indication that this phenomenon
is due to codeposition. In the work of Clausing, a graphite-lined hollow
cathode discharge was used. A similar nonsaturable removal of hydrogen gas
was observed when a hydrogen plasma was struck with the graphite electrodes.
The rate of removal (0.5%), however, was much smaller than that observed by
Hsu (17%) for the same ion flux to the graphite. This difference was presumed
to be due to differences in the discharge geometry. In the case of Hsu, the
eroded carbon has a high probability of escaping the discharge and depositing
on a nonplasma contacting wall. The set-up of Clausing was much more closed,
with the eroded carbon having less probability of escape.

In the work of Langley [21], a nonsaturable removal process was also
observed. Although interpreted at the time to be diffusion of the hydrogen
into the graphite, the lack of supporting data suggests that this also was
caused by the codeposition process.

3.1.3 Release of Tritium from Graphite and Codeposited Layer

The mechanisms of tritium release are as important to the operation of
TFTR as the mechanisms of retention. If glow discharge cleaning can be used
to remove tritium from the codeposited layer, then that retention mechanism
loses its importance for the long-range inventory problem. By the same token,
the release of tritium from graphite during air exposure would elevate safety
concerns about the possible breach of the vacuum vessel. Several experiments
have been performed to examine some of these release mechanisms.

In TFTR it has been found that conditioning the limiter with low density
helium/carbon plasmas significantly improves the confinement for subsequent
neutral-beam-heated plasmas [19]. The improved confinement is thought to
result from the removal of hydrogen from the graphite limiter by the
conditioning plasmas. Wampler et al. [22] used ion implantation and nuclear
reaction analysis to investigate ion-induced release of deuterium from
graphite during low-energy carbon and helium bombardment as a possible
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mechanism for the conditioning. Graphite samples were initially saturated
with deuterium at 300 eV. The areal density of deuterium remaining in the
samples was then monitored during bombardment with 3 keV carbon ions and with
1.2 and 0.6 keV helium ions. The energies of the carbon and helium ions were
chosen to give ranges comparable to the depth of the initially implanted
deuterium and were similar to energies expected at the limiter in TFTR.
Release yields at low fluences were on the order of 6 deuterium atoms per
incident ion for the carbon and 1.2 keV helium ions. Release yields for the
0.6 keV helium ions were about an order of magnitude smaller. Ion fluences of
1 x 10'7 jons/cm® removed about 2 x 1016 D/em?. The deuterium release was
consistent with a model based on ion-induced detrapping with retrapping [23].

Hsu used a DC-glow discharge in the Laser Assisted Material-Plasma
Experiment (LAMPE) to study the removal of hydrogen from a codeposited layer
of hydrogen and carbon. In these experiments, a known amount of hydrogen was
first codeposited with carbon on the vacuum vessel walls by measuring the
pressure change in the isolated chamber during a Penning discharge. The
carbon originated from the graphite electrodes. A 41 mtorr differential
pressure decrease was recorded for the 60-liter chamber during the Penning
discharge. In the subsequent glow discharge removal process with helium, only
15 mtorr of the differential pressure loss were recovered with a voltage of
400 V. When the helium was replaced with hydrogen and the discharge repeated,
an additional 9 mtorr of pressure rise were recorded.

An experiment was performed in TPX to examine the efficiency of glow
discharge cleaning with deuterium to remove tritium deposited into the
saturated layer and porosity of POCO AXF-5Q graphite. The graphite sample was
exposed to a fluence of 3 «x 1020 T/cm2 at an energy of 100 eV over a 1.5 hour
time span at 323 K. It was removed from the experimental apparatus where it
was mechanically sectioned, dissolved, and the tritium content determined
using liquid scintillation counting. A second sample was treated to the exact
same conditions except that it was exposed to a deuterium plasma after the
tritium plasma. Like the tritium plasma, the deuterium exposure was for 1.5
hours at 323 K with a fluence of 100 eV deuterons of 3 x 1020 D/cm?. The
tritium distribution for the two samples are shown in Fig. 3.4. It can be
seen that the deuterium exposure reduced the tritium retention by about one
order of magnitude.

The PISCES group investigated the effect of helium plasma exposure on
the amount of hydrogen remaining in saturated layers of POCO graphite using
helium ion energies of 15 to 300 eV [9]. The cross section for removal was of
the order of 10“19 cm2 for all energies. This helium depletion technique was
seen to decrease the hydrocarbon formation rate during subsequent hydrogen
plasma exposures.

*
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Langley also studied the helium-ion-induced release of hydrogen from the
saturated surface layers of POCO AXF-5Q graphite [24]. He found the release
cross sections to be essentially the same as the detrapping cross section,
indicating little retrapping for the 350 eV energy used for the helium ions.
His results plotted with previous results of Wampler and Myers [23] and Roth
et al. [25] are shown in Fig. 3.5.

The LAMPE facility was also used by Hsu to examine the effect of air
exposure on codeposited layers of hydrogen isotopes and carbon. A deuterium
plasma was used with a graphite electrode to deposit a layer containing about
2 x 1018 D/em? on a stainless steel catcher foil. The deuterium concentration
in the film was measured at 24 days, 73 days, and 88 days after the
deposition. The sample was exposed to air during the entire waiting time.
The results showed (Fig. 3.6) the deuterium concentration to be dropping
exponentially with air exposure time with an exponential folding time of 87
days.

Thermal desorption is another mechanism by which hydrogen isotopes can be
removed from graphite. A compilation of the data in the literature [26-28]
for the thermal release of hydrogen implanted into graphite is shown in Fig.
3.7. It can be seen that the releases measured by the three experimenters
agreed very well even though different energies and types of graphite were
used. The factor common to the three experiments was that all were continued
to saturation. It was noted that release from nonsaturated samples is very
similar, but has a 200° C to 300° C shift to higher temperatures for the
release curves. In experiments performed by Causey using a tile removed from
TFTR, samples were cut from an area containing 1 «x 1013 T/cm2. One-hour
anneals in vacuum at 473 K, 773 K, and 1073 K reduced the amount of remaining
tritium by 0%, 40%, and 95%, respectively. These data points fall almost
exactly on the curve shown in Fig. 3.7.

3.2 Tritium Retention in TFTR Neutral Beam Lines and Copper Beam Dumps

3.2.1 Tritium Retention in TFTR Neutral Beam Line Component Materials

Experiments have been performed both at Sandia, Livermore and at Los
Alamos to examine the uptake of tritium by neutral beam line component
materials. For both sets of experiments, samples were exposed to 1 torr of
pure tritium gas for 1 hour, followed by 30 minutes in vacuum prior to removal
for tritium analysis. In the Sandia study, the samples were immersed in
dilute sulfuric acid for 15 minutes to remove the absorbed tritium. The acid
solution was distilled, and a neutralized sample was collected for
scintillation counting. In the Los Alamos tests, the samples were placed in
Jars filled with dilute hydrochloric acid and left there for several days.
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Scintillation samples were prepared by diluting 1 ml of tritiated acid
solution with 200 ml of water. The results for these experiments are shown in
Table 3.1 There were two samples in common between the two sets of

experiments. These were the painted nickel and painted copper samples. When
the results in Table 3.1 are adjusted to have common dimensional units, the
numbers reported agree very well.

In a subsequent set of experiments performed at SNLL, painted cryopanel
samples were exposed to tritium at different pressures and times. The results
for these measurements are shown in Fig. 3.8 where tritium retention is
plotted versus the product of tritium partial pressure times time. The
highest point corresponds to a pressure of one atmosphere and a time of 30
hours. The middle and lowest (open) points data were exposed for a time of
one hour and a total pressure of 1 torr, but the open data point corresponds
to an exposure with 99% deuterium and 1% tritium. The lower closed data point
corresponds to an exposure of df 0.01 torr tritium for one hour. These two
lower data points are the most interesting. The lower (open) data point is an
order of magnitude less than that recorded for the pure tritium exposure,
This result suggests that the decay of the tritium is affecting the amount of
absorbed hydrogen isotopes. This affect could either be due to radiation
damage of the paint resulting in trapping, or it could be due to the formation
of reactive ions or atoms in the gas by the beta decay. All of the exposures
were performed at room temperature, and the actual retention that will occur
in the neutral beams where the painted surfaces will be at 77 K may be
significantly different from these measured values.

3.2.2 Tritium Retention in Copper Beam Dumps and Calorimeters

Accelerator and plasma experiments were performed at Sandia, Livermore to
examine the behavior of tritium in copper [29]. TPX was used to measure the
plasma-driven permeation of deuterium through a copper membrane. The results
of these measurements were used to extract the molecular recombination rate
coefficient. The measurements indicated that the coefficient was 6.7 x 1018
cmu/s over the temperature range of 575 K to 825 K, in agreement with
theory. Thermal desorption spectroscopy measurements of deuterium implanted
into copper at an energy of 10 keV showed two distinct trapping energies, one
at 0.55 eV and one at 0.93 eV. The first is thought to be the binding energy
of deuterium in copper vacancies, and the second is associated with release
from precipitated bubbles. The results from these two experiments were
combined to predict the tritium inventory in the copper beam dumps and
calorimeters. A comparison of the predicted deuterium retention and release
from a copper calorimeter was compared to measurements performed for one of
the calorimeters in TFTR. There was good agreement between measured and
predicted values. These same parameters were used to predict the tritium
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the twelve calorimeters and beam dumps once tritium is used in
calculations predict 0.15 grams total tritium retention (see
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TABLE 3.1: Tritium Retention on TFTR Neutral Beam Component Materials

Material

Allegheny Ludlum 4750
OFHC

CORR 99

1010 Rod - Anodized
1018 Rod - Anodized
CORR 99 - Ni Plated
1010 Rod - Ni Plated
1018 Rod - Ni Plated

Kapton Wire

Fiberglass Wire
Thermocouple Wire
Ceramic Beads

Fiberglass Insulation
Kevlar Cord
Viton O-Ring

Viton O-ring (Greased)
Mylar sheet
Epoxy block

Painted Metal - Ni on Cu

" 1 " 1" "

Painted Metal - Cu

" " "

Test Location

SNLL
SNLL
SNLL

SNLL
SNLL
SNLL

SNLL
SNLL
LASL

LASL
LASL
LASL

LASL
LASL
LASL

LASL
LASL
LASL

LASL
SNLL

LASL
SNLL

Tritium Retention

—
-3

1013
1014

1013

1014
1014

1019

1012

1015
1012

1015
1016
1016

1016
1015
1012

1012
1014

1015

T/cm2
T/cm2
T/cm2

T/cm2
T/cm2
T/cm2

T/cm2
T/cm2
T/cm2

T/cm
T/cm
T/cm

T/cm
T/cm
T/0-ring 1"0.D

T/0-ring 1"0.D
T/cm2
T/cm2

T/cm2
T/cm2

T/cm2
T/cm2
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Fig. 3.2.

Effect of Conditioning on Tritium Uptake
in POCO AXF-5Q Graphite

22488

Effect of conditioning on tritium uptake in POCO AXF-5Q graphite.
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Fig. 3.5. Measurements of He-ion induced release cross-sections from

H-saturated ed graphite (see References for complete citations).
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IMPLANTED DEUTERIUM RETAINED IN THE
SURFACE REGION vs ISOCHRONAL
ANNEAL TEMPERATURE
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Fig. 3.7. Implanted deuterium retained in surface region of graphite versus
isochronal anneal temperature.
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4.0 IN-SITU MEASUREMENTS OF D-T RETENTION IN TFTR

Contributors: In-situ Measurement Working Group
M. Ulrickson, Chairman

4.1 Introduction

Plasma particle pumping effects with carbon limiters have been seen in
TFTR [1], JET [2], and TEXTOR [3,4]. These pumping effects significantly
affect the recycling of plasma particles in the edge region of the plasma. In
addition, the pumping is evidence of a trapping mechanism for plasma particles
in the torus. Such trapping effects will determine in part the amount of
tritium that will be trapped in the torus. The amount of this trapping is an
essential ingredient in determining how much tritium is required to operate
TFTR in the D-T phase. In order to better understand the pumping effect, and
the retention for hydrogen isotopes in the limiter, a series of in situ
experiments were carried out in TFTR during the 1985-1987 run period. Some of
these experiments merely involved the placement of wall coupons in the
tokamak. The analysis of these coupons 1is described in Sec. 5 of this
report. The other experiments involved the measurement of gas loading of the
first-wall, particle balance measurements, and several probe measurements of
the plasma edge. These measurements will be described in this section.

4.2 Wall Loading and Particle Balance

The wall loading experiment consisted of a carefully controlled
transition from a condition of relatively low recycling coefficient (R = 0.6)
on the inner bumper limiter to a condition of high reecyecling (R = 0.8). This
revealed the capacity of the bumper limiter graphite tiles to absorb deuterium
atoms. The particle balance experiments compared the amount of gas and
particles input to the plasma to the amount of particles outgassed after a
discharge. This was done for both ohmic and neutral-beam-heated plasmas.

4.2.1 Wall Conditioning for Particle Control in TFTR

The conditioning of the inner wall axisymmetric bumper limiter (BL) in
TFTR [1] is done using ohmic discharges with plasma currents between 0.8 and
1.8 MA with minimal gas input (<3 Torr 1 of He or D, are used). The optimal
current for conditioning discharges is still unclear at present. It typically
requires between 25 and 100 discharges to obtain a low recycling condition
depending on the conditions of the limiter at the start of the discharge
sequence; i.e., a totally unconditioned limiter requires more shots than a
partially conditioned limiter.

The particle recycling changes dramatically during a conditioning
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sequence. Figure 4.1 shows the low density limit and the DB brightness during
a conditioning sequence. The minimum density is determined by particle
recycling and is a good measure of the state of 1limiter conditioning. The
minimum density achieved at 0.8 MA was 5.5 x 10 - The edge neutral
density (see Fig. 4.2) and the DB brightness both fall by approximately a
factor of ten during a conditioning sequence. Substantially less gas is
required to reach a given density with an unconditioned bumper limiter as
compared to a conditioned bumper limiter (see Fig. 4.2). We also observe the
time constant for plasma density decay (see Fig. 4.2d for example) decreases
during conditioning as shown in Fig. 4.3. We infer effective particle decay
constants (r*) as short as 0.15 s from these data. The recycling coefficients
inferred [1,5-6] from the decay time decrease from near unity to as low as 0.5
for a well-conditioned bumper limiter (see Fig. 4.3). The limiter pumping
effect and the reduction in recycling is a prerequisite for the enhanced
confinement neutral-beam-heated discharges observed on TFTR [7] which is the
primary discharge mode for the D-T phase.

4,2.2 Wall Loading Experiment

We investigated the gas loading of a previously conditioned limiter with
deuterium gas [8]. A sequence of 11 identical 0.8 MA deuterium discharges was
made using a prescribed density that was maintained by feedback control. The
sequence began with the recycling coefficient at a value of 0.6.

The particle inventory in the limiter and wall during the gas loading
sequence was obtained from calibrated measurements of the required gas input
per discharge (Qin) and the integrated vessel outgassing (Q,,;) for an 80 s
period after a discharge. Figure 4.4 shows the measured values of Qinr Wut:
and the computed wall inventory, W = Qin - Qout’ during the gas loading
sequence. At the beginning of the sequence 40 torr-liters of D were required
to reach the fiducial plasma density (1.25 x 1019 m'3). At the end of the
sequence, the required gas input decreased to an asymptotic value of 20 torr-
liters, as the 1limiter became 1loaded and the recycling coefficient
increased. For the entire sequence, the amount of D outgassed from the vessel
between discharges was a relatively constant value of Q,, = 5 torr-liters.
Thus, the wall loading also showed a decrease to an apparent asymptotic value
of W = 15 torr-liters/discharge during this shot sequence. The total wall
loading minus the asymptotic value for the entire sequence was 70 torr-liters,
which can be equated to the pumping capacity of the limiter induced by the
initial He discharge conditioning. This pumping capacity is consistent with
the wall pumping model described in Ref. 1, where the capacity for pumping
ohmic plasma is estimated to be equal to the saturation capacity of the active
limiter volume contained within the scrape-off area ( 5 m2) and the mean range
of incident deuterium. )
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The asymptotic value of W = 15 torr-liters per discharge is apparently
not related to plasma pumping by the active area of the limiter, because W was
relatively constant during the shot sequence, while the recycling coefficient
changed from R = 0.6 to R = 0.8. The residual pumping of deuterium may have
been due to pumping of deuterium by molecular components (Can), and deuterium
incorporation into sputtered carbon films on low flux areas of the limiter.
Such codeposition phenomena have been invoked to explain carbon pumping
effects in tokamaks [2,3] and glow discharge experiments [11-12]. For
codeposition to have been responsible for the residual (15 torr-
liters/discharge) pumping seen in TFTR, the effect would have to dominate
during the non-steady-state (i.e., formation and/or termination) phases of the
discharge. It appears that the observed residual pumping is related to
deuterium/carbon chemistry because similar particle balance measurements with
He-gas-fueled discharges showed that Qin = Qut [8].

4,2.3 Particle Balance in TFTR

The data analyzed for this study [8] were taken from the TFTR gas
injection system [9] (GIS), a fast magnetically shielded ionization gauge (IG)
mounted on the vacuum vessel [10], and a residual gas analyzer (RGA) mounted
on one of the torus pumping ducts. These systems are described in detail in
Refs. 9 and 10. The GIS includes both a high pressure supply manifold with a
" diaphragm pressure transducer, and a feed-back-controlled calibrated gas
valve. The gas flow values derived from the two systems are compared to
assure the accuracy of the amount of gas injected into the torus. For neutral
beam shots the injected beam power was calibrated using water-cooled
calorimeters. The IG was periodically calibrated using the GIS to determine
the gauge factor for both deuterium and helium. The torus pumping speed was
periodically measured using the GIS both with and without the neutral beam
isolation valves open to the torus. The data from the IG and GIS were
recorded for each shot. In addition, the IG data were recorded for 80 sec
after each shot.

The IG data were integrated to determine the outgassing after a shot.
The accuracy of this integral was compared to the integral of the long-term
(about eight hours) RGA data following the last shot of the day. It was found
that the IG integral evaluated at 80 sec after a discharge gives at least 80%
of the total outgassing before the next shot (typically 6 to 8 minutes elapse
between shots). The time integral of the pressure is multiplied by the
measured pumping speed of the torus to determine the total outgassing.

A comparison of the outgassing to the gas input for a sequence of ohmic
deuterium plasmas is shown in Fig. 4.5. These data are for discharges with
plasma currents of 1.4 and 1.8 MA. The line-integral density varied between
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1.2 x 10'9 and 3.6 x 10'9 m™3. The solid line in Fig. 4.5 represents equality
between the gas input and the outgassing after a shot. These data fall into
two general categories. At high gas input only about 10% of the input gas
appears as outgassing. At low gas input much more gas is released after the
shot than was put in during the shot. In fact, discharges following a high
density plasma require almost no gas flow to achieve the same density as the
preceding high density shot. If a sequence of plasmas is followed
chronologically, one observes that the outgassing on succeeding low gas input
shots gradually falls with shot number, and the density falls with the
outgassing. Over a sequence of about 30 discharges approximately 80% of the
excess gas injected during high density plasmas is recovered during succeeding
low gas input plasmas.

In contrast to the deuterium ohmic plasmas, helium ohmic plasmas show
nearly equal amounts of gas input and outgassing. This is shown in Fig. 4.6.
These discharges were also 1.4 and 1.8 MA plasmas. The line integral density
ranged from 1.8 «x 1019 to 4.9 x 1019 m'3. If the correction for the
additional contribution to the outgassing beyond 80 sec is applied to this
data, there is slightly more outgassing than gas input for the helium
plasmas. This is particularly evident at low gas input. These low density
helium-initiated discharges are the type of discharges described in Sec. 4.2.1
that we have found useful for conditioning of the bumper limiter [1]. The
integrated outgassing during a sequence of such low density helium-initiated
plasmas is shown in Fig. 4.7. The starting conditions were characteristic of
high recycling because the conditioning sequence followed operation with high
density deuterium-fueled, ohmic plasmas. The gaps in the data occur when
deuterium plasmas were initiated to check the recycling coefficient. About
0.9 torr-liter of helium gas was input for each shot. The total amount of gas
released by these discharges was 400 torr-liters (helium equivalent). Thus,
the excess amount of gas released by these 140 shots is 300 torr-liters
(helium equivalent). Since we see the DB line intensity fall in the same
fashion (see Fig. 4.1) as the outgassing shown in Fig. 4.7, we conclude that
the extra gas is deuterium not helium. Correcting for the different ionization
gauge factor for deuterium (one half of that for helium), the amount of
deuterium released by these helium-initiated discharges is 150 torr-liters.
This quantity is about 1.5 times the estimated gas-loading capacity of the
bumper limiter determined from the wall loading experiment. The discrepancy
may be because these measurements were made after much more extensive
conditioning of the bumper limiter. Even at the end of the sequence 0.5 to
1.0 torr-liter of excess gas was being released per discharge.

In deuterium neutral-beam-heated discharges the outgassing after a shot
is also very different from ohmic deuterium plasmas. The outgassing after
neutral-beam-heated discharges is compared to the cold gas plus neutral beam
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particle fueling in Fig. 4.8. It can be seen from these data that on the
average about 65% of the input particles are outgassed after a plasma. The
percentage is 75% 1if the correction to the outgassing is applied. This is
consistent with the observation that many more neutral-beam-heated discharges
can be made at the same total particle fueling before reconditioning of the
bumper limiter is required.

Our observations show that as much as 60 torr-liters of gas can be
retained by the bumper limiter following a single high density ohmic plasma in
deuterium. If several high density plasmas are made in succession, then the
total retention can be several times this value. However, it was also
observed that subsequent low density discharges can release up to 80% of this
retained gas. The mechanism responsible for this limiter pumping is
characterized as a filling of near-surface sites with deuterium and/or
codeposition of carbon and deuterium on lower flux areas of the limiter or
wall [1,6]. It is apparent from the particle balance data that low density
operation can induce release of some of the retained gas in the limiter. It
is unlikely that these plasmas have any influence on the wall-retained
deuterium gas because examination of wall coupons [see Sec. 5) indicates that
the wall deposition accumulates at a rate roughly proportional to the number
of shots [13] (about 101” D/cmz/shot). Ion-induced desorption is suggested as
the mechanism [1] for the release of gas from the active area on the
limiter. The total amount of gas released by the helium conditioning plasmas
(1022 deuterium atoms) is the order of 1% of the total amount of deuterium
(1024 deuterium atoms) [13,14] retained in the near-surface region of the
tiles at the end of our last operating period (see Sec. 5).

The higher outgassing in neutral-beam-heated discharges may be due to the
higher limiter temperatures during neutral beam operation. The limiter
surface is estimated to be about 300° C at the end of a neutral beam shot.
For ohmic operation it is less than 50° C. This suggests a thermal release
mechanism for the retained gas. Operation at the full beam power (~30 MW)
with the 2-sec beam duration should raise the surface temperature to about
800° C to 1000° C.

4.3 Edge Probe Measurements

Three types of edge probe measurements have been made on TFTR. Collector
probes are placed in the plasma edge and sample the constituents of the edge
plasma. The collectors are operated in both a time integral and a time
differential mode. Moveable Langmuir probes are used to determine the
profiles of plasma density and temperature in the scrape-off region outside
the last closed flux surface. These measurements are made during both ohmic
and neutral-beam-heated discharges. The flux and energy of charge exchange
neutrals in the plasma edge have been measured using a resistance probe.

Ye
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4.3.1 Collector Probe Measurements

Measurements with a rotatable collector probe [15] have been made to
increase understanding of the boundary 1layer during special limiter
conditioning sequences using low density deuterium or helium discharges. A
set of silicon films positional behind slits facing the ion and electron drift
directions was exposed to a series of similar D* discharges, and a series of
similar He™™ discharges. Another exposure was made by overlaying a series of
the same He** discharges on a prior exposure from D plasmas. A time-resolved
exposure was also made to compare the flat-top and ramp-down phases of a D*
discharge. The samples were positioned at the bottom of the TFTR vacuum
vessel, with the innermost sample being 17-19 cm from the plasma boundary.

The amounts of deuterium and impurities trapped in the surface regions of
the samples have been measured by different analytical techniques. Nuclear
reaction analysis (NRA) gave deuterium areal densities for all exposures,
which ranged as high as 5 «x 1016 D/cm2 per discharge, and were generally a
factor of about 2-4 higher on the electron drift side. Radial profiles of
these measurements show e-folding lengths on the order of 4-8 cm on the
electron drift side, and longer on the 1ion drift side. Rutherford
backscattering spectrometry (RBS) was used to estimate the amounts of carbon
and metals present. The carbon concentration was about 1017 C/cm2 per
discharge, which is consistent with the codeposition of deuterium and carbon
during these discharges. The concentration of metals was about 2 x 1014 em™2
per discharge. Analysis of the time-resolved exposure by NRA showed a steady
decrease in the retained deuterium from the end of the plasma current flattop
through the current ramp-down, with a large burst at the termination of the
discharge.

4.3.2 Moveable Langmuir Probe Measurements

A reciprocating Langmuir probe positioned on the plasma midplane has
measured single-discharge radial profiles of electron density and temperature
for a variety of plasma scenarios [16,17]. The probe gathered data up to the
last closed flux surface (LCFS) during ohmic discharges, and to within 4 cm of
the plasma boundary during neutral beam heating.

The edge characteristics of D*¥ and He** 1.4 MA conditioning discharges
formed on the inner and outer limiters have been examined. They share several
features, particularly that of strong deviations from a purely exponential
decay of the electron density, as shown in Fig. 4.9. The reason for this
characteristic shape is not yet fully understood. In general, the density
scrape-off length, A,, varies from 3 to 6 cm close to the plasma, to about 1
cm in the distant scape-off. The particle scrape-off length is slightly
shorter, while the temperature profile is nearly flat.
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The variation of the density profile with plasma current, I_, was
investigated during inner wall D* discharges for Ip = 0.9 to 1.4 MA. This is
summarized in Fig. 4.10, where radial profiles have been differentiated to
give e-folding lengths throughout the scrape-off layer (SOL). The e-folding
lengths tend to decrease as the distance (d) into the SOL increases, and are
smaller for larger plasma currents. In the distant SOL (d > 10 cm) A is
about 2 to 5 cm, while at the plasma boundary Ap 1s estimated in the range of
6-11 cm. Extrapolated values on ng,(0) at the LCFS are on the order of
1018 m'3, showing a linear increase with I (and with the line-integral
density in the plasma). 1In all cases Te(O), the edge electron temperature at
the LCFS was extrapolated to about 55 eV. This information can be used
to calculate the particle diffusion coefficient (D ) at the plasma
boundary for these discharges. DL 1s found to be greater than 30 m?/sec for

Ip = 0.9 MA, decreasing to about 15 m 2/sec for Ip = 1.4 MA.

Radial profiles have also been collected [19] during neutral beam
injection, and can be summarized as follows. The edge density and temperature
increase by factors of approximately 2-5 and less than two, respectively,
during the beam heating phase. The radial density profile appears to remain
curved, and all e-folding lengths stay roughly the same.

4.3.3 Resistance Probe Measurements

Recycling of hydrogen between the plasma and the wall in tokamaks
critically affects plasma conditions at the center of the plasma. Low energy
charge-exchange (CX) neutrals are an important component of this recycling.
Conventional diagnostics for studying CX neutrals can only detect high energy
(above 1 keV) particles, which give information on ion temperatures in the
core of the plasma where they originate. However, most of the neutrals
incident on the wall originate in the cooler outer edge of the plasma and have
energies less the 1 keV. Measurements of the energy and flux of low energy
neutrals incident on the wall are needed to assess their role in recycling and
impurity generation.

The first study of low energy CX neutrals at the wall in the TFTR tokamak
was recently made using the carbon-resistance particle analyzer [20], which is
sensitive to particles with energies down to about 30 eV. This device
utilizes the increase in electrical resistance of a thin carbon film produced
by the impinging particles to determine the particle flux. Particle energies
are determined from the stopping effect of thin layers of silicon on top of
the carbon.

The measurements on TFTR were made for plasmas with various plasma
currents (Ip), with neutral beam heating, and with deuterium pellet injection.
The probe resistance was recorded periodically during the discharge, giving
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measurements of the particle energy and flux versus time with a resolution of
about 10 mseec. Although resistance probes have been used previously on
several other tokamaks, the measurements on TFTR are the first in which time-
resolved data were obtained. This new feature allows transient phenomena to
be studied, such as the effects of neutral beam heating, pellet injection, and
start-up and ramp-down phases of the discharge (see Fig. 4.11).

Preliminary analysis of the data from TFTR leads to the following
conclusions. For the low current plasmas (Ip =1 MA) the energy (KT) and flux
of CX neutrals were 350 eV and 0.6 «x 1O1u/cm2 s, respectively, and nearly
constant throughout the ohmic portions of the discharge. Neutral beam heating
(10 MW) increased both the energy and flux by about a factor of two. High
current plasmas (Ip = 1.8 MA) had large transients in the CX neutral flux at
the beginning and end of the discharge which were not present during the low
current plasmas. A time constant for the flow of particles from the plasma to
the wall as CX neutrals can be obtained from the number of particles in the
plasma divided by the flux and the wall area. This time constant is about 4
sec for both the ohmic and neutral-beam-heated portions of the low current
discharges, which is comparable to the duration of the discharge. The neutral
flux to the wall is, therefore, large enough to affect the plasma density
significantly, and changes in the recycling of these particles by wall
conditioning would be important.

4.4 Surface Coupons

A poloidal and toroidal array of surface coupons is installed in TFTR in
order to monitor long-term changes in surface conditions. Square pieces of
graphite are attached to the wall of the torus in locations away from the
bumper limiter (these are called wall coupons). The limiter coupons are
actual graphite tiles removed from the limiter surface (these are replaced at
each major opening). The analysis of these coupons is described in Sec. 5 of
this report. This section will describe the location and nature of the
coupons that were installed during the fall 1987 opening on TFTR.

Table 4.1 lists the locations where wall coupons have been placed in the
torus. All of the wall coupons installed have a 0.5-in diameter circle of
tungsten deposited on the plasma-facing side to aid in determining the
thickness of the layer which is typically deposited on these coupons.

The bumper limiter tiles that were removed and replaced during the last
opening are shown in Fig. 4.12. The new tiles have either a set of boron
spots or a set of boron carbide spots (the spot types are indicated in Fig.
4.12). The purpose of the spots is to assist in determining whether a given
tile experiences net erosion or net deposition due to plasma exposure. The
data shown in Sec. 5 suggest that some tiles erode while others have net
deposition.
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4.5 Planned Experiments

In addition to continuing the type of experiments described above, two
new experiments are planned for the next TFTR run. We are adding a quartz
crystal thickness monitor on a mid-plane port. This device will allow us to
determine what fraction of the carbon deposition observed on the wall is due
to normal operation and what fraction is due to disruptions. These data will
help us to extrapolate the present results on wall retention to D-T operation.

We will also determine the particle balance in a neutral beam line. We
do not know what fraction of the hydrogenic particles that are put into a beam
line are recovered during regeneration of the LHe cryogenic pumping panels,
although we have made estimates of the retention on ambient temperature
surfaces from the adsorption measurements described in Sec. 3.2.1. The large
surface areas in the neutral beam injectors are potential sinks for tritium
that must be carefully evaluated for the inventory estimates (see Sec. 7.0).
The neutral beam particle balance will be performed by calibrated gas
input/output measurements and deuterium pumping speed measurements when the
LHe panels have been warmed to LN, temperature.

¢
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Table 4.1

Location of Wall Coupons in TFTR

Bay Location Position Serial Number
D Top Right 870609-048
D Top Left 870609-046
D Bottom Right 870609-026
D Bottom Left 870609-004
J Midplane Right 870609-059
J Midplane Left 870609-015
H Midplane Right 870609-084
H Midplane Left 870609-095
L Top Right 870609-001
L Top Left 870609-121
N Midplane Right 870609-025
N Midplane Left 870609-075
N Bottom Right 870609-091
N Bottom Left 870609-067
P Midplane Right 870609-078
P Midplane Left 870609-093
R Midplane Right 870609-051
R Midplane Left 870609-098

NOTE: These are the locations and serial numbers at the end of the fall 1987
opening of TFTR.
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Fig. 4.12. A schematic diagram of a bumper limiter segment in Bay N showing
the location of the specially marked limiter tiles that are used
for analysis. B stands for boron markers, and BC stands for boron
carbide markers.
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5.0 SURFACE AND BULK ANALYSIS OF FIRST-WALL SAMPLES REMOVED FROM TFTR

Contributors: Surface Analysis Working Group
B. L. Doyle, Chairman

5.1 Introduction

Following the November 1985 to July 1987 operational period for TFTR, a
multifaceted experimental program was initiated to provide basic data for
tritium recycling/retention studies by mapping deuterium and metal deposition
in the interior of TFTR [1,2]. This program involved both in-situ
measurements performed inside the tokamak and external analyses on components
which were removed from TFTR. The metal deposited on the bumper limiter tiles
on three entire bays and five complete toroidal scans at different poloidal
levels in TFTR was measured in-situ using beta-backscattering. Measurements
were also made on wall coupons and on a number of wall areas such as the
bellows cover plates, the neutral beam ports, and various flanges and shutters
in the outer wall. Several interior components were removed for analysis of
deuterium retention in the laboratory. These components included 33 graphite
tiles from the inner bumper limiter and 17 wall coupons. In addition, 288
stainless steel clips, which were used to attach getter panels to the TFTR
wall, were obtained from a number of bays spanning a poloidal angle of +30° to
+90° and -30° to -90°, thereby representing most of the TFTR wall. Beta-
backscattering, a number of ion beam analysis techniques and various surface
microscopies, were applied to the examination of these samples. The resulting
quantitative determinations of near-surface and bulk deuterium deposition;
near-surface carbon, oxygen, and metal deposition provided by ion beam
analysis; and qualitative information supplied by the other techniques are
being used in both the planning of future TFTR operations and the
interpretation of past performance.

5.2 Experimental

5.2.1 1Ion Beam Analysis

The ion beam analysis techniques applied in these studies include
3He(d,p) nuclear reaction analysis (NRA) for detection of D; Rutherford
backscattering analysis (RBS) for the determination of C, 0, and metals in the
near-surface region; and proton-induced x-ray emission (PIXE) for measurement
of metals in both the near and sub-surface region. Some of the NRA and all of
the PIXE analyses were performed using a novel in-air method which allowed a
complete areal mapping of some limiter tiles and greatly expedited the
analysis of the large number of samples. The ex-vacuo nuclear reaction
analyses (X-NRA) ex-vacuo proton-induced x-ray emission (X-PIXE) analyses, and
in-vacuo experiments are described in some detail below.
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5.2.1.1 In-Vacuo Analyses

Two types of in-vacuo NRA were carried out. The first involved a fixed
energy, 700 keV 3ge analysis beam spatially scanned across the sample
surface. This analysis gave the areal density of D within the first micron of
the sample surface. The second type of analysis required measurement of the
3He(d,p) proton yield as a function of incident beam energy, but was performed
only at a few selected positions. D depth distributions were calculated by
deconvoluting the proton yields versus beam energy using the procedure
described by Myers et al. [3]. Varying the incident He beam energy from 300-
2800 keV gave the D concentration versus depth to 10 microns. The RBS analysis
was done with the samples in-vacuo. Normally incident, 2 MeV uHe was used with
an annular surface-barrier detector. Areal densities and near-surface
concentrations of C, O, and metals were determined within the first few
microns of the surface at several locations.

5.2.1.2 Ex-Vacuo Analyses

The experimental apparatus for our in-air ion beam analyses [4] is shown
in Fig. 5.1. The ex-vacuo end-station is installed on the nuclear microprobe
beamline of the Sandia EN Tandem Van de Graaff. External beams for both X-NRA
and X-PIXE were obtained by using the microprobe lens to focus the beam onto a
1 mm diameter, 0.5 um Au/3.0 um Al exit window. X-NRA was used for near
surface areal mapping of D using the same 3He(d,p) nuclear reaction applied in
the in-vacuo NRA. Typically, 2.2 MeV or 3.1 MeV He beams were incident on the
exit window. Window-to-target air gaps of 2 mm or 1 cm yielded on-target beam
energies of approximately 780 keV. An array of one to three ruggedized
surface barrier detectors mounted in air (see Fig. 5.1) approximately
1 to 2 em from the target detected 14 MeV protons produced from 3He(d,p)
nuclear reactions in the target. The solid angle subtended by the detectors
was on the order of one steradian. Using a 1 nA, 2.2 MeV 3He beam, deuterium
could be detected with a sensitivity limit of 10 atoms/cm2 using analysis
times of 1000 seconds. The in-vacuo annular detector shown in Fig. 5.1 was
used to monitor the Au backscattering yield from the beam exit window during a
given D analysis run. The Au yield was used to determine the He fluence
incident on target. Sample data, taken from the analysis of a ScD standard
used to calibrate our deuterium measurements, are shown in Fig. 5.2. The
rather unusual proton spectrum resulted from changes in the effective detector
depletion depth due to variation of the proton's angle of incidence and
variation in the nominal 100 um depletion thickness of the various detectors
in the array. X-PIXE was carried out using a 4.5 MeV proton beam. The in-air
Si-Li detector shown in Fig. 5.1 was used to measure proton-induced x-ray
emission from the target. Since the metal deposits which we analyzed were
only a few microns thick, the measurement could be easily calibrated by direct
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comparison with thin metal standards. Standards containing 10 - 20 nm of Cr,
Fe, Ni, and/or Mo were prepared and then characterized using RBS. X-PIXE has
previously applied to an analysis of the ALT-1 Pump Limiter [5]. Reference 4§
presents additional details and examples of the application of X-PIXE.

5.2.2 Beta-Backscattering

The beta-backscattering technique was used to analyze areas on the bumper
limiter, the wall coupons, the SPS (getter) clips, and other in-vessel
components. This method is used to measure the thickness of a layer of one
material on top of another by taking advantage of the fact that atoms of high
atomic number have a larger electron backscattering cross-section than atoms
of low atomic number. In this way the effective thickness of layers of both
metals on carbon and carbon on metals can be determined. Different energy
beta particles can be wused for different choices of materials and
thicknesses. In our case the source was the isotope Cd 109, which is a low
energy beta emitter. The backscattered electrons were detected in a Geiger-
Mueller tube placed behind and shadowed from the isotope source. For all of
the measurements reported here, the relation between counts and thickness is

linear. Standards were used to calibrate the thickness vs. counts
relationship. The calibration standards for the metals was Ni on POCO
graphite. The measurements of carbon thickness were calibrated using the

backscattering yield of 1 MeV protons to determine the absolute areal density
of carbon on a few of the samples. Standards were counted for 100 sec while
in-vessel measurements were counted for 10 sec.

5.2.3 Other Analyses

Additional analyses of components removed from TFTR employed several
techniques. X-ray fluorescence measurements of several tiles were made to
analyze the alloy composition of metallic deposits. Optical microscopy was
used to observe the thickness variation and morphology of tile deposits.
Polarized light microscopy highlighted the difference between crystalline and
amorphous materials in the deposited layers. Scanning electron microscopy was
applied to determine roughness on the surfaces of interest, and electron
backscattering images indicated the effective Z of layered structures in
deposits on limiter tiles with very high spatial resolution. Electron
stimulated x-ray emission was used to distinguish the various components that
make up the electron backscattering signal, albeit with somewhat lower
resolution. Secondary ion mass spectroscopy was used to detect deuterium,
metals, and oxygen in the deposit on the POCO graphite. Use of a cesium ion
beam enhanced the yield of the hydrogen isotopes.



56

5.3 Results
5.3.1 Bumper Limiter

The bumper limiter covers an area of about 20 m® or 20% of the wall in
TFTR [6]. The limiter consists of 20 similar toroidal sectors labeled A
through T. Each sector has 96 tiles in an array of U4 columns by 24 rows.
Throughout this report the tiles are referred to by a letter indicating the
sector followed by two numbers indicating the column and row, as indicated in
Fig. 4.12. Numbering starts at the bottom left of the sector as viewed from
inside the vessel.

The bumper limiter was installed in the summer of 1985. During the
plasma operations period from November 1985 to July 1987 the limiter was
exposed to 9,922 high power plasmas of which 2,756 included neutral beam
heating. Most of the plasmas were deuterium-fueled as were the neutral
beams. ‘The last several plasmas were ohmically heated, pellet-fueled
deuterium plasmas. This period of operation included disruptive discharge
cleaning [7] to remove water from the limiter, and low-density helium plasma
conditioning to remove hydrogen isotopes from the limiter [8]. Six wall
coupons were removed for analysis in March 1986 after 1770 discharges. These
six were replaced with fresh coupons. In July 1987 seventeen wall coupons
were removed for analysis including five from the same positions sampled by
the first set.

5.3.1.1 Beta-Backscattering

At the end of the run period the areal density of metal impurities
deposited on the bumper limiter was mapped in-situ by beta-backscattering.
Figure 5.3 gives an example of a two-dimensional map of one bay and Fig. 5.4
gives the results of toroidal measurements at four different poloidal
angles. These measurements provided a global picture of regions of high and
low deposition over the entire limiter. In Fig. 5.3 the areal density of
metal on the surface of the POCO graphite tiles of Bay N of the inner bumper
limiter of TFTR is displayed. The measurements were made with a 5 em mesh in
the poloidal direction and a 2.5 cm mesh in the toroidal direction. The other
19 bays show a pattern of metal deposition similar to that shown in Fig. 5.3
for Bay N. Figure 5.4 shows the metal deposition around the bumper limiter at
rows 2, 7, 10, and 13. The uniformity at the midplane (Row 13) is evident and
the periodicity of the clean areas in the lower half of the limiter follows
the bay periodicity.

Following the in-situ beta-backscattering analysis, thirty-three of the
tiles were removed for detailed external analysis. These tiles were chosen to
give one vertical (i.e., poloidal) scan from the top to the bottom of the
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limiter on sector N, column 3. Two tiles near the center from each of seven
additional sectors were also included to examine variations with toroidal
position near the midplane.

5.3.1.2 Impurity Analysis by PIXE and RBS

All tiles removed for external analysis were examined by external-beam
PIXE to determine areal densities of deposited metals. The depth probed is
greater than the thickness of the deposited layer. The poloidal scan along
column N3 showed low metal deposition (< 5 «x 1016/cm2) on the lower half of
the limiter below tile 12, and high metal deposition (up to 1018/cm2) on the
upper half of the limiter as shown in Fig. 5.5. Metal areal densities near
the midplane at various toroidal positions ranged between 0.6 and 1.0 «x
1018/cm2 as shown in Fig. 5.6. The combined areal densities and distribution
of metals measured by PIXE are consistent with the beta backscattering
measurements. From the PIXE measurements the relative fractions of the major
metal impurities Cr, Fe, and Ni in the areas of heavy deposition on the
limiter were determined to be 19 * 1, 38 *# 5 and U3 * 5, atomic %,
respectively, as shown in Fig. 5.7. The high nickel content points to Inconel
as a major source of impurities on the limiter. RBS analysis was done on
three tiles from column N3. All tiles had impurities extending beyond the
depth probed by RBS, which is about 1 ym. The main observable impurities were
oxygen, Cr, Fe, and Ni. Tiles 12 and 15 from regions of high deposition had
near-surface concentrations of 6 at % for oxygen and 1 at % for the sum of Cr,
Fe, and Ni. Tile 7 from a region of low deposition had near-surface
concentrations of <1 at % oxygen and 0.1 at % metals. The metal areal density
measured by PIXE and the metal concentration measured by RBS can be combined
to give an estimate of the thickness of the deposited layer, using the
approximation of uniform metal concentration. This gives a thickness of about
10 um in the regions of high deposition, assuming that the deposition is
primarily carbon with a density of 1.8 g/cm3.

5.3.1.3 Deuterium Analysis

The areal density of deuterium within about one micron of the surface was
measured by NRA using a 700 keV He analysis beam. At selected locations the
deuterium concentration was measured versus depth to nearly 10 um from the
surface by observing the nuclear reaction yield as a function of analysing
beam energy [3]. The depth profiles were measured with the samples in
vacuum. The near-surface deuterium areal density measurements were done in
both vacuum and air.

Figure 5.5 shows the areal density of near-surface deuterium scanned
along the poloidal direction on column N3 of the limiter. The values were
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measured at the center of the plasma-facing surface of each tile. The main
feature 1s that there is much more deuterium on the upper half of column N3
than on the lower half, as was seen for the metals. The areal density of
near-surface deuterium was mapped in detail over the plasma-facing surface of
tiles 3,7,10,11,12,15, and 18 of column N3. Figures 5.8 and 5.9 show
horizontal line scans of the near-surface areal density of deuterium on tiles
N3-3 and N3-14 from regions of low and high deposition, respectively. The
vertical scan across tile N3-11 shown in Fig. 5.10 shows that the transition
from low to high deposition is rather abrupt, occurring in about 2 em. Figure
5.6 shows the areal density of near-surface deuterium near the midplane (tiles
3-12) for 8 toroidal positions. The values are fairly uniform except for the
lower value at sector J. Visual examination of tile J3-12 revealed a burned
and ablated region near the analyzed spot surrounded by an area of heavy
carbon deposition. It is possible that runaway electrons caused local heating
or sudden deposition of a relatively thick carbon film resulting in a
localized reduction in the concentration of near-surface deuterium at this
location. The poloidal and toroidal variations of deuterium areal densities
follow the trends seen in the metal areal densities and again reveal regions
of high and low deposition,

The distribution of deuterium on the sides of the tiles was also
examined. Figure 5.11 shows the areal density of near-surface deuterium on
the sides of four tiles. For tiles with high front-surface deuterium areal
density, the density on the sides reaches values comparable to the front
surfaces. Tiles from regions of low deuterium retention on the front surface
had much higher deuterium retention on the sides than on the front. On all
the sides examined the deuterium areal density decreased approximately
exponentially with distance from the front surface with a characteristic
length of 0.6 cm. Since NRA with a 700 keV analysis beam does not detect
deuterium deeper than about 1 um from the surface, the deuterium depth profile
was measured in several spots to determine the thickness of the deuterium-
containing layer and the total deuterium areal density. Figure 5.12 shows the
deuterium concentration versus depth on three front surfaces and on three
sides. The total integrated deuterium areal density for each spot is also
indicated on Fig. 12. On the front surface of tiles N3-12 and N3-15 the
deuterium containing layer 1is several microns thick and the total areal
density of deuterium is about 6 «x 1018 D/cm2. On tile N3-7 the deuterium is
almost all within 0.5 micron of the surface. The deuterium containing layer
on the sides of the tiles is also several microns thick in some cases. The
profiles for sides N3-12R, N3-12U, and N3-7U were made 0.2, 0.3, and 0.4 cm
from the front-surface edge, respectively. Comparison between the lateral
scans on the sides of the tiles in Fig. 5.11, and the corresponding depth
profiles in Fig. 5.12, show that the flattening of the curves near the front
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surface for tiles N3-7U and N3-12U in Fig. 5.11 occurs where the deuterium-
containing layer becomes thicker than the depth probed by the 700 keV analysis
beam used for the lateral scans. It should be noted that the tiles (N3-7 and
N3-8) with the most deuterium on the sides had small amounts of deuterium on
the front. This suggests that these are regions where net erosion prevents
deuterium build-up on the front surface and where associated deposition of
eroded material in the gaps between the tiles results in high deuterium build-
up on the sides.

Uptake of hydrogen isotopes into the bulk of the graphite has been a
concern for estimating future tritium inventory. Concentrations at the level
of a few atomic ppm can be a significant fraction of the tritium inventory
because of the large amount of graphite in TFTR (2000 kg). The concentration
of D in the bulk of the TFTR bumper limiter was determined by measuring the
NRA yield on a freshly fractured surface on one of the tiles. Tile N3-12 was
selected because it was from the midplane where there is close contact with
the plasma and because it had a large amount of deuterium on the front surface
(see Fig. 5.3). A slot was cut from the back of the tile to within 1.5 cm of
the front surface. After careful removal of dust from cutting, the tile was
split to expose a fresh surface perpendicular to the plasma-facing surface.
The tile was placed in the analysis chamber which was pumped out within one
minute of splitting the tile. The areal density of near-surface deuterium was
measured by NRA using a 700 keV analysis beam within 15 minutes of splitting
the tile. The areal density of near-surface deuterium on the fresh surface
was (4 = 2) x 1012 D/cm2, corresponding to a bulk concentration of (0.4 * 0.2)
atomic ppm. This measurement was made at a spot 2 mm beneath the surface
exposed to the plasma.

5.3.1.4 Tritium Analysis

Approximately 6 x 1018 tritium atoms have been produced by D(d,p)T
nuclear reactions in TFTR plasmas since the bumper limiter was installed
[1]. Some of this tritium has been retained on the limiter along with the
deuterium. The areal density of tritium on the limiter was determined by
dissolving pieces of the tiles and measuring the activity of the solution by
liquid scintillator counting. The areal density of tritium was measured on
tiles N3 - 13, N3 - 7, and N3 - 15 and a wall coupon to be 2.7 x 1012, 1.9 x
1012, 1.0 x 1013 and 1.4 x 1012 T/cm2, respectively. Assuming these values
are representative of regions of low deposition, high deposition, and the wall
we can estimate the amount of tritium retained in TFTR to be about 1.3 x 1018
tritium atoms on the limiter and 1.4 x 1018 tritium atoms on the wall. Thus,
about one-half of the amount of T produced has remained in TFTR.
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5.3.1.5 Microscopy

SEM microscopy of the surfaces of tiles in the areas with a moderate
amount of metallic deposition show a morphology illustrated in Fig. 5.13. The
peak-to-valley height of the features in the high deposition region is < 30
um; in the clean areas the features are an order of magnitude smaller. ~ The
furrowed features make an angle of ~45 degrees with respect to the poloidal
direction in TFTR. SEM backscattering images of this area show it to be
entirely uniform in composition. A cross section of this area shown in Fig.
5.14 indicates the total thickness and the local relief. This sample was
taken from the surface of a tile in the moderate deposition region near the
midplane of the bumper limiter. It shows a rough layer of deposited material
from 20 to 40 um thick. This structure is uniform over the plasma-facing
surface of the tile. Beta backscattering measurements show that this area has
a metal areal density of ~6.5 «x 1017 atoms/cm©. Despite the variation of the
thickness of the deposit on the scale of 10 um, the average thickness (~20
microns) remains uniform for several cm. The average thickness of 20 um is
somewhat in disagreement with the ion beam analysis results, which indicated
that the deuterium containing layers were 5-10 microns thick as shown in the
deuterium profiles in the bottom panel of Fig. 5.12. This difference may be
caused if the deposited layer is porous; the discrepancy, however, is under
further investigation. Also shown in Fig. 5.13 is a surface micrograph of an
area that has been eroded by the plasma. The sides and edges of the tiles are
subject to thicker and less directional deposition. The edge of a tile in a
moderate deposition region is shown in the SEM backscattered image displayed
in Fig. 5.15 along with the backscattered trace along the indicated 1line.
Relative changes in the backscattered amplitude along the trace reflect
variations in the amount of high Z materials incorporated into the deposition
layer at the point of analysis. Figure 5.15 shows striking changes in the
average Z of the different sublayers or bands in the deposit. These strata
represent the residue of two years of operation with the different
compositions resulting from different operating conditions. Figure 5.16 shows
an electron microprobe trace across a similar area. Only the major components
are shown. The top graph indicates the iron, nickel, and chromium
concentrations across the deposit. The features follow the SEM backscattered
trace, although with much less resolution. The nickel concentration increases
relative to the iron at the surface of the deposit, as does the chromium to a
lesser degree. Similar changes were observed in the long term trends of
metallic impurities observed in the plasma during 1985-87 operations period.
The lower graph in Fig. 5.16 compares the total metal to oxygen content of the
deposit. The correlation in this case is not striking and may reflect
differences in in-situ cleaning procedures. Secondary Ion Mass Spectrometry
(SIMS) analysis of a similar area also failed to show any relationship between
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oxygen and metal deposition.

SIMS was used to examine depth versus variation in the concentrations of
carbon, metal, oxygen, and deuterium. When SIMS was used on the layered
deposits, the layers could be seen; however, the lack of correlation between
metals and oxygen was observed as when examined by the electron microprobe.
However, there was a significant matrix effect, which makes interpretation of
the data more difficult. The results on the front surface are also relevant
to an estimate of ¢tritium inventory. In this region the compositional
variation was much less and, hence, the matrix effects were minimized.
Figure 5.17 shows the change in the SIMS count rate as a function of depth on
the front surface of a typical moderately covered tile (as in Fig. 5.13).
Recalling that this surface is rough and that the depth resolution is poor, it
can be seen that the trend of the metal signals is similar to the cross-
sectional microprobe data shown in Fig. 5.16. In particular, the metal
concentration is highest near the interface between the deposited layer and
the graphite substrate. The thickness of the deposited layer in Fig. 5.17 is

approximately 14 um. The oxygen signal follows the metals, as does the
deuterium signal. The concentrations of deuterium, oxygen, and metals
detected increased noticeably with depth. Deuterium depth profiles from

several other areas of the bumper limiter tiles are shown in Fig. 5.18.

5.3.2 Wall Coupons

Graphite coupons were mounted on the wall of TFTR to monitor long-term
deposition of D and impurities. These were exposed facing the plasma between
November 1985 and July 1987. The wall coupons have been analyzed by NRA, RBS,
and PIXE. Deposited material was found to consist mainly of carbon but also
included D, oxygen, and metal impurities. The results are summarized in Table
5.1. Sample set 1 consisted of the six samples exposed only to the first 1770
discharges. Sample set 1R consisted of the five replacement samples to set 1
and were exposed only to the next 8,152 discharges. Samples from set 2 were
exposed to all 9,922 discharges for the 1985-87 operations period. The Table
5.1 gives the mean values and the standard deviation due to variations in
deposition at different locations. The areal density of impurities on set 1 is
twice as high as on the replacement set 1R. This indicates that most of the
impurity deposition on the wall occurred early in the operational period,
i.e., before the March 1986 opening. This may be related to the initial
conditioning of the bumper limiter which involved a large number of plasma
disruptions. In contrast, the areal density of deuterium is 5 times higher on
set 1R than on set 1. This suggests that the deuterium retention on the wall
scales approximately linearly with the number of discharges at a rate of about
5 x 1013 D/cm2 per discharge. The relative fractions of Cr, Fe, and Ni
determined by PIXE analysis are also given in Table 5.1. The high Fe fraction
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shows that stainless steel components rather than Inconel were the dominant
source of impurities reaching the wall. The toroidal variation observed for
deuterium and metal deposition on the wall coupons is shown in Fig. 5.19.

5.3.3 SPS Clips

Stainless steel clips used to mount the surface pumping system (SPS)
getter panels were examined to determine the amounts of carbon and deuterium
deposited on the wall. These clips were located at poloidal angles from 30°
to 90° above and below the midplane in several bays. Beta-backscattering was
used to determine relative areal densities of carbon on the clips. These
measurements were calibrated by measuring the absolute carbon areal density on
a few clips by RBS using a 1.2 MeV helium analysis beam. The areal density of
deuterium was measured by external-beam NRA. Figure 5.20 shows the areal
density of deuterium plotted versus areal density of carbon on the SPS
clips. The amounts of deuterium and carbon varied by about an order of
magnitude. In general there were several items more deuterium and carbon at
the top and bottom of the machine than near the midplane. Since the limiter
is a major source of carbon and neutral deuterium, the fluxes of deuterium and
carbon to the wall are expected to be higher nearer the limiter. The average
areal density of deuterium on the SPS clips was 5.2 x 1017 D/em? which is in
good agreement with the average deposition (5.7 x 1017 D/cm2) observed on the
wall coupons. The average areal density of carbon on the SPS clips was
1.6 x 1018 C/em®. The ratio of average deuterium to average carbon was 0.33
which is close to the saturation value of 0.4, This may indicate that the
rate at which deuterium builds up on the wall is determined by the carbon
deposition rate rather than by the flux of deuterium to the wall.

5.4 Discussion

The surveys of deuterium distribution on the limiter by NRA and of
impurity distribution by beta-backscattering give a consistent picture of
areas of high and low net deposition. Each sector has regions of lowest
deposition above and left of center and below and right of center, and areas
of highest deposition above and right of center and below and left of
center. The midplane also had fairly high deposition. The deposition of
deuterium and impurities on the various toroidal sectors were found to be
similar. This pattern is due to self-shadowing by high spots at the center of
each sector. The measured deuterium areal densities can be used to estimate
the total amount of deuterium in TFTR. First we estimate the amount of
deuterium on the plasma-facing surfaces of the bumper limiter. On the bumper
limiter the regions of high and low deposition have about 6 x 1018 D/cm? and
3 x 10" D/en? respectively (Fig. 5.5). From the beta-backscattering we
estimate that about two thirds of the limiter has high deposition and one
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third has low deposition. This gives about 9 x 1023 deuterium atoms on the
plasma-facing surface of the bumper limiter. Measurements of the amount of
deuterium on the sides of several tiles, shown in Figs. 5.11 and 5.12 together
with microscopy observations of the deposit thickness were used to estimate
that the amount of deuterium on the sides of the tiles is about 6 x 1023
deuterium atoms. The amount of deuterium in the bulk of the bumper limiter is
estimated to be less than 0.4 x 1023 atoms, which is much less than the amount
in near-surface deposits. Finally, the amount of deuterium in deposited
material on the rest of the vacuum vessel wall can be estimated from the mean
areal density measured on the wall coupons and SPS getter clips (~6 x 1017
D/cm® ) times the area of the wall (106 cm2) to be 6 x 1023 deuterium atoms.
Thus, the total amount of deuterium retained on the limiter and wall in TFTR
since the bumper limiter was installed is estimated to be 2.1 «x 1024 atoms
with an uncertainty on the order of * 50%. This is about 3000 times more than
the amount of deuterium in a plasma and about 30% of the total throughput of
deuterium used to fuel the plasmas. Small fractional changes in the amount of
deuterium in the limiter and wall therefore, can cause large relative changes
in the plasma density. The amount of deuterium on the bumper limiter is much
greater than the amount estimated to be on the moveable limiter in a previous
study [9,10]. This is partly due to the higher areal densities of deuterium
on the bumper limiter and partly due to the 10 times larger area of the bumper
limiter. The estimates of total deuterium retention in TFTR can be used to
predict the amount of tritium which will be retained when operation with D-T
plasmas begins. This is a serious issue for TFTR because of the requirement to
minimize the total on-site tritium inventory. If half of the deuterium now in
TFTR were tritium, then there would be 3.8 grams of tritium on the limiter,
and 1.5 grams on the wall. However, this overestimates the tritium retention
likely to occur because the number of D-T plasmas will be much smaller than
the number of deuterium plasmas which produced the deuterium retention we have
measured. In addition, no attempt was made to remove deuterium by discharge
cleaning or helium plasma conditioning as might be used to reduce the tritium
inventory. The number of full power D-T plasmas is restricted to about 200 to
300 by the limit (3 «x 1021) on D-T neutrons produced (see Sec. 2.0), whereas
the deuterium retention we report here is the result of 9,922 deuterium-fueled
plasmas. It is likely that the deuterium retention on the wall and on regions
of thick deposition on the limiter has continued to build-up over the two-year
exposure period. The amount of D-T retained after 300 D-T plasmas should,
therefore, be much less than the amount of deuterium retained after 9,922
deuterium plasmas (see Sec. 7.0).
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5.5 Conclusions

Measurements of areal densities of metals and deuterium show areas of net
deposition of material at the lower left and upper right and at the midplane
in each of the 20 sectors of the bumper limiter. Relatively clean areas,
corresponding to regions of high plasma flux and presumed net erosion, were
found at the lower right and upper left of each sector. The deposited
material was mainly carbon with 20 at % deuterium, 6 at % oxygen, and 1 at %
metal atoms with a deposition depth up to many microns. Using the measured
areal densities of deuterium on the limiter and wall coupons the total amount
of deuterium retained since the installation of the bumper limiter was
estimated to be 1.5 x 1024 atoms on the limiter, and 6 x 1023 atoms on the
wall. The main mechanism for deuterium retention on the limiter and wall is
codeposition rather than implantation. The amount of deuterium retained in
the bulk graphite of the limiter was found to be a small fraction of the
amount in the near-surface region.

“n
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Fig. 5.2. X-NRA sample data for 3He(d,p)4He nuclear reaction analysis of
deuterium in a SeD standard.
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FIG 5.3.

The areal density of metal on the surface of the POCO graphite
tiles of Bay N of the inner bumper limiter of TFTR is displayed
as apparent nickel thickness (grey-scale shown at right) as
measured by Cd 109 beta backscattering.
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densities are also indicated.
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FIG 5.13.

Electron micrographs of the surfaces of two tiles form
and the moderate deposition regions in Fig. 5.3.
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An electron microprobe trace across a cross-section of the layered
deposited material on the side of a tile using a 15 keV, 19.3 naA

electron beam and wave-length dispersive x-ray analysis, The
tile-deposit interface is at about 5 um,; the deposit-potting
material interface is at about 25 yum. The potting material

contains about 25% oxygen. The top plot shows the iron (solid),
nickel (dashed), and chromium (dotted) concentration as a function
of distance from the interface (i.e, machine time) which increases
to the right. The bottom shows that the total metal content of
the deposit (solid) is not always correlated with the oxygen
content (dashed). The relative mix of trannsition metal
components changes approximately as observed in the plasma
impurity measurements during the 1985-87 operation period.
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Fig. 5.17.
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Cesium SIMS depth profile of the plasma-facing surface of a tile
in a moderate deposition region. Note that the deuterium, oxygen,
and metal concentrations increase from the surface to the POCO
graphite interface.



84

‘so113 JajTwr( Jadung jJo sayrjoad yjdep SWIS wnidajneq

(suosdiw) H1d434

I3

e e | 0]

T T I 1 T b_ooo.o
= Jroo0'0 %
g ] o
”l ] _ O-O ﬂ/u
! o
- P
- . v
~ G uodnod jlem Y141 ‘o d
= [®)

1 L 1 1 i 5 I

(suosdiw) H1d430
¢ 2 | o) .

| T I T T #_ooo 0
: “

C ] T
i H ] o
o b O
[ ) P
— —410°0 n/u
- Ny

: a : o
i 1 o
- apIg ewseld 1°0 W
L 2 sjdweg a1 Y14l : 5
T -

] l_ 1 | 1 | i

66H0X88 #

‘gL g 314

(suoJdlw) Hid3d

™

n N — O .

: : _ — 11000°0
X m
8 {1000 &
i | S
: | &
L H>- ] :
- \ <10°0 ©
I N
- (@)
- Teeeealll Py
- 1°0 wv.
| abp3 J o)
- | s|dweg oy Y14l 1
5 1 y L | n_

(suosdiw) Hid3Q

¢ 2 _ 0

: . _ r 1000°0
a l ||... ] H
I | aldwes ail yIdL -_oo 0 o
[ N o
F ] ?
- 10°0
I 4 S
- u O
: i 2
- ) Ao B
: o
- h _




85

-suoTqeado euserd Lg-Gg6l auy3 o3 pasodxa suodnod TTEM Y14l 8U3 uo

paAJasqo uorgisodap Tejaw pue wnTJajnN8p 8yj Jo UOTJEBTJEA TepIoJaol "61°G 314
(bap) 319NV TvAIOHOL
09¢ 00¢ ov2 08l o2l 09 0

T _ _ _ _ 0
B s|e1a 00¢
- 00V
— 009
— 008

a ~
- w 000
suodnod jlem Y141
_ _ _ _ _ 002

¢8v0X88 &

(ZWo/ g0 ALISNIQ 1V 3dV




86

*suorqedado
ewserd )g-6861 ©ou3 03 suorjIsod TTeM TassaA qe pasodxs auoM
yotym sdifo gdS 2yj uo paJanseaw se uoijisodsp uoqJaed “sA umldgagnag "02'§ "914

(, W3/ ,,0D NOSHVO
0l o0Ix2

— T _ T T P I | OIXG

IR

0Ol

Gg*'0=0/04 -

1
1

LJ,I |

| Ol

(,w3/ ,, 0D WAYILNIC

O *SA ( :sishjeuy dijD S4S

1 ! 1 | | N | |
tet0OX88 #




87

6.0 MODELING OF D-T RETENTION

Contributors: Modeling Working Group
R. T. McGrath, Chairman

6.1 Introduction

There are a number of important plasma-material processes which will
affect the tritium operation of TFTR. The buildup of the in-vessel tritium
inventory results from: 1) codeposition of T in hydrocarbon layers, 2)
implantation of energetic T in limiter (graphite) or first-wall surfaces, and
3) diffusion and trapping of T into the bulk graphite. It is important to
understand these processes to keep track of the in-vessel inventory and to
optimize procedures for recovery of the large near-surface (<25 nm) component
through outgassing and isotope exchange. It is also important to understand
the recycling processes taking place at the limiter. These processes
influence particle and energy confinement times and D-T fueling ratios in the
core plasma.

We describe here the development and results of several different
modeling efforts aimed at providing understanding of the plasma-wall processes
described above. Figure 6.1 shows the plasma-wall processes which must be
considered and the various analytical models treating these processes.

The joint effort between Sandia, ANL, and PPPL has resulted in a
combination of computer codes capable of predicting the fuel recycling rates,
as well as permeation and inventory of hydrogen in first-wall components (see
Fig. 6.1). An emphasis has been placed on including an accurate description
of the device geometry, magnetic field structure and edge plasma conditions.

6.2 Recycling Studies on TFTR

6.2.1 H, Emission Studies

H, is a useful indicator of hydrogen ionization since the energy required
to excite H to the n = 3 level is approximately the same as to ionize the
hydrogen atom. HG emission is a function of the electron density, n,, and
temperature To, and the neutral hydrogen population. The neutral particle
distribution can be inferred from a model for neutral atomic and molecular
hydrogen transport in a fixed plasma. Together with a model describing Ha
emission, other quantities can then be calculated from the distribution, such
as ionization rate profiles, wall particle fluxes, and limiter particle
retention rates. Since the neutral density depends on the neutral source
distribution due to recycling plasma, the H, emission also contains
information about the scrape-off plasma [1]. The following discussion will
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cover both the experimental observations and the analysis using the DEGAS
neutral transport code [2].

Diagnostics:

There are two TFTR diagnostics useful for measuring H, emission. One is
the H, Interference Filter Array, HAIFA [3], which views the TFTR inner
limiter from the outside midplane. Five absolutely calibrated channels
measure H, emission through views passing through a vertex at a major radius
of 396cm at angles 0, 7.5, 14, 23, and 30 from the midplane. Assuming up-down
symmetry which is generally true, the HAIFA provides a measure of the total H,
emission in front of the inner limiter, where all of the recycling occurs. A
second diagnostic which measures both the poloidal and toroidal H, variation
is a TV camera, filtered to observe light in the vicinity of the H, line.

H, observations:

In order to determine functional dependencies of H, emission, we have
surveyed H, behavior in TFTR over the 16-day period from June 17 to July 2,
1987, during which over 500 inner limiter discharges were made. DEGAS was
used to examine in detail a representative subset of these discharges. From
this study we determined variations with line-averaged density, ﬁe, of the
total H, emission, the core recycling refueling, the particle scrape-off
length, and average core particle confinement time.

A plot of the average H, emission in front of the inner limiter versus Ng
is given in Fig. 6.2, for the survey of discharges. All useable discharges
between June 17 and July 2, 1987, are shown including:

® Ohmically heated (OH) discharges, where the H, emission was measured during
the current flat-top.

® Neutral beam injection (NBI) discharges, where the H, was measured both
during the initial OH period, and during the density flattop typically
ocecurring after 500-600 ms of beam injection.

Only dueterium fueled discharges are included. In particular, helium fueled
"conditioning" discharges are excluded [U4]. Fig. 6.2 shows that the H,
emission from small (minor radius, a, less than 0.70 m), and large (a >
0.80 m) discharges behave similarly with fig-

A model for the emission:

The three-dimensional DEGAS neutral transport code was used to examine in
detail selected discharges from the survey. The model faithfully reproduced
the device geometry. Plasma flux surfaces were assumed to be circular. The

ot
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most important neutral/plasma reactions are included in the calculation. The
core plasma parameters were calculated by the SNAP program, which analyzes the
data from plasma diagnostics, imposing particle and energy balances to compute
a self-consistent picture of a discharge.

No direct measurements of the scrape-off plasma in the limiter region
were included in this simulation. Scrape-off plasma density and temperature
decay lengths, as well as particle decay lengths were inferred indirectly from
a comparison between the measured and calculated H, distribution. A decay
length was assumed, from which an ion limiter flux was calculated. The
calculated H, profile was then compared to the measured profile, Fig. 6.3, and
the scrape-off length was adjusted until a reasonable fit was obtained.

Calculated recycling rates:

Results from the survey sampling using the DEGAS model are given in
Table 6.1. We introduce in these tables the quantity I, defined as the ratio
of calculated ionizations in the plasma core to the average H . We may expect
I to be roughly constant, since the cross-sections for atomic hydrogen
ionization vary with n, and T similarly to the cross-section for excitation to
the n = 3 level. For the OH discharges, the average value of I is I = 2.72 x
107 (s-r-cm) ph'1 . Since I varies little for ﬁe from 0.5 to 5.0 «x 1019 m'3,
it can serve as a convenient measure of core refueling due to limiter
recycling, as is customarily assumed [5]. Excluding discharge 31243, which is
not well understood, I is also relatively constant for NBI discharges,
averaging I = 2.04 «x 107 S-r-cm ph . As noted above, NBI-heated discharges,
which have hotter edges, have higher average Ha emissions than OH discharges
for a given f,, which may be the reason for the lower I. The calculated
particle scrape-off lengths which best reproduced the observed radiation
varied from 2.5 to 8 cm, decreasing with increasing plasma current. The
calculated Ha distribution was very sensitive to scrape-off length.

6.2.2 The Wall Loading Experiment

The wall loading experiment described in Sec. 4.2.2 was used as a sample
set of discharges to calculate changes in recyeling from the H, emission
measurements. The experiment consisted of a conditioning sequence of seven
1.4 MA He discharges, followed by eleven 0.8 MA D fiducial discharges. These
discharges were programmed to a density of n = 1.25 x 1019 m'3, at which time
the deuterium gas feed was turned off to allow the density to decay to the
recycling limit. The particle confinement time, Tp and global recycling
coefficient, R, were calculated by solving the global particle balance
equation:

N*(t)
T
p

dN*(t)

at =S +G -

(6.1)
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at time t. Here N* (t) is the total core ion population at time t, G is the
measured gas fueling rate, S is the source in the core due to ionization of
neutral particles, and 1, is the average time that an ion stays in the core.
Given N* and dN*/dt, Eq. (6.1) can be solved for tp- Further, given tge global
density decay time, v, when the external sources are zero so that dN (t)/dt =
N*/r;, the %}obal recycling coefficient for deuterium, R, is determined from

R=1- Tp/'l.'p.

The total deuterium ion population can be expressed as N* = f +<ng> Vv
where the fD* is the average ratio of the deuterium density, n 4+ over the
electron density, ﬁe, and is determined from spectroscopic data; {ng> is the
volume-averaged electron density; and V is the plasma volume. Assuming a
parabolic density profile, then <ng> is 0.75 times the measured line-averaged
electron density. During the entire sequence f + = 0.85 and g = 1.25 x 1019
m=3, so that N* = 2.35 x 1020, The densié% decay rate, dN*(t)/dt, was
calculated using this value of N* and the measured values of T during the gas
loading sequence (Fig. 6.4).

The remaining term in Eq. (6.1), the ion recycling source S, was
calculated from analysis of H, measurements using a three-dimensional DEGAS
code as described in Sec. 6.2.1. The resulting values of t_ varied from 0.16

to 0.18 s. Using an average 1, of 0.17 s, the computed global recycling
coefficients varied from 0.61 at the beginning of the sequence to 0.82 at the
end (Table 6.2). The calculated ion particle current Q increased

correspondingly from 2.17 «x 1021 D*/s to 3.1 x 102! D*/s. The calculated
limiter pumping efficiency, p, which is the fraction of particle flux removed
by the limiter, decreased over the sequence from 0.085 to 0.025.

6.3 Carbon Transport in the TFTR Edge Region

Carbon impurity generation through sputtering on the limiter surface and
the subsequent transport of carbon in the plasma edge region is being
investigated using the Redep code [6-9]. The model includes a full three-
dimensional description of the inner bumper geometry as well as the full
structure of the magnetic field. This three dimensional description is an
essential element of the analysis since the geometry leads to large shadowed
areas on each of the bays of the inner bumper. The field line structure in
TFTR is such that the upper left and lower right quadrants of each bay, as

viewed from the plasma, receive direct incident particle flux. In these
areas, the surface concentrations of deuterium are low, 0.2 x 1018 D/cm2, and
the graphite appears to have experienced net erosion (see Sec. 5). On

shadowed portions .of the bays, upper right and lower left quadrants,
connection lengths are only about 1 m. In these regions, large accumulations
of metallic impurities are observed, 100 - 200 nm, as well as the buildup of a

.
*,
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thick carbon layer rich with codeposited deuterium at areal densities of
2 -3 x 10'® p/em2.

The observed surface conditions are consistent with the carbon and metal
atom transport descriptions produced by Redep [8]. The calculations show that
impurity atoms migrate from regions of high incident particle flux to regions
of low flux. The migration takes place in a series of short range steps,
described as follows. A sputtered neutral is ejected from the surface. It
travels a short distance, only a few mm, before undergoing electron impact
ionization. The impurity ion flows with the local plasma along the field
lines, eventually returning to the limiter surface where it initiates self-
sputtering. On the TFTR inner bumper, impurities migrate to the boundaries of
the unshadowed regions. From there neutral atoms ejected from the surface at
shallow angles need only travel a short distance through the edge plasma
before entering one of the shadowed zones where mean-free paths are much
longer. Impurities deposited on one of the shadowed surfaces are trapped
there since only charge exchange flux is available to further drive the
migration process.

The Redep model requires an accurate description of the sputter erosion
processes taking place on the limiter surface. This includes 1) the effects
of simultaneous bombardment by hydrogen isotopes and impurity fluxes, 2)
variations in carbon yields with changing surface hydrogen concentrations, 3)
the effects of sheath structure and glancing incident magnetic field angle on
the energies and angles of incident carbon and hydrogen ions. Items 1 and 2
are discussed below in Secs. 6.4 and 6.5. Information on the sheath and
magnetic field geometry is provided using a self-consistent sheath model
applied to TFTR edge plasma conditions and limiter geometry [9,10]. The
sheath parameters and sheath acceleration of hydrogen ions and of carbon ions
(primarily c+3 produced in the plasma edge region, and C+6 produced in the
plasma core) are computed. These results are then used in the combined
Redep/MEASTRI model, described below.

There is a strong evidence from laboratory experiments and some tokamaks
that chemical erosion at graphite surfaces produces hydrocarbons. Therefore,
in addition to the modeling of sputtered carbon discussed above we are
developing a program to study carbon evolution from hydrocarbons (mainly
methane) released at the edge in TFTR. We have assembled a data base for
carbon and hydrocarbons interacting with a hydrogen plasma, and have begun
development of a model of hydrocarbon transport at the edge of TFTR based on
the neutral transport code DEGAS [11,12].

In contrast to the behavior of physically sputtered carbon, methane must
be degraded by plasma reactions until carbon atoms and ions form, after which
they can be followed as in the physically sputtered carbon case. The
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destruction process for hydrocarbons involves several stages in which ions can
become neutrals and vice-versa. Therefore, it is necessary to treat both
neutral and ion transport to model hydrocarbons at the edge. A complete code
has to contain a wide variety of physical processes to model the hydrocarbon
transport. It must include all plasma reactions and the dynamics of these
reactions which change energy and momentum. Molecular ions will undergo
thermalizing collisions and they can be accelerated by electric fields,
frictional and thermal forces, as well as subject to diffusion across field
lines and acceleration along field lines. At the present time we have
modified the DEGAS neutral transport code to follow the breakdown of a complex
hydrocarbon, and have included only the effects of the change in energy and
momentum due to these reactions. At present the ioniec forms of the
hydrocarbon are not followed, being kept fixed at their creation point, but in
the future we intend to develop algorithms to follow the ionic stage.

The hydrocarbon version of the DEGAS code has been used to model the DITE
graphite probe experiments, and has recently been applied to model TFTR for an
ohmic plasma. Preliminary results show that the carbon distribution is
broader than that of methane, which is stopped very close to the limiter. The
hydrogen atoms produced from the destruction of methane have a different
distribution from that of carbon, tending to penetrate further into the
plasma. We expect these models to be useful in understanding impurity
production in TFTR, but it is still too early to make any predictions.
Coupling the DEGAS modeling with Redep should be interesting as we will be
able to compare the erosion and redeposition of physically sputtered and
chemically released carbon in TFTR.

The large concentrations of deuterium in the codeposited carbon layers on
the TFTR first-wall (see Sec. 5) imply that fuel atoms follow trajectories
similar to those of the sputtered carbon and are subsequently trapped in
codeposited layers. A comparison of carbon transport predicted by Redep,
which does not include hydrocarbons, with the results predicted by DEGAS is in
progress. The results of both calculations will be used to investigate
further the observed deposited layers on the inner bumper limiter. More
detailed carbon impurity generation and transport will be estimated for a
variety of representative TFTR edge plasma conditions corresponding to
different operational conditions, ie ohmic discharges at different plasma
radii, NBI shots at various power levels, etc. We have reproduced the
erosion/redeposition patterns that have been observed on the inner bumper
limiter. More detailed comparisons of these analytical results with the
experimental measurements should provide a calibration of the parameters used
in the code [8].
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6.4 MEASTRI: A Hybrid Analytical/Monte Carlo Code for Particle Transport
in Solids

The computer code MEASTRI has been developed to describe the evolution of
near-surface composition and sputtered particle fluxes for a material exposed
to an energetic D-T plasma containing impurities [13]. The code requires as
inputs the incident plasma particle fluxes, their energy and angular
distributions, and the initial sputtering coefficients. The near-surface
concentration profiles are calculated by the code, including the effects of
saturation and isotope exchange. The fluxes of sputtered, recycled, and
reflected particles are predicted. Also calculated are the instantaneous
inventories of deuterium, tritium, and the various impurities.

MEASTRI is currently being used in an interactive procedure with the
Redep code to obtain an improved description of the effects of redeposition on
tritium inventory and limiter erosion and deposition [9]. For this
application a subroutine YKI has been written for direct incorporation into
Redep. The subroutine provides rapid and accurate evaluation of the sputtered
particle fluxes over the entire limiter. The sputtered fluxes from the surface
are conveniently described in terms of effective sputtering coefficients. For
simultaneous carbon and hydrogen implantation into graphite the effective
sputtering coefficients decrease with particle fluence since the implanted
hydrogen interferes with the carbon-carbon sputtering, which provides the
major contribution to erosion. Table 6.3 shows typical results for carbon and
deuterium energies and fluxes characteristic of a central portion of the TFTR
limiter. The tabulated effective sputtering yields show the decrease of Y
with fluence, but an increase of Y with incident angle.

The recent removal of limiter tiles from TFTR offers a unique opportunity
to compare the predictions of Redep/MEASTRI with experimental measurements of
carbon erosion/redeposition, and hydrogen inventory buildup in these
structures. We have used Redep (with YKI) to obtain representative, spatially
dependent impurity fluxes on the limiter. Spatial and energy-dependent
deuterium fluxes to the surface are provided by the Flux 3D program which is
calibrated against the available TFTR edge diagnostics. These fluxes are then
used to obtain net erosion/redeposition over the life of the limiter, with
some corrections for the He conditioning discharges that were periodically
performed.

These fluxes are also be used as input to the full MEASTRI code. On the
unshadowed portions of the limiter this calculation will estimate the
recycling coefficient as a function of limiter conditioning, which depends on
the number and nature of shots since the last He conditioning sequence. This
analysis will be carried out at a variety of positions on the limiter. The
results obtained will be compared with estimates of the global recycling
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coefficient obtained in the H, analysis described in Sec. 6.2. On both the
shadowed and the unshadowed portions of the limiter, MEASTRI has been used to
provide estimates of hydrogen (and impurity) concentrations in the near-
surface layer, with the spatial dependence again provided by Flux 3D and Redep
[13]. Comparisons of these results with the experimental measurements provide
a calibration of the parameter base which goes into these codes.

6.5 Preliminary Results of the Redep/MEASTRI Model

Initial results from the combined Redep/MEASTRI model provide some
insight into a possible mechanism for the high plasma carbon concentrations in
TFTR discharges following limiter conditioning. The calculations predict high
carbon self-sputtering cascades due to near-unity carbon self-sputtering
coefficients in hydrogen-depleted carbon surface layers [9].

Initially the active surface area of the bumper limiter, that receiving
direct charged particle flux, has been depleted of near surface deuterium
through He conditioning. The conditioning is followed by a series of
identical ohmic discharges. The charged particle flux onto the limiter
surface as a function of poloidal angle above or below the outboard midplane
is shown in Figure 6.5. The flux varies with changing angle of incidence and
with increasing distance from the last closed flux surface (plasma minor
radius = 0.80 m, bumper limiter minor radius = 1.0 m). Also shown is the
plasma temperature at the surface of the bumper. The calculations reported
here are performed in a two-dimensional geometry, so deviations from full
toroidal symmetry have not been included. The flux and temperature values
used here are roughly consistent with estimates of the edge plasma conditions
required to reproduce the observed D, behavior on the inner bumper (see Sec.
6.2.1).

Using the Redep/MEASTRI model, these fluxes are applied to the inner
bumper and the time dependence of the deuterium concentration in the near
surface layer is calculated. Figure 6.6 shows the predicted time dependence
of the yields for self and deuterium sputtering across the limiter surface.
Near the center of the bumper limiter self-sputtering yields for carbon are
very close to unity just after conditioning (t = 3.7 s). In fact, for a
surface fully depleted of deuterium, MEASTRI predicts self-sputtering yields
slightly in excess of one on some portions of the limiter, and the Redep
calculation is unstable. 1In reality the surface is probably never completely
depleted of deuterium and we begin the calculations with a few percent
deuterium still resident in the carbon surface. As the discharges progress,
deuterium builds up in the near-surface layers, and the sputtering yields
decrease as described in Sec. 6.4. The spatial profiles for this build up are
shown in Figure 6.7.

+
*)
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The local deuterium concentrations are averaged over the poloidal extent
of the limiter and the averaged values as a function of plasma exposure time,
are shown in Figure 6.8. In these calculations the near surface D inventory
increases rapidly, then levels off to a steady state value of about 28% after
about 25 plasma-seconds (four, 6 sec discharges). The level of saturation is
consistent with NRA measurements of the near-surface D concentration made on
tile samples removed from the machine (see Sec. 5). In the Redep calculation,
we also follow the C impurity concentration in the core plasma. Figure 6.8
also shows that the initial C concentration (nC/nD) in the plasma is
calculated to be almost 20%. On successive discharges the core plasma carbon
concentration decreases as the carbon sputtering yields decreases. The core
plasma carbon concentration reaches a steady state level of 7% after about 25
plasma seconds. This time dependence is reasonably consistent with the
observed rate of change of Z-effective reported by Ramsey [14] for a
deconditioning sequence of ohmic discharges (Fig. 6.9). Additional work needs
to be completed to determine if the deuterium recycling behavior (rate of
limiter saturation) predicted by the model is consistent with the observed
increases in electron density and Da brightness that occur during these
deconditioning sequences.

6.6 The FDTD Model

Figure 6.10 shows results from an example calculation of a 1.4 Mj,
ohmically heated discharge on the movable limiter in TFTR using the
DEGAS/DIFFUSE combination. The evolution of the particle population was
calculated at a number of representative sites on the limiter and vacuum
vessel wall, during and between a number of cycles of ohmic discharges.
(Fig. 6.10). The moveable limiter saturated quickly during each discharge,
reaching 100% recycle within 0.5 s. The first wall received a much smaller
ion flux than did the 1limiter, and acted as a sink during the entire
discharge. However, after a large number of cycles the wall retained
approximately as many particles as the limiter.

A bumper limiter discharge, with a similar 1.4 MA ohmic plasma, was also
modelled. Figure 6.10 shows a comparison of the calculated overall recycling
for the bumper limiter and for the moveable limiter. The bumper limiter
recycling is substantially less.

Some of the analysis discussed in the earlier sections could be used to
improve the FDTD model. For instance, FDTD currently uses the Local Mixing
Model to estimate near-surface retention. This should be replaced by the more
sophisticated MEASTRI model. FDTD is most appropriate for high temperature
limiter operation (700°C or greater). It is most applicable then to operation
of the TFTR moveable limiter (which has been removed from the machine) or to
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the inner bumper limiter on TFTR when full input power (>30 MW) is reached.
Presently, our efforts are concentrating on understanding the operation of the

inner bumper limiter on TFTR where surface temperatures are below 300°C
(characteristic of the 1985-87 operations period). Therefore, no improvements -
in the FDTD model are scheduled for the immediate future.
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TABLE 6.1

Calculated Confinement Times
and Scrape-off Lengths

Shot No. a n, P I X

(em) (Ma) (1013/cm3) (MW) (107cm2sr/ph) (1021/cm2—s)(cm)
Ohmic Discharges
31452 81 0.91 0.48 0.61 2.36 0.14 7.5
31456 81 0.91 0.55 0.64 2.68 0.25 7.5
31475 81 1.01 0.72 0.66 2.38 0.30 7.0
31362 66 1.00 1.00 0.67 2.56 0.34 5.0
31526 81 1.01 1.29 0.58 2.12 3.43 6.0
31835 71 1.21 1.82 0.72 2.82 4. 67 6.2
31919 71 1.61 2.23 1.41 3.24 14.8 4.0
31817 71 1.20 2.51 0.75 2.50 9.45 4.0
31922 71 1.61 3.1 1.22 2.88 1.4 5.0
31921 71 1.61 3.68 1.38 3.54 28.4 4.0
31930 71 1.61 4.38 1.40 2.86 20.9 2.5
Neutral Beam Discharges

31243 80 0.60 1.05 2.87 5.44 2.92 8.0
31440 80 0.80 1.32 7.2 2.14 4.89 6.0
31478 81 1.01 1.60 7.3 2.26 8.28 5.5
31531 81 1.01 1.95 7.9 2.50 13.0 5.5
31700 81 1.81 3.04 7.4 2.18 33.3 6.0
31614 81 1.81 3.47 9.3 1.48 58.9 5.0
31613 81 1.81 4.08 7.7 1.68 103.0 5.0

S OO O 0O OO0 OO OO OO

.43
.70
.37
.24
.07
.1
.07
L1
.10
.07
.14

t‘.
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TABLE 6.2: Gas Loading Results

S G TE; R r* p
SHOT (1029/5) (1029/s) (s) (1021/s)
27634 8.2 4.8 0.44 0.61 2.17 0.085
27637 11.6 1.9 0.69 0.75 2.81 0.043
27645 13.2 1.5 0.94 0.82 3.10 0.025

All quantities are at the moment before gas cutoff (t = 2 s).

The recycling coefficient R was calculated using T = 0.17.
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Test Calculations of effective sputtering yields

for the exposure of graphite to D + C plasma

Alpha = 0. degrees

Time

O NN FWMN =2 OO0

W NN s
O o v O

O U EWN OO

W NN o
O O U1 O W,m o

.01
.10
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
4o.

00

.01
.10
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

yce

O OO O OO0 0O OO O0OO0O OO oo

.5897
.5871
.5609
.5338
5134
.5012
L4947
L4911
L4870
L4851
.4800
4801
L4799
L4799
4799

§0. degrees

ycc

1
1
0
0
0
0

O O OO OO O O O

. 1869
. 1607
.9858
.9025
.8584
.8389
.8122
.7993
.7830
L7737
.7609
L7649
.75U46
. 7546
. 7546

yed

0.0002
0.0021
0.0211
0.0481Y
0.0546
0.0631
0.0676
0.0701
0.0728
0.0741
0.0776
0.0776
0.0776
0.0776
0.0776

yed

0.0022
0.0212
. 1443
.1998
.2282
.2458
.2578
.2667
2779
.2829
.2981
.2935
.2933
.2933
.2933

o

O O O O OO 0O 0O OO OO oo

_yde _ydd

0.0200 0.0000
0.0199 0.0001
0.0188 0.0007
0.0172 0.0014
0.0152 0.0019
0.0133 0.0022
0.0119 0.0023
0.0110 0.0024
0.0101 0.0025
0.0097 0.0025
0.0089 0.0027
0.0889 0.0027
0.0089 0.0027
0.0089 0.0027
0.0089 0.0027
yde ydd

0.0402 0.0001
0.0389 0.0007
0.0288 0.0049
0.0232 0.0069
0.0200 0.0079
0.0193 0.0085
0.0186 0.0089
0.0181 0.0092
0.0175 0.0098
0.0172 0.0098
0.0168 0.0104
0.0167 0.0102
0.0167 0.0102
0.0167 0.0102
0.0167 0.0102
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(a) Total predicted particle population in the moveable limiter
during a sequence of 24 identical 1.4 MA OH discharge cycles. The
dashed curve is a fit which varies as the square-root of the
discharge cycle number. (b) Ratios of the total particle outflux
over the total flux on to the moveable and inner limiters during
the model 1.4 MA OH discharge. At the moveable limiter, this
ratio reaches almost unity in less than 1 sec, while at the bumper
limiter it peaks at only 0.9.
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7.0 ESTIMATES OF TRITIUM INVENTORY

Contributors: Tritium Inventory Working Group
A. E. Pontau, Chairman

7.1 Introduction

We estimate the total tritium inventory in TFTR using two methods. The
first method involves estimating total tritium in each TFTR component
separately, and then summing the individual estimates. For example, for the
bumper limiter we (a) measure the total deuterium present in TFTR following
the 1985-87 operations period which exposed the first-wall components to 9922
high power, deuterium-fueled discharges, numerous disruptions, and various
wall conditioning campaigns (Sec. 5), and then (b) scale this deuterium
inventory to obtain a tritium total. Both steps (a) and (b) are difficult.
The final series of discharges in the 1985-87 run period were deuterium pellet
fueled. It is believed that these high-density discharges left the limiter
surfaces saturated with deuterium. The distribution of deuterium is different
on each bumper limiter tile; only a small subset can be measured for
determination of total deuterium retained. Once we establish the total
deuterium retention, scaling to tritium operation is still not obvious. We
have elected to use total hydrogenic fueling as our scaling factor for the
dominant codeposition process on all in-vessel components, as opposed to other
possibilities such as the number of discharges or number of disruptions. This
assumption of linearity is based on wall coupon data, which showed about 1017
D/cm2 for about 2000 discharges and 6 x 1017 D/cm2 for 9922 similar
discharges, averaging about 10 torr-liters of fueling per discharge (Sec.
4). We conduct our analysis on a baseline case of 600 D-T neutral-beam-fueled
discharges. For each of these discharges, practically all of the plasma
fueling is provided by two deuterium and two tritium 120 keV neutral beams of
2 s duration. The 600 discharges are nearly twice the maximum number of
allowed high-Q discharges based on neutron activation limits (Sec. 2). This
should allow for some operational flexibility to select lower Q discharges.
More fueling will be necessary for these high-power discharges than for
previous run periods — about 66 torr-liters (D2 + T2) per discharge (see
Table 2.1). We require as-yet unverified assumptions for our final tritium
inventory estimate that limit its accuracy to the order of a factor of two.

Our second method for estimating the tritium inventory is based on a
particle accounting study involving a small number of high power NB-fueled
deuterium discharges (Sec. 2.3). We use estimates of the total fraction of
tritium retained to predict the shot-to-shot evolution of the inventory in
support of the proposed operating scenario (Sec. 2.0). Uncertainties in this
analysis result from the limited data base used.
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7.2 Estimate of TFTR Tritium Inventory by Component

In this section, an outline of our tritium inventory estimate is given
for each component exposed to tritium plasma or gas.

7.2.1 Bumper Limiter 1.4 gT

The Bumper Limiter (BL), is composed of about two tons of POCO AXF-5Q
graphite. The BL is the primary source of plasma-eroded carbon, which
redeposits throughout the machine, and will serve as the predominant reservoir
for tritium retention in TFTR. We will treat the BL in three parts: plasma-
facing surfaces, protected surfaces, and the graphite bulk.

We divide the BL plasma-facing surface into two regions based on beta
backscattering and Nuclear Reaction Analysis (NRA) measurements of TFTR BL
tiles following 9922 mostly D-fueled discharges (Sec. 5.3.1). A relatively
"clean" region makes up approximately 1/3 of the limiter surface area. Here
plasma contact was intense and net erosion occurred; a low amount of metallic
impurities and deuterium (averaging 3 x 1017 D/cmz) was observed. The other
2/3 of the limiter surface area showed significant deposition of carbon and
metallic impurities, codeposited with about 6 x 1018 D/cm2. In this region,
NRA depth profiles of deuterium on two tiles indicated that deuterium did not
extend beyond a depth equivalent to 1.4 mgC/cm2 (8 um for 1.8 g/cm3 carbon),
but optical and SEM observations of other tiles showed much thicker deposits
(30 ym or more) where deuterium could be trapped (Sec. 5.3). We do not fully
understand the conflicting indications. The different apparent thickness may
be due, in part, to an extended NRA range in low-density carbon/deuterium

deposits.

7.2.1.1 Bumper Limiter Plasma-Facing Surfaces: 0.8 gT

For tritium operations, the same areal ratio (1.2) between low-deposition
and high-deposition regions on the BL should be produced. In the 1low-
deposition area, tritium will build up in a few discharges to 1.5 x 1017 /cm?
and remain at that level [equivalent to 1/2 of the 3 «x 1017 D/cm2 observed
during the 1985-87 D-D operations accounting for 50/50 D-T fueling] (Sec.
5.3.1). This tritium will be contained in a saturated near-surface layer
allowing exchange with the plasma during discharges. In high-deposition
regions, only 1/6 as much codeposited tritium will build up during D-T
operations, as deuterium did during D-D operations because of the lower total
fuel load and because only half of the D-T buildup will be tritium.
Therefore, 1018 T/em® is expected on the high-deposition area. Even if the
amount of deposited tritium were more, it should be removable (possibly using
H, D, or He/O, glow discharge cleaning). This assumption means that the
possibility of heavier D-T deposits implied by microscopy should not be a
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problem. Multiplying these average tritium levels by the BL surface area
gives the following contributions to the inventory: low-deposition area = 0.06
gT, high-deposition area = 0.73 gT.

7.2.1.2 Bumper Limiter Hidden Surfaces: 0.55 gT

It is more difficult to estimate the amount of deuterium on the sides of
tiles than on the front face because of the steep gradient in deuterium levels
observed as a function of distance from the front face, and because different
sides of each measured tile have different deuterium levels. An area of
relatively thick deposition exists on the side surfaces on nearly half of the
BL tiles. This area is as much as 100 um thick at the tile front edge and
becomes thinner than a few um within about 8 mm of the tile front. At points
2-4 mm or more from the tile front edge, deuterium was directly measurable
using NRA depth profiles. Nearer the front edge, micrographs of the deposit
thickness and NRA measurements of the deuterium loading vs. depth in typical
deposits (~0.1 D/C) are used to estimate the maximum deuterium deposition
occurring on the tile surfaces. Our best estimate of the average amount of
deuterium occurring on the side surfaces of tiles is 1.7 x 1020 D/tile, or
6.3 x 1023 deuterium for all of the ~1920 BL tiles. The same scaling
assumptions as above for codeposited layers are used to calculate the tritium
inventory. It will be much more difficult to remove codeposited tritium from
protected surfaces than from the front face of tiles.

7.2.1.3 Bumper Limiter Bulk: 0.1 gT

Tritium Plasma Experiment (TPX) measurements, where there is a 5 mtorr
neutral gas pressure, indicate that, at elevated temperature, it is possible
to get 10-15 ppm D-T into carbon [1] especially into carbon which has been
conditioned by exposure to TFTR plasmas [3]. However, NRA of one sectioned
tile gave a low bulk inventory (0.4 % 0.2 ppm D-T) (Sec. 5.3.1). The gas
pressure with the plasma may be required to obtain the larger bulk
inventory. Using Secondary Ion Mass Spectrometry (SIMS) and NRA, up to 1% H
is observed in bulk graphite (Sec. 3). Experimentally, it has not been
possible to exchange tritium or deuterium with the H; therefore, this level of
exchange should not occur in TFTR. For our inventory estimate, we assume that
0.6 ppm D-T will be retained in the BL bulk.

On the other hand, if the bulk of the tiles are heated (perhaps, during
discharge cleaning), D-T could transport into the graphite to a 10 ppm
level. Tritium retention at 5 ppm for the entire BL would be equivalent to
1.6 gT.
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7.2.2 Vacuum Vessel Wall: 0.37 gT

NRA of codeposited layers on wall coupons indicated an average of about
6 x 1017 D/em® after the 9922 discharge exposure (Sec.5.3.2). A similar
average was found for hundreds of measurements on surface pumping system (Zr-
Al getter) fixtures on the wall. Several beta backscattering measurements and
visual observations indicate that the deposits may be somewhat thicker on the
top and bottom of the machine than near the midplane where many of the wall
samples were located. It appears that deuterium levels scale with deposit
thickness at different geometric positions. As indicated above, they also
seem to scale with a number of discharges for a given position (Sec. 5.1).

We assume that the appropriate surface area to use for wall deposition is
the 110 m2 projected area even though there are pump ducts and other
geometrical variations in the vessel. The 6 x 1017 D/cme retention observed
from the last run period is scaled for the D-T phase by the ratio of total
fueling. Discharge cleaning techniques should be effective in minimizing
these deposits.

7.2.3 TiC-Coated Neutral Beam Armor: 0.2 gT

The codeposition process over the armor surface area will contribute 0.05
gT to the inventory. From accelerator experiments, the behavior of tritium in
TiC is similar to tritium in C [3]. TRIM code [U4] calculations give a value
of ~0.8 um range for 120 keV tritium normally incident onto TiC. If tritium
beams strike half of the armor surface with a maximum T/TiC loading ratio of
0.25 in the coating, the total near-surface capacity is 0.27 gT; but this
capacity will not be totally filled.

For the portion of the armor with maximum NB shinethrough, temperatures
will exceed 700°C and tritium will be transported into the bulk carbon.
However, the maximum bulk level is no more than 1.5 x 1018 T/cm3 for the
carbon substrate [1], and the hot area is 1250 cm® total for two tritium
beams. Even if the total carbon volume in these hot zones fills to the
saturation level, there will be only 0.03 gT in the bulk.

For the area not heated to such high temperatures, we assume that all
incident 120 keV tritium is retained. The flux to this cooler part of the
tritium-beam armor area averages as much as 0.1 kw/cm® over ~4000 em®. This
total amount of tritium is equivalent to about 0.12 gT, which is implanted in
the near-surface region of the TiC coating.

7.2.4 Neutral Beamline Surfaces: 0.2 gT

The total surface area for each of the four neutral beamlines is 1641 m2
of which 423 m® is painted with a black paint for high emissivity. Most of
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these areas constitute cryopanels at liquid nitrogen (LN) or liquid helium
(LHe) temperature. The deuterium beamlines will adsorb negligible amounts of
tritium gas. We anticipate separately warming each set of TNB LHe panels to
LN temperature periodically to retrieve tritium gas. For 600 D-T discharges,
each TNB line will be exposed to a total of about 1.1 torr-hour of Ts. In
laboratory studies, exposure of most beamline materials to 1 torr-hour of T,
gas at room temperature yielded 2 «x 101u T/em® for unpainted surfaces, and
2 x 1015 T/cm2 or less for painted surfaces (Sec. 3.2.1). An integrated
tritium level of 0.05 gT per beamline results, which we multiply by four to
allow for the possibility of fueling any of the beamlines with tritium,

We assume that tritium in the tritium NB sources will be negligible since
they are relatively small in size (0.1 m? per source). There is still
considerable uncertainty about ¢tritium behavior in the neutral beam area
because 1) the presence of extra atomic tritium from the source, 2) the large
surface area at LN temperature, or 3) the possibility of conversion of T, gas
to tritiated water or hydrocarbons could result in increased adsorption or
condensation on surfaces. These issues may affect operating scenarios by
requiring more frequent regeneration of LN cryopanels, but are not expected to

adversely impact the ultimate tritium inventory.

7.2.5 Copper Ion Dumps and Calorimeters: 0.15 gT

Detailed calculations of tritium retention in TFTR NB ion dumps and
calorimeters were performed using the DIFFUSE code [5]. The calculations
predicted a total tritium retention of 4.8 «x 1020 atoms for ten 0.5-sec
discharges five minutes apart on a total of 12 ion dumps and calorimeters for
two tritium neutral beams. This estimate was based on NB test stand studies
and laboratory experiments on Cu. The calculation is scaled up linearly to
estimate tritium inventory for 600 2-sec D-T discharges spaced at hourly
intervals (Sec. 2.0). The calculations predicted that tritium retention will
scale with (number of discharges)”2 up to 10 discharges, so using linear
scaling is somewhat conservative.

7.2.6 Carbon-Carbon Antenna Limiter: 0.1 gT

The antenna limiter surface will behave (at worst) like the wall and have
negligible tritium retention for its small surface area. The bulk should heat
up and allow tritium retention to a 5 ppm level [6].

7.2.7 Tritium Handling Systems: 0.83 gT

The inventory in the TFTR gas delivery and recovery systems [7] is
estimated to be 0.83 g based on minimum operating pressures in system volumes
and one monolayer of adsorbed tritium on all the stainless steel surfaces of
the system hardware and piping.
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7.2.8 Summary of Component Contributions

The contributions of each component can be summarized to arrive at the
total expected tritium inventory of 3.2 g shown in Table 7.1. We somewhat
arbitrarily assign a factor of two uncertainty level to our tritium inventory
estimates. Because of the limitations of the experiments and the numerous
assumptions required, we cannot guarantee that the total inventory will fall
in this range. Our greatest uncertainties are in the bumper limiter and
neutral beam areas. The codeposited layers on bumper limiter tile edges are
difficult to characterize. All of the neutral beam material analysis to date
has been conducted at room temperature instead of the lower operating
temperatures (77K) where more tritium could be retained. Further studies of
the formation and removal of codeposited layers, and tritium adsorption at
cryogenic temperatures are planned.

7.3 Estimate of Tritium Inventory From Particle Balance

The second method of estimating the tritum inventory involves the use of
particle balance measurements. Using fueling predictions shown in Table 2.1
for every TNB discharge, 672 torr-liters of T, will be injected into the NB
systems whereas only a smaller quantity ~33 torr-liters T, will reach the
torus directly as high-energy beam fueling. The inventories in the torus and
beamlines will evolve per discharge by the product of the above input and a
respective retention factor. The retention factors can be estimated from the
data and analysis given in Sec. 7.2. With regard to the torus inventory,
three retention mechanisms are identified: surface saturation, bulk
diffusion, and codeposition. The in-vessel retention is dominated by
codeposition, which is linear with the number of discharges. The surface
saturation of the high-flux areas of the limiters represents a relatively
small (<500 Ci) increment to the retention after the first few discharges, and
the contribution due to bulk retention is negligible.

A measure of the total in-vessel retention per discharge is available
from particle balance measurements, which yielded an average retention factor
of ~(35 ¢ 22)% (Sec. 4.2.3). These data were collected for 41 high-power NB
discharges within 80 seconds after the end of each discharge. Note that this
factor would yield a total in-vessel tritium retention value for 600
discharges of 2.3 £ 1.5 gT, in very good agreement with our Sec. 7.2.8
predicted in-vessel inventory of 2.1 gT. The retention factor for the neutral
teamline exposure to tritium should be much lower because it is primarily a
gas phase exposure of tritium to the large surface area of the beamlines.
Since the TNB operational scenario (Table 2.2) includes two hours of beam
conditioning in D, prior to TNB operation, all beamline ambient temperature
and 77 K surfaces should be saturated with approximately monolayer quantities
(1014 - 1015 cm'2) of deuterium. Therefore, it is likely that the subsequent
adsorption of tritium during a TNB discharge will be characterized by weak
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physical bonding to these surfaces. Most of the input tritium should be
reversibly cryosorbed to the He-cooled surfaces of the NB cryopanels. Upon
regeneration of the He cryopanels the retention factor for tritium on the LN,
cryopanels and ambient temperature surfaces should be small. The tritium
adsorption data for the LN2 cryopanel material shown in Fig. 3.8 implies a
retention factor of less than 0.3% at room temperature for pure tritium

exposures. Using the Fig. 3.8 adsorption data as characteristic of the
kineties for tritium retention in the beamlines, the shot-to-shot evolution of
the beamline inventory can be calculated (Fig. 7.1). Comparison with the

linear evolution of the vacuum vessel inventory (Fig. 7.1) shows that the
beamline inventory is small (~0.1 g for 2 TNB) relative to the in-vessel
inventory (~2.3 g) after 75 regeneration cycles (or the equivalent of 600 full
power discharges). The estimated retention in neutral beamlines will be
checked by D2-particle balance measurements in TFTR beamlines during the 1988
run period, and by additional laboratory adsorption-deposition experiments
with tritium on neutral beamline materials.

7.4 Conclusions

There are two major impacts of these studies. First, it appears that
TFTR could operate within the 5 gram administrative limit of on-site tritium,
but this limit would constrain operational flexibility. Second, most of the
tritium retention in TFTR will be on limiter, vacuum vessel, and neutral beam
surfaces; bulk retention is negligible. The major uncertainties in our
tritium inventory estimates are: 1) Measuring codeposited D/C layers on the
nonplasma-facing surfaces (sides and edges) of bumper limiter tiles and
extrapolating these measurements to tritium operations is difficult. 2) The
analysis of tritium retained on neutral beam materials to date has been
conducted only at room temperature. We have assumed that tritium adsorbed on
cryopanels will be released at temperatures as low as 80 K enabling rapid
cycling of discharge sequences. Detailed studies of tritium
adsorption/desorption phenomena are continuing to ensure optimal TFTR
operating procedures during the D-T phase.
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TABLE 7.1

TFTR COMPONENT DIMENSIONS AND TRITIUM INVENTORY ESTIMATES

Surface Area
Component
Bumper Limiter
Tritium Handling Systems
Vacuum Vessel Wall
Neutral Beam Lines
NB Protection Armor
NB Ion Dumps and Calorimeters

o RF Antenna Limiter
Total

Volume
(m?)

22

110
6564

10.9

Tritium

(m3)

0.74

184

0.36

0.05

(grams)

1.4

3.2 g tritium

Estimated
uncertainty
factor: 2
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8.0 SUMMARY

The tritium retention studies described in this report have identified
three distinct mechanisms for the retention of tritium within the TFTR vacuum
vessel: 1) surface saturation of the plasma contacting first-wall components
(i.e., limiter tiles), 2) diffusion into the bulk regions of graphite first-
wall components, and 3) redeposition of carbon eroded from high-flux areas
onto low-flux areas with incorporation of tritium into the deposited film.

The first mechanism, the surface saturation of graphite subjected to
hydrogenic bombardment, is well understood on the basis of numerous laboratory
experiments and a simple model (the Local Mixing Model) of H-C interactions.
All forms of nuclear-grade graphites that have been incorporated in TFTR
first-wall structures [i.e., small grain-isotropiec (POCO AXF-5Q) and carbon-
carbon composites] have nearly identical surface saturation levels when
subjected to hydrogenic bombardment: carbon surfaces (at room temperatures)
will saturate at atomic loadings of T/C = 0.4 to a depth consistent with the
range of the incident hydrogenic species. Because of the relatively low
energy (<300 eV) and high flux (>1O16 cm'2) of hydrogenic species on the
bumper limiter, the surface regions should rapidly saturate (i.e., within less
than one discharge on high flux areas). The resulting low level of tritium
retention (<0.05 g) has a minor impact on total TFTR tritium inventory.

The second mechanism for tritium retention is diffusion of tritium from
the saturated surface layer to the bulk of the graphite first-wall
components. Diffusion of hydrogenic species is a complicated process in
graphite because of the complex microstructure. Bulk tritium retention is
assumed to occur uniformly throughout the carbon tiles in TFTR (in the bumper
limiter, RF limiter, RF antennae, and protective plates) by the processes of
surface diffusion and permeation along internal pores followed by
incorporation in the lattice by trans-granular diffusion and trapping.
Diffusion along the surface of interconnected pores has a low activation
energy (~ 0.9 eV) and trans-granular diffusion is characterized by a fairly
high activation energy (~ 2.8 eV). Because of these activation energies,
diffusion is negligible at low graphite temperatures (< 350°C) and retention
peaks at bulk temperatures on the order of 1200°C.

Measurements of the bulk retention of deuterium in TFTR moveable limiter
tiles which were removed in 1985 (after exposure to 2700 discharges) showed a
variable retention of 5-13 ppm D with significant uncertainty (+ 5 ppm) in the
measurements. These tiles experienced bulk temperature excursions during
plasma exposure exceeding 500°C.

Based on detailed laboratory tritium retention measurements on 2-D
carbon-carbon composites used for the TFTR RF antenna limiter material, a
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maximum retention of ~ 1018 D-T/cm3 (10 appm) D-T is predicted for operating
temperatures 1200 K to 1500 K. Measurements of the bulk retention in TFTR
bumper limiter tiles removed in 1987 after exposure to 9,922 discharges showed
negligible deuterium bulk retention (0.4 + 0.2 ppm), consistent with the low
bulk temperature (< 350°C) of these tiles.

The third and most important source of tritium retention in TFTR arises
from the buildup of tritium incorporated into redeposited carbon films on all
plasma-exposed surfaces. This process has been observed in all tokamaks using
graphite limiters and in laboratory simulations for first-wall processes when
graphite samples are exposed to hydrogen plasmas.

Following the 1985-1987 TFTR operations period the amount of deuterium on
33 of the 1920 bumper-limiter tiles and on several hundred wall samples was
measured by nuclear reaction analysis. In addition, global patterns of
deposition and erosion on the bumper limiter were mapped in-situ by beta
backscattering. Based on these measurements the total amount of deuterium
remaining in the TFTR first-wall structure after exposure to 9,922 discharges
(with an average fueling of 10 torr-liters each) was estimated to be about
2 x 1024 deuterium atoms with an uncertainty of about #*1 x 1024 deuterium
atoms.

The amount of ¢tritium which will be retained in redeposited material
during the proposed D-T phase can be estimated from the amount of deuterium
which was retained during the 1985-1987 deuterium plasma operation. Assuming
that the deuterium (or tritium) accumulation scales linearly with the amount
of fuel used to make the plasmas, then the amount of tritium retained in the
first-wall after 600 full power discharges (with 66 torr-liters of D, + T, per
discharge) will be 4 «x 1023 tritium atoms or (2 + 1) grams.

Particle balance measurements of neutral-beam-fueled discharges also
indicate that the deuterium remaining in TFTR scales roughly with fueling.
The amount of deuterium remaining in the machine was found to be (35 * 22)% of
the amount used to fuel the plasmas. This provides a second method of
estimating the in-vessel tritium inventory. Corresponding to (2.3 % 1.5)
grams of tritium for 600 D-T discharges each with 66 torr-liters of D-T
fueling, this is in good agreement with the estimate from the first method.

In addition to considering in-vessel components, a full accounting of the
TFTR tritium inventory must include the neutral beamlines and the tritium
handling systems. The inventory in the tritium gas delivery and recovery
systems is made up of the minimum operating pressure in the delivery volumes
and surface retention on the system piping, which sums to ~0.8 g. The neutral
beamlines must be included in the inventory analysis because they are exposed
to thermal tritium gas as the beamline cryopumps pump the plasma exhaust, and
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in addition, are exposed to energetic tritium as a result of tritium neutral
beam operation. Estimates of the neutral beam retention have been made from
tritium adsorption measurements on beamline component materials and detailed
calculations of retention in Cu ion dumps and calorimeters. The present total
beamline inventory estimates (< 0.2 g) are not large. However, considerable
uncertainty exists because of the extrapolations necessary to scale to the
large beamline surface areas (>1000 m2) and the lack of tritium
adsorption/desorption measurements at the 77 K cryopanel temperatures.

The total tritium inventory estimate itemized by component is given in
Sec. 7.0 and gives a most likely value of 3.2 g. Because of the limitations
of the experimental measurements and the assumptions that were incorporated in
this estimate, a statistical analysis cannot be performed to provide
confidence limits relative to these values, and we have assigned somewhat
arbitrarily a +100%/-50% uncertainty level to the inventory estimate. Given
the available information on hydrogenic retention in graphite, the TFTR
machine configuration and the proposed D-T operational scenario, the estimates
shown in Table 7.1 represent the best efforts to date and are not likely to
change significantly prior to D-T operation of TFTR.

If the most likely estimate (3.2 g) is assumed, the present on-site
inventory limit of 5.0 g does not impose a serious constraint to TFTR D-T
operations. Considering the uncertainty in this estimate, it would be prudent
to consider a doubling of the present limit to 10 g in order to minimize any
possible constraints of tritium inventory on TFTR operations.

Optimized techniques for removal of in-vessel tritium are being developed
and tested both in laboratory simulations and during D-D operation of TFTR in
1989-90. The use of in-vessel inventory reduction techniques (i.e., discharge
cleaning) is a prudent procedure following each D-T cycle of machine
operations (see Table 2.1), which corresponds to an input of approximately 1.8
g of tritium per 9-hour shift of tritium neutral beam operation. Such an
operational mode will insure the maintenance of minimal tritium inventory
within first-wall materials in order to minimize the consequences of loss-of-
vacuum accidents.
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