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SELF-PIMPING IMPURITY CONTROL SYSTEMS FOR INTOR
J. N. Brooks, R. F. Mattas, D. L. Smith, and A. M. Hasaaneln

ABSTRACT

Two self-pumping systems have been examined for use as the INTOR Impurity

control system. The systems work by trapping helium in freshly deposited

metal surface layers on or near the divertor plate. A slot divertor concept

using vanadium or other trapping material appears to be both feasible and

mechanically simple, and offers significant advantages in cost, reduced

complexity, and helium pumping efficiency for the INTOR design.

Introduction

Two sell:-pumping (helium burial) Impurity control systems have been exam-

ined conceptually for INTOR: (1) plenum region trapping and (2) divertor

plate trapping. Although there are uncertainties in materials properties and

plasma transport Issues, both systems appear to be feasible.

For a plenum type self-pumping system, reflected helium from the divertor

region plasma is trapped on a surface not directly exposed to the plasma.

Such a system reduces concerns about plasma contamination by the trapping ma-

terial and temperature limits of the trapping material. The major issue for

this design is helium trapping efficiency at low implantation energies. Heli-

um is known to be trapped at 100-1000 eV implngment energies but there is

sparse data for lower energies. Based on available Information it appears

that sufficient trapping will occur at energies as low as 30-50 eV. This

would be adequate for an effective plenum self-pumping system. A plenum sys-

tem based on a slot divertor concept is outlined. This appears to be a simple

and robust design and is recommended as a reference self-pumped system.

For the divertor plate system, helium is trapped on the outer (large min-

or radius) portion of both the inner and outer collector plates. Trapping on

the outer portion minimizes the plasma contamination produced by injection of

trapping materials, and minimizes the heat load on the trapping sites. Vana-

dium is a leading candidate trapping material for this system. Transport code

calculations were performed to assess the effect of trapping material injec-



tion on Che plasma. These predict a very low concentration (-0.01%) of trap-

ping material In the main plasma, resulting from the self-pumping system.

Benetits of the self-pumping system for INTOR appear to be significant.

An order of magnitude reduction in the vacuum pumping system (ducts, pumps,

and penetration shielding) could be realized. This could increase reliabili-

ty, reduce cost, and free up space for nuclear and tritium breeding modules.

A reduction in tritium recycling and refueling also results. In addition,

self-pumping may offer higher helium removal efficiency.

Self-Puwping Concept

The sell:-pumping concept was proposed1 as a means of simplitying impurity

control in a fusion reactor. The basic concept is to remove helium in-situ by

trapping in freshly deposited metal surface layers of a limiter or divertor.

The trapping material is added to the surface at an average rate of 3-5 times

the a-production rate to maintain an effective trapping surface. Trapping

material can be added by injecting pellets or exposing rods, etc. to the edge

or scrapeoft* plasma where the material is ablated, vaporized and transported

to the trapping surfacev A key requirement is for the deposited material to

trap helium much better than hydrogen. It has been demonstrated experimental-

ly that nickel preferentially traps helium2 and that several other materials

(iron, vanadium, niobium, molybdenum, and tantalum) are believed to be capable

of preferential trapping. The selective trapping in certain metals is a

result of the negligible solubility of helium in the lattice. The injected

helium will diffuse through the lattice until It reaches a nearby trapping

site where it can be trapped. Hydrogen, on the other hand, remains in solid

solution until it diffuses to the surface and escapes. Other plasma contami-

nants, notably oxygen, can be removed by the self-pumping system by chemically

combining with the deposited metal.

Benefits of the self-pumping system, for a steady-state tokamak reactor,

are the elimination of all vacuum ducts, pumps, and penetration shielding (ex-

cept for a very small startup system), and the reduction of tritium recycle

and refueling. For INTOR, in a pulsed mode of operation, there is a need to

pump the plasma chamber between burns. A hydrogen pumping system is therefore

required. However, this pumping system can be an order of magnitude smaller

than a system needed for pumping during the burn. For example, for the refer-



ence INTOR divertor design there are 12 divertor modules each with a separate

pumping duct. For a self-puraped system eleven ducts could be removed, leaving

only one for between-bum pumping of the neutral gas.

Based on a plasma chamber volume of ~300 nr and a single duct/pump speed

of ~25 nr/s, adequate pumpdown could be achieved in under one minute. The

single duct/pump could also be used during the burn if needed, e.g., for den-

sity control during neutral beam injection. Several ducts could also be re-

tained, if required, for shorter dwell times, and still result in a large

vacuum system reduction.

The potential benefits of self pumping for INTOR are outlined in Table

I. The cost savings due to self pumping have not been assessed for INTOR but

savings of 35-90 M$ have been estimated for various commercial fusion reactor

designs.3 For INTOR, improvements in reliability and availability may be at

more important than the cost savingn.

TABLE 1. Potential Benefits of Self-Puaping for INTOR

Elimination of ~90% of vacuum ducts, pumps, penetration shielding.
Reduction of ~90% in tritium pumping, processing, refueling.
Cost savings and increase in mass utilization factor.
Improved reliability/availability.
Vacuum duct space could be used for tritium breeding and/or other
nuclear test modules.
Possibly much better (~10 *) helium removal efficiency than standard
vacuum pumping.

Trapping Material Characteristics

A general discussion of trapping material properties is given in Ref. (1,

3). Important properties include the hydrogen and helium interactions with

the material, thermal conductivity, and mechanical properties. For INTOR the

material requirements are less stringent than for commercial reactors, because

of the shorter operating time. For all applications the most important pro-

perty Is the helium trapping fraction. This determines the amount of material

that must be added to the trapping surfaces. A related parameter is the

sticking coefficient, i.e., the probability that a helium atom is trapped for

a single impingement. These two parameters are closely related, however, the



helium trapping traction will be greater or equal to the sticking coefficient

because of multiple impingements.

Numerous experiments have shown that at relatively low doses ($ < 10

m ) helium is effectively trapped in vacancies or small helium bubbles. At

doses above a critical dose, <f>c, the implanted surface layer saturates and

helium is re-emitted. In most of those experiments however the injected

helium energies were in the KeV range. At low energies the surface plays an

important role and its effects are evidenced by the measured gas loss. This

is due to the failure of saturation fluences at energies below a few KeV to

produce the drastic surface morphological modifications that characterize the

higher energy bombardments. Only very few experiments have studied helium

retention at very low energies (<100 eV).

In one experiment1* low energy helium ions were injected into 304 stain-

less steel, polycrystalline nickel foil and single crystal nickel targets and

the gas evolution rate was monitored during post-bombardment annealing. Table

2 shows the measured entrapment probability for a stainless steel target for

various incident helium ion energies up to 1 KeV. The entrapment coefficient

reaches a maximum of about 0.7 at an incident ion energies of slightly above 1

KeV. At these energies the experimental results indicate that a significant

fraction of the implanted gas persists in the target up to the melting

point. That was confirmed by the copious release of gas observed when a

target was actually melted."* Stainless steel is a complex alloy where gas

becomes trapped at impurities and precipitates from which it is released over

a wide range of activation energies extending up to the melting point. Fewer

types of defects will likely be present in pure metals.

Table 2 also shows the entrapment probability for different incident he-

lium energies for both random nickel single crystal and polycrystalline nickel

targets. The probability of trapping is almost a factor of 10 greater in the

polycrystalline sample at energies equal or lower than 100 eV. Since at these

energies the incident ions are not capable of producing displacement the high-

er entrapment probability nay be due to the existance of other types of

trapping sites inside the target such as grain boundaries.

In another study5 low energy helium ions were injected into Ni<100> sin-

gle crystal substrates. Studies of the helium evolution spectra were obtained

for different ion energies and fluences and nickel substrate temperature dur-



Ing Implantation. Table 2 compares the measured helium trapping coefficient

for two different fluencea at various incident ion energies. Again, the very

low trapping coefficient for energies below 100 eV reflects the lack of avail-

able sites and the inability of the low energy helium to cause atomic dis-

placement and create more trapping sites. This large increase in the trapping

coefficient at higher fluences can be attributed to the growth, and eventual

dominance of the agglomeration associated traps which contribute to gas re-

lease at higher temperatures in the so-called C-band peaks.6 A similar in-

crease in helium trapping probability with increasing fluence has also been

observed experimentally in randomly oriented single crystal nickel. The he-

lium gas release is found in general to follow relatively well resolved peaks,

some of which seem to depend strongly on both ion energy and fluence.5 The

relative entrapment probability at higher implantation temperatures (normal-

ized to implantation at 350°K) for each resolvable peak is given in Ref. 5.

It is shown that at higher implantation temperatures the helium entrapment

probability decreases sharply. For example, at an implantation temperature

greater than 7Q0°K for 1 KeV helium ion Incident on nickel single crystal the

entrapment probability decreased by about an order of magnitude or more com-

pared to that of implantation at 350°K. This drastic reduction in the entrap-

ment probability at higher implantation temperatures may be explained by a

possible formation of different kind of defects such as singly occupied di-

vacancies during implantation. The fact that these di-vacancies are expected

to be mobile in the temperature range between 350 and 550°K offers one

possible explanation for the reduced trapping due to gas migration to the

surface.7

There are several major differences between most of the previous experi-

ments and the actual conditions in a reactor system. One factor is the con-

tinuous and simultaneous deposition and build-up of the trapping material

along with helium ions. This continuous deposition may help maintain a rough-

ly uniform helium profile distribution in the material which may increase the

retention. It also helps keeping the accumulated dose below $c the critical

dose necessarily to cause blistering. However, depending on the characteris-

tics and integrity ot the redeposited trapping material the helium retention

could even be lower than in the case without continuous deposition. This can

happen, for example, if the redeposited material contains many interconnected

porosity to the surface. Another important factor is the synergistic effect



TABLE 2. Entrapment Probability (Z) mm a Function of Incident Helium loo Eaerg?

Helium Ion
Energy
(eV)

30

50

100

200

400

500

1000

Stainless Steel*
<))-1.4xlO14 ion cm"2

10

20

34

48

53

67

Random
Single
Crystal

2

12

45

60

65

70

Nickel* Nickel** <100> single crystal

Polycrystalline <J«=3xlO13 ion cm"2 $=3xlO14 ion cm"2

10

30

55

70

80

82

85

1

1.5

5

20

30

50

1

2

10

50

52

60

Most ot the numbers given are Interpolations between measured values.

*See Reference 4.
**See Reference 5.



from simultaneous bombardment and Implantation of protium, deuterium, and

tritium in the redeposited material. This synerglstic effect must be

evaluated; It may result in reducing he Han retention in the trapping

material. This may be because both hydrogen (and Its isotopes) and helium

will compete roughly for the same amount of traps. However, because of the

neutron radiation generated traps in a real fusion reactor environment the

helium retention may Increase substantially especially at low operating

temperatures. It i3 important to note that several candidate trapping mate-

rials have been identified, therefore increasing the chance of selecting a

suitable material.

Several important factors need to be studied experimentally in detail to

firmly establish the parameters for helium retention and release since they

are crucial to the successful operation of the self-pumped reactor concept.

The simultaneous injection of the low energy helium ions and the structure and

properties of the redeposited material are essential factors which need to be

assessed before defining acceptable operating ranges for this concept. The

role of higher implantation temperatures in determining the net trapping

coefficient is very important since this could limit and constrain the

operation of the reactor. The synerglstic effect of simultaneous bombardment

of the trapping material is also very important and needs to be studied to

determine the overall retention coefficient. The neutron generated trapping

sites in a fusion reactor environment are also likely to be very important.

The neutron irradiation could substantially increase helium trapping.

Based on the above considerations, we are optimistic that impingement

energies of 50-100 eV will permit adequate trapping fractions. Higher

impingement energies would tend to result in even more effective trapping.

Table 3 lists the estimated values of trapping and other parameters for the

present analysis.

SYSTEM 1 - Slot PiTertor

There are 3 key issues for a plenum type self-pumping system: (I) helium

trapping at low energies, (2) means of introducing the trapping material, and

(3) recycling of hydrogen. A trapping site far from the plasma would present

difficulties in all three areas. We conclude that a preferable and probably

necessary system is one that Is as near to the plasma as possible. A plenum



based system, called a slot diveftor, has been developed conceptually to

examine the feasibility issues of plenum self-pumping.

TABLE 3. Estimated Properties of Heliui Trapping Materials

Parameter Value

1. He trapping fraction 30 at.X
2. Maximum temperature for trapping 0.7 T-Bit
3. He sticking coefficient 0.25
A. Density of deposited material .8 pQ

5. Thermal conductivity of deposited material .7 kQ

6. Minimum energy for (substantial) trapping 30-50 eV

The slot divertor is shown schematically in Fig. 1. The system consists

of a slot in the divertor plate and a box like (slot) region enclosure. Cool-

ing manifolds and other structural elements are not shown but would typically

be located at discrete toroidal locations. Some fraction of the hydrogen and

helium flux to the divertor enters the slot region. The incoming flux Im-

pinges on a block of trapping material. Helium is reflected or desorbed from

the block. Reflected helium impinges on the other slot surfaces at a substan-

tial fraction of the initial energy. Fresh trapping material is continually

deposited on these surfaces also. Some of the helium is trapped while the

remaining helium and all of the hydrogen recycle back to Che di^ertor zone

through the opening near the end of the divertor plate. Trapping material in-

troduced in the slot region would be unlikely to enter the divertor region

plasma for two reasons: (1) there is only a small line-of-sight path to the

pla..aa and (2) impurity ions entering the line-of-sight would tend to be

strongly entrained in the incoming plasma and retucn to the trapping block.

An Important consideration for the slot divertor is that a leading edge

is created by the slot geometry. However, as will be shown, the heat load on

the leading edge can be relatively modest.

In the concept shown, the trapping material is introduced simply by al-

lowing the plasma to impinge on an uncooled block of trapping material. The

block temperature will increase until the radiative loss equals the incoming

heat flux. Calculations indicate that a surface t-mperature close to the
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Figure 1. Self-pumping slot divertor concept.



melting point would be reached. Evaporation from the block surface would

serve to coat the slot surfaces. Alternatively, pellets, rods, etc. could be

fed into the incoming plasma stream.

An initial design of a slot divertor has been developed and is summarized

in Table 4. Heat and particle fluxes specified in Ref. 8 were used for design

purposes. These are given for the outer separatrix region of the outer

collector plate as:

-x/5

'DT ~ *o 'r e p

rDT

vhere the fluxes are normal to the separatrix, qo • 18 MW/n
2,r o - 3 x 10

m~2 s"1, fig « 3 cm, 6_ - 9.4 en, and x is the coordinate perpendicular to the

separatrix.

If we design for a modest leading edge heat load of 1 MW/m2, the x coor-

dinate at the leading edge is xQ - 8.67 cm. Allowing, somewhat arbitrarily,

for a slot width of Ax » 1 cm, or 4 cm along the divertor plate, the slot

starts at Xj » 7.67 cm. The DT current to the slot is then:

Xl

For the above values of xQ, Xj, and for Rg • 5.5 m, I D T * 4.4 x 10

The helium current is:

10



TABLE 4. IWTOR - Slot Self-Puaped Divertor

Parameter Value

System

Trapping site

Locat ion

Fusion power

ct-productlon rate

Trapping material evaporation rate

Trapping material

Mass Utilization

(for 75* D.F., 25X availability)

Slot Width (perp.) to separatrix

Slot width along divertor
Heat flux on leading edge

DT current to slot

He current to slot

Initial helium impact energy

Required helium trapping rate

Required local helium removal
efficiency (helium removed/he Hum
entering slot)

Minimum required sticking coeff. (S)

Predicted sticking coeff. (s)

Estimated local removal eff. (S - .25)

Lifetime

self-pumped heliun removal using
slot divertor

slot region

near end of outer collector plate

570 MW

2.0 x 1020 s"1

6.7 x 10 2 0 s"1

V (Ni, Fe)

338 Kg/yr (vanadium)

1 en

4 cm

1 MW/m2

4.4 x 1023 s"1

8.7 x 1021 s"1

~100 eV

2 x 1020 s"1

.023

.015

.25

.35

> 2 yrs

11



l j l o c - .02 I D T - 8.7 x 10
21 a"1

The required helium removal efficiency of the slot system is given by.

where I* is the a-production rate. For 1° - 2.0 x 10 2 0 s"1, E - .023. In

other words, the required removal efficiency is very modest; this is due to

the very high particle fluxes in the high-recycling dtvertor regime.

The required efficiency could be reduced, if needed, by using an inboard

slot system also, end/or by increasing the slot width.

The required rate of addition of trapping material is determined by the

assumed saturation concentration of helium in the material and by the a-

production rate. For a 30 atX concentration the required trapping material

current is:

I8loc - 4 " 6.7 x lO2Os~l

The choice of trapping materials for this system is made easier by the fact

that the heat load on the trapping sites is low, essentially negligible. A

typical reference choice is vanadium, with nickel, iron, and the other

materials mentioned above as alternatives.

The obtainable local helium removal efficiency (helium trapped/helium

entering slot) can be roughly estimated as follows. The initial helium

impingement energy is given by:

12



^ T
6 ) " 8 K T e

assuming Te • T^, a sheath potential of 3 KTe, a helium charge state of 2, and

sound speed flow at the boundary. Therefore, for a plasma temperature of 10-

15 eV, U° " 100 eV. Typical particle and energy reflection coefficients of

the trapping materials, at 100 eV, based on data for helium reflection from

copper9 are RN « 0.5, RE - 0.3 for normal incidence and RN - 0.85 and RE • .70

for 60° from normal incidence. The average energy of the reflected helium is

given by:

V

Based on calculations10 for glancing-angle magnetic field geometries, most

helium would impinge at the contact-block at 60" or more from the normal.

Reflected helium would therefore have an ~80 eV energy after one reflection

and ~50-65 eV after two reflections (depending on the incident angular spec-

trum after one reflection). For a ~50 eV minimum effective trapping energy,

helium can be trapped for two reflections and possibly for more. If the

sticking coefficient is denoted by S, the probability of a helium atom being

trapped in the slot region, assuming no trapping on the initial impingement

and a 2 reflection maximum, is given by:

P » RNS + RN(l - S) RNS

Using RN » .85 and S « .25 we have:

P - 0.35

which far exceeds the required value. Alternatively the minimum required val-

ue of sticking coefficient is determined by P - E which yields S m i n - .015.

This calculation ignores the effect of re-ionization of neutral helium by the

incoming slot plasma which would tend to Increase the trapping probability.

13



We conclude therefore, that only small values, I.e., 1-2Z for sticking

probabilities are required. The more critical issue therefore, is the

trapping fraction.

The trapping material evaporation technique was assessed briefly as fol-

lows. A 2 year supply of vanadium requires (at 25JS availability, 75% duty

factor) 676 Kg or a block 2* x 5.5 m long, 4 cm wide and 8 cm high. For an

uncooled block the surface temperature is given approximately by equating the

incoming heat flux to the thermal radiation:

q sin Q • e o T

where 0 is the surface angle to the poloidal field lines, e is the surface

emissivity and o is the Stephan-Boltzman constant. For q - 1.0 MW/ra , 0 -

15°, e - 0.4; T - 1821 K. This is about 85% of the melting point of vanadium.

Evaporation varies exponentially with temperature. We therefore expect that

adequate evaporation rates could be obtained by adjusting parameters, e.g.,

block geometry and plasma heat flux. In practice we would probably engineer

for an over-supply of evaporated trapping material.

SYSTEM 2 - Divertor Plate Trapping

Mechanically, the simplest self-pumped system is to trap helium directly

on the two divertor plates. In order to minimize the heat load on the trap-

ping sites and to minimize plasma contamination, it may be most effective to

trap on the outside portions of the plates. Impurity transport studies11 have

also shown that the helium flux may actually peak in this area. Characteris-

tics of such a self-pumped system are shown in Table 5. Vanadium is a typical

trapping material based on its estimated helium trapping properties, thermal

properties, lack of deleterious activation, and because it is a medium Z ma-

terial. Vanadium would be injected into the divertor plasma near the ends of

the divertor plate at a vertical distance of up to several cm above the plate.

The main difference in impurity injection over hydrogen injection is the

higher binding energy (~5 eV vs. 0.005 eV). Also the shielding could be much

better because of the ~Z dependence of Impurity radiation in the appropriate

14



TABLE S. IMIOR - Self-Puaped Divertor, Systea #2

Parameter Value

System

Trapping site

Trapping site area

Fusion power

a-production rate

Trapping material injection rate

Trapping material

Injection method

Injection Site

Energy of impinging helium

Mass utilisation
(for 75% D.F., 25% availability)

Surface growth rate

Average surface heat load
(transport + radiation + nuclear)

Helium removal efficiency
(helium removed/helium crossing
separatrix)

Lifetime
(for 75% D.F., 25% availability)

Injected vanadium - steady-state
concentration in main plasma

self-pumped helium removal using
divertor plates

outer 15 cm of both divertor plates

-10 ra2

570 MW

2.0 x 10 2 0 s"1

6.7 x 1020 s~l

vanadium

low speed pellets/dust

near firat wall slightly (0-2 cm)
above divertor plates

~100 eV

338 Kg/yr (vanadium)

~6 mm/yr (vanadium)

<1 MW/ra2

4.5%

>2 yrs

.01%

15



temperature range. To a first approximation, the lifetime would be longer by

the ratio;

T: - -A ~1000
n

Thus, the pellets can go quite slowly or can be small, e.g., blown in like

dust. We have made some calculations of impurity pellet ablation which indi-

cate that the results are very model dependent. Qualitatively it appears that

low velocity injection near the divertor edge is sufficient for ablation and

subsequent transfer to the divertor plate. Control over where the pellets

ablate could be achieved by choosing the appropriate pellet size.

The parameters of Table 5 are based on the material characteristics dis-

cussed earlier (Table 3). The injection rate of vanadium is based on the a-

production rate and a 30 atX helium concentration in the trapping surface.

The surface growth rate of 6 nm/yr is determined by the Injection rate, trap-

ping area, and trapping material density. The effective lifetime of the trap-

ping portion of the divertor plate is determined by the heat flux, surface

growth rate, and the maximum acceptable trapping material temperature. Based

on these parameters, and extrapolating from the analysis of the first wall/

limlter system of Ref. 3 we conclude that the lifetime of the INTOR self-

pumped divertor plate should equal or exceed the 2 yr conventional divertor

plate lifetime.

The helium pumping efficiency of this system was analyzed by Monte Carlo

simulation using the ZTRANS Code.11 The outer collector region for the high-

recycling plasma regime was treated, we expect similar results for the inner

collector region. An updated ion-thermal force term was used. Helium ions

were launched along the separatrix as described in Ref, 11. Helium impinging

on the outer 15 cm of the divertor plate was trapped with 25Z probability,

otherwise reflected as neutrals. No helium was pumped. The resulting helium

removal efficiency of 4.5J5 is about eight tiroes better than the predicted he-

lium pumping efficiency of a pumped divertor with pumping at the outer collec-

tor plate only (and with the updated ion-thermal force term).

16



The other key Issue for Che divertor plate trapping system Is plasma con-

tamination by injected materials. To first order, vanadium etc. impinging on

the divertor plate will sputter material via self-sputtering, but this

material will be essentially 100X redeposited due to the very short ionization

lengths for the high recycling plasma regime. The main contribution to plasma

contamination then is impurity pellet ablation and transport above the diver-

tor plate. The ZTRANS Code together with edge transport analysis were used to

provide estimates of the contamination. For the ZTRANS simulations, tin ions

(Z»5Q) were launched at various locations near the divertor plate, represent-

ing the introduction of ablated pellet material. The ions were launched with

an initial charge state of unity. Tin ions were used as representing a rough

average Z of the candidate trapping materials; the results however are fairly

insensitive to the trapping material. The impurity particle was then followed

by the code. A particle entering the plasma was re-launched along the separa-

trix. A particle history terminated upon hitting the divertor plate or first

wall.

Table 6 summarizes the results of the simulations. As shown, the frac-

tion of injected material entering the plasma depends on the launch location.

In general, contamination can be minimized by keeping pellets comfined to ~2

cm above the plate, or by confining pellets to the outside 15 cm and within ~5

cm above the plate. This seems reasonably attainable. It was also found that

the trapping material flux to the plate correlates almost directly with the

injection site, e.g., edge injection results in edge deposition on the plate.

The contamination fraction in the main plasma can be expressed as

follows:

where Iz is the injected current of trapping material in the scrapeoff zone,
p
fz is the fraction (Table 6) of Injected material entering the edge region,

I D T is the deuterium-tritium current entering (*> leaving) the edge plasma, and

y is a parameter representing the effect of different corafineraent times of the

impurities and the hydrogen in the plasma. A previous study12 of impurity
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transport In the edge and main plasma, using the WHIST 1-D plasma transport

code found that a value of y « 0.25 for non-neoclassical Impurity transport

applies for most Impurity species. The large effect of impurity vs. hydrogen

confinement times is attributed to the fact that the impurity source is at the

plasma edge, whereas much of the fuel Ion source is comprised of more deeply

imbeded pellets (the remainder being supplied by recycling, which is also a

source in the context of this discussion). Thus, a newly introduced impurity

atom in the edge plasma has a greater chance of being promptly lost than the

average fuel atom and, as confirmed by the code output, the impurity

confinement times are commensurately shorter. Using a typical value of f, -

.025, and for y - .25, Iz - 7 x 1020 a""*, and I D T - 4 x 10 2 2 s"1, the

contamination fraction is then estimated at — * 1 x 10~*. This would be an

acceptable concentration for a high Z material and is acceptable by a factor

of 10 for vanadium. Although calculations of this nature, are of necessity

speculative, because of the unverified nature of impurity transport

coefficients, one concludes that there is a reasonable chance of achieving

acceptably low central plasma impurity concentrations of the trapping

material.

TABLE 6.
Fraction of Injected Trapping Material Entering the Edge Plasma as a Function
of Injection Location. Fro» STRAUS Mont* Carlo Simulation* for Sg Injection.

Injection Site fg> Fraction Entering Plasma

uniform along plate, 2 cm above plate .008
middle 5 cm of plate, 3 cm above plate .08
outer 15 cm c'i plate, 3 cm above plate .01
outer 15 cm of plate, 5 cm above plate .03
outer 15 cm of plate, 10 cm above plate .05

Conclusion

Based on the present analysis, self-pumping impurity control appears to

be both feasible and advantageous for INTOR. The slot divertor offers the

possibility of a simple, passive, helium removal system. Plate trapping is

even simpler mechanically but involves more uncertain impurity transport

properties.
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As discussed, the material properties assumed in this study are based on

a limited experimental data base. Several important factors need be studied

experimentally to firmly establish the parameters for helium retention. In

particular, experiments with codepoaition of trapping material, hydrogen, and

helium, at representative energies are required.

Future design efforts in this area would include a structural design of

the slot divertor and a further characterization of the slot region plasma.
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