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FOREWORD

The Division of Magnetic Fusion Energy within the U.S. Energy Research and
Development Administration has initiated within the fusion development program
for tokamak power reactors a series of systems studies aimed at the definition
of subsequent generations of tokamak devices leading to a commercial prototype
reactor. Since April, 1976, a design team composed of representatives from

the ORNL Fusion Energy Division and the Westinghouse Fusion Power Systéms
Départment has been engaged in scoping studies associated with the definition
of The Next Step (TNS) in the tokamak program after the TFTR. Provisional<goa1s'
established for TNS include:’

° achievement of ignition
° demonstration of burning dynamics

° evaluation of design requirements and solutions for long pulse
operation

N features which extrapolate to a viable power reactor

¢ availability in the mid-to~late 1980's

It is in this context that the work reported herein was performed.
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IMPURITY AND GAS THROUGHPUT CONTROL FOR TNS

SUMMARY

A model of the interaction between an 1gn1ted plasma and a wall is utilized to
study the impact of impurities and recyc]ed fuel ions and helium ash on the burn
time of the plasma. The model indicates that the impurity concentration, Nim

grows exponentially toward a maximum value determined by the confinement time

for impurities, Time the sputtering coefficiént, Si’ and the isolation coefficient,
a. The time for Nim to reach a critical value and quench the plasma was deter-
mined for representative impurities, C, Mo, W, Fe, under various conditions of

plasma temperature. Methods for extending the burn time by minimizing the effec-

" tive sputtering coefficient of the wall and increasing the isolation of the plasma

from the wall are reviewed. The carbides, B4C and SiC, are found to have encour-
aging sputtering properties but their thermal, chemica1 and mechanica] properties
need to be evaluated before they can be recommended for use as first walls. The
magnetic divertor is the preferred isolation scheme. Because the divertor carries
impurities and leaked fuel and heljum ions to a burial chamber, required pumping
speeds'are'found-to-be very high for TNS'p]asmas and supplemental particle trapping“
systems must be introduced in order to reduce the required bump speed to attainable.

" values.

MODEL FOR IMPURITY GENERATION AND CONTROL

A plasma-wall interaction model is depicted schematically in Figure 1. Charged

. o] [+] B
(D+, T+, He++, impurity) and neutral (D , T ) particle fluxes emerge from the

plasma and strike the wall, with the charged particle fluxes being reduced by a
factor.au due to particle removal (e.g., by a divertor). A fraction, R, of the
remaining particles are reflected from the wall as low energy neutrals. The

impinging particles also produce impuritiés at a rate determined by the sputtering.
A . . ° o o
coefficient, S. The returning neutral particles (D , T, He , impurity) are

reduced by a factor &g due to particle removal mechan1sms such as density

'grad1ent reversal or a d1vertor and- 1n1t1ate a series of charge-exchange reactions.
. leading to emergence of hot D and T from the plasma. This model has not in-

cluded impurity desorption from the walls since this can, in pr1nc1p1e be reduced
to very low levels by cond1t1on1ng the walls.
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This comp]1cated model can be much simplified by recognizing that ry>>I 5 T ,'ro.
Thus, charge exchange bombardment will be neglected and the dom1nant f]ux to the

wall will be that due to the fuel ions. Figure 2 shows the simplified model.

PLASMA WALL

Figure 2. Simplified model of plasma wall interaction.

Line 1. describes the entrance of recycled fuel and helium atoms into the plasma
at a rate

(1= ag)r, = (1- aSH) (1 - a

o )1"1. R. (1)

u 1

and line 3 describes the entrance of sputtered impurities into the p]ésma‘at a rate

(1 - ash) I‘S = (] - ash) (1 - au) I‘i S]. (2)
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IMPURITIES DECREASE BURN TIME - *

The éfféct of impuritfesw(alphas and higher Z elements such as C, 0, Fe, Mo, etc.)
on the burn time of the plasma is.felt in two ways. The first is through radiation
- losses from the plasma which compete with heating processes and can prevent the
plasma from maintaining ignition temperature. For the TNS case, where neutral beam
heating is expected to raise the plasma temperature to about 14 keV, bremsstrahlung
radiation is the'dominant radiative loss. Thé power lost this way is:

t

p = 50X 10-31 n 2 Z 7 1/2

P e “eff ‘e (W/cm3) ' (3)

b
where

h2 im imz)/ne’ ' (4)
In these relations, n is the particle density, Z is the atomic number of the
particle, T is the temperature, and the subscripts e, h, and im refer to electrons,
hydrogenic (D and T) fuel ions, and to impurity ions respectively. In the steady.
state burn mode the total power radiated from the TNS plasma is 25 x 106 Zeff (W).
Thus, it is. essential to ensure that Zeff does not rise substantially beyond the
specified value of 1.14. The main effort of the review was to examine and evalu-
ate the various .schemes that have been proposed to keep Zeff Tow and tb recommend

a preferred scheme.

The second effect of impurities on the plasma burn time derives from the requirements

of charge neutrality, that is,

Ne = Mp Zp 0 2o % Min Lipe | (5)
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Thus, the presence of .alphas and impurities force n, to be less than Na and
cause the fusion power density,

Ps =g~ ov Ug | | - (6)

to decrease as the alpha and impurity concentrations grow in a constant pressure
plasma. In this equation, ov is the fusion reaction rate coefficient for D and
T and Uf = 17.6 MeV. Even if the impurity concentration can be kept low by the
schemes that will be examined later, the alpha population will grow at the rate

dna 2 — N | Na
4t - " ov-;—; +(]vau)‘(]-ash).-1—a- Ra (7)

t
‘where Ty is the confinement time of the alphas. In the absence of a divertor and
with the reflection coefficient for alphas approximately unity the last two terms
cancel and n_ grows linearly with time (to a first approximation).

In fact, a proper time dependent description of the plasma requires, in addition
to Equation (5), simultaneous solution of a set of coupled particle and energy
balance equations: ’

dn n - n »
h _ h 2 —  "n -

gt - (- (0-eg) o5 Ry - ov - o (8)

h h ~
and

3 3

d (n_T) L (n,. T) .

__éd_th_=nh2wua_%. ‘ (9)

E

Equations (5) and (9) show that the effect of increasing n, s whign decregﬁes s
is 'to cause the plasma temperature to decrease. To be specific, ?ﬁ?'= N, oV =

5.4 x ]Ozo/sec during the steady state burn phase. The total number of ions in
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the plasma, " Vp = 2 X 1029 x 250 = 5 Xv1022 at the start of the burn phase.
Thus, if the linear approximation is applied, n, grows at the rate of about 1% of
n, per second so n, and T will decrease at that rate, lTimiting the burn phase to:
. about 20 sec when T has dropped below 10 keV. A more exact solution is being

developed.

For the highef VA impukities, the impurity concentration will grow at the rate

o< (- agy) (1) . . | (10)

where Tim is the impurity particle confinement time. The solution to this equation'
is: '

n, =1 (. “u)‘“ i',“sh)' o [1 - exp _(f t/v;)]. (11):

Neoclassical diffusion theory predicts that impurity ions will diffuse up the fuel
ion-density gradient and collect in the‘éenter of the plasma, i.e., Tim>> Ty * For’
'this case, n.. increas$§ exponentially during the burn pulse and reaches its maxi-
mum at the value n.S; — (1 - au) (- “sh) when t>> . . Figure 3 shows the
maximum allowed impurity concentration that will-permit ignition to occur as a
“function of plasma temperature(]). The time for nima(from Equation 11) to exceed
the values in Figure 3, for the case Tim = 100 Ty Te = 10 keV, and impact energy
TS of protons on the wall = 1 keV, defines the burn time of the plasma and is shown
in Figure 4 as a function of divertor efficiency. It is clear that burn times of

+> 10 seconds will require some kind of divertor action.

If heavy impurities did not collect inside the plasma but rather diffused as rapidly
as do the fuel ions, that is, Tim = Ti® then nim.wou]d rapidly reach its maximum .
value of n.S, (1 - “u)~(] -'ash). Because S, at impact energy of 1 keV, is very

close to the critical maximum value of nim/nit;a small amount of isolation or a
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slight decrease in the proton impact energy would bring Si‘below these critical
values. In that case, the burn times could be ‘indefinitely long.

~ METHODS TO INCREASE PLASMA BURN TIME

Decrease Effect of Sputtering

The sputtering coefficient Si varies with bombarding particle energy such that the
peak of the curve is at about 1 keV for a variety of potential wall materials.
This is shown in Figure 5. The peak value itself varies according to the material,
and S decreases strongly as the incident energy decreases below 1 kev(2 3)

S1nce Zeff varies as Nim Z2 " Si 22, Table 1 presents S1 for several candidate
wall materials when bombarding energy is 1 keV as well as the "sputtering figure
of merit" S, 22 The larger values of S, 2% indicate greater contributions to
Loggs Tow values of S; 22 are more desirable and therefore low Z materials offer

one way to reduce the negative impact of impurities.

~H6we§er, the option of decreasing the bombarding energy offers more spectacular
improvement. This has led sevefa] authors 4,5) to propose a cold gas blanket to
cool the emergihg plasma ions to .a temperature below the sputtering threshold.

" The cold gas blanket is an inherently unstable condition for the plasma-wall

system and therefore must be maintained in dynamic equilibrium. However, the
models used by these authors to calculate the various processes are‘simp1ifiéd
representations so it is not clear that equilibrium will be established over the
appropriate range of energies, distances, and times. Whether these schemes will
work can only be determined by experiment. It would be extremely important to test

the cold gas blanket concept in currently available machines such as ISX or PLT.

Another approach to minimizing the effective sputtering coefficient wouid use a
honeycomb wall 6 -to capture the emitted particles. For cylindrical honeycomb
cells of length, L, and diameter, D, a reduction in ref]uxing'(of fuel ijons) by
a factor of 10 and a reduction in sputtering by a factor of four is calculated
for L/D = 3. However, in the real situation within the vacuum chamber it is likely
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that the sharp edges of the honeycomb will be eroded and that the trapping effec-
tiveness of the surface will be rapidly reduced. In addition, the refluxing
coefficient will approach unity as the honeycomb material saturates with fuel atoms.

. This approach seems to have limited utility.

The use of low Z materials for walls or liners of tokamak vacuum chambers, especially
carbon (graphite) and carbides, has been investigated in some deta11(7). While
physical sputtering yields for C, B4C, and SiC are similar to those found for other
candidate materials (see Table 1), the reactivity of high temperature carbon with

hydrogéh’to form methane introduces an additional’ source of impurities into %hé
° 8,9)

plasma due to "chemical" sputtering. McCracken and co-workers have measured
methane formation from C, SiC, and B4C and find peak emission at temperatures'of )
850, 800, and 500 K with chemical sputtering coefficients measured to be 4.5 x 10 ~;
1.3 x 10'?;-and 5.5 x‘10'3, respectively. When these higher values of Si are used,
the sputtering figures of merit, Si Zz, increase to 1.6, 0.47 and 0.2, respectively.
Under these conditions materials such as Ti or Mo now have figures of merit com-
parable to that of C but the carbides are still superior to Ti and Mo. Further
investigations of thermal, mechanical, chemical, fabrication and cost properties

of the carbides appear to be warranted. .

Prevent Impurity Atoms from Entering Plasma

Two major concepts have been proposed for preventing impurity atoms from entering. .

the b]asma: ]} magnetic divertor and 2) reversal of diffusion. The impurity atoms

"are assumed to have kinetic energy about 10 eV and to have a cosine law angular
distribution. '

When the removal scheme is a divertor, Cp refers to the ability of the scrape-qff
layer to ionize the returning neutrals. The divertor field lines are assumed to
capture all of the newly ionized particles as shown in Figure 6. The fraction of
incoming neutrals thét are ionized is given by: '

-' w :
_ 1
ash = ] - exp \\— \—/"' / Oive ns dX] - (]2)

X 0

.;]0_
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TABLE 1

SPUTTERING FIGURE OF MERIT, Si Zz, FOR VARIOUS MATERIALS

WHEN BOMBARDING PROTONS ARE AT 1 keV ENERGY

Material z -2 51 5,2
c 6 36 7 x 1073 0.25
B,C 6 36 1.2 x 1072 ©0.43
Sic 6 36 - 7x107 0.25
Ti 22 484 3 %1073 1.46
sS 26(Fe) 676 1072 6.76
Nb | 0 1680 - 3 x 1073 5.05
Mo 42 1750 1073 1.75

4 3.30

W 74 5500 6 x 107

-11-
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where Vy is;the velocity of the impqrity atoms, o, is the cross section for

ionizing the impurity particles with electrons of velocity v_ and density n

. o e.
in the scrape-off layer of width w. Since I3V is essentially constant .
(a3 x 10'7 cm3 s']) when Ve>>V, s it can be taken outside the integral and evaluated

separately. Thus, in order for ash'3_0.9 for all impurities, the integral fndx =
nw must be > 10"3 en”2.

S

The integral is evaluated approximately from the equilibrium .
relation '

W . .
‘j;ndx=nwxnar_/r ) : (13)

where np is the average plasma densjty, ap is the plasma radius, o is the ion
confinement time 0.3 sec, and T is the time for an ion to reach the burial

chamber in one pass = ZwR‘/v When values for TNS parameters are substituted
in Equation (13), it is found ‘that nw ~ 10]4 2.

~ conservative value for the shielding capability of a poloidal divertor on a TNS

Thus, “sh = 0.9 is a very

plasma. If a bundle divertor is considered, t_. increases (because the divertor

S
opening has a smaller probability of intersecting the ion f]ow) and therefore the

shleldlng capability 1ncreases even more.

Another approach to increasing a;h derives frdm neoclassical particle diffusion
models which predict that the flux of impurities is controlled by the gradient of
the hydrogen plasma and will diffuse toward the point of maximum hydrogen density.
For tokamaks. exhibiting the well-known parabolic density distribution, impurities
will be captured in the central region of the plasma. However, if the profile of
n(r) could be modified to exhibit a local peak near the outer edge of the plasma,
impurities would be trapped there and be prevented from entering the hot core.

An additional benefit of this mechanism results from the fact that the trapped
impurities would radiate their energy to the wall and effectively cool the

plasma edge, thereby decreasing the likelihood of sputtering. This scheme requires
that a stable relatively dense and cold gas blanket.exist between the plasma and
the wall.

-13-
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Brandt(]o)

cdncept and find that, for steady.staté_tokamaks, pressure equilibrium between

and his group in the Nether}ands have studied the dense gas blanket

the blanket and the hot plasma cannot be maintained. This is because inward
diffusion of the neutral gas is not affected by the magnetic field while the
ambipolar outward diffusion of the hot ions is restrained; this leads to a
pressure buildup in the center. ‘

Ohkawa(]]) has calculated that impurity diffusion can be reversed by providing

a source of protons (hydrogen gas) on one side of the plasma (e.g., the top of

the torus) and a sink on the other (see Figure 7). In order to pump impurities
out of the system, the ratio of particle injection to particle loss rates for the
TNS must be 3.5. The particle loss rate from the TNS plasma is 16.8 x 1022 DT/s
so the injectioh rate would have to be 55 x 1022/5 making a total gas load of 72 x
1022 particles/s ~ ]04_torr liter/sec that ‘the vacuum pumps must handle. Even if
the exhaust pumps are required to maintain a pressure of only 10-3 torr, this
would require a pumping speed of 107;11ter/sec; evacuating and processing this

high gas flow represents a serious engineering problem.

While the neoclassical particle diffusion model has apparently been confirmed by

13,14) Jndicate

Russian investigators(]z) for the TM-3, reports from the TFR team(
that the light impurities (oxygen) stay in an outer shell, recycling with the
wall, while the heavy impurities (Mo) are distributed throughout the inner region
more broadly than predicted by neoclassical theory. Experiments on the ST(]S?
which followed radiation from excited states of injected Al atoms showed that the
higher ionization states were indeed peaked closer to the center of the plasma as

(16)

rent density plasmas might generate an MHD instability causing anomalous flow

predicted by neoclassical diffusion theory. Hogan suggests that higher cur-

outward and that, in reactor grade tokamaks, the high Z impurities would peak at /
the outside of the plasma. The unsettled state of present understandihg of
impurity diffusion suggests that schemes depending on reversing the concentration
gradient be considered with caution. :

-14-
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Prevent Emerging Ions from Striking the Wall

A magnetic divertor can capture and remove ions that leak from the plasma as
shown .in Figure 8; this is the unload function. - The density of ions in the
scrape-off layer is assumed to fall exponentially according to the relation

n(x) = n. exp (- x/ 1) | (14)

where ng is the density of ions at the separtrjx,.x is the distance into the
scrape-off layer of width w, and A = /D | t || is.the e-folding distance result-
ing from transpbrt across the field lines.with the diffusion coefficient.D |
szject to losses along the field lines with a residence time T1y. In order for
oy, > 0.9, w must be chosen such that n(w) < 0.1 ngs that is, exp (-w/x) < 0.1 and
w > 2.3 x. The diffusion coefficient can be taken to be ~10% Bohm diffusion,: that
is D 1«1104 cm2/sec, and TV T Z%rRo/vH = 10-4_sec, so A~ 1 cmand'w > 2.3 cm.
This is the case for a free flowing ion stream. However, ions in the scrape-off
layer of a D-shaped plasma experience a confining mirror field, since the tor-
oidal field is greater at the divertor opening than at the plasma equator. This
“increases the residence time by a factor of about 50 since jons can only enter
the opening by scattering into the mirror 1loss cone. For the mirror case,
aSsuming Dl stays the same, A becomes ~7 cm and w > 15 cm.

The consequence of the mirror confined case on the shielding efficiency of the

n cm‘3 which is easily

achieved in a TNS plasma whose averaye densilty is 2 x 1014 cm'3.

strape-off layer is to require that ng 3_10]3/w >6 x 10

Handling the Gas Throughput‘when Divertors are Used

The gas removal system for the divertor must reduce the pressure in the burial
chamber to cqlbout‘,,l,O"6 torr. The model in Figure 2 indicates that the gas load
into the burial chamber = T, (au * Ry gy (1 - au) + S5 oy (1 - au) is essen-
tially leaked fuel ions since au?e] and Ri>> Si‘ For convenience it will be

assumed that all the leakage flux, Iy = 2400 torr liter/s, is delivered to the

-15-
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WALL WALL

.GAS COLLECTOR

Figure 7. Schematic of concept of impurity diffusion
.reversal by gas flow showing gas source
above plasma and gas collector below the

plasma.
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D, T WALL
Hett
0 X W

Figure 8. Schematic of unload divertor action showing
plasma ions leaking from the plasma into the
scrape-off layer and being removed by the
divertor field. :

-16-
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~ burial chamber. To maintain p = 10'6 torr will require a total pump speed
S =2.4 x10°
assuming 10 Titer/s pumping speed per cm2 of panel. Placing cryopanels in the
burial chamber exposes them to severe heating from neutrons and radiation from

liter/s. This could be generated by 24,000 m2 of cryopanels,

nearby hot structure so there is strong incentive to investigate supplementary
gettering systems to reduce the required pumping speed.

Gettering of hydrogenic ions in Mo, Ti, Ta, Nb,_Zr, Li and an alloy of Zr/Al,
(17)(

for example, Figure 9). However, the prefefred getter material is Ti or Zr for

]6 ions/cm2 (30 sec dose

takes place with an efficiency s > 90% over a limited temperature range see
the following reasons: s = 0 for Mo at doses > 5 x 10
will be 1017 2
magnetic field; Zr/A1 surfaces are quickly contaminated by impurity atoms such
as oxygen. Placing these getters in the divertor burial chamber will reduce the
load on the vacuum pumps by a factor of 10, reducing the required pump speed to
2.4 X‘]O8 liter/sec; this is still a.very high speed.‘

jons/cm~); liquid 1ithium is very difficult to pump against a

The sticking coefficient of the getters can be increased substantially by arranging
them geometrically so‘fhat those particles which are not captured at the initial
contact point are forced to contacl addiliovnal surfaces. One concept which has
been studied forms the getter surfaces into nested chevrons, as in Figuretlo.

In this arrangement the direction of the incident particles is well-defined since
they travel along the divertor magnetic field lines. They.enter the nested chevrons
at a specific angle and suffer multiple bounces before a small fraction of the
incident flux escapes as randomly moving particles into the vacuum pumping region.
Analysis of this concept(]s) showed that seff increased from 0.9 to at least 0.999
and ‘that Sigee decreased from 1072 t0 107 for reasonable spacing and dimension of
the chevron. This reduces the required pumping speeds to ~ 106 liter/s which can -
be generated quite easily with about 10 m2 of cryopanels.

Helium ions which will be generated at the rate of 5.4 x'lozo/sec, must also be

pumped away. The above getters do not trap helium and cryosorption panels must be
supercooled to below 4 K to capture helium. In addition, the cryopanels must be

-]7-
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probabilities of D* ions in Niobium,
Titanium, Zirconium, and Erbium. The
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Figure 10. Chevron arrangements that intercept
sputtered and re-emitted particles
" can increase trapping efficiency by
a factor of 103.
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multi staged both thermally and physically in order to pump both H and He. This
problem may be solved by using a Nb getter. Figure 11 shows that Nb exhibits close
to 100% trapping up to doses of 10]7 ions/cmz(lg). It could be fabriqated into
chevron shapes and interspersed among the Ti and/or Zr chevrons. The minimum area
required to handle a thirty second. pulse, before reaching the above saturation

level, is 16 m2.

100% TRAPFING | I

31 4 t
§
x
LS §
Q 1
g 9 keV
Q2
&
<
o
& :
i 4 keV
Y,
=
<
o
0 i i i 1 . )
0 0.5 LS 1.5 ©2.0

ROMBARDMENT NOSE (10'8 1ane/em?)

Figure 11. Saturation curves of the trapping -
of 3He ions in a Niobium single
crystal for different energ1es
implanted to different doses in a
random direction. The trapping

. efficiency is ~ 100% at a dose of
< 1017 cm? at 1.5 keV.
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