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ABSTRACT

The self-pumping concept was proposed as
a means of s i m p l i f y i n g the impur i ty cont ro l
system in a fus ion reactor . The idea 1s to
remove helium 1n-s1tu by t rapp ing In f resh l y
deposi ted metal surface layers of a l i m i t e r or
d i v e r t o r . Trapping mater ia l is added to the
plasma scrape-of f or edge region where i t i s
t ranspor ted to the w a l l . Some of the key i s -
sues f o r t h i s concept are the t r i t i u m Inven-
to ry In the t rapp ing mater ia l and the perme-
ation of protium and recycling of trit ium.
These quantities are shc-*n to be acceptable
for the reference design. The trit ium issues
for a helium-cooled soll-d breeder reactor de-
sign with vanadium alloy as a structural mate-
rial are also examined. Models are presented
for trit ium permeation and inventory calcula-
tion for structure materials with the effect
of a thin layer of coating material.

1. INTRODUCTION

AThe self-pumping concept was proposed as
a means of simplifying impurity control in a
fusion reactor. The basic concept 1s to
remove helium 1n-situ by trapping in freshly
deposited metal surface layers of a limiter or
divertor. The design of the self-pumping
limiter has to satisfy the requirement of
trapping helium, recycle deutrium and tritium
(DT) and permeate protium simultaneously. At
the same time i t has to satisfy all the ther-
mal hydraulic requirements associated with the
f i r s t wall. A key requirement for the depos-
ited material is to trap helium much better
than hydrogen. I t has been demonstrated
experimentally that nickel perferentially
traps helium' and that several other materials
(iron, vanadium, niobium, molybdenum, and tan-
talum) are believed to be capable of preferen-
t ia l trapping. The selective trapping 1n cer-
tain metals is because of the negligible solu-

b i l i t y of helium in the latt ice. The injected
helium will diffuse through the lattice until
i t reaches a nearby trapping site where i t can
come out of solid solution. Hydrogen, on the
other hand, remains in the solid solution
until I t diffuses to the surface and escapes.
Other plasma contaminants, notably oxygen, can
be removed by the self-pumping system by chem-
ically combining with the deposited metal.
Protium formed by a D-0 reaction needs to be
removed by permeation for efficient plasma
operation.

Benefits of the self-pumping system are
the elimination of vacuum ducts, pumps, and
penetration shielding (except for a very small
startup system), and the reduction of tr i t ium
recycling and refueling. In addition, a self-
pumped system may perform better and last
longer than .alternative systems such as a
pumped limiter. The f i r s t case here 1s a
self-cooled lithium/vanadium blanket with
f i r s t wall as a If miter. This concept com-
bines the functions of f i r s t wall and Hmiter
Into a single f i r s t wall structure. The wall
Is shaped In accordance with the outermost
plasma flux surface. Trapping material is
added to the plasma scrape-off or edge region
where i t is transported to the wall. The
entire wall area 1s used for helium trapping.

The Important issues for the self-pumping
concept are the trit ium Inventory in the trap-
ping material and the permeation of tr it ium
and protium Into the coolant. The retained
trit ium Inventory should be as low as possi-
ble. The tritium permeation rate should be
less than the blanket breeding rate. The pro-
tium permeation should be high enough to re-
move protium produced by the D-D reaction at
very low protium concentration (H/DT ratio ~
0.1). The tritium permeation and Inventory as
well as protium permeation are calculated for
the entire lifetime of the reactor.

* Work supported by the U.S. Department of
Energy, Office of Fusion Energy.



A second system considered 1s a helium-
cooled sol id breeder reactor design concept.
The Li20 breeder with the coolant using V-
al loy as a structural material appears to be
the most a t t rac t ive design. i The t r i t i um
system for th is concept 1s analyzed and both
the permeation and Inventroy fo r V-alloys with
and without this layer of tungsten as coating
are calculated.

I I . TRITIUM PERMEATION AND INVENTORY AND
PROTIUM PERMEATION FOR SELF-PUMPING

The retained t r i t i um Inventory Is an Im-
portant factor for this concept and should be
as low as possible. The t r i t i um permeation
rate is less c r i t i c a l but also should be mini-
mized. To f i r s t order, the permeation rates
of t r i t i um and protium are governed by a simi-
lar processes. The permeation should be low
enough for acceptably low t r i t i um throughout,
but must be high enough to remove protium.
Protium Is formed by the D-D reaction at a
rate of about 1/400 of the a-productioi rate
{at the plasma temperatures considered in
TPSS). This is equivalent to 0.1 gms of pro-
tium per day, for a 2.5 Mu/m' w i l l loading.

In steady state, the protium concentra-
t ion in the plas.ua can be related to the per-
meation as fol lows:

4 JDT £ " % • <*>
where I n T 1s the current of OT Ions to thelDT HQ Is the protium production

I U, are the number density per
boundary and
rate.
unit volume for1' both deuterium-tritium and
protium respectively. The self-pumping e f f i -
ciency, e, is defined as the removal rate via
permeation to the coolant divided by the par-
t ic le Impingement rate. This expression as-
sumes equal transport properties of hydrogen
isotopes 1n the plasma.

The DT current Is approximately scales
linearly with neutron wall loading. For a
wall loading of 2.5 MW/nr, and for typical
plasma edge conditions given 1n Ref. 4, Ityr =

2.5 x 1CZ" s"1 and rt ~ 7.9 x 1017 s"1. This
gives for the protiunrconcentration:

JlL. . 3-2 x I P ' 7 _ ( 2 )
NDT £

An acceptable protium concentration 1s about
1%, therefore e has to be >3 x 10"'. In order
to have an acceptable level of tr i t ium leakage
to the f i r s t wall , the maximum allowable leak-
age rate should not exceed the blanket breed-
ing rate. The trit ium breeding rate Is calcu-
lated to be 3 x 10^° T/sec. This corresponds
to self-pumping efficiency of e < 2.5x10 .
Therefore the f i r s t wall has to be designed
with

To compute the permeation and inventory
of hydrogen Isotopes 1n candidate self-pumped
materials, we have developed a steady state
computer code. The permeation model assumes a
hydrogen Isotope atom Inpiantation flux Jj at
a depth 6 1n the wall less than the wall
thickness d. This Implantation depth depends
primarily on the energy of D-T particles which
Is assumed to be In the 100's of eV range.

It Is assumed that gas molecules leave
either wall surface (front or back) by recom-
bination limited desorption according to

J = 2 Kr C
2 , (3)

where C 1s the dissolved hydrogen isotope con-
centration near the surface, and Kr is the
recombination coefficient given by.

5 2 e x p ( V^_JL) , (4)

where

r Kso /»K MT

a = sticking coefficient (• 1 for clean
surfaces)

Ks0 = pre-exDonential Sievert's solubi l i ty
constant

K = Boltzmann constant
M = mass of the molecule formed by

recombination
T - absolute temperature
E. » energy of solution for hydrogen 1n

s metal
Es + E,j (Ej • diffusion energy)

and
Ed >0

otherwise.

The protium concentration In the material
Is much less than the tr i t ium or deuterium
concentration. The effect of the protium Iso-
tope 1s taken Into consideration by assuming
that the protium flux leaving either surface
1s given by:

C0T . (5)

where

CH 1s protium concentration.
COj IS tritium-deuterium concentration.

The code was run for the f i r s t wal l / l imi -
ter system using vanadium as structural mate-
r i a l . This system is designed for 10 years of
operation at 2.5 MU/m neutron wall loading.
The temperature gradient In the wall 1s mainly
due to the surface heat flux (q) and 1s given
by

2.5 1CT4 > e > 3 10,-5

„ 3T
K — • q

3X

(6)



where K is the thermal conductivity of the
wall material. In i t ia l ly , the vanadium wall
thickness fs about 2 mm with the back surface
temperature fixed at 640°C. The average sur-
face heat flux 1s about 0.92 MW/m2.* This
yields a front surface temperature of 697°C.

There are two key requirements for the
self-pumping material pertaining to lifetime.
These are the fraction of helium capable of
being trapped inside the material and the max-
imum surface temperature at which the material
wi l l s t i l l trap helium. Based on limited
experimental data°>' the average trapping
atomic fraction is estimated to be 30% and the
maximum surface temperature 1s esstimated to
be 0.7 of the melt1nq temperature. Since He
trapping rate of lO^/cm^-sec is required,
fresh vanadium is being deposited at the rate
of 3.4 x lO^/cnr-sec, which is equivalent to
1.5 mm/yr. The thermal conductivity of the
deposited vanadium 1s assumed to be 70% of
that for ful l density vanadium. The rate of
the temperature increase as a result of the
added material is given from Eq. 6 by

dt K dt
This yields a temperatuare inc ease of about
62 °K/yr. After !0 years of operation the
surface temperature becomes about 0.7 of the
melting temperature.

Figure 1 shows the tritium permeation and
inventory for the vanadium wall as a function
of number of years of operation and wall
thickness. As the wall thickness Increases,
the front wall temperature Increases wMch in-
creases the hydrogen isotope flux leaving the
front surface and reentering the plasma. This
has the effect of reducing the permeation
rate. Thus, the permeation rate 1s largest in
the early years of operation and continuously
decree'Jis thereafter. At the start of opera-
tion the permeation rate 1s equal to about
five times the tritfum burn up rate. This is
an order of magnitude smaller than what would
be removed by a regular pumped Hmiter or di-
vertor. If necessary, the in i t ia l permeation
rate could be made smaller by simply starting
with an additional wall thickness. For exam-
ple, an In i t ia l added thickness of 1.5 mm
would reduce the permeation rate approximately
in half. Although this might impact the sys-
tem lifetime, there 1s already a safety margin
in determining the lifetime. Another means of
reducing the tritium permeation, 1f necessary,
is to use an oxide barrier over a portion of
the wall. This 1s possible since the protium
concentration in the plasma is lower than re-
quired, being less th?n 0.5% over most of the
lifetime as shown in Table 1. For example,
using a permeation barrier over half of the
wall structure would reduce the tritium perme-
ation in half while s t i l l maintaining a low
protium concentration.

Years of Operation
4 6

Vanadium Wall

Surtaca A T M = 300 m*
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Fig. 1. Tritium permeation and inventory in
a self-pumped 11ra1ter.

The tritium Inventory Is acceptable, be-
ing extremely small I.e., several grams for
the full 10 years as shown In Fig. 1. Al-
though the thickness of the wall Increases by
almost an order of magnitude over the life-
time, the Inventory only Increases by about a
factor of 2. This 1s mainly because as the
surface temperature Increases the amount of
tritium leaving the front surface facing the
plasma increases and consequently this tends
to reduce the permeation to the coolant.

III. HELIUM-COOLED SOLID BREEDER SYSTEM

Of the solid breeder designs considered
in the Blanket Comparison and Selection Study
(BCSS),3 the L120 breeder with the He coolant
received the highest overall ranking for both
tokamak and tandem mirror systems. In TPSS
vanadium alloys was proposed as a structural
material so that the coolant outlet, tempera-
tures can be Increased to optomize the gross
power conversion efficiency of the system.
This will result 1n reducing the cost of elec-
tricity.

The high permeability of vanadium alloys
to hydrogen Isotopes has positive end negative
consequences for the design of solid breeder



Table 1
Tritium and Protium Permeation and Inventory

Calculation for Self-Pumpted First Wall- Limiter

Vanadium First Wall IS U a l t e r

Total Wil l Area • 300 n2

Back Wall Temperature - 6«0'C

D-T Particle Flux - 2.5 x 10 z * s"1

Operation Time
(years)

0

1

2

3

4

5

6

7

8

9

10

Wall Thickness

2

3.5

5

6.5

8

9.5

n

12.5

14

15.5

17

Fi rs t Wall
Temp. (*K)

970

1032

1094

1156

m o

1280

1342

1404

1466

1528

1590

Permeation
Coeff icient, c

.0013

6.0 x 10""

3.6 x 10'"

2.5 x 10""

1.8 x 10"'

1.4 x 10'"

1.1 x 10-"

8.5 x I 0" 5

7.0 x 10 ' 5

5.9 x 10 ' 5

5.0 x 10 ' 5

T-Permestion

697

324

197

133

96.5

73

57.3

46.2

38.1

31.9

27.2

Plasm Protlua
Concentrttion

2.5 « 10~4

5.3 x 10"4

8.8 x 10-*

.0013

' .0018

.0024

.0030

.0037

.0045

.0054

.0063

Trltlu-
Inventory (g)

1.6

2.1

2.6

2.8

3.1

3.2

3.3

3.38

3.44

3.47

3.5

blankets. By using 'a vanadium alloy for
breeder cladding, trit ium can be allowed to
permeate the cladding from the breeder to the
primary halium coolant wh'ch then acts as the
medium for both trit ium recovery and heat
transport. To reduce the tritium inventory in
the solid breeder, Do 1s maintained In the
coolant at the lever of 10-100 Pa partial
pressure. The high hydrogen Isotope pressure
and the large permeability of vanadium alloys
may result 1n excessive leakage to the plasma.
Two design innovations were used to solve the
problem associated with leakage to the plasma.
First, the coolant side of the f i r s t wall is
coated with a thin layer (~1 vm) of tungsten
which acts as a diffusion barrier for hydrogen
isotopes. Calculations are then performed to
ensure that this design change does not induce
excessive hydrogen erabrittlement. Second, the
helium coolant 1s doped with deuterium rather
than protfum for the purposes of tritium re-
covery from che solid breeder.* Deuterium is
chosen over protium because I t Is a fuel for
the D-T reaction. Thus, proper design of the
f i r s t wall can reduce the D and T leakage to
the plasma to be less than the rate of con-
sumption of D and T in the plasma.

A. Hydrogen Isotope Permeation and Inven-
tory

Because of the deuterium added to the
helium coolant, i ts permeation through the

f i r s t wall could be a serious feasibi l i ty
Issue. Another factor of concern Is the
hydrogen Isotope concentration In the vanadium
f i rs t wall. I f the concentration exceeds <;
certain l imi t , embri t t l ement of vanadium may
occur.

To model this problem, the f i r s t wall Is
subjected to two simultaneous boundary condi-
tions. The boundary near the plasma side is
exposed to an Intense D-T particle flux while
the back surface facing the helium coolant Is
subjected to the deuterium partial pressure 1n
the helium coolant. The model assumes a deu-
terium or tritium atom Implantation flux J., to
a depth 6 in the front wall facing the plasma
which Is less than the wall thickness d.

I t 1s assumed that gas molecules leave
either surface by recombination-limited
desorption according to Eq. (3). On the cool-
ant side, I t 1s assumed that nonequilibrium
flow exists at the wall surface, I .e., recom-
bination-limited desorption and dissoctation-
Umited adsorption. The molecular adsorption
rate J d Is related to the deuterium gas pres-
sure P above the surface by a dissociation
coefficient Kd according to

(8)J
d = V

where



Kd • 2K< Kr, (9)

and Ks is the Sievert's constant.

The governing equations for the surface
currents can then be written as

Jl * 2 Cl '

P " 2

al so

(10)

(11)

(12)

where the subscripts 1 and 2 refer to the
front (plasma) and the back (coolant) surfaces
respectively, and JJ is again the implantation
f lux . The surface cur.-ent J , then represents
the net deuterium flux going Into the wall
(and then to the plasma) from the helium cool-
ant. The above equations were solved numeri-
cal ly using e f f i c ien t i te ra t ion techniques to
y ie ld very accurate solutions.

8. Analysis of Vanadium Alloy with Coated
Tungsten

The primary purpose of coating the
coolant side of the f i r s t wall Is to l i m i t the
leakage of hydrogen Isotopes to levels accept-
able for plasma operation. A secondary advan-
tage of the coating may come from Inh ib i t ing
the rate of oxidation of V-alloys due to 02
and H20 Impurit ies 1n the helium coolant.

The vanadium (V) wall coatsd with a very
th in layer of tungsten (W) can mathematically
be treated as i f the wall were consisted of
pure vanadium with an " a r t i f i c a l " st icking
coef f i c ien t , aeff, in the surface recombina-
t ion factor ICr. This a r t i f i c i a l st icking
coef f ic ient can be deduced as fol lows.

The hydrogen isotope concentration in the
material (C) is given by Sievert 's so lub i l i t y
law:

where the subscripts w and v are for tungsten
coating and vanadium first wall respectively.

The current of hydrogen Isotope leaving
the coated surface 1s

J = 2 Kr C /
w

substituting from (15)

rearranging

J - Z

J - a e f f • 2

where

K r Ks
. rw. , Sw>2

a e f f = ' K — ' ' K — '
r b sv

(16)

(17)

(18)

(19)

(20)

Substituting values for K, and Kr with proper
units and rearranging, yield

aeff (21)

where p 1s the density of the material and E x
Is defined In Eq. 4.

Then the current of hydrogen isotope
leaving the tungsten coated vanadium surface
can be given as

,eff 2 (22)

where

and

where

K

- K
-ES/KT

so

(13)

114)

s - Si evert's solubility constant
P = pressure of hydrogen Isotope

At the interface between the coating and
the bulk material, the pressure should be the
same, then

J1- = ̂ L (15)

e f f

K
o f f (23)

o
So the hydrogen Isotope flux leaving the

coated surface can be given as that leaving
the original surface with no coating but with
effective recombination coefficient given by
the above equation.

IV. RESULTS AND DISCUSSIONS

The calculations presented in this sec-
tion are for a vanadium wall material assuming
100% f i r s t wall as a Umiter. The deuterium
permeation rate from the helium coolant to the
plasma side 1s shown 1n Fig. 2 for different
deuterium partial pressures in the coolant.



The calculation is shown for both a pure vana-
dium wall and for vanadium coated with a very
thin layer of tungsten on the coolant side.
This thin layer acts as a permeation barrier
for the deuterium In the coolant. As can be
seen from Fig. 2, the permeation of deuterium
(with partial pressure 1n the required range
of 10 + 100 Pa In helium coolant) through an
uncoated vanadium wall Is 1n the 10's of kg/d
which Is clearly unacceptable. However, for a
tungsten-coated vanadium, the permeation rate
to the plasma side Is about 2 + 3 orders of
magnitude lower which may be acceptable from
the design point of view. The tritium inven-
tory in the wall is on the order of a few
grams in the entire wall.
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Fig. 2. Permeation of deuterium from the He
coolant to the plasma for bare V and
coated wsll.

Another important factor is the hydrogen
isotope concentration 1n vanadium. If the
concentration exceeds a certain l imit , 1t may
cause embrittlement of vanadium and subsequent
failure of the structure. The embrittlement
of V and V-alloys may become a problem at
hydrogen concentrations of -100 wppm.-3 As the
primary hydrogen Isotope In the vanadium wil l

be deuterium for this reactor design, a design
limit of 200 wppm Is Imposed. Figure 3 shows
the maximum hydrogen Isotope (D) concentration
1n the vanadium wall for different deuterium
partial pressures 1n the coolant. For the
case of vanadium with no coating, and at the
lower temperature portions of the wall, the
concentration of the hydrogen Isotope exceeds
200 wppm which may cause embrittlement In the
required range of partial pressures. However
for the higher temperature portions of the
wall, the hydrogen Isotope concentration 1s
lower than 200 wppm. For tungsten-coated
vanadium the concentration Is well below the
l imit that may cause embri t t l ement for both
temperature l imi ts: For bare V, deuterium is
the primary hydrogen Isotope in solution,
while for coated V, about half of the concen-
tration is T and the other half is D. Table 2
summarizes the permeation and the concen-
tration calculations along with the reference
values used In the calculations. As a general
conclusion 1t seems that a perfect thin layer
of tungsten coating on the vanadium wall near
the coolant side wi l l substantially reduce
both the deuterium permeation through the wall
and the hydrogen Isotope concentration in the
vanadium wall to an acceptable l imi t .

700-C

m l
O.I 1.0 10

IN HELIUM COOLANT, Pa

Fig. 3 Maximum hydrogen Isotope concentration
In the f i r s t wall as a function of D?
partial pressure In the He coolant.



Table 2
Hydrogen Isotope Concentration in Vanadium

OT particle flux - 2.5 « 1024 #/ j 110OI f i rs t «11 i t l 1 latter!

Wall thickness • 2,5 mm

Vail area - 300 m2

I .

t •

700"C

300-0

<V

• Hhout

coating

with u

COittng

without

costing

with U

coating

Pressure (Pa)

concentration (wppni)d

permeation (g/d)b

concentration (wppm)c

p e r m e a c f o n tq/d}^

permeation (g/d)"

concentration (wppm)c

permeation (g /d ) 6

0.1

1.4

7.9 - 102

.44

.25

23

7.38 « 103

6.48

.34

1.0

4.3

3.4 » 103

.45

2.76

73

2.96 « 10*

6.49

3.6

10.

13.6

1.2 « 104

.48

27.8

231

10S

6.56

36.2

100.

44

3.7 « 1O4

.70

279

732

3.22 « 105

7.3

363

A Concentration of O2 due to PQ
0 Flu* of 02 to plasma due to Pg 1n coolant (back diffusion caused by T-Ispleaenutfon not Included)
c Concentration of 0 and T

The above analysis was performed for a
pure V f i r s t wall arid a "perfect" W coating.
The permeation rate cf hydrogen Isotopes
through V-l5Cr-5T1 might be less than 1t Is
for pure V. However this ef fect is over-
shadowed by the fact that the W coating may
not act as a perfect layer. I f plasroa-arc-
spraying is used as a fabr icat ion method for
coating the f i r s t wa l l , then the W coating
w i l l be b r i t t l e at the lower temperature.* A
better fabricat ion technique should be devel-
oped or a more-compatible coating would have
to be explored. Aluminum is an Interest ing
poss ib i l i t y as i t has a low permeability and
i t s thermal expansion coef f ic ient is matched
reasonably well with that of V. However, i t s
low melting point, while an advantage in fab-
r i ca t ion , would cause problems during t ran-
sients. Another good poss ib i l i t y is V-Al
al loys in which Al segregates to the surfaces
and form a few monolayers on top of the vana-
dium. These few montlayers can act as a good
permeation barr ier for hydrogen isotope and
can provide a better performance from the
impurity control view points.
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