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I. Introduction

It has recently been proposed by Hsu and M111er(1) that one can use a
thermal fission reactor to produce bulk neutron and surface effects which are
similar to those experienced by the first walls in a DT fusion reactor. The
main idea is to use the (n,a) reaction in Ni-59 to produce high internal
helium contents in the metal while using the He3(n,P)T reaction in the gas
surrounding the specimen to produce an external heat and particle flux. The
helium-3 gas would be contained in an annulus around the material to be tested
as depicted in Fig. 1. The pressure of the gas could be varied to change the
particle flux and energy which, in turn, would change the heat flux, the
erosion rate, and the displacement rate in the test material.

The basic problem is to calculate the partitioning of the reaction
energy; i.e., how much of the recoil energy is deposited on the wall? It is
also of interest to know the energy spectrum of the protons and tritium ijons

as a result of the reaction:
n + He> > p(E, = 0.57 MeV) + T(E, = 0.19 MeV) (1)

as they hit the wall.
The object of this study is:

(1) To calculate the energy spectrum of the charged particles at the inner
first wall of a 1 c¢m thick gap filled with various pressures of He3 gas;

(2) To calculate the total heat flux at the same inner wall for typical ETR
operating conditions;

(3) To calculate the total erosion rate at this inner wall;

(4) To calculate the damage rate (dpa/sec) in the stainless steel inner wall;
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(5) To calculate the implantation of protons and tritium in the stainless

steel inner wall;

(6) To repeat the above calculations on the outer wall as well as on the

inner one.

II. Calculational Model

A. General Features SOURCE

In this study, the problem will Y

be modeled as an infinite slab with 0 R ;:

— \‘max

1 cm thick gas gap although other ‘i_ \ ;;

thicknesses could be used. An ' \ %

\ /

exponential law for thedHes(n,p)T — \ ;:

. NPT . L
reaction rate distribution will be — dA

assumed —_— ;Z

) L/

Consider a layer of thickness — ;:

dx where protons and tritium are — ;:

/

produced at rate given by: OUTE—R-- ;

fe——— d — = WALL

-2(d-x) (=3 goc-l (2)

R=12 4’0 e
where © is the total absorption cross section (cm‘l),
$o 1s the neutron flux incident on the outer wall (# cm~2 sec'l),

d is the thickness of the gas gap.



These are assumed produced isotropically at every location y (as shown in Fig.
2)-
The fraction of the particles produced in the annular ring (defined by x,

y, dx, dy) which start toward dA is:

F=dA co; 6 (3)
dnr

Then the particle flux from this ring going towards dA is given by:

To get the total number of particles produced at x from the volume

element between x and x + dx, we integrate over the annular ring:

R -X
1 -z (d-x) max y
F/IA =53¢ e x dx [ dy . (5)
p 24 % A (2 + y2)32

Rmax 1s the range of the particles at the corresponding He3 gas

pressure
22 a2
and ydy = r dr (at constant x) .

The flux of particles per unit area is then:

max
Fo/dh =53 o, e 24X wax a
P r=Xx r
(6)
-1y b e-z(d-x) (1 - RX ) dx .
max



For the rest of this paper, the particle and heat fluxes will be normalized to
the units of ¢ 9 (where $o s the flux of incident neutrons at the outside

wall, assuming no shielding from this wall), i.e.

F = 1 e'z(d'x) (1 -2 ) dx (7)

pa Rmax

ol

and the units are (part1c]es) / (Rea§t1on ).
cm“esec cm”esec

To obtain the total number of particles that reach the area element dA

from all gas regions, we integrate over all the volume,

L
F = [ F  dx (Fp flux from region between x, x + dx) (8)
o "a a

where L is the lesser between Rmax and d, i.e.,

-2(d-x) (g _ 2 dx . (9)

ze
max

tot

'ﬂ
I
OoY—r

In fact, this last integral can be solved analytically, and the result is

given by:

1 - z(L-d) 1 L -5d 1
F, . == [e 1+ - ) - e (1 + —=—)] (10)
tot 2t z Rmax Rmax z Rmax

where again L is the lesser between d and R Again, it should be noticed

max*
that Ftot 1s normalized to the units of & 9o
The total flux given by the last integral is strongly dependent on the

He3 gas pressure in the gap. This pressure dependence enters through the



absorption cross section, £, and the range of the particles in the gas, i.e.

Rmax'

B. Heat Flux

The heat flux to the inner wall from the volume element between x and

X + dx is given by:

R
max
Heat flux =-% e~Ild-x) dx [ E(r) . dg [wagt / (reaction/cm3 . sec)]
r=x r cm
(11)
and the total heat flux is given by:
R
L ma X
=5 [ x e EEX) Ty dr g (12)
x=0 r=x r

where E(r) is the energy that reaches the wall from particles born with energy
E, at the volume element dx and at a distance r from the first wall.

To simplify the last integral, we can calculate an average distance r
(defined as the average distance travelled by those particles born within the
slab volume element x and x + dx). Then we calculate the energy of the
particles that traverse this distance, i.e. E(r). Then, the total heat flux

will be given by

]

—

O —r
[1]

I
™
Camn )
o

1
x
g

>
m
—
-
g
—
lo.
N3
[=R
x

(13)




To get T, we have to calculate

the average distance travelled over

4
the solid angle da, i.e., 0/
/,
4
L/
/
’
/
/
/
/
L/
/
/|
/
L/
/
|/
®max
f r do
Tl (14)
max
[ da
)
where d@ = 2r sin 6 do. Substituting for r = co: 5 (as shown in Fig. 3) we
find,
]
max
2r sin 8 de
- _0 cos o
r‘ =
0
max
f 2n sin o de
)
®max
x [ tan ¢ de
__0
®max
[ sin e de
0
In sec o
= X1 cos gax ) (15)
ma x
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The following substitution cos ema = X yields,

X R

Toeox —Tax 7 (16)

This value of r can then be substituted into Eq. 13. If the energy E(F¥) can
be represented by a suitable polynomial or any other function, the entire
problem can be done analytically, even without the approximation of Tr.

In this study we solved the last integral numerically. The gas zone is
broken up into 100 regions (i.e., each with 0.01 cm thickness). The energy of
the ions reaching the inner surface was calculated in the following manner.
First, the Brice(z) formulation was used to calculate the electronic energy
loss rate of the proton and tritium ions in the He3 gas. Second the formalism
of Hunter(3) was used to calculate the energy at any given distance from the
point of birth. This method is valid for low atomic weight particles because
the electronic loss mechanism is far greater than the nuclear energy loss
mechanism down to a few keV.

C. Sputtering Rate

The sputtering rate is the flux of particles at energy E times the appro-
priate sputtering coefficient, S(E). The sputtering coefficients are calcu-

lated from the analytical expression given by Smith(4):

M
S(E) = (20/U)) 2 25 g E 5 (17)
2 (E +5012,2,)
172
where: Ug = surface binding energy,
Z1, M; = charge and mass of incident ion,

Ly, My = charge and mass of struck ion,



E = energy in eV.
Fitting the above form of the equation to the experimental data of Sigmund(s)

gives

2 2" E

5 (18)
2 (E +166.8 7,7,)

For protons and tritium ions on Cu the above equation transforms to:

E(keV)

S(E) = 0.257 5 protons (19)
(E + 4.837)
S(E) = 0.711 —E{keV) 5 tritium . (20)
(E + 4.837)
Then the total sputtering rate can be given by:
R
L max
=3 [ xePUX T s(g(r)) + 9F ax (21)
0 r=x r

and again if we use E(r), and take it out of the second integral, the total

erosion rate in units of [(cm/sec)/(Reaction/cm3/sec)] will be given by,

e-Z(d-X) (1 _ RX ) — E(F) 5 dx (22)
max  (E(r) + 4.837)

w

"
N =

w

f—
o “—r

where: Sp = 0.257 for protons
51 = 0.711 for tritium.
It should also be noticed that the total erosion rates are normalized to units

of I 90



D. Displacement Response

The radiation damage in the first wall of the fusion blanket test module
will be due to both neutrons and ion bombardment. The damage production by
the ions will be limited to the first few microns near the exposed surface and
the spatial extent of the damage will be determined by the amount of energy
lost in nuclear collisions at any location.

The amount of displacement damage by ions can be determined at any loca-

tion in the material at which the energy of the ijon is known by(6)

AE.
. i
D(x) = F (x) [ o(E,,E) v(E) dE (23)
Y £ 1
d
where: F., = local ion flux at position x,

Eq = effective displacement energy,

4m1m2E

maximum PKA energy = uE—
(m1 + m2)

AE,
j

o = cross section for transfer of energy E to PKA from ion of any
Eis
v(E) = number of displaced atoms from PKA of energy E.

The local displacement rate can be estimated by assuming suitable cross
sections in the last equation and integrating. The spatial distribution of
the damage requires knowledge of the energy at a given location. Again in
this section we used the same methods as those used in calculating the energy
spectrum on the inner surface of stainless steel through the gas. The cross

section used for this study was the same as the one used by Hunter(3).

10



III. Calculational Procedure

A computer code, A*IDAHO,(7) has been developed to calculate the steady-
state values of particle and heat flux to the wall. Erosion rate, implanta-
tion of particles, and damage rate of the wall can also be calculated from
this code. A1l these calculations can be done for any value of He3 gas
pressure. Also, the code is capable of doing all the above calculations on
the outer wall as well as on the inner one.

Output from this code can be obtained in either tabulated form or in a
graphical form. In this paper we will represent graphical results of the
above calculations.

IV. Results and Observations

Results of four different pressures, 1, 3, 5, 32.7 atmospheres of He3 gas
in the annulus between the specimen and the outside of the module, will be
shown. (The latter number corresponds to 480 psi originally proposed for the
experiment.) The variation in the particle flux, heat flux and erosion rate
with pressure will be shown both for the inner and outer wall. The results
are given in different ways:

A) The differential particle flux as a function of energy to the first inner
wall per unit of & % for both protons and tritium ions.

B) The differential heat flux to the first inner wall per unit of I ¢, as a
function of energy for both protons and tritium ions.

C) The concentrations per unit of = ¢ of both protons and tritium particles
implanted into the stainless steel wall as a function of distance into the
inner wall.

D) The damage rate (dpa/sec) per unit of I ¢0 from both protons and tritium

ions as a function of distance into the stainless steel inner wall.

11



E) The same calculations above but for the outer wall of the blanket test
module.

The graphical representation of the results (Figs. 4 through 19) begins
by showing the particle and heat flux for both protons and tritium. This is
followed by the concentrations of the particles and the displacement rate in
the stainless steel wall for both protons and tritium. Then the calculations
are repeated for the outer wall of the blanket test module at the same He3 gas
pressure in the annulus. Finally the pressure of the He3 gas is changed and
the above calculations are repeated. Four different pressure cases are pre-
sented here, i.e. 1, 3, 5, 32.7 atm of the He3 gas.

The variations of the total particle flux, total heat flux and the
erosion rate with He3 gas pressure are shown in Figs. 20 through 23 for both
protons and tritium. In these calculations we have used $g = 245 X 1014
neutrons/cmz'sec, a typical value for ETR. The results could be easily
adjusted to other values characteristic of different reactor environments.

V. Observations

A. Particle and Heat Flux

1. Because of the higher energy of the protons (i.e., longer range) the flux
of the protons will be greater than for the tritium ions.

2. The flux of the high energy protons (e.g. 500 keV) is roughly twice those
of Tower energy (~ 100 keV).

3. The total particle flux on the inside wall is maximum at ~ 4 atm of He
gas and it is significantly reduced at 32.7 atm.

4. The heat flux of the protons is much higher than that for tritium since

the average energy and particle flux is higher for protons.

12
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.

INNER WALL (3.0 ATM)
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Figure 9.
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Figure 10.

OUTER WALL (3.0 ATM)
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Figure 11,

OUTER WALL (3.0 ATM)
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Figure 12,

INNER WALL (5.0 ATM)
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Figure 13.
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Figure 14,
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Figure 15.

OUTER WALL (5.0 ATM)
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Figure 16,

INNER WALL (32.7 ATM)
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Figure 17.

INNER WALL (32.7 ATM)
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Figure 18,

OUTER WALL (32.7 ATM)
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Figure 19.
OUTER WALL (32.7 ATM)
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Figure 20.
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Figure 21,
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Figure 22.
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Figure 23.
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5. The particle and heat flux to the outer wall are rather insensitive to the
He3 gas pressure above 3 atm.

6. The particle and heat flux to the outer wall are higher than those to the
inner wall for both protons and tritium. This is because the particle
production rate due to the neutronic reaction He3(n,P)T is higher near the
outer wall.

B. Erosion Rate

1. Unlike the particle and heat flux which are dominated by the protons, the
erosion rate is dominated by the tritium ions. This is because of the
lower energy spectrum of tritium as well as the higher sputtering coeffi-
cient which both tend to enhance the erosion rate.

2. The erosion rate for the outer wall is relatively insensitive to the gas
pressure above 3 atm. In fact it increases slightly with pressure in
contrast to the case for the inner wall. This is because the reaction
rate is increased slightly faster than the stopping of the particles in
the gas at higher pressures.

3. For protons on the inside wall (which can be seen better from tabulated
data), the particle flux is maximum around 4 atm and the heat flux is
maximum around 3 atm, while the erosion rate is maximum around 5 atm.
This can be explained as follows. The maximum value of the heat flux
depends on the product of both the particle flux and the energy spectrum
of the particles at the inner wall. The energy of the particles at the
inner wall is higher at lower pressures because of reduced energy loss in
the gas and the particle flux is peaked around 4 atm (it is sharply
decreased at lower and higher pressures). The combination of these two

effects explains why the heat flux peaked around 3 atm, a value slightly
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lower than the corresponding value for the peak particle flux (i.e. 4
atm). In case of the erosion rate, the maximum value is increased towards
higher pressures so that the energy at the inner wall is lower and
consequently the erosion rate is higher. And, again, because the particle
flux decreases sharply at higher pressures, i.e., the maximum of the
erosion rate is increased slightly towards higher pressures, i.e., around
5 atm.

4. In any case, for a typical ETR flux (¢o = 2.5 x 1014 neutrons/cmz'sec) the
total erosion rate is about 1 micron per FPY (Full Power Year) which is
still very small compared to values expected in fusion reactor first
walls, namely about 100 to 1000 microns/FPY,.

C. Implantation

1. The maximum concentration in the inner and outer wall is near the end of
the range of the protons and tritium atoms.

2. The concentration in the outside wall is about twice that of the inner
wall at Tow pressure (5 atm) and is much higher at higher pressures (32.7
atm).

3. The maximum concentration of protons in the walls is greater than the con-
centration of the tritium even though the tritium range is about 3 times
lower than that for protons.

4. The high concentration of protons and tritium inside both the inner and
outer walls might cause blistering.

D. Damage Rate

1. Tritium dominates the highest displacement rates for both inner and outer

walls.
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2. The maximum dpa rate for tritium occurs almost at the surface for both
walls.

3. For protons, the highest dpa rate occurs at about 0.7 micron from the
surface up to 2.0 micron from the surface depending on the energy flux
corresponding to a particular He3 gas pressure,.

14 neutrons/cmzosec) is about

4, A typical value for dpa rate (¢0 ~ 2.5 x 10
4 x 107° dpa/sec which is about 400 times higher than that due to neutron
irradiation.

VI. Conclusions

We have examined the potential for performing fusion first wall testing
in a fusion reactor as proposed by Hsu et al. Preliminary results from the
test case show that a number of important fusion technology issues could be
tested experimentally in a fusion reactor such as ETR. In terms of particle

3

and heat flux, we found that a layer of He” gas can provide a considerable

amount of surface heating., The surface and bulk heating in the first wall can

be correlated with He3

pressure and reactor power to give temperature profiles
similar to those expected in fusion reactors. The total erosion rate, of
about 1 micron/FPY for a typical ETR flux, is still very small compared to
values expected in fusion first walls. On the other hand, critical issues of
high hydrogen implantation and possible causes of blistering can be examined

easily with such a facility because of the high particle flux. The concept

clearly warrants further study.
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