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Yip Hoi-tung* BEHAVIOUR OF BERYLLIUM
IN A TOKAMAK FUSION
REACTOR

June 1983
(in English)

Abstract

The behaviour of beryllium in a fusion plasma was
studied by using the BITC ( Bologna Impurity Transport Code)
code for the parameters of the JET. The radial profiles of
Z-effective, ionization states and fluxes are given. The
radiation losses by the beryllium impurity in a fusion
reactor are estimated less than 19 of the total power
input. The radiation losses by beryllium in corona

equilibrium are also presented.




1. Introduction

Enargetic charged particles, neutral particles and
neutrons leak from the plasma will bombard the metallic
wall of the vaccum chamber, hence-the metallic atoms of the
wall will be sputtered out of the wall and enter into the
plasma column. This causes the contamination of the plasma

and the erosion of the wall,

Impurity radiation from a fusion plasma represents a
large fraction of the total power input. Hugili recently
in his review paperl) summarized some typical published
data which show that at the wurst case the radiation power
by impurity is as large as the total power input; even in
"clean" discharges, it is rarely less 15% of the total power

input,

Impurities also effect the fusion power density hence

the total power output, and the particle heating, since
2

both of these are proportional to n,“ . where n, is the

n

main plasma ion density. The relation n_ = ";% Zim im’

where n, is electron density, Zim_ and n;are the atomic
number and density of an impurity, respectively, implies

that high-z  impurity may efficiently reduce the ratio

of ni/ne . Meade's investigationz) shows that tungsten

(Z=74) with a level of 0.2% of electron density or molybdenum
(2 = 42) with a level of 0.8% of electron density will

prevent the plasma from ignition at any temperature,

Therefore, how to reduce both of the density and the




Z-value of impurity has a strategical meaning for the

fusion reactor design. For the first purpose, a promising
method, i.e. the poloidal divertor was developed to control
the impurity densityz), through this will bring complexity

to the fusion reactor design.

As to the second purpose, there is nothing to do but
choose low-Z materials to build a first solid layer facing
the plasma column., In fact, in some fusion reactor design,
no divertor is consideredA), instead, a carbon ( 2 ; 6 )
curtain setting between the plasma and the first wall was

5)

proposed by Kulcinski et al.

Beryllium also is considered as amaterial for coating
the limiter and the first wall.ﬁ) Hence it is probably that
beryllium impurity will exist in the plasma of a fusion
reactor. As a material for fusion reactor, the most attract-
ive properties of beryllium are of its low atomic number,
its low neutron capture cross-section and its high strength
-to-weight ratio. Beryllium, symbol Be, is one of the un-
common metallic elements. Its atomic number is 4, in the
second group of the Periodic Table. Some physical properties
of metallic beryllium are listed in Table 1,8) in comparision,
that of the other elements in the same group are also listed.
A comparison of beryllium with other pure metals is shown

9)5 From Tables I and II+) we can see that as a

in Table II
light metal, the melting point of beryllium is dramatically

high , its elastic modulus even larger than that of iron.




The Thermal neutron absorption cross-section of beryllium

10)

is 10.01 ‘barn . Further details about the properties of

beryllium are given in Ref. 6.

In this paper, we are going to use the BITC impurity
transport code7) to simulate the beryllium behaviour in

a fusion plasma as well as its radiation losses.

+) In Tables I and II, some properties of an element
have different values, this is probably due to

experimental conditions,




Table I. Some physical properties of beryllium and other

alkaline earth elements.

Symbol Be Mg Ca Sr Ba Ra
Atomic No, 4 12 20 38 56 88
Atomic weight 9.013 24,32 40.08 87.63 137.36 226.05

Density g/cm> 1.848 1.74 1.55 2.6 3.5 5.0
at 20°C

melting point 1277  650Z2 . 838 786 714 700
c
G

@]

specific heat
galfgr "€ at
20:°C

.45 0.245 0.149 0.176 0.068 -

heat of 260 88Z2 52 25 - -
fusion cal/g

coefficient

of liner 11.6 27.1 22.3 = - -
expansion :

25-100°'C

M in/in/°C

electrical 4 4,45 - 23 - -
resistivity

M-ohm-cm at
20°C

Modulus of 44 6.35 3.2~ - - -
elasticity 3.8

at 20“9

M1lb/in




Table II. Some physical properties of beryllium and other

metallic eiements,

Property Unit
Melting point >

Relative density

(d)

Elastic modulus
(E) GrPa

Specific modulus

(E/d)

Mean specific heat
0-100°C 3 kg~ 1kt

Thermal conductivity
20-100 C wmn™tk

Coefficient of
thermal expansion

0-100 C 10-6k-1

Electrical
resistivity
at 20 C Aidhm-cm'l

Be

1287

295

160

2052

194

12.0

Cu Fe
1083 1535 .
8.96 7.87
130 211
14 27
386 456
397 78
17.0 12.1
1.69 10.1

Ti

1678

4.51

120

26

528

26

54



2. Simulation Model

The BITC Code is an one-dimensionalrimpurity transport'
code which compﬁtes the time evolution of the radial densities
of impurities present in a Tokamak plasma. Therradiation
losses in which inclucing the liné radiafioh, radiative
recomiration radiation and bremstrahlung are also calculated.
The transport model énd the mathematidal treatments of the
BITC Code is described in reference /. in using this Code
to simulate the beryllium transport in a fusion reactof,

the specification is given below :

(1) The radial profiles of the plasma density and

the temperature are

5 .
Y
’10(‘():0-& Neo (] ‘_Zz ) + D.']ﬂeo

_ . > B )
Tn=Tm= 099 Too (17 2 ) + 001 Tes

where a is the minor radius of the torus, for JET,

its value is 162 cm. Other parameters for JET are

Major radius R = 296 cm,
Toroidal magnetic field 8, = 34.5 KG |

Total plasma current Ip = 4.8 MA

. ; : 13 -3
Ngo is fixed to be 5 x 10 7cm ~, Teo is treated as

a parameter and changed in the range of fusiun

interest, Ly 1,5,10,20,50 (kevVv ),

(2) 1Initial impurity profile

"The constraint applied to the initial impurity




profile is

Z .HK (T) = N
K

where nk(r) is the concentration of radius, r,

of the kth ionization state of the impurity species
and N is some spécified constant. In this calculation,
N is setrto be 1% of the value-of B o namely

5 x 1011cm"3. |

(3) Boundary conditions

The influx of neutral impurity atoms =~ 1" 4is specified

as
P =T, « RlZ M (v=a)|
: K
where ro is an imposed influx, qu(r = a) = NVefsr

(Veff = 5000 cms—l) is the outflux of the kth stage of
ionization of the impurity at the boundary (r = a) and

'R is here the recycling coefficient. In our calculation

their values are
r,o'—"-'o, Rzll

The values of diffusion coefficient and the inward
-1
velocity are supposed to be 5000 cms and O,

respectively.




3. Rate coefficients for atomic processes

In evaluating the ionization staté of impurities and
the power radiated, the rate coefficients for atomic pro-.
cesses are need, For the direct electron impact ionization,
the rate coefficient S, of an ion of chafgg Z is given by_
the formulall)

Q:G: (E (U beespics
S—é?x]oz ¥ i hetiptes | U‘+C)}(cms

3/ :
=1 T 2 Uk.{ L\"* C"" (1)

~where U= P./T and P, is the ionization energy of electrons

in the ith subshell and g. the number of equivalent electrons
’ Q3 q

in that shell; T, is the electron temperature ; N is the
num2er of peripheral subshells contributing to the ionizat-
ion. The subshell ionization energies Py for the elements

from hydrogen to zinc and the coefficients ai,b s C; are

§9.€ 5
11), 12)

given by Lotz And E, is the exponential integral

1
L §
expressed as E1(1)::f- £ __Jt,
+ ¥

Data for beryllium are listed in Table III.

The rate coefficient of radiative recombination is

given by Grieml3),

2 16 -4 [ Ey X ﬁ?
ke =58 2 (25 (1 %) o r(nTQ)E( ey

3 Z‘ZE Enn'
Pl H)Eaﬁﬁz) o en’s™h) (2




where Z is tHe charge of the redombinatioﬁ ion; E, is the
ionization energy of hydrogen ; n_ and q, are the principal
quantum number and the numober of electrons, in the outsar
main shell, respectively ;n' and E,n+ 2re the effective
“principal quantum number anc the excitation energy,

respectively, and can be computed by the formulas,

Art s 2 My T\ ¢ 2ZBEq 1
An = 1.26x10" 2 (Z?EH) Lxp (T—‘f TeH'-n—'j (%)
En'n' _ (...L_ _ 1 | . 22EH ‘ , _

Te (W 1) Te * | (4)




Table III Data for Collisional ionization

8E

BE

8E

BE

8E

Qwr

11

ITI

IV

IP(EV)

.3
114.0

0.0

18.2
124.0

0.0

153 .9
0.0

0.0

ionization energy ;

coefficients given
by Lotz

NNG -

NNG

A B c
4,00  0.70  0.50
4,20 0.60  0.60
0.00 0.00  0.00
4.40 0.00  0.00
4.00 0.40  0.60
0.00 0.00 0,00
4.5 0.3 0.60
0.0 0.0 0.00
0.0 0.0 0 00 -
4.5 0.0 0.00
0.0 0.0 0.00
0.0 0.0 0.00
0.0 0.0 0.00
0.0 0.0 0.00
0.0 0.0 0.00

number of equivalent
electrons in the
subshall




e T2 %

The rate coefficient of dielectronic recombination

is calculated by the formula which proposed by

4)

Burgressl y

Ry =2 Axlo T W-)z}]C M*W‘*P("/Te)(cm s (5)

where

1, - |
B(2) = /“(ZH) (3"134)/ . e

] : 1 \,2 _ . B
Al = x% /(1.0 40.105% 10.015%") i =5y fe re)

E St A

: 3 2.
ol = 1.+ 00152 /(2+1)_
The sum is over the resonance transitions | Fbj
with Es and fij are the excitation energy ancd the
oscillator strength, respectively. bata for beryllium
are taken from references 15 and 16 and listed in

Table 1V.




Tab

BE

BE

BE

SE

(

- 13 -

le IV Data for dielectronic Recombination,

R.TRANSITION E(EV) F NDEL
I
25 - 2P 4.5 1.9580 0
2P - 3S - 5:2 G.1640 1
II ,
25 - 2P 4.0 0.5050 0
25 - 3P 12.0 0.0800 1
2P - 3D 121 0.6520 1
8 1s - 2P 123.6 0.5520 1
1S~ 3P 140.4 0.1270 2
1V
Vv

E is meam excitation energy of a group of transitons;
F is the sum of the oscillator strengths of the
transitions;

NDEL is the change of the orincipal quantum number

in the transition )




4. Numerical Results

Figures 1 through‘s show the numerical results which
the impurity is considered reaching a quasi-steady stafe. In Figs.
1(a) to (d), we show the results for Ty = 1 kevV. Figure
1(a) shows the radial profiles of Z-effective. Its valﬁe
varied from about 1.12 to 1.37, and has a maximum at
r = 0.9a. The main value of Z-effective is approximately
equal to 1.21, Figure 1(b) shows the radial profiles of

the ionization states of beryllium. The 3e V (Be*?)

jon has the largest fraction of the four ionization states
of beryllium, And in region of r<0.8a all ions have an
almost flat radial profile. In this region impurity fluxes
driven by the gradient of the impurity density are actually

very small, as they are shown in Fig, 1(c).

Figure 1(d) shows the radial profiles of the radiation
power densities of line radiation, radiative recombination
and bremsstrahlung. Amount these radiation losses, the line
ratiation is the most important one, and it has a much greater

value at the periphery of the plasma column.

Changing the electron temperature, the results corres-
puonaent to Fig, 1 obtained for Teo equal to.S kev, 10 kev,
20 keV 50 keV are shown in Figs, 2,3,4 and 5, respectively.
When the electron temperature increased, the radiation loss

by bremsstrahlung become more important,




= 1 1175, "

5. Radiation losses in corona equilibrium

In practical tokamak discharges the impurity re-cycling
from the wall and the impurity transport would prevent the

local corona equilibrium from being reached. However, as a

radiation state, the radiation losses from a beryllium plasma

at corona equilibrium are also calculated. The fractional

abundances are given by
Fgae nz/%nz AL T (6)

And the balance equation can be simply written as

r-'enzsz = nenz+10{z+1 (7)

Both of the fractional abundances and the coronal
equilibrium depend on the electron temperature only. In
Fig. 6 the fractional abundances are shown as a function
of the electron temperature. When the electron temperature

is greater than 70 eV , the beryllium is fully ionized.

In Fig. 7 radiation losses from beryllium plasma are
expressec as the ratios P/nenim and plotted as a funtion
of the electron temperature, At T, < 50 eV, the line
radiation is the main radiation loss, while at Te>'500 ev,
the bremsstrahlung becomes the dominant contribution to the

radiation losses,




- 16 -

6. Discussion and summary

In comparison the totel power radiated by beryllium
with the total power input, we must compute the two powers,
If we ignore the absorption by the plasma itself, the total

power radiated from the whole plasma column can be expressed

- a
2
B ook =‘/ Po(r)dv = 4IL3% P.(r)r dr (8)
where R and a are the major radius and the minor radius of

the torus, P is the averaged radiation power in the

quasi-steady state,.

The total power input including ohmic heating, neutral
beam injection and RF heating can be written as

Pin = Pon * Pusr * Pae (9)

The ohmic heating power can be simply calculated by

the formula Poy = Ip R, (10)

where Ip is the total current, The resistance of the

nlasma column is given by
R =lh S:’" 2
b p/ 2 Rﬂp/a (11)
where 1 and S are the length and the cross section of the

torusfnp is the resistivity of the plasma which is given

by SpitzelS).

N =1.6 x 1077

3/
" Zogeln\/ T2 (ohm m) (12)

where Te is the electron temperature in KeV. From eqs.

(10), (11) and (42} , we get

=] = 3,2 x 10'9

2 3fo. 2
- RI“Z ¢e In/\ / T /2, (Watt) (13)




By assuming some special values of Z ss and for the
electron temnerature interested, and with the parameters
of JET, the power radiated by beryllium and the total

power input and the ratio of P

They are listed in Table V.

Table V Total power radiated by beryllium, power input

and their ratio.

Too (Kev)

Zeff
1n :"\

Py (MW)

Pnar (MW)

Pog (MW)
P, (vw)

PLoss(Mw)

PLoss/Pin

(%)

T .20

21.5

10
15

27:2

78.1 x
10

0.29

259

10

15

25.22

4,17 x

Loss

I P

10

Aol 1

25.0

D175

10

15

25.075

3.65 x
10'2

in

can be computed.

£ ]

26.0

0.027

10

15

25.027

3.81 x
10“2

50

EAR

T % 10'3

10

15

25.0074




When the electron temperature increased, the Ohmic
heating efficiency become wurse. At the electron temperature
larger than 10 keV power radiated by beryllium is compar-
able with Ohmic heating oower or even greater. Fortunately,
with the help of neutral beam injection ana RF heating,
the power lost due to the radiation of the beryllium is less

than 1% of the total power input.
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Fig.7

equilibrium as a function of electron temperature.
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