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Abstract:

The semi-empirical equation of Bohm (Dg) doesn’t take into the account the fluctuation
properties of plasma parameters in the plasma. So, the Bohm formula did not explain the
diffusion behavior caused by instability. The 1/16 factor in Bohm formula represent the relation
between the diffusion and the instability that causing it. Therefore, the Bohm factor studied as
instability factor (C), this factor derived into two turbulence cases (strong and weak
turbulence).The results of this factor was tested with experimental results in Q-machine and
shown good results. The diffusion coefficients are drived according to this instability factor for
strong and weak turbulence cases.
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1-Introduction:

In all almost pervious experiments, the diffusion of plasma across magnetic field scaled as
B? rather than B, and the decay of plasma with time was found to be exponential rather than
reciprocal [1].

Bohm first notes this anomalous diffusion. He found that, the plasma created by electric arc
leaked across magnetic field with unexpected fast and large amplitude oscillations of electric field,
which observed inside arc. Bohm surmised that, these fluctuated electric fields are caused
anomalous diffusion [2].

The semi-empirical formula of Bohm for this diffusion is [1, 3]:

1 KT
_ 1 KP 1
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where K, T, e, and B is Boltzman constant, plasma temperature, electronic charge, and magnetic
field, respectively. The factor 1/16 has no theoretical justification but is an empirical number
agreeing with most experiments to within a factor of two or three [1]. This equation is not formally
derived.
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Historically, the first experiment on anomalous diffusion in positive long tube is performed
by Lehnorl et al in Sweden. They found that the diffusion of plasma in helium positive column
increases with the increasing of magnetic field above a critical value (B;). Kadomtsev and
Nedosppasov showed that, the instability behavior was established in plasma column at high
magnetic field. This instability in the form helical distortion of plasma and was seen directly by
Allen et al experiment [1].

In 1960, Spitzer [4] has pointed out, the low-frequency ion wave give arise to anomalous
diffusion in slellartor. Spitzer gave relation of Bohm .He suggested an explanation from Bohm's
formula that is:

KT
D, =2k7k,k, — 2
= 2k @

where Kk, is unknown constant at proportionality’s. The symbol L significant across magnetic field.
This equation shows the 1/16 factor in formula in equal to 2k kK, .

According to equation, Sanduk [5] given another modification for Bohm diffusion formula
depending on Spitzer parameters which in the form:

KT
D, . =C— 3
MB eB ()
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where C is the instability factor which equal to[5]:
@
- (4 where Ky:is

.
20
the  wave
number parallel to direction of electric field (perpendicular to direction of magnetic field and
density gradient).
®: is angular frequency of instability.
®,: is the fluctuated potential due to instability.

and v: is the growth rate of instability.
This equation was tested for many confinement systems [5, 6, 7].
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2-Turbulence Diffusion
Plasma turbulence can also be characterized by the ratio of turbulence energy (w) to the
plasma particle thermal energy [8]:

w
= — 5
n s %)

where n and T, are plasma density and electron temperature respectively. The parameter n is
frequently used to separate weak and strong turbulence (n<<1 for weak and m>1for strong
turbulence). This ratio (n) can be either very small,n<<1, or large, n>1.

To obtain on the relation of diffusion coefficient in turbulence cases, let using the slab Vn in
x-direction (corresponding to r-direction), and E in y-direction (corresponding to 6-direction in
cylindrical geometries)).

At the beginning, using the continuity equation and then solving it, the particle flux
associated with turbulence can be estimated as:
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__r|k®ijdn (6)
2| wB |dx
This equation can be studies in two cases:
i-strong turbulence; o= y:
Kadmotsev [9] gave a relation of e@%q in this case:
ed, w 1 7)
KT @ kA

where ope and A are diamagnetic drift frequency of electron (w,, =k Vv, ) and density scale length

(A= _%n ), respectively.

By determining the plasma potential from above equation and apply it into equation (6), the
particle flux becomes:

y dn
. L 8
® kZdx ®

The diffusion coefficient (D,s) can be taken by using the Fick's low on equation (8), one
obtain:

D -1 9)
Consequently, according to equation (6), the instability factor (C,s) will become equal:

_ y BlTesla]

® T k? T[eV] (10)

where T: temperature

ii-weak turbulence; y{{w:

For this problem, Kadmotsev [9] gave another relation ofeq)%(.l. , which is equal to:

2
ed, 2 Lyl o 1 1)
KT ) o| oy kK A

Then by using the same technique which used in strong turbulence cases, the particle flux
(T, ) becomes:

2
d
Do =- - 2_n
wk? dx

(12)

where:
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2

Y
D, = 13
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and
2
c _ B[Tesla] (14)

M wk? Tl[eV]

3-Modified Bohm Diffusion

In this attempt, consider Bohm's diffusion in a gradient magnetic field (V B) for two
reasons, (i) to note the variation of local value of Dg,(ii) since instability condition isV B.V p<0,
where p is the plasma pressure, a turbulent diffusion does arise, and Dg can be compared with D,. In

addition, the magnetic gradient normal to B, since the Bohm diffusion occurs in the normal
direction to B [5].

4-Diffusion Equation in Vg
Any realistic plasma, the particle fluxes flow from dense region toward reign of low density
[10, 11]. Then the Bohm diffusion equation is given by:

V.T' =—(VnVD, + D,v?n) (15)
for equation (1) one obtains:
V.T=—1|vn. E—TVZB + Ly (16)
16 B B B

where VB = V|B|. This equation is called the general form of Bohm diffusion. Where the variation
of Dg with distance is:

7)

_1|VT TVB
16| B B?
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The theoretical explanation of Bohm diffusion that have been given by Spitzer[4] and Bernstein
[12], assumed a fluctuated electric field (E;) that may cause to (EXB)particles drift. The fluctuated
rang (Ax) of E; is large compared with the larmor radius (r.) i.e. A > r_ and its internal (t) is long
compared to 1/, (where w is cyclotron frequency), t> o [4].The magnetic field is assumed to be

in y-direction. Then the general form of Dg will represent to equation (3). According to Spitzer, C
may be expressed as:

c_rn
T A

X

()]
=21 18
f T v, (18)

where f= 1/t, V= thermal velocity and v;= Frequency. It is clear from this equation that, C is B-
dependent guantity. According to equation (3), the equation (15) will become:

< < < 2
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where the variation of general form of Dg is [5]:

~ VT TVC CTVB

VvD, =C + 20
° B B B? (20)
For isothermal case (V T = 0), the equation (20) becomes:
— TVC TCVB
VD =—— 52 (21)

The first term explains the slope due to variations of C. This term modifies the slope of the
second one [5]. Because of C is related to the instability and the diffusion fluxI" =T, +1I7, where

I, = <an(EXB)l> and the angular bracket indicates arranging with respect to time, one obtains [5]:

< n1V( EXB )1 >
vn

-
D, =C B (22)
5-Strong Turbulence

For the slab geometry, we assume B in y-direction, V n in x-direction, and E to be in Z-
direction. One that finds with aid of equation (9) that:

y Kk,
r“:_(_aﬂj 81Vn0 (23)
Thus,
v 2
CT =| 45— |k, D 24
(G)ZBJ| z 1| ( )
In term of(DlT , We get:
K, K, D, | D,
Cy=|—=|—= 25
; [a) . (25)

This equation shows that the instability factor depends on:
(i) the of growth rate and the frequency
(II) the V(EXB)1 drift VE|0City
(iii) the fluctuated level.
Finally, according to equation (3), Ds; will become:
AT
1) B

D, T[eV]
T BlTesla]

(26)
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6- Weak Turbulence
With aid of equation (12), the fluctuated particle flux I'; becomes:

vn, (27)

where:

y® 2
C:T :[w38j|kzq)l| (28)

According to above equation and in the term of fluctuation level (e®,/KT), the instability

factor will become:
2
V4 szDl D,
C.=|—=|+—|—= 29

This equation shows that, the C depends on:
(i) the square of the ratio of the growth rate and the frequency.
(i) the ratio between the vexg) and Vpp.
(iii) the fluctuated level.

As results of equation (3), the Dy will equal to:

2
7 kz ch
D =|1{-|—2% —+ 30
7-Experimental Results and Discussion

The profile of the degree of turbulence, defined as ratio of fluctuation energy and thermal
energy [1¥]:

kz(Dl
B

2
noo_ ﬂg :Wf' (31)
n n, KT W,

In this section we will apply the results of modified Bohm diffusion for two turbulence cases
on Chu et al [1¢, 1°] experimental results in Q-machine. In figure (1), the results of equation (29)
are plotted with plasma radius. This figure shows that, the turbulence is weak in the region near the
plasma center (where the plasma density is high in this region) and will becomes strong toward
plasma edge.

In consequence to experimental results and equations (25) and (28), the instability factor for
two turbulence cases and Bohm diffusion equation was plotted with experimental factor (by apply
equation (3)) in figure (2).This figure illustrated, the behavior of C-factor according to equation (25)
and (28) has a better agreement with Ce, behavior rather than Bohm's factor (1/16) which shows
behavior far from Cex,. The diffusion coefficients Dy, Dst, Dgohm, and Deyp are obvious as function
of distance in figure (3). From this figure, the behavior of diffusion coefficient have same behavior
of instability factor (this accurse in the experiment which have temperature and magnetic field are
constant).
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Fig.(3):Variation of diffusion coefficients as a function of
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Finally, D,s and D,yare plotted with Ds;, Dwt, and Dey, in figures (4) and (5). figure (4) shows that,
D,s is fitting with Dey, because of we assumed y = w(plasma under study is in strong turbulence)
and the behavior of D will clause from Dey, in strong turbulence region. So, as a conclusion from
this fitting, D, follows the instability growth rate. While in figure (5), Dy has a good agreement
behavior with Dex, comparable to Dy, near from the center (where the turbulent is weak in this

region) but the behavior of Dy and D, will be agreement and will far from Dey, toward strong
turbulence region of plasma column.
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8-Conclusion

In consequence of the above discussion, the results of Bohm formula shows a contradiction
in the behavior with the prediction of modified Bohm and experimental results. This contraction
caused by, the Bohm diffusion did not take into the account the fluctuation properties of plasma
parameters in the plasma column. The modified Bohm diffusion theory for two turbulence cases
taken these fluctuations properties of plasma parameters which causes to instability.

The comparison between the behavior of instability factor and diffusion coefficient will
leads to the fact that, the instability factor behavior is responsible for diffusion coefficient behavior
(this across in the experiment which have temperature and magnetic field are constant) (see figures
(2) and (3)).

The results, which are shown in figures (4) and (5) were shows, the results modified Bohm
diffusion theory which represented by equations (26) and (30) is suitable to study of change of
plasma parameters in the plasma column. As well as, this theory is agree with the behavior of quasi-
liner theory.
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