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Fig. 2. I-V curve of an idealized probe.
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Fig. 3. Probe circuit.

probe are absorbed. Some higher energy e~ still can penetrate the sheath to
the probe. As V is made more and more negative the high e~ become less

and eventually no e~ are observed. The probe current then is equal to the ion
saturation current I

N+O = WN:.T} A

1)

8KT,\}
1

Ty

where n, is the ion density in the undisturbed plasma and A is the probe sur-
face area. Raising V in the other direction, higher than V}, more and more e~
are able to overcome the retarding potential drop; initially, the faster e~ of the
velocity distribution and at still higher positive voltage of V,, also the slower e-.
Simultaneously the thickness of the ion sheath decreases. The density distribu-
tion of Maxwellian electrons in the positive sheath is governed by Boltzman's

law (V < V,;):
A g e(V —=Va)
ne = gssA - v @)

As V approaches V,, at point C in Fig. 2, the space charge sheath in front of the
probe vanishes. This point of the characteristic corresponds to the condition:

Van = 0; V=V, Lrhe = Lo + Io.

Since the mean velocities of the ions are much smaller than those of the elec-
trons, Iprobe may be approximated by (V = V,):

1
Torobe = IMQ{» A

1
mﬁv 3)

mm,

which is the e~ saturation current. In practice, in the medium density plasma
(10" to 10'%cm™?), the I-V characteristic does not saturate moving to the right
from point C. The nonsaturation of the current to the probe is explained by
considering in the extraction region the current collected to a probe of increasing
effective area (even larger in the driver region). It is due to additional ion
production in the presheath region. Customarily it is overcome by linearly
extrapolating the ion current measured at highly negative voltage, to give the
expected saturation current at the plasma potential. Therefore, It was found
that the value of n, can vary by almost an order of magnitude in the driver
region and by a factor of 2 in the extraction region. This indicates that the
expansion of ion current is nonlinear, and the extrapolation technique does not
provide a accurate result. Laframboise theory provides a numerical solution to
the equations which govern ion collection in a stationary collisionless plasma,
and a set of ion expansion curves have been deduced from this theory. These
curves are a function of the ratio of the radius of the probe, R,, to the Debye
length, A, which is given by
KT\
A= Aa nv 4)

eln,

where ¢ is the permittivity of free space. Laframboise used the plasma potential
as a reference. A natural scaling parameter y = e(V — V,)/kT. is introduced
(Fig. 4). We assume in the calculation that the dominant jon species is HJ;
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Calculation of ny

The first approximation of k7., V,, and n. are used to calculate the param-
eter R,/A and the function x, and to select a curve in Fig. 4, which is fitted
and stored in the computer. From Egs. (1) and (5) we get

e = 41, (x) (8)
+sﬁm;\astizﬁ\ré

where, again, I;(x) is the current to the probe at a negative voltage wrt the
plasma potential.

The measurement of I, (x) is complicated due to the presence of both the
tail of Maxwellian distribution of the thermal e~ in the form of I, exp(x) and
fast ™. This is overcome by measuring I.(x) at a sufficiently negative voltage
to remove contributions from all electrons.

Calculation of ng., kT,

For x < —10, the bulk thermal e~ contribution is effectively zero. Then, the
current to the probe due to the collection of fast electrons Ij.(x) is calculated
as follows:

I(x) = Li(x) + Ipe(x)

where I(x) is the measured current to the probe and I,(x) is the ion contribu-
tion. Thus we have:

1
100 =100 - pened (22) (B )y

nme, A

Iy.(x) is fitted by an exponential regression to:

kT,
N\n = No? exp AX »um..\ v

where Iyj. is the fast electron current to the probe at plasma potential, Vp, and
kTy. is the fast electron temperature.

Figure 6 shows an exponential fit to the experimental curve after positive
ion contribution subtracted.

Iteration

Now, we have the initial values of kT.,n.,V,,n,,kT}., and ng.. The con-
tribution to the probe current due to fast electrons and the ion current are
subtracted from the probe current in the region —2 < x < 0 (see Sec.5 discus-
sion). The remaining current is due to the low energy electrons only:

NnAXv".:le.P\AXVIN\oAXV -2<x<0
In[I.(x)] is then fitted by a linear regression to V. The inverse of the slope gives

8
Oﬁvm 1 L ——
experimental data affer pasilive
1onconlribuTien Subflracfee
007 -
006
005 4 ’ r
004 - 1 -
0034 }
ditted curve T () = Toke ex ﬁk..._.w\mlu_
002 T ]

T T T
-45 -40 =35 =30 =25 -0 - 15

Fig. 6. Experimental curve fit for fast electron.

new values of kT, and n, with the ion and fast electron current removed. The
plasma potential is corrected in a similar manner (Eq. (7)) by:

~ Joe(new)
Vi(new) = Vi(old) + kT./eln A Ioe(old) v

These new values define a new x as a function of the probe voltage and a new
value of R,/A. Now the program goes back and repeats the calculations of all
the plasma parameters until a self consistent solution is reached. We continue
the calculation until V, converges to within 5% of the previous estimate. In
calculation of V,, Iy is replaced by Ioe + Iofe.

Figure 7 shows an exponential fit to the experimental curve after contribu-
tions of positive ion and fast electrons subtracted.

Calculation of V;

The floating potential ,Vj, is calculated as the I-V curve passes through
zero.

The results of plasma parameters of TRIUMF small dc cusp source calcu-
lated using the program are shown in Fig. 8.
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It is a problem in the extraction region of the H™ cusp sources where the electron
temperature is low (< 1eV') and the B field is relatively high. In order to meet
the criterion a very small diameter probe has to be used. In our case, the probe
dimensions lead to a significant perturbation in the extraction region.

In the calculation of kT, and nj,, a Maxwellian distribution was used. In
order to validate this, the second derivative of the fast electron current could
be taken by the computer. This has not yet been done, however, it has been
established that a bi-Maxwellian energy distribution is a good approximation
by the method of Druyvesteyn*, for an isotropic distribution. In a low pressure,

the primary electrons rebounding many times from the magnetic field ensure
an isotropic distribution.
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