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Abstract: An electron-emissive probe consists of a small electrode which can be heated until it
starts to emit electrons. In a Maxwellian plasma, for increasing electron emission, the floating po-
tential Vi em approaches @y, attaining it in principle when the emission current equals the electron
saturation current. This method does not require the knowledge of the electron temperature Te, and
also works for drifting electrons or electron beams. In this work first the principle method to meas-
ure the plasma potential @y by an emissive probe is discussed in general. Then also the question is
treated why the floating potential of a strongly emissive probe can sometimes remain below the
plasma potential. Finally the most recent developments on new probe types will be presented.

PACS: 52.70.Ds, 52.55.Fa, 52.25.Fi, 52.35.Ra

1. Introduction

The spatial profile and the temporal evolution of the plasma potential @y are decisive not only for
the overall stability of a plasma but also for the loss of plasma confinement, in particular in the case
of a magnetically confined plasma such as in toroidal fusion experiments. Very important in this
context is the electric field and its fluctuations in the edge region since edge plasma turbulence can
give rise to the fluctuation-induced radial particle flux and to important effects such as the Reynolds
stress. In this context we would like to remind us that, through Poisson's equation, the plasma po-
tential solely depends on the densities of the positive and negative charge carriers but not on the
specific form of the velocity distribution functions, in particular not on particle drifts or beams.

In view of its relevance for such phenomena it is of utmost importance to gain as much as possible
information on the behaviour of ®p.. Unfortunately, however, there are very few diagnostics which
are able to measure this parameter with sufficient spatial and temporal resolution. There are intri-
cate methods such as electron beams and heavy ion beams but these are not easily applicable in all
types of plasma and are also expensive. Therefore the practically only diagnostic tools which permit
a comprehensive determination of ®p and, by use of probe arrays, of the electric field E =
—grad ®p, are plasma probes of various types and principles.

Plasma probes — in particular also emissive probes — have first been described by Langmuir and co-
workers [1-3]. In spite of this fact "they have not found widespread use because of problems associ-
ated with strong electron emission and because of generally negative comments about them in pre-
vious review articles", as for instance Hershkowitz comments [4] on Chen [5].



In the original concept of emissive probes [S] a comparison was made between the current-voltage
characteristic (I-V characteristic) of an emissive probe and of a cold probe (i.e., of the same probe
unheated). The probe voltage where the emissive characteristic starts deviating from the cold one
was considered to indicate the plasma potential.

Sellen et al. [6] and Kemp and Sellen [7] were among the first to use an electron-emissive probe
(viz. a conventional wire probe) for systematic measurements of the plasma potential directly by us-
ing the floating potential method under strong electron emission. Another important, however, also
indirect method was later described by Smith et al. [8], who argued that the inflection point of an
emissive probe characteristic, at moderate emission current, yields a more precise measure for the
plasma potential, moreover perturbing the plasma less. Later on, eminent contributions to the
plasma diagnosis with emissive probes have been made especially by Hershkowitz and his group
[9-14]. Other papers devoted mainly to the experimental and theoretical principles of emissive
probes are [15-28]. Until the end of the 1990's emissive probes have been used almost exclusively
in low-temperature plasma devices. As far as we know, the first successful applications of emissive
probes in magnetic fusion experiments were reported in [25-28].

In the following, first the principle of an emissive probe will be discussed briefly (see also [4]). Af-
ter that possible space charge effects will be treated [26]. In these cases, further surface effects, such
as secondary electron emission, will be neglected. In the last section the conventional type of emis-
sive probes and a newly developed emissive probe based on laser heating will be presented [29].

2. Determination of the plasma potential with cold and emissive probes
2.1. Cold probes

In a Maxwellian plasma, i.e., without drifting electrons or electron beams, the plasma potential can
also be determined by means of cold probes. In this case the most accurate measure of @y is ob-
tained from the inflection point of the characteristic, close to the "knee" where the electron satura-
tion region commences. However, for the sake of simplicity it is usually assumed that ®p can be in-
ferred from the floating potential Vg of a cold probe. For Maxwellian velocity distribution functions
(VDF) of the ions and electrons, Vi and @y are proportional to each other through the relation
I
is
where T is the kinetic electron temperature and lesjs are the electron and ion saturation currents, re-

spectively. So when T, and Vj are determined simultaneously, the plasma potential can in principle
be calculated.

However, with temporal or spatial variations of Te the calculation of ®p(Vs) can become very com-
plicated or even impossible. Also the effective areas of the probe for electron and ion collection, re-
spectively, which are contained in lejs, can differ from each other, in particular in a magnetised
plasma. In addition, stronger deviations of the electron VDF from a Maxwellian one (e.g. by an
electron drift or beam) distort the 1-V characteristic of a cold probe causing a shift of it to the nega-
tive side because of the kinetic energy of the electrons. Therefore a determination of the plasma po-
tential from the "knee" of the characteristic can deliver erroneous results [25].

2.2. Emissive probes — saturated emission

These problems can partly be circumvented by the use of a probe, which emits an electron current
into the plasma. An emission current ley can flow from the probe to the plasma as long as the probe
voltage V, fulfils the condition V, < @y, independently of the plasma electron VDF and of fluctua-
tions of Te. For V, > @y, the emission current drops exponentially and electron collection begins to



dominate the probe current. Since the temperature of the emitted electrons Tey is usually much
smaller than that of the plasma electrons, this exponential drop is very sharp. Therefore the floating
potential Vi em of an emissive probe can be taken as a sufficiently accurate approximation for the
plasma potential [7].

In a purely Maxwellian plasma, for V, < @y, the total current |, to an emissive probe is [26]
Vo~ @y
Ip = Iis + Iem - |eseXp e (2)
Te

At the floating potential, i.e. for Vp = Vg em, the total probe current I, equals zero. Then, the differ-
ence between the floating and the plasma potential, normalized to Te, is

o, -V
A= pl fl,emzln(I Ies j’ (3)

Te is + Iem

which, for an unheated probe (lem = 0) becomes simply:

— Ies — Te m; —
A= II{KJ = h{ \/ Tt \/ 2nm, ] = Ao. (4)

Here we have inserted the current densities for electrons and ions through the familiar relations jes =

Nee./eT,/2nm, and jis= n;e,/e(T, +T,)/m; , assuming equal effective areas of the probe for elec-

tron and ion collection (which is not always the case in a strongly magnetized plasma). The mean-
ings of the symbols are ne; for the electron and ion densities, respectively, me; for the electron and
ion mass, respectively, and T; for the kinetic ion temperature.

In order to derive a condition for the case when Vs em of the probe corresponds to the plasma poten-
tial ®p), we have to require A = 0, and then we obtain from Eq. (3):

I
_ e _q. (5)
Iis + Iem
Again assuming equal collecting areas of the probe for electrons and ions, and inserting the above
expressions for jes and Jis into Eq. (5), we derive:

'ﬂ:'ﬁ—l:\/—Te \/ o (©6)
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Assuming further that T = T;, for a hydrogen plasma, len/lis= 11 and len/les = 0.92. The general be-
haviour of an emissive probe is seen from Eq. (3): For no probe heating, len = 0 and Vy of the probe
is that one of a cold probe. From Eq. (4), for typical edge plasma conditions of a smaller tokamak
(Te=Ti=10¢eV in energy units) and for a hydrogen plasma, we obtain A = 2.5, i.e., Vg is smaller
than @ by 2.5T.. For increasing probe heating, len increases, which means that A becomes smaller
(see Eq. 3), and the floating potential of the probe increases and approaches @y until for lem /les =
0.92, Vﬂ,em = ‘Dp|.

Whereas Eq. (3) indicates that for stronger heating Vyem becomes larger than @y, in reality the
floating potential of a sufficiently emissive probe does not surpass ®p, since our simplified treat-
ment is valid only for V, < @y

Fig. 1 shows a comparison between the theoretical behaviour of A as a function of len/lis (Fig. 1a),
according to Eq. (3), and results from an experiment where an emissive probe has been used in the
edge region of the CASTOR tokamak (Czech Academy of Science Torus) (Fig. 1b, for two radial
positions in the edge region of CASTOR [26]), where the density was about 10" m™ and T, =



10 eV. CASTOR has a major radius of 40 cm and a minor radius of about 8.5 cm. The typical mag-
netic field is 1 T and the usual plasma current 10 kA.

In both cases (Fig. 1a and b) we see that A (here shown negative for better clarity) starts from a cer-
tain value for no heating (i.e. when the probe is cold and Vj is, as usual, more negative than ®y)),
becomes smaller for increasing heating and approaches zero where the floating potential Vi em is
supposed to be equal to the plasma potential. In theory this occurs, as we have seen above, for
lem/lis = 11.

We see that the experimental results (Fig. 1b) show a similar behaviour, except that in this case
Viem saturates better. The saturated value is called V;,em. Also this saturation begins at about

lem/lis = 11. There is, however, a discrepancy concerning the starting point of the curves: in the theo-
retical case A = Ay = 2.5, as mentioned above. But in the experiment Ay seems to be about 1.4. We
can, however, not be sure about the correct calibration of the y-axis, which means that the final

value of Viiem = V;’em might not yet really corresponds to @y, but there might still be a difference
between the saturated emissive probe floating potential and the plasma potential. For an explanation

of this effect, see the next section.
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Fig.1. (a) Theoretical behaviour of the normalised difference between the floating and the plasma
potential of an emissive probe according to Eg. (3) vs. normalised emission current; (b) Analogous
experimental results from the CASTOR tokamak in Prague at two radial positions in the edge
plasma region [26].

2.3. Emissive probes — space charge limited emission

The treatment above is valid as long as space charge effects by the emitted electrons can be ne-
glected. However, the emitted electrons have usually a lower temperature (namely that of the wire
which is about Ty, < 0.2 eV) than that of the plasma electrons (Te = 0.2 - 100 eV, depending on the
plasma type). Therefore the former usually have also a lower average current density than the
plasma electrons. Thus for Vi em = @y, the current of the plasma electrons towards the probe would
be much larger than that of the emitted electrons away from it, and the probe would not really be
floating. Compared to these currents, the ion current can be neglected. As a reaction, an electron-
rich sheath is built up around the probe by the emitted electrons [22-24], by which Vf em drops from
@y to a somewhat lower value. By this potential difference the plasma electrons are partly pre-
vented from the probe, whereas the emitted electrons are accelerated, thereby reconstituting the
equilibrium between the two electron currents towards the probe and away from it, and re-
establishing the floating condition. This has the effect that Vs e does not attain the plasma potential
completely but would stay below it, as it appears also from Fig. 1b.

This effect has been mentioned by several earlier authors (see e.g. [5,17]) but only recently it has
been described by numerical [22] and theoretical models [23,24]. Obviously, such an effect impairs
the accuracy of the determination of ®p and has therefore to be investigated thoroughly to clarify
under which conditions it appears, what it depends on and how it can be taken into account.



In such a case, in Eq. (3) for lem not the saturated electron emission current according to Richard-
son's emission law has to be inserted, but a space charge limited current, considering the system
probe-plasma as an electron diode with the probe as hot cathode and the plasma as anode. To get an
approximate idea about this effect, in Eq. (2) we replace lem by the Child-Langmuir current

o) = A %52 [if'] "'_V)/, )

where Aen is the probe area effective for electron emission and d is the sheath thickness. In case of
an emissive probe in a plasma, we assume d to be around the Debye length, thus d = Ape. Therewith,
at the floating potential Vi cL, Eq. (7) becomes

Bre . — %
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Equating the total probe current to zero, Eq. (2) for this case becomes
Vfl cL
0=1lis—le CXI{ T |C|_6lf| CL) )
[

We emphasise that in this case Vyc does not depend on the emission current and that for ®p =
Vi cL there would be no emission current at all. Of course, this is not realistic, but may serve as a
first simplifying assumption. In analogy to Eq. (3) we define

A = q)pl _VfI,CL (10)
CL = :
Te
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Fig.2. (a) Schematic of the electric currents (left) and the particle fluxes (right) around an emissive
probe; (b) Saturated emission case, where no negative space charge is formed around the probe;
(c) Space charge limited case where the emitted electrons form a space charge, which leads to a

difference between the potential of the floating probe and the plasma potential.

For further analysis it will be useful to normalise the Child-Langmuir current to the electron satura-
tion current les. Therewith we obtain
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with A being the probe area effective for electron collection and K = (2\/; / 9)(Aem /A ) Using Egs.
(10) and (11), Eq. (9) becomes
:i+ KAL —exp(—Ag )=0. (12)

es

For Aen/Ac = 1, the solution of this equation delivers Ac. = 0.99. This means that the floating poten-
tial of the emissive probe saturates at about one T, below the true value of the plasma potential, due
to the formation of a space charge around it. This seems also to be the case for the results shown in
Fig. 1b, where A for no probe heating is 1.4, whereas according to the theory this should be 2.5.
Therefore the graphs of Fig. 1b can also be interpreted in such a way that the saturated value of
Viiem does not reach the true value of @y but is stuck underneath by about Te.

Fig. 2a shows the electric currents and the particle fluxes around an emissive probe schematically
and a comparison of the space potential profiles between the case without space charge (Fig. 2b on
the left), where the emissive current is saturated, and the latter case (Fig. 2c on the right), where a
double layer is formed around the probe consisting of a negative space charge layer around the
probe, produced by emitted electrons, and of a positive layer for the adjustment to the plasma poten-
tial at larger distances from the probe.

3. Construction of emissive probes, recent developments and results
3.1. Conventional emissive wire probe

A typical emissive wire probe, as it was used in the experiments in tokamaks [25-27], consists of a
ceramic tube (Al,O3) with an oval cross-section of 1.4x2.3 mm outer dimensions and a length of
about 7 cm. The Al,O; tube has two bores of 0.7 mm diameter each. Through them a 0.2 mm di-
ameter tungsten wire is inserted in such a way that on the "hot end" a W-wire loop of about 6 mm
length is formed. Inside both of the bores, the W-wire extends about 3 cm towards the "cold end" of
the ceramic tube. Before the insertion, each W-wire is spliced twice with about 12 copper threads
with diameters of 0.05 mm [25,26]. In this
way, inside the bores the W-wires are covered
with a layer of Cu. This treatment has the ef-
fect that only the exposed loop of the emissive

probe is heated when a current is passed

Ceramic tube through. By careful choice of the number of

~ (ALO;) Cu-threads, by which the W-wire is wrapped,
the thickness of the combined wires can be ad-

111 justed so that they tightly fit into the bores of

Probe heating > | Probe signal| the ALL,O3 tube. This pr0V1dF:s an expellent con-
circuit _':'J“:*_‘R R tact between the two materials, which can oth-
1 | 1

yd erwise not be soldered or welded together. In
Fig.3. Schematic of an electron emissive probe addition, on the cold side the twisted copper
with the heating circuit; the two resistors R; are threads provide an excellent connection to the
identical and balance the voltage drop of the electrical leads to the feed-throughs and to the
heating current over the probe loop. After deter- external power supply or battery. Fig. 3 shows
mining the necessary value of lem > les by adjust- a schematic of an emissive wire probe in the
ing the heating current, the floating potential of plasma together with the necessary heating cir-
the heated probe is assumed to be a sufficient ap- cuit.

proximation of the plasma potential.

When such a probe is heated and electron



emissions starts, the |-V characteristic begins to show the electron emission current as superimposed
on the ion saturation current on the left-hand side. At the same time, also the floating potential Vi em
starts to shift to the right. For strong emission, Vjem reaches a saturation and no further shift to the

right occurs. This saturated value Vf’]jem is assumed to be a good approximation to the plasma poten-

tial, albeit we have always to take into account the considerations of subsection 2.3. above.

3.2. Arrangements of emissive and cold probes

Fig. 4a shows an example of an arrangement of emissive and cold probes, used in a tokamak for the
determination of electric field fluctuations. With this set-up, in ISTTOK (Instituto Superior Técnico

~

Tokamak, Lisbon) the fluctuations of the radial and poloidal electric fields, E, g, have been meas-

ured simultaneously in the edge plasma region [28]. The additional cold probe served for measuring
the plasma density fluctuations i, = N via the ion saturation current, neglecting fluctuations of Te.

ISTTOK is a tokamak with very similar parameters as CASTOR mentioned above.

These data were used to calculate on one side the radial fluctuation-induced particle flux I’y =
<ﬁp,\7r> = <ﬁp, ES>/B, and on the other side the Reynolds stress Re = <\7r79> = <I§9I§r>/82 [28].

Fig. 4b shows a typical probability distribution function (PDF) of I';. The grey curve shows the case
when the three probes were unheated. In this case, the cold probe floating potentials Vy were used
as approximations for the plasma potentials, which means that also temperature fluctuations had an
influence on the values of Vy. The black curve has been obtained with the probes heated to electron
emission so that a better approximation of the plasma potential was used as a basis for calculating
Iy, with the influence of Te-fluctuations minimized. The PDF determined with the emissive probes
is narrower but it also shows a more non-Gaussian character than that determined with the cold
probes. This can be seen by comparison with the respective Gaussian PDFs that are also shown in
the figure. A non-Gaussian PDF is a sign for a stronger radial transport into one direction, which in
this case is obviously the direction outward.
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- 1000 - # 11183 with cold probes
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Fig.4. (a) Poloidal view of the experimental set-up in ISTTOK [28]; (b) Probability distribution
function (PDF) of the radial particle flux in the edge plasma region, once determined by the three
probes unheated (grey) and once heated (black). The black and grey dotted lines show the corre-
sponding fitted Gaussians.

3.3. Laser-heated emissive probe

In a recent investigation at the VINETA plasma machine at the Max Planck Institute, Greifswald
Branch, Germany [29] a laser-heated emissive probe was developed. Only in two earlier works a la-
ser system was mentioned for heating a wire probe [30, 31].

The VINETA produces an argon plasma column of 10 cm diameter and 4 m length in a magnetic



field of 0.1 T with a density of about 10" m™
3, an electron temperature of 3 eV and an ion
temperature of 0.2 eV. The plasma is pro-
duced by a helicon discharge of less than
6 kW [32].

The probe consists of a disc of lanthanum
hexaboride, LaBg, with a diameter of 3.2 mm
LaBe- | and a height of 2.2 mm. The LaBg electrode
probe | s connected to a molybdenum wire of
0.2 mm diameter pulled through a ceramic
tube for electrical connection. The LaBg elec-
trode is heated by an infrared high-power di-
ode laser JenLas HDLSOF from JenOptik,
Jena, Germany, with a maximum output
power of 50 W and a wavelength of 808 nm.
The laser beam is coupled to a glass fibre of
about 3 m length that ends in a lens head, by
which, in a distance of 15 cm, a focus of
0.6 mm diameter can be produced. This la-
Fig.5. Cross-section through the VINETA device  ger-head was set directly on a quartz-glass
with the laser-heated probe system. window perpendicular to the probe. Fig. 5
presents a cross-section through the VINETA machine, showing this set-up schematically.

Glass fibre
-

Vacuum
cylinder

From Fig. 6a we see that also the laser-heated emissive probe shows the typical behaviour as a con-
ventional emissive wire probe (Fig. 1b), i.e., for increasing laser-heating power P the emission cur-
rent supersedes the ion saturation current while Vyem shifts to more positive values. The inserted
values of Te=4.12 eV and @, = +11.6 V, have been determined from the cold |-V characteristic
(for PL= 0 W) for comparison. Fig. 6b is the analogue to Fig. 1b by showing the variation of Vyem
with the laser heating power. Starting from the floating potential Vq = —3.3 V (which corresponds to
A = 3.6) of the same but cold probe, with increasing heating power the floating potential rises. At a
laser power of P = 13 W, Vjem jumps up and reaches a final saturation of V;,em =+8.8V for P >
40 W, which corresponds to A = 0.68. This value lies about 2.9 T above Vy, thus Ag = 2.9. We em-
phasize that in this case (in contrast to Fig. 1b) A has the same meaning as in the theoretical case
(see Fig. la), i.e., the difference between the actual value Vi em and @p = 11.6 V determined from
the characteristic of the unheated probe. Again we observe that the saturated value of Vy ,, remains

below the value of @y determined from the cold characteristic.
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Fig.6. (a) Typical probe characteristics from VINETA for increasing probe heating by laser irradiation; the
laser power and the corresponding temperature of the probe are indicated; (b) Approach of the floating po-
tential of the laser heated emissive probe to the plasma potential versus the laser heating power.



As in the case of the emissive wire probe (section 3.1., Fig. 1b), this discrepancy is ascribed to the
formation of negative space charge sheath around the emissive probe [24]. However, in contrast to

the emissive wire probe in CASTOR, here V lies only about 0.68 T, below ®p,. This is in better

*

fl,em

agreement with the simulations by Reinmdiller [22].

4. Conclusion

We have discussed the principle and various types of emissive probes, which can even be used in
the edge region of smaller toroidal fusion experiments. With such probes also the temporal devel-
opment of the plasma potential can be recorded including fluctuations, and arrangements are possi-
ble, by which the electric field in various directions can be determined directly [27,28]. A certain
perturbation of the plasma by such a probe can unfortunately not be avoided. But this depends also
on the size of the probes and can still be further improved. We envisage the use of such emissive
probes even for larger fusion experiments such as TJ-II and ASDEX Upgrade.
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