DIAGNOSIS OF A HYDROGEN PLASMA BY BEAMS OF
HELIUM ATOMS OF DIFFERENT ENERGY

N. I. Alinovskii

The underlying theory is described for a method of diagnosing a hydrogen plasma by means of
beams of helium atoms of differentenergy. The range of measured density is 10* 0106 ¢y
with a length of plasma section probed = 10 ¢m. The highest accuracy (= + 20%) is attained
in the middle of the range. The accuracy in measuring electron temperature from 10 to
50 eV is no worse than 10-30%. Higher temperatures can be determined with an accuracy
of the same order. Methods have beeu developed in receut years for active diagnosis of

a high-temperature plasma using beams of fast neutral particles {1-5]. These methods,

in spite of involving somewhat unwieldy apparatus, promise to permit the study of a plasma
in the range of parameters difficult to investigate by traditional methods (probes, micro-
wave equipment, and so on). In addition, they have relatively high timewise and spatial
resolutions and are noncontact methods in practice.

1. The idea of plasma diagnosis using beams of neutral particles of the same type but having various
energies was described first, apparently, in [1, 2}. While the cross section for interaction between the
probing particles and the ion, electron, and neutral components of the plasma will vary strongly with change
of beam energy, the relative attenuation of beams as they pass through the plasma can be used to determine
the plasma parameters: ion density n; and deusity of neutral atoms n, (more accurately, the thickness of
the ion and neutral target: N; = n4l, Ny = ngl, where [ is the length of the probed section of the plasma), and
the electron temperature T,.

Fig. 1 shows the cross section for interaction processes between helium atoms and the various com-
pounents of a hydrogen plasma as a function of beam energy.

The cross section for charged transfer o (He + p-— He™ + E) (curve 2) has been taken from [6, 7].
The stripping cross section for the ion ¢, (curve 4) and for the atom o' (curve 5) of hydrogen were obtained
by extrapolating the data from [8] to the low-energy region, and the results given are in good agreement
with the data of [9].

The stripping cross section of a hydrogen molecule (curve 3), computed per target atom, lies some-
what high [10].

The effective cross sections for ionization of helium atoms by electrons (o, = <o.w.>/ vy ) (Ve and
v, are the velocities of the electrons and beam particles) having a Maxwellian velocity distribution were
taken from [11]. Figure 1 shows these as a family of curves, la-e,corresponding to the values Te = 350,
200, 100, 50, and 20 eV, the ordinate here being ¢-10 16 cmz, and not 0-10Y7 as was shown for curves 2, ...,
5.

The quantity <lceue'> = f(T,), calculated by numerical integration on the basis of data for the ionization
cross section of the helium atom og by an electron collision {12], was also given in {11]. K can be approxi-
mated very well by the expression
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£ kev Figure 1 shows that the cross sectiouns for integration between
Fig. 1 the ion ¢ =0 + gy and the neutral plasma component o' increase con-

tinuously with increase of beam energy, while the cross section for
ionization by electrons decreases. (Although the maximum charge-transfer cross section oy & 2.10-% ¢m?
is reached at a beam eunergy = 100 keV, it is reasonable in considering the method to restrict ourselves
to an energy of 30 keV, since cumbersome apparatus is required to obtain beams of higher energy.)

2. For simplicity we consider the case when the plasma is rotated in a rather strong magnetic field.
If probing is performed across the field, the beam curreut at the entrance I; and the exit I{7) of the plasma
formation region are related to the plasma parameters as follows [1]:
I(l) = Iyexp [~ ny (s + 6;) | — nys'l]
We write this expression in the form

N, (cs +L‘vi;l) + Noo' = mI% (2.1)

Simplifying the notation somewhat, we write Eq. (2.1) for three beams (k = a, b, ¢} of different energy
as follows:

Nilog + Ap<cewed) + Nys,' = B, (2.2)

Solving Eq. (2.2) for Nj, Ny, and {ow,> , we obtain

B, B, B, B, By B, B, By B,
Gy oy g Ay Ap A, Ga Op ¢
Ve — Ay, 4y Ae N:—Ga Gy G (6,05 = 3. oy S
T olep op Gel ¢ Gy Oy Gg | 7 eve B, By B,
6a’ Gp S¢ sg' oy o s Gy o,
Ag Ay A, Ag Ay A, Ag Ay A,

For example, we can consider three beams with the following energies: 5, 15 and 30 keV. Assuming

that all the cross sections are given to an accuracy of + 10%, in the numerator of the expression for {ceve)
we obtain

B, (—0.5 4 1.6) -+ By (—0.2 + 0.47) + B, (0.1 & 0.12)

The large error results from the almost identical proportional increase of the cross sections o and

o' with increase of beam energy. It is clear that <ow,> and, therefore, Te cannof be obtained from this
expression with the accuracy required in practice.

Analysis of the other expressions also shows that the presence of a relatively large number of cross

sections with an average error of + 10% makes it impossible to use these to determine N;j and'Nj with the
required accuracy.

Thus, we can conclude that, with the accuracy of the measured cross sections (£10%), the three~beam
method is not suitable in practice for determining three parameters of the plasma.

3. We counsider the case of a highly~ionized plasma in which attenuation of the beams in the neutral
gas can be neglected, i.e.,

Nys,' i
N'i (Gk -+ Ak <Geve>) <
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Hence,
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J( For Ty = 10 eV and beams with energies of 5 and 30 ke V, the quan-
, tity a« has the values 0.056 and 0.17, respectively. Thus, we can conclude
/ : that for 7,10 eV, even with Ni/No =~ 1 (i.e., with a degree of plasma
v ‘ ionization of 8= 0.5), we can neglect atteauation of the beams in the neutral
, —T 1 ' gas,
] 1 l
‘H‘\\\ o Solving the two equations in Eq. (2.2) in this case for Nj and {ogVe)
; l ; | [~ we obtain :
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Fig. 2 Ni=—s a5, * =iz —as

4. Figure 1 shows that the most accurate method is that in which beams with markedly different
energies are used. Therefore, we counsider from now on two beams with energies 5 and 30 ke V, respec~-
tively. In this case we obtain

B, —0.408-B, B 411 (B / By —0.07 3
Ni=——pig 10 (cni®),  (Geved = —1:-&#““317) 10° (%2%’)

In performing an error analysis of these expressions, we consider that cross sections oy ando, have
been measured with an accuracy of + 10%, while the accuracy of the ratios Iy/I(l) is no worse than 5%.

The relative error in density measurement is then given by the equation

0.855-10%
N;

AN;
=01
7 +

from which it can be seen that the error does not exceed 50% for N; > 2:10%% em=2,

The accuracy in determining the value of <o in the range of N;j from 10% to 10" cm~? varies
roughly from 45 to 20%. Assuming it to average 30%, and using Eq. (1.1),we can calculate the coefficients
+K for the accuracy in determining the electron temperature Tg. Figure 2 shows that the relative error
in determining Te varies from 10 to 30% with increase of Te from 10 to 50 eV. The error increases
sharply for larger values of the temperature, and for Tg > 50 eV it can be determined in practice only to
orders of magnitude.

5. In the calculations no account was taken of beam attenuation due fo elastic scattering of the probing
particles by the plasma ions. By making the angular aperture 6 of the neutral particle detector large
enough, we can minimize this effect. For a rough estimate of the minimum angular aperture 6, we can
use the formula for the effective scattering cross section Og with a spherically symmetric interaction
potential (of the form U = C/r™) for the colliding particles [13]. If we use an interaction potential U(He +
H™) in the calculation, evaluated using the well-known semiempirical rule [14]

Uap =V UasdUss

the conditions gg < oy for a beam of helium atoms with energy 5 keV will be satisfied with a detector angular
aperture of 6 =s6°. (The interaction potential U (He + He) was taken from [15].) Although the calculation
here is nonrigorous and clearly gives ahighresult, it is nevertheless useful since it at least shows the order
of magnitude of the minimum detector angular aperture. '

6. Helium has two metastable states, 2'S and 23S, whose lifetimes are far longer than the time of
flight of the atom through the region of plasma formation in the actual experiment. The cross sections for
stripping and ionization by an electron beam for helium in a metastable state must be larger than the cor-
responding value for helium in the ground state, and therefore, if there is an appreciable fraction of meta-
stable helium atoms in the probing beam, it will be the main factor in determining beam attenuation. Since
this fraction is usually not known, the whole method requires a comparative check.
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We give the maximum values of the cross sections for excitation o of metastable states [16] and
for ionization oj of the helium atoms, existing mainly in the ground state [12] and in metastable states, due
to electron collisions. The last two cross sections were computed by the Dravin formula [17], which gives
the correct order of magnitude of the cross section:

o* (215) 5 * (285) 51 (18) 53 (2LS) 5; (2385)
max o [A?] = 0.045 0.061 0.4 32.7 29.7 (6.1)
UVl =33 20.6 126 14 16

The last column of Eq. (6.1) shows the electron energy values corresponding to these cross sections.
It can be seen from Eq. (6.1) that the contribution to beam attenuation resulting from excitation of meta-
stable states of helium by plasma electrons (with subsequentionization) cannot be appreciable, compared
to the contribution resulting from helium ionization by electrons from the ground state.

7. The random error resulting from instability in operation of the plasma equipment canbe decreased
appreciably by conducting simultaneous probing with two helium beams of different energy, followed by
ionization in a stripping chamber and separation in a magnetic analyzer for recording purposes [18],

The random error also increases due to statistical fluctuations of beam intensity. We calculate the
minimum equivalent current of a beam of energy 5 keV, so that the statistical fluctuations should not exceed
1%. If the resolving time of the electronic recording circuit is 7~ 0.1 usec, in that time interval N = I/e
particles will be recorded (e is the electron charge).

The relative fluctuations are then given by 1/VN. From the inequality v&/IT < 10~2 we obtain the
result that the recording beam current should be no less than 0.01 yA. Taking into account that only partial
conversion of the neutral beam into an ion beam ( = 10~? occurs in the stripping chamber, we can conclude
that the equivalent current of the primary neutral beam should be of the order 1 yA.

8. The lower density limit of this method is given by the least relative attenuation of beams passing
through the plasma which can be observed.

Let this attenuation be 5%. Then

5.1072
max (ck -4~ Ak <ceve))

min N; =

Thus,
min N, = 5.-104em™2 for 7, = 10eV, min N, =10%cem™? for T, = 350 ev

However, the accuracy in the density measurements is low. The upper limit in density is more in-
definite. It is usually given by the value of density above which elastic and inelastic scattering of the beams
by particles of the target can no longer be neglected. If the angular aperture of the detector is ~ 6 deg, this
density value lies in the neighborhood of ~ 10! cm™2,

The lower limit of temperature can be taken as Ty = 10 eV, at which a hydrogen plasma is already
quite well ionized, so that attenuation of the beam in the neutral gas can be neglected.

The choice of an upper temperature limit depends onthe measurement accuracy requirement (Fig. 2).

The resolution time of the method is given by the time of flight through the plasma of the slowest
probe particles. Thus, for a path length of ~ 10 cm, with a 5~keV beam, it is about 0.2 usec.

In conclusion, we note that, following appropfiate relative verification, the above method for plasma
diagnosis can be an effective technique for investigating a hydrogen plasma of relatively high density
(10" to 10% em™3),
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