INSTRUMENTATION FOR

PLASMA
= DIAGNOSTICS

by Harold P. Eubank

HE LAST DECADE has brought about
T enormous growth in efforts to-
ward understanding This
growth has come primarily from two
sources: the controlled-thermonuclear-
research program and the space pro-

gram, both of which have lent support

plasmas.

to many research fields with overlap-
ping interests, such as applied optics,
low-energy-beam cross-section measure-
ments and electromagnetic-wave prop-
agation in ionized media.
Instrumentation for plasma diagnos-
tics, a field concerned mainly with mea-
surement of plasma temperatures and
particle densities, is still in large part
in the delightful stage of innovation
and flux. Devices for plasma produc-
tion, confinement and heating have
provided considerable impetus for
commercial development of very low-
inductance, low-loss capacitors, reliable
high-current switches, high-power vacu-
um tubes and energy-storage systems,
as well as for improvement in ultrahigh
vacuum technology. Similarly, the ex-
tremely short lifetimes that characterize
some plasmas and the corresponding
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rapid rate of change of plasma parame-
ters have been largely responsible for
development of the ultrafast photog-
raphy now available in image-converter,
rotating-prism and drum cameras with
effective exposure times of about 10~
sec and framing rates of millions of
exposures per second.

A number of books and article col-
lections™ have appeared during the
last several years treating, in varying
detail, almost every diagnostic method
for obtaining plasma properties. We
shall outline with comments the more
familiar approaches, adding some re-
marks concerning a few techniques that
have been discussed only lightly or not
at all in the references above.

ELECTROMAGNETIC WAVES

The most suited and ver-

satile method for obtaining knowledge

admirably

of plasmas is in their interaction with
Although plas-
of waves

electromagnetic waves.
mas can variety

with frequencies as low as the ion-

SUI]IJ(}I'{ a

acoustic 1're(|uency.’ WE CONcCern our-
selves here with the frequency range
that only electron motions are
important. The effect of

could be incorporated into the treat-

such
collisions
ment, but the tendency toward higher-
temperature plasmas with low neutral
content and higher wave [requencies
usually allows us to assume the simplifi-
cation that the wave frequency is much
greater than the momentum-transfer
collision frequency.

Although the electron-density profile
and the electron temperature can be

Efforts to measure plasma
properties have been
responsible for many

instrumentation developments.

Diagnostic methods now

include a host of techniques

used in other disciplines:

interactions with

electromagnetic waves,
particle beams, probes,
lasers and spectroscopy.
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inferred from probing with electro-
the most common
usage has been to measure the average

magnetic waves,
electron density. For the resulting in-
teraction, the plasma dispersion rela-
tion for a plane wave with frequency
well above the value characterizing ion
motion can be factored to yield solu-
tions for two types of waves: (a) quasi-
transverse with electric-held vector
perpendicular to wave vector and (b)
quasi-longitudinal with electric-field
vector parallel to wave vector. The
transverse mode has, in turn, two
values of index of refraction. The first
is given by

s L= )"

== (wp/w)” cos® @ (1
and defines the ordinary wave for
which the plasma frequency is given by

wp = (1o €%/ £9 M) ™

and 6 is taken between the direction of
the wave normal and the magnetic
field. The second solution involves the
electron cyclotron frequency and de-
fines the extraordinary wave.

The wave in mode I obeys

p£=1— (wp/w)’ (2)

when 6=7/2 and is independent of the
magnetic field for that direction. This
mode of propagation is commonly em-
ployed for electron-density measure-
ments, with the plasma and microwave
horns inserted in one half of an inter-
ference bridge. When the plasma is
inserted, the wave experiences a phase
shift
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(a)

BRIDGE INTERFEROMETER (a) with crystal output (b) shown as plasma density increases to cutoff value.
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where g and g are vacuum and plasma
indices of refraction and L is the path
length. This yields in terms of the
electron density n.,

Ag= ] 5 [ [@=nszs)E] ?.Tqr dx
; 3)

where n. is termed the cutoff electron
density for which e, = .

The nonlinear relationship between
A ¢ and n., which becomes pronounced
when n. approaches n., requires some
knowledge of the plasma profile for ac-
curate appraisal of the average electron
density. M. A, Heald and C. B.
Wharton® discuss this problem in de-
tail, pointing out the advantages of
multiple-frequency and multiple-mode
propagation.

In practice there are two conditions
that set a lower limit on the frequency
of the probing electromagnetic waves.
The first is that o exceed w,, and the
second is the need to have the wave-
length small compared to plasma di-
mensions so that the path through the
plasma is the same over the dimensions
of the These two conditions
usually require wave frequencies above
10 GHz, thus defining an electron-
density working range of n. = 10"

beam.

cm. The lower limit can, with care,
be extended to about 10° cm™® by klys-
tron modulation and tuned-amplifier
detection, but it must always be borne
in mind when measuring phase shifts
of 1 deg and less that even weak reflec-
tions [rom parts of the yvacuum system,
which will depend upon the presence
of the plasma, can constitute a serious
error as these reflected waves may have
a large phase change.
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Hybrid OUTPUT
/Juncﬁon SIGNAL
(square la!
W S

Crystal Video
Detector

(b)

A simple bridge interferometer i
shown schematically in figure la, The
response to a transient plasma appear-
ing between the horns is illustrated by
figure 1b, where both amplitude and
phase effects are in evidence as n, ap-
proaches n.. If the bridge is initi‘all}-
balanced, maxima in the interference
pattern correspond to multiples of 180-
deg phase shifts.

A more sophisticated interferometer
is the “fringe-shift" or "zebra—stripe"
system of figure 2. Here amplitude ef-
fects are discriminated against with a
balanced detector. One leg of the
bridge is adjusted in length so that
with frequency modulation of the
klystron, differential phase changes oc-
cur in the two bridge legs to give a
sinusoidal output from the detectors,
These are then shaped and used for
intensity modulation of the oscillo-
scope. Advantages of such fringe-shift
interferometers are an oscilloscope de-
flection proportional to phase shift,
continuous direct calibration and wide
dynamic range. One disadvantage is
the limitation set upon time resolution
by the use of a sawtooth sweep fre
quency. Figure 3 illustrates the fringe
display from a discharge in the Model
C stellarator with a path length of 10
cm and a peak density of about 2.5 X 10*
cm™

For very low densities the cavity-
perturbation method can be used if the
cavity can be incorporated compatibly
into the plasma vessel. S. C. Brown'
discusses several modes which can be
used for low densities with and without
magnetic field and for high densities
where w < w,. For v > w, and w >
» (r is the collision frequency for mo-
mentum transfer) the T M, mode gives
a frequency shift resulting from the
presence of the plasma such that

1=

=
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which can be used with or without an
axial magnetic field since E is parallel
to B.

Until the [airly
and development of coherentradiation

recent discovery
sources with wavelengths in the micron
range, that is, the maser and laser, the
electron density range above 10" cm™
was inaccessible to microwave transmis-
sion where the highest frequency com-
monly available in adequate power was
about 100 GHz. The cutoff electron
density giving a plasma [requency ol
100 GHz is about 10" cm . With mono-
chromatic sources such as helium-neon
lasers interferometric measurements ol
electron density have been extended to
10"™10" cm~—.

The helium-neon laser has the desir-
able feature of emitting coupled radia-
0.635
microns that originate from a common

]

tion at wavelengths of 3.39 and
state. This laser has been used as its
own resonator in
the refractive index of the plasma pro-

which variation in
duces modulation in the laser output.
For a wavelength of 3.39 microns pass-
ing through 10 cm of plasma, a density
of order 10" cm~ is required f[or a
90-deg phase shift. To operate in the
10"-cm™ range, multiple-pass svstems
have been employed.

Electron temperature, or more gSel-
erally the electron velocity distribution,
can also be measured by electromag-
neticwave probing. According to hot-
plasma theory.” effects arise at the
second and higher harmonics of the
electron cyclotron frequency given by
wee = eB/m,. These effects are attribut-
able to the finite size of the electron
gyration radius. The quasi-transverse
extraordinary mode has been employed
4t 70 GHz to verify the predicted reso-
nance width and depth., Conversely
one could say that the resonance width
and depth yield the effective tempera-
tures parallel and perpendicular to the
magnetic field in agreement with con-
ductivity values.

Waves in plasmas are subject to a
host of resonances at which the refrac-
tive index goes to infinity, such as at
the ion and electron cyclotron frequen-
:ties and at hybrid frequencies.” Much
interest has been generated by the re-
Cent observations of such resonance
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ettects 1 the i'_i[lil\])]]t‘l'(_‘. resulting in
much theoretical work. Since such reso-
nances involve B and n., a very uselul

diagnostic method is apparent, pro-

vided the experimentally observed
resonances are correctly related to we.
and w,.

Related phenomena occurring in the
use ol laboratory |)I;|\1‘|1;| probes have
been known to exist for many years.
For example, the application of rf
signals to a biased probe will, because
ol the nonlinear nature of the probe
characteristic, result in a soreatly en-
hanced dc current component when o

FRINGE-SHIFT density display from Model C stellarator.
fringes is about 2.5 » 10" cm™. Time scale is 1 msec/div.

“fringe-shift”

' VIDED DIFFERENCE AMPLIFIER

variety. —FIG. 2
is near wy. T'he relationship between
the resonance frequency ws and w, now
appears clear, and experiments demon-
strate agreement for n, to within 109,
ol other measurements. The most ver-
satile technique employed is that of
ringing measurements wherein the
probe is pulsed with a rapid-rise step
function and the subsequent ringing
ol the probe-plasma system is observed.
This allows determination of wy within
a few periods and could be used to
follow time-varying plasmas.
Transmission and reflection of short

electromagnetic pulses (=107 sec) has

density of five
FIG. 3
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been used to determine the electron
density. From analysis of the time
shapes of the transmitted and reflected
signals, both depending on w,, and ob-
servation of the transient ringing
which approaches o, within a few
cycles, n. can be determined within a
time smaller than 107" sec. In fact, this
method was used to follow the decay
of n, in the afterglow.

Most of the measurements discussed
above require only standard uhf and
microwave components of relatively
low power. The microwave bridge re-
quires, for instance, a klystron of about
100 mW. Where absorption is severe
and where background noise is high,
backward-wave oscillators operating at
frequencies up to about 100 GHz and
many watts output are available. These
tubes can be swept by about a factor 2
in frequency where resonance effects
are to be sought.

PARTICLE BEAMS

Plasma measurement with particle
beams has received relatively little at-
tention, in view of the possible infor-
mation plasma-beam interactions afford.
If we exclude processes such as beam-
induced instabilities and measurement
of plasma electric and magnetic fields,
the beam interacts not with the plasma
as a whole but rather with individual
constituents through binary collisions.
Charged-particle beams can be used in
plasmas when no magnetic field is pres-
ent or if the plasmas are in open-ended
magnetic devices. Atomic beams are
better suited for probing when confin-
ing magnetic fields are present since
plasma boundaries are better defined
perpendicular to the field direction,
and also since scattering by micro fields
can be eliminated. We consider then
two general classes of interactions and
point out the merits of each.

Ton-atom interactions

An interaction that results in a gross
change of state of the beam particle is
the most easily detected. Such an inter-
action is charge exchange wherein an
electron from a beam atom is trans-
ferred to a plasma ion. Charge ex-
change is not, of course, restricted to
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ion-atom interactions but occurs also in
atom-atom and ion-ion collisions. It is
possible, however, to make charge ex-
change highly selective in practice. By
this we mean that suitable choice of
interaction energy and atomic beam
can minimize the interaction with
background neutral gas and plasma im-
purities relative to the ionic species of
interest. Restricting ourselves specifi-
cally to what is termed resonant charge
exchange (electron transfer between
identical energy states such that the
energy difference A E = 0) selectivity
becomes possible because of the energy
dependence of the reaction cross sec-
tion: o * = a — b log E where a and b
are constants. The charge-exchange
cross section for unlike atom-ion com-
binations, where A E s 0, reaches a
maximum at relative interaction veloci-
ties near the orbital electron velocity
(v = 10" cm/sec) but decreases rather
rapidly at low energies, For example,
if we consider the case of a hydrogen
atomic beam of a few thousand elec-
tron volts passing through a hydrogen
plasma, the cross sections for electron
loss or capture by the atomic beam in-
teracting with background hydrogen
gas is a factor 20 smaller than the
resonant cross section between hydro-
gen atoms and protons.

If we choose a beam velocity large
compared to the plasma ion velocity,
say a few thousand electron volts for
an atomic hydrogen beam (for which
the detection is greatly simplified rela-
tive to the thermal energy range), and
can restrict the k possible interactions
to just atom-ion events, where charge
exchange represents one such interac-
tion, the relative interaction velocity v,
is constant and equal to the beam
velocity vs. The cross sections o are
constant and the attenuation of the
particle beam due to the plasma can
be expressed as

I=1I,exp |:— -3- Z*’l‘ L -\'] (5)
k

where n, is the total ion density.

One envisions then a beam-transmis-
sion experiment for the measurement
of ion density. Such experiments have
been performed with hydrogen and
helium plasmas for ion-density mea-
surements. Comparison electron-density
measurements have been made in both

cases. Spatial and temporal respo
good (— 1 MHz). For a plasma
ness of 10 cm the magnitude of t
teraction cross section indicates
most convenient working density.
to be 10"-10" em™ In hydrogen
mas consideration of the exten
which other ion-atom and at
electron interactions lead to
attenuation could be included
would constitute a small correctios

A thermal molecular hydrogen b
has been used for plasma density
surements although prior knowled
the electron and ion velocity dis
tions was required since the relati
interaction velocity arose solely fi
the plasma constituents. For deut
plasmas an energetic tritium beam &
employed for neutron production
through the *H (*H, n) ‘He reacti
Maximizing this cross section requ
about 0.1-MeV  particle energ
however.

Another reactian is that of ion-
elastic scattering. The long-range
atom interaction is given by the pol
zation potential

V=—aée/2 &

where « is the electric-dipole polar
ability of the atom. Subject to ¢
requirements on interaction enel
scattering potential and angular resol
tion of the scattering apparatus, the
total atom-ion scattering cross Section
will exhibit a v=** velocity dependen
over a wide energy range. With prop
choice of beam and plasma these r
quirements can be met. Clearly r
nant charge exchange, with its I
characteristic cross section, is to be
avoided. Possible combinations would
be alkali beams and other alkali pl
mas, helium beams and hydrogen p
mas, and hydrogen beams and helium
plasmas.

An experiment not unlike that of
Thomson scattering of a laser beam
would allow determination of ion tem-
perature by measuring beam scattering
as a function of beam velocity. For @
given distribution function f(v;), seat
tering will depend on wp because ¥
= v, — vs, allowing an ion temperature
to be assigned. Best sensitivity OCCUIS
when beam and average ion velocities
are approximately equal. Such an ex:
periment is not easy since it requires
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great alignment precision and presents
difficult detection problems [or non-
alkali beams at low energies.

Electron-atom interactions
In electron collisions the relative col-
lision velocity will nearly always de-
pend on the electron distribution func-
tion. lonization is the most easily
detected interaction and cross sections
lor such events as [unctions ol electron
energy are now available for a host ol
atoms and some ions. Because ol the
cross-section velocity dependence, ioni-
zation rate coefhcients S, = a0 (v))
Maxwellian

i
velocity

computed [for y
distributions, have electron-
temperature dependence for T = ¢l’y,
threshold. At

there is

strong

higher
rela-

the ionization
electron temperatures
tively little temperature dependence.
For beam probing ol electron tempera-
ture one therefore requires separite
knowledge of the electron density and
a beam with an ionization threshold
greater than the temperatures to be
measured. Actually S. peaks at about
three times the ionization threshold so
that a helium atomic beam might be
used for electron-temperature measure-
ments up to T, = 75 €V. Of course, for
a given electron density and beam path
length in the plasma, the ionization
cross section is best matched to the
plasma in question when appreciable
beam attenuation results. Occasionally,
exceptions arise to these remarks con-
cerning the temperature dependence of
S.. Notable are ionization cross sections
ol heavier alkali metals, which exhibit
structure at well
above the threshold due to autoioniza-
tion levels. As a result the ionization

electron energies

rate coefhcient of these atoms has a
fairly strong temperature dependence
out to about ten times threshold. that
is, 50 — 40 eV. Beams ol such atoms are
then particularly well suited for the
temperature range 2 - 30 eV,
Electron-temperature measurements
have been made on stellarator dis-
charges with potassium beams of about
3 keV. For typical stellarator discharges
10" the large ionization
cross sections for the heavier alkalis
afford good sensitivity whereas attenua-

where n, =
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tion of helium beams of such energies
would be extremely small. In figure 4
we show a schematic of the beam ap-
paratus and in figure 5 the response
to a discharge in helium produced by
a 5 kHz exciting voltage. Since the
potassium beam is detected by secon-
dary electron emission, the beam cur-
is modulated at 100 kHz with
band-pass detection to discriminate
against emission from plasma ultra-
violet light. From microwave measure-
ments of electron density and potassium
beam attenuation therefore
solve for the electron temperature. The
temperature modulation indicated here

rent

one can

goes Irom 2.5 to about 7 eV, occurring
at twice the discharge driving fre-
quency bur showing some asymmetry
with the direction of the heating elec
tric field.

Instead ol ionization or scattering
by electrons one can use excitation of
a neutral atomic beam by measuring
the excitation light. The difhiculty en-
countered in practice here is low in-
tensity since photons are emitted at
all angles and only a very small solid
angle can be used for detection.
with

Production of beams

enough currents imposes no difficulty.

large

Many ion sources available comher-
cially have suitable current and voltage
C'.l}]{lhi“li(‘:i. The duo-plasmatron source
ol M. von Ardenne is the most efficient
with respect to gas consumption. Neu-
tralization of the ion beam by electron
capture is quite efficient at moderate to
low energies. When resonant charge
exchange can be used, almost the en-
tire ion beam can be neutralized down
to thermal energies. Surface ionization
sources can yield ion currents of about
1 mA per square centimeter of cathode
area with cathode temperatures near
1500°K. Such sources are made by im-
pregnating a base material (tungsten,
rhenium or platinum) with an alkali
metal of smaller work function. The
“black magic" beta-eucryptites, such as
Li. CO:-SiO=-AlL O; can produce ions
such as Li* and Na' as well as alkali-
earth ions with the ease of electrons.
Detection of atomic beams is best
accomplished by secondary electron
emission when the beam energy is of
the order of thousands of electron
volts. At such energies the secondary
electron coefhicient will generally lie in
the range 0.1 to 1.0 and either a bare

electron multiplier or a scintillator-
photomultiplier combination can he
used. Both are quite sensitive to vacuum
ultraviolet light and therefore some
means of discriminating against plasma
radiation is usually necessary. In some
cases the atomic beam can be ionized
with fair efhciency, thus rendering
ultraviolet discrimination much easier
since the beam can be deflected from
the line of sight.

PROBES

The “simple single-wire” Langmuir
probe is undoubtedly the most widely
used diagnostic tool in plasmas even
today. Such probes, though indeed
rather simple mechanically, are quite
the opposite in regard to the theory
of current collection. In fact in most
probe applications with plasmas im-
mersed in magnetic fields, rigorous the-
ory does not exist. Nevertheless probes
continue to receive wide use since they
can yield measurements with a degree
of localization difficult to achieve by
other methods. Even when operating
in domains where approximations can-
not be made to reduce the theory to a
tractable form, they provide relative
measurements that show a great deal
of the structure of the usual non-
quiescent plasma.

Collisionless plasmas

Probe theory for a collisionless plasma
with no magnetic field is based largely
on the original work of I. Langmuir
and H. Mott-Smith. The treatment
uses the concept of the Debye shielding
distance h = [es kT./n, ¢*]%, which rep-
resents the distance over which a po-
tential perturbation within a plasma
decreases by a factor e, T'. being the
electron temperature and n, the elec:
tron (plasma) density. This theory cov-
ers two domains. The first is that in
which the sheath associated with the
probe’s electric field has thickness of
order h, which is small compared with
the probe radius; particles atmctefi
through the sheath boundary by appli
cation of a probe potential V' are C?P*
tured by the probe in accordance with
I =j. A, where 4, is the sheath area as
given by the Langmuir-Blodgett relaf
tionships for space-charge-limited cur
rent flow. j. is the random current
density at the sheath boundary Wh}"—‘})
for a Maxwellian velocity distributionis




el

. where T and m refer to the particle in
" question and j- is the particle-current
density.

If electrons and ions within plasmas
were sufficiently coupled energetically
to ensure that 7. =~ T then equation
7 would apply to either type of par-
ticle. lon-electron equipartition times
are, however, often long compared
with respective lifetimes, and because
different cooling mechanisms operate
on the two species, T, and 7. are
usually quite different, the more com-
mon behavior being that T, <« T.. For
this condition equation 7,
plied to the ions, does not yield suffi-
gient ion current at the sheath edge
for stability. The ions must approach
the sheath boundary (insofar as a defi-
nite boundary exists) with a drift ve-
locity given by v = (2kT./m.) "

The saturated ion current for large
negative potential V' is therefore insen-
sitive to the ion temperature 7.,

nds (RT.\*
2 m.

where A, is the probe area. The possi-
bility of direct information on ion tem-
perature is thereby removed. That
equation 8 is independent of probe
voltage 7 implies that the result is ap-
proximate. The use of a probe to draw
lon saturation current, although more
tomplicated in theory than its electron
tounterpart, has the experimental ad-
vantage that the current is much
smaller thereby imposing less perturba-
tion on the surrounding plasma. Fur-
thermore in even weak magnetic fields
the electron current is so drastically
altered that the ion current must be
used.

The second part of the Langmuir
theory treats the situation in which the
sheath thickness is large compared with
Probe radius. Since most probes are
made small (0.1 cm is a typical di-
mens;on) to minimize the perturba-
tion, and the Debye distance is about
0.02 mm for T. = 10 eV, and since no

= 10® em™, this domain pertains to
ﬂ!.her dilute plasmas.

While the respective particle fluxes
yield the product of density and tem-
Perature (usually T.), the dependence
of probe current on voltage in the

when ap-

being

IA.%

(8)

.

transition region, where currents of
both charge species are drawn, offers
information on the electron tempera-
ture directly. In this voltage region
part of the electron current is reflected,
and the number of electrons going to-
ward the probe are determined by re-
mote collisions; therefore the electron
distribution should be in thermal
equilibrium. The density is then

n=nyexp (—eV/kT.) (9)

where I” is, of course, the probe poten-
tial relative to the plasma. The elec-
tron part of the probe current is given
by equation 7 where n is evaluated at
the probe surface of area A.. From
equations 7 and 9,

kT,
I.=Ad.n, (m L\p (—eV/[kT.)
(10)
and a plot of log I. as a function of V
then gives a straight line with a slope
that yields the electron temperature.

Since the total measured current I will
contain I,, the plot should be log
(I — I.) against V.

Plasma with magnetic field

Application of a magnetic field B has
the immediate effect of decreasing the
ratio of electron to ion saturation cur-
rents. This ratio, which for B =
(T. m./T: m.)* = 100, can decrease
by an order of magnitude when the
magnetic field is such that the probe
radius @ and Debye length / are large

0 is

compared to the electron Larmor ra-
dius r. but still small compared to the
ion Larmor radius r.. Whereas the elec-
tron current that is normally available
with B = 0 is that diffusing into a sur-
face surrounding the probe of radius
equal to one mean free path, electrons
in a magnetic field can move into the

POTASSIUM BEAM sys-
tem for electron tempera-

tures. —FIG. 4
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Report from

BELL

LABORATORIES

“Beam lead” technique for fabricating solid-state devices

Magnification: 125X (color square is period at end of this sentence, to same Scale)G}_.)

Row or ‘‘ladder’ of beam-lead transistors fabricated experimentally at Bell Laboratories has a transistor every 16 mils
along its length. Each transistor (on light-gray areas) has three beam leads (dark-gray rectangular areas) for electrical
and mechanical connection. The side rails at top and bottom of photo are used only for support and ease of handling.

To make tiny solid-state devices
and circuits, groups of elements are
generally formed on a single semi-
conductor slice or substrate. Then
the slice is “diced” (physically sepa-
rated) into pieces as either individual
units or groups of units for integrated
circuits. If used individually, they are
connected to terminals or to other
devices with short seements of ex-
tremely fine wire—a difficult and
time-consuming operation. If used as
groups of devices, they often need
special processing to electrically iso-
late those making up ecach circuit.

Bell Laboratories’ M. P. Lepselter
has developed a promising solution
to both of these problems. After the
device elements are formed, mechan-
ically strong electrical leads are de-
posited onto them. These electrically
and mechanically intraconnect the
devices and circuits. Unwanted semi-
conductor material between the in-
dividual devices in a circuit is then
removed . . . isolating them electri-
cally, yet leaving them mechanically

joined. This permits batch processing
of electrical leads, eliminating many
individual connections and requiring
only connection to external terminals.

Thus, handling tiny devices and
circuits is simplified. The leads, pre-
cisely positioned with respect to each
other, are easily connected to a cir-

cuit board or other support, perhaps
eventually by automated techniques.
They are strong enough so that the
semiconductor wafer or chip needs
no further attachment to the sub-
strate. Entire circuits joined by beam
intraconnections can be handled as
one unit.

M. P. Lepselter examines beam-lead model (enlarged about 300 times). Beams were thermally
aged in 360° C steam for 1000 hours, centrifuged to 130,000 G, bent 90° twenty times without
failure. Beams can be tapered for smooth impedance matching, widened to act as heat sinks.

ﬁ Bell Telephone Laboratories

- Research and Development Unit of the Bell System
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probe only along the direction of the
field. Electron motion along the field
is essentially unhindered whereas across
the field the diffusion coefficient is re-
duced (classically) by the ratio D_ /D =
I(1 + we’r) where wer = (eB/m)
| .lfﬂnw) is the product of the electron
lotron frequency and mean collision
time with ions or neutrals, whichever is
iinant. For even very low fields
> 1; hence classical diffusion
s as 1/B* and becomes extremely
Classical diffusion is seldom ob-
d in practice, the cross field dif-
on being given rather by the Bohm
ion which varies as T./B. Nev-
less, electron collection is mainly
ong the flux tube of radius a + .,
“with diffusion across the entire tube
boundary maintaining the particle flux.

Electron collection is treated by D
Bohm® who obtains an expression with
a correction factor varying as the
square root of the transverse diffusion
coefficient.

Subject to the initial approximations,
namely that the ion cyclotron radius is
still large compared to a and h, the
saturated ion current is still given by
equation 8.

Interestingly enough, recent exten-
sive experimental work comparing
probe-deduced values of n. and 7.
with microwave and conductivity
hlues shows rather good agreement

L probe theory. The theory referred

\howwer, is for B = 0 although the
_measuremems were made at about 35
kG where both electron and ion cyclo-
tron radii are less than the probe size.
Smlﬁcally, the ion current is taken to
be the Bohm value I, = 04 nd
(kTo/m.)*% but with 4 equal to twice
the probe area perpendicular to the
magnetic field. Similarly the electron
current is the random value given by

g and T, ~ 10 eV). It was found
‘that drawing electron saturation cur-
Tents increased the plasma floating po-
tential along the lines of B as detected
by a second probe downstream. The
Tesulting corrections to the space po-
tential and 7', were about 109,.

The probe value of T. appears con-
sistently high relative to conductivity
values, the discrepancy being at worst
a factor of 2. Since the conductivity
measurements have been well estab-
lished by other means, notably spectro-
scopic, it must be assumed that probe
temperatures are in error. Furthermore
if the lower conductivity temperatures
are used in determining the plasma
density, better agreement (to within —
209,) is obtained between probe and
microwave.

In any case the probe remains in-
valuable for relative and highly local-
ized measurements. From a 24-probe
azimuthal array K. Bol" has produced
a beautiful display (figure 6) of density
fluctuations occurring for given operat-
ing conditions of the Etude stellarator.

Double probes

Single-probe characteristics rely on es-
tablishment of a firm plasma potential
that serves as a reference for the probe
voltage. In some discharges a good
reference point does not exist and in
others fairly large electron currents,
drawn to establish the probe character-
istics from which the space potential
can be deduced, cause perturbations
sufficient to alter the plasma condi-
tions. The double-probe system was
proposed to alleviate this difficulty.
Two probes are spaced sufficiently close
to ensure uniform plasma in the inter-
vening region. The probe system is
allowed to float relative to the plasma
so that no net current is drawn by the
system. The resulting potential is the
“floating potential,” which is sufh-
ciently negative with respect to the
plasma to repel enough of the higher
mobility electrons to maintain I. = I,.

Between the probes one places a bias
V =V, — V. > 0. Positive current flows
in the external circuit from probe 2 to
probe 1. If the probe areas are such
that 4, = 4., both probes are negative
relative to the plasma but V, is less
negative and V. more negative. Thus
more electrons flow to 1 and fewer to
2. For large positive V, probe 2 will
draw only ion saturation current while
probe 1 collects just enough net elec-
tron current to cancel the ion current
to 2. The double-probe characteristic
is thus symmetric when 4, = 4. and
the total current to either probe can-
not be greater than the ion saturation

current. This condition has the advan-
tage of minimizing the plasma per-
turbation since the current flow is
small; at the same time, however, only
the electrons in the tail of the distribu-
tion enter the probe current,

Gridded probes

Devices of the sort to be described
briefly here should probably be re-
ferred to as particle analyzers" rather
than probes since they attain a size
such that the term “localized,
turbing measurement” can hardly be
ascribed. We refer to multigrid,
retarding-potential probes, which be-
cause of the mechanical requirements
must attain a size of the order of
centimeters. Such probes have been
used in satellite measurements and in
laboratory plasmas for particle-velocity
distributions. Generally too large to
thrust directly into a plasma, they are
best adapted to regions that are loosely
coupled to the main plasma body
where there is a minimal perturbing
effect.

The interpretation of the probe is
simplified when the entrance slit or
grid spacing is small compared to the
Debye distance ensuring penetration
of imposed electric fields throughout
the sampled plasma. Particle flow along
the magnetic field has the advantage
that the potentials cannot seriously
defocus the entering beam. Retarding-
potential analysis of either particle
species can be accomplished with the
opposite species biased off, thus giving
the energy distribution of either type
of particle.

Measurements made in the divertor
of the Model C stellarator with a four-
grid probe yield ion and electron tem-
peratures in good agreement with other
diagnostics. The grids are encased in
a metallic housing having an entrance-
slit width of 12 microns (— 14 the local
Debye distance for

nonper-

a typical plasma
density in the probe region). The de-

vice operates in a field region where

the magnetic field expands to the value
Bp, where Bp is about 14 of B, the
main stellarator feld. As a result the
local velocity distribution of escaping

particles is distorted (collisionless treat-
ment) such that the velocity perpen-
dicular to B is reduced and that paral-
lel to B is increased. The transparency
of the grids and entrance slit is thereby
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improved. The resultant expression for
the current (either species) is

B, ZeV
=G [Fm exp ( W)
Ml (1;0 w .BD! Ny _ Ze V Bu
BD (.)kl.) I:T ’ Bo— BD

(11)
where the constant C contains geo-
metrical factors and ¥V is the retarding
voltage for the species in question. The
second term of the equation arises
from the expansion of the magnetic
field. Shown in figure 7 is the collector
current I plotted against ZeV/kT. The
departure from linearity of log [ at
small ZeV /kT arises from the effect of
the expanding magnetic field. The
points are measured values for elec-
trons in an ohmically heated stel-
larator discharge where n. = 10" cm™
and 7. = 20 eV. The slope of such dis-
tributions allows evaluations of T, that
are within 309, of the conductivity
values. Furthermore the energetic part
of the distribution can be examined
in detail for evidence of non-Maxwel-
lian particles.

Ion distributions show, in addition
to the exponential region, a flat do-
main for 0 < V = 3 kT /eZ which is
attributed to a sheath of ions accel-
erating toward the wall. The only
discrepancy between the actual per-
formance of the probe and that calcu-
lated was in the transparency of the
grids. The geometrical value, corrected
for the computed p:grticle orbits, was a
factor 14 higher than the measured
value, a small correction in itself that
introduces a factor 2 error in absolute
flux determinations when raised to the
fourth power for the 4-grid assembly.

Magnetic probes

Magnetic probes have been treated by
Lovberg™ who points out their wide-
spread use in mapping current distri-
butions in plasma accelerators and
pinches. We would add to this some
discussion of a special case in which
the currents are “diamagnetic” and the
probe is therefore termed *“‘the diamag-
netic probe.” We recognize that the
discussion that follows is applicable
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only to transient plasmas or steady-
state plasmas that can be modulated.

The plasma has a magnetic moment
per unit volume

b g

m=-——p

(12)
where p. is the pressure perpen(licular
to the magnetic field and is given in
terms of plasma density n and ion and
electron temperature by p. = nk(T.
+ T.). If we take B along the z axis
and consider a plasma section of radius
7, and thickness dz, the magnetic mo-
ment per unit yolume is

My =— w5t <g—> dz (13)

and can be expressed in terms of a
solenoidal current I = In dz where In
is the diamagnetic sheet current den-
sity. Then

dM: = r?',."’fndz (14)
where In = — (p./B.) = — (p.)/B, and
where we substitute the vacuum feld
B, for B. on the assumption that the
ratio of plasma pressure to magnetic
pressure g < L.

A single-turn loop of radius 7. sur-
rounding the plasma column will have
an induced voltage in accordance with

d
V=— :—fB,,dS
fifs =

and if fluctuations in B, can be ne-
glected (usually subtraction by a sec-
ond coil which does not encircle the
plasma affords the best means of can-
celling this term) then

=l (16)
dt

We assume uniformity of p, with r and

z. In general, p. may vary in both

dimensions.

When the concentric
within a metal-wall vacuum system the
time rate of change of the diamagnetic
sheet current dln/dt will induce an
emf in the wall and cause a wall cur-
rent Iw to flow. dlw/dt thus contributes
to I/ in a manner that depends on the
wall time constant. Wall effects must
therefore be included,

Diamagnetic probes have been put
to greatest use in ion- and electron-
cyclotron-heated plasmas where the
perpendicular pressure or temperature
is often much greater than its counter-
part along the magnetic field. The

(15)

V=pmr

plasma is

energy distributions are frequently not
Maxwellian and the pressure measure-
ment serves only to give the mean
energy density n(e), or nkT_ if one
wishes to assign a temperature to the
distribution.

It has become common to use rapid
scanning techniques for electric probes.
The need for this arises from the
highly transient nature of many plas-
mas and the destructive power that
flows into probe tips with dc voltages.
Even for steady-state plasmas the saw-
tooth voltage scan, which requires only
a few microseconds to complete, allows
continuous oscilloscope display of the
probe characteristic as plasma profiles
are studied. Furthermore, the wide-
spread use of both electric and mag-
netic probes for fuctuation measure-
ments as they relate to the identifica-
tion of instabilities is facilitated by
spectrum analyzers, variable band-pass
filters, and communication receivers.

LASERS

Lasers for plasma diagnostic measure-
ment are becoming increasingly popu-
lar. The most vigorously pursued ex-
periments of recent years involving
plasmas and lasers have been efforts
toward observation of Thomson scat-
tering of the laser photons by plasma
electrons. Although such experiments
were always possible in principle, the
smallness of the Thomson cross sec
tion (~ 6 x 10-® cm? required the in-
troduction of lasers to yield sufficient
scattered photons relative to back-
ground light and phototube noise to
give meaningful results.

The scattered spectrum depends on
a parameter « defined as the ratio of
Debye distance to the wavelength of
the sinusoidal plasma-density fluctua-
tion. For « > 1, coherent plasma oscil-
lations can exist that give structure to
the scattered electromagnetic wave; the
central line of scattered radiation has
a width characteristic of ion Doppler
broadening, and has satellite lines sep-
arated from it by approximately the
plasma frequency *o, Under these
conditions the electron density can be
inferred from w,. When a < 1, only @
central peak of scattered radiation is
observed with a width characteristic of
electron thermal motion. Absolute il
tensity measurements can yield the
electron density.




* For hydrogen plasmas « is given in
terms of scattering angle 4 as
ne 1 52
Ty 1= "easp

2=1.58 X 107
(17)

where A is the wavelength of the in-
cident radiation in nanometers, n. the
_ﬁle'ctron density, and 7. the electron
temperature (7. = T.) in eV.

‘Within the last two years many ex-
perimental observations have been re-
ported employing plasmas of density
10% to 10" em ™. These experiments
span the region a=1 by varying the
scattering angle. Some evidence for
satellite lines is observed for forward
stauering where a > 1. Agreement with
other diagnostics, when available, is
fairly good.

Although it appears that the rewards
are potentially great, Thomson scatter-
ing is a difficult experiment at best, re-
quiring great care in minimizing the
background signal. Ruby lasers operat-
ing in the giantpulse mode and
delivering tens of megawatts of power
are necessary to resolve the scattered
signal. At present it is rather like the
tail wagging the dog.

SPECTROSCOPY

A tremendous number of spectroscopic
methods is available for determining
plasma properties. Were most plasmas
not quite so tenuous, the determina-
tion of electron and ion temperatures
and number densities would be con-
siderably simplified. If, for instance,
the excited populations of atoms and
ions within the plasma were deter-
mined solely by collisions and the sys-
tem responded instantly to changes in
plasma conditions, the plasma would
be said to be in local thermal equilib-
- tium (LTE). Each collision process has
its inverse and these pairs of processes
would occur at equal rates. Free elec-
- trons would have a Maxwellian velocity
distribution, and the bound-level popu-
'-kﬁ_ﬂns would be given by the Boltz
‘mann and Saha equations.
| For the plasma to be in LTE the
llision deéxcitation rates should then
tleast a factor 10 larger than radia-
tive decay rates, a requirement which
':_fﬁl'f'hydrogen and helium plasmas is
f"mmt stringent for the low-lying states
Where radiative lifetimes are short. As
{oss sections for excitation are gen-

erally larger than those for deéxcita-
tion the population of a given low-
lying level q in LTE is then deter-
mined primarily by collision-induced
transitions from levels where £, > E,
balanced by collisional excitation [rom
q to all levels where £, > E,. Only in
dense low-temperature plasmas such as
in pinches and shock tubes will low-
lying excited states be in LTE.
Temperature is readily determined
from the intensities of spectral lines
arising from a common lower level and
two upper levels. The weakness ol this
method, though, is that the level spac-
ing becomes small between
states, hat is, B, — Ey = kT
temperature sensitivity is low.

excited
and the

When relative line intensities of sub-
sequent lonization stages of a given
element can  be

compared, much

SIronger  temperature  sensitivity  is
achieved due to the appearance ol the
ionization energy in the
These methods and the
validity ol LTE are counsidered in de-
tail by H. Griem.*

The ratio ol lineradiation
tinuum which

EXpOonernt.
domain of

Lo con-

racliation arises from

radiative recombination and brems-
strahlung has a rather wide tempera-
ture range of good sensitivity, Beyond
a lower temperature limit, however,
the negative-ion continuum must be in-
cluded. For neutral helium, line-to-
continuum ratios can be used in the
temperature range below that [for
which recombination and bremsstrah-
lung in doubly ionized helium are
important. This defines a range of
about 1 to 3 eV. When T, is such that
n(He") = 10n (He*) this procedure
can again be used for He II spectra
(from He') where 8 = 7. = 50 eV,
As the electron density is lowered,
radiative decay and recombination be-
come dominant over collision effects.
When states depopulate primarily by
radiative decay, balance is not main-
tained by the inverse process in op-
tically thin plasmas and LTE ceases to
apply. At this extreme of low density
the steady-state corona model applies
and the degree of ionization is gov-
erned by ionization and recombination
coefficients; that is, it depends on spe-
cific knowledge of atomic parameters.
The ion distribution is independent
of electron density, and population
densities of excited states of these ions

are balanced by collision excitation
and spontaneous radiative decay. Es-
tablishing the equilibrium distribution
requires a finite time, however, which
is longer than the lifetimes of most
transient plasmas. Consequently, such
plasmas could not be characterized by
an equilibrium corona model. One is
therelore forced to differential equa-
and excited-state
include not only
rate coethcients [or excitation, ioniza-
tion and recombination but the influx

tions for the ion
populations which

and loss of particles in the various
ionization states as well. These equa-
tions get rather unwieldly for hand cal-
culation but can be conveniently han-
dled on a computer to obtain best
parametric agreement with the experi-
mental quantities relating to n., T,
n(Z, p). etc.

For the transition region ol electron
density where radiative lifetimes of
highly excited states are of the order of
times, a collision-radiative
(CR) model that includes stepwise col-
lision processes and three-body recom-
bination has been introduced. The dif-

collision

ferential equations defining the popu-
lations now contain summations over
not only radiative effects but collision
processes as well, The summations can,
however, be finite since [or very highly
excited states the radiative effects can
be neglected, the CR model going
over into LTE.

When absorption of radiation occurs
within the plasma the population den-
sities are modified, and the intensity
observed is not the incremental sum
along the line of sight. For transient,
moderately low-density plasmas the
ground-state  population dominates
over the excited-state populations and
absorption of line radiation first be-
comes important for the resonance
radiation.

A general solution of the equation
of radiative transfer is not available
because the source function depends,
in many cases, on the spectral line
shapes. When ion self-collision times
are short compared to radiative life-
times, an emitted photon bears no rela-
tion to a previously absorbed photon,
and the source function is [requency
independent.

The free-free transitions of a uni-
form proton-clectron plasma give for
emission and absorption a relationship
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Got a question on
scintillation crystals,
proportional and geiger counters,
or solid state detectors?

We’ve got the answer.

Scintillation Crystals

"

ESOTOPES Inc.

Proportional and Geiger Counters

catalogs, gives specifications, per-
formance data and prices for the
standard, integral and unitized series
crystals manufactured by Isotopes,
Inc. Full specifications on special
Nal(TIl) crystal units such as low
background and thin crystal assem-
blies, hole-through crystals and mo-
saic assemblies, and high-altitude
units are also given.

Proportional counters in various
configurations, G-M tubes, low-
background flow counters, flat anti-
coincidence counters, gas-sampling
tubes, neutron-beam monitors and
BF, neutron detectors are described
in this catalog. Various combi-
nations of window and cathode
materials for specific custom modi-
fications are also included.

Solid State Detectors

Isotopes, Inc.

123 Woodland Avenue
Westwood, New Jersey 07675

Name

Detectors and Accessories Department

Please send me: [] Scintillation Crystals
[0 Proportional and Geiger Counters
[J Solid State Detectors

Company

Street

State Zip
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Our solid state detectors catalog
details our line of lithium-drifted
germanium and silicon detectors.
Complete specifications as well as
prices are listed for detectors with
active volumes up to 20 cubic centi-
meters, areas ranging from 6 to 20
square centimeters and depletion
depths up to 10 millimeters. Com-
plete information on electronic
components specifically designed
for use with these detectors is also
included in the catalog.

4 L +

2

-

ISOTOPES.Inc.
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which, for he/kT. < 1, shows that the
absorption coefficient approaches 1/»%,
hecoming very large for small », so that
the spectrum approaches that of a
black body having a temperature T..
From relative measurements of radiant
intensity J, as a function of » in the
long-wavelength region, the electron
temperature can be found. The restric-
tions imposed on such measurements
are rather severe, however. The fre-
quency interval is bounded on the low
side by the plasma frequency w, and on
the high side by departures from black
body intensities. For
to date, a range ol about a factor 10 in
wavelength has been available. Since
the temperature measured corresponds
to that of about one absorption length
beneath the surface, the method relies
on plasma homogeneity and requires
rather large, high-density plasmas. Ab-
solute intensity measurements in the
optically thin region can yield the elec-
tron density. If the plasma frequency
is observable by the radiation detector,
the density follows automatically.

measurements

Infrared

Recent development of photodetectors
for the far infrared now allows, for this
spectral region, detector-response times
near those of visible-light detectors.
These are based on photoionization of
mpurity atoms or excitation of free
carriers in the semiconductors germa-
nium and indium antimonide. Being
Photoconductive devices, these detec-
to1s require a threshold photon energy
and operation in a low-temperature
bath near liquid-helium temperatures,
The Putley detector (InSh) requires a
magnetic field to yield optimal per-
formance but can be used to wave-
lengths greater than 1 mm.

. In the visible region of the spectrum
similar techniques can be employed
for determining 7'.. The line-intensity-
Tatio method mentioned earlier, and
_l_i.'le intensity variation of the con-
Unuwum arising from the factor exp
(= m/kT.), can be used in principle.
For sensitive temperature dependence
’1" §h0uld be greater than or of the
order of kT, so that the methods are

| T T LT
Probe Number: 2 12 24

10

Illl‘lllll‘

2120 24 10

FLUCTUATIONS in azimuthal density from 24-probe assembly on Etude

stellarator. (a) total signal, (b) frequencies above 25 kHz.

best suited for kT, = 10 e¢V. From in-
tensity considerations of the con-
tinuum, densities of at least 10" c¢m™
are necessary.

Under time-dependent-corona-model
conditions the lifetime of a given ion
can be used to estimate electron tem-
perature provided the temperature is
relatively constant over the observation
time. Since absolute calibrations
not required, the method is attractive
McWhirter™

the time history for

dl'e

where feasible. R. W, P.
has calculated
Balmer lines on Zeta for varying tem-
peratures and initial densities of hydro-
gen atoms. 'he range ol applicability
152 =T, =< 30eV and n, < 10" em™,

I.. Heroux the
method for lithium-like ions for which

has used line-ratio
the intensity ratio is independent of n,
and the ground-state population. The
lithium-like chosen TNV,
(quadruply-ionized nitrogen) and the
lines used were A = 209 nm (2s — 3p)
and A = 123.9 nm (25— 2p). Since the
upper levels differ by 49 eV, good tem-

ion Wils

—FIG. 6

perature dependence is achieved to T.
= 100 e¢V. The method has wide ap-
plicability when applied to the range
of possible ions, C IV, N V, O VI, Ne
VIII, ete.

Density measurement

ourselves
primarily with the problem ol electron
temperature. Many of these methods
can yield electron or ion densities sub-

So far we have concerned

ject to absolute calibration of the re-
cording instrument, a procedure not
difhicult for the visible and near ultra-
violet regions of the spectrum. For hy-
drogen plasmas the continuum inten-
sity can be predicted with good ac-
that n. can be in-

curacy so and n;

ferred [rom continuum intensities if
one has even a very rough knowledge
oE T

When densities suffi-

ciently large, the most elegant means

plasma are
for determining n. is Stark broadening.
Theory is now sufhciently refined to
achieve agreement with experiment for
hydrogen, helium and some heavier
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elements to an accuracy quite adequate
for plasma-density determinations. Al-
though the more accurate method of
determining densities is to compare the
measured profile with profiles calcu-
lated for a range of densities and select
the best fit, it is a tedious procedure,
and one [requently resorts to only a
comparison of full width at half maxi-
mum. Calculated values can be taken
from the tables given by Griem.” Spe-
cifically, the density is related to the
full Stark widths A A, by

ne=C(ne T) (AN (18)

where C is only a weak function ol
electron density and temperature. For
the hydrogen line Hy, C is essentially
constant over the density range 10"
10 cm® and 05 = T, = 4 eV. An
estimate of the expected broadening
using the value of € in equation 18, is

o= 8.5 X 104 (AN.)¥

which defines the working density
range. Below n. = 10" cm™ one will be
increasingly troubled by Doppler el-
fects, fine structure, Zeeman splitting.

Instrument 1‘(’([”51'{’?!16?! ts

From the above discussion it is clear
that the instrumentation required need
not be subject to stringent require-
ments regarding resolving power and
dispersion; a wavelength accuracy of
aproximately 0.1 nm usually is sufh-
cient to define the radiating species
and to perform Stark-broadening mea-
surements for n, = 10" em ™. Consid-
eration of sensitivity and time resolu-
tion are important because of the need
for good statistics at the detector in
times short compared to those of plasma
variations.

It is always advantageous to have a
good quartz prism or grating spectro-
graph for general survey work in the
range 250 < A < 800 nm. Quartz-prism
instruments are more expensive for a
given resolution. Whether photoelec-
tric or film recording is best depends
entirely on the usage. Generally photo-
graphic recording is useful primarily
for wavelength measurements (that is,
to determine species). It does not offer,
however, the accuracy ol photoelectric
devices for MEASUrements,
When intensity variations are to be ob-
served or when conditions during a
transient discharge are to be followed,

intensity

=)

T T 1 T1T]

T

RESPONSE FUNCTION for
gridded probe in expanded
magnetic field, showing cur-
rent I plotted against norm-

PROBE FUNCTION FOR COLLISION FREE
PARTICLES

| G

rlllll

alized retarding potential
eV /kT. —FIG. 7
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either photoelectric or moving films
(drum camera or equivalent) must he
used. For weak spectral lines the ip-
tegrating property of film is an advan-
tage. In transient repetitive discharges
ol good reproducibility, time resolution
can be achieved with film recording by
using synchronized choppers while re-
taining the integration properties.

Frequently the desired plasma prop-
erties can be adequately inferred from
one or two spectral lines. For such
single-line work the monochromator is
widely employed in plasma measure-
ments. Monochromators are nearly al-
ways grating instruments for economy
in resolution and spectral range. Wave-
length selection is made by manual or
servo-driven grating rotation or detec
tor motion in the focal curve. Detec-
tion is usually photoelectric.

When line profiles are required in
transient discharges, as for Stark broad-
ening, composite systems consisting of
monochromator or spectrometer and
streak camera are now available com-
mercially. The latter component usu-
ally involves a rotating mirror and
fixed film or rotating film drum to
achieve the time resolution. Electronic
image-converter cameras are available
combining considerable amplification
and sweep speeds of many centimeters
per microsecond.

One exception to the above remark
concerning the degree of dispersion
generally required in plasma work
arises when ion temperatures are de-
sired from Doppler broadening. Since
the spectral shift is given by AN = A —
A = (v/c) N where v is the velocity
along the line of sight and ¢ the ve-
locity of light, a Maxwellian ion-
velocity distribution yields a Gaussian
line profile, where the full width at
half maximum A\, is (2k 7T log 2/mc)*
\o. Thus, at kT = 10 eV, Axp = 107 M
for hydrogen, so that one is interested
in the line profile measurements over
increments of 0.01 to 0.001 nm. Many
techniques have been adopted to
spread the emergent lines from mono-
chromators so that multiple phototube
detectors can be used to give the pro-
file in time. Examples are cylindrical
lenses, stacked arrays of very thin glass
plates coupled to fiber optics, and 10
tatable quartz plates at the entrance
or exit slits. For heavy low-temperd
ture jons and weak spectra, the Fabry-




perot interferometer possesses marked
advantages in resolution and light-

.gathering pOWwer.

Ultraviolet

In many plasmas, spectroscopy in the
yacuum ultraviolet becomes necessary
for several reasons. For nearly all ions
the large energy differences between
ground states and first excited states
places resonance lines in this spectral
region. Consequently, most of the ra-
diant power and the more intense lines
occur in the region below the quartz
and oxygen cutoffs from 185 to 200 nm.
Lithium fluoride retains transparency
to about 110 nm, but has to be treated
rather gently to maintain this lower
limit. Calcium fluoride transmits from
130 to 140 nm only, but is more dura-
ble than lithium fluoride. Windows can
often be avoided by vacuum coupling
and differential pumping.

Of more serious nature is the loss in
reflectivity of materials as the wave-
length goes below 100 nm. For A < 50
nm all known materials are such poor
reflectors at near normal incidence that
spectrometers must adopt the grazing-
incidence geometry. As the angle of
incidence approaches 90 deg, the re-
flection coefficient approaches unity.
Grazing-incidence instruments gener-
ally employ incidence angles of 80 to
85 deg and can work down to 2 to
10 nm, depending on intensity.

Detection of radiation in the vacuum
ultraviolet is frequently accomplished
with a thin coating of sodium salicylate
on the phototube face. The spectral
response is relatively flat for A = 50
nm but the detector system is sensitive
10 scattered light in the visible region.
Thin plastic scintillators might also
perform similarly. Bare-cathode elec-
tron multipliers have the advantage
that they are not sensitive to photon
energies less than the work function of
the photocathode or dynode material.
Several commercial tubes are now
available with lithium-fluoride win-
dom and cesium-telluride and cesium-
lodide photocathodes which give nar-
ToW spectral responses of 110 to 350 nm
And 110 to 180 nm, respectively. These
. Were developed primarily for rocket
. Tesearch,

Xrays
Spectral exploration of the x-ray region
(01105 nm) has been rather limited

in laboratory plasmas due to the re-
quirement that 2T be about 100 eV or
more for sufficient working intensity.
Although considerable experimental
work in this region has been done on
solar-corona radiation, notably by the
US Naval Research Laboratory, labora-
tory plasma work has come primarily
from the Los Alamos work with theta
pinches.

Radiation in this region will contain
contributions from three sources (as-
suming the presence of some relatively
high-Z impurities):

Free-free (bremsstrahlung) radiation
where the emission per unit frequency
interval varies as

L Z: - — a '
ZaTr exp (— hw/kT.)

(19)

where the sum extends over all ions
present in the plasma.

Free-bound (recombination) radia-
tion which for capture into hydrogen-
like states by stripped ions has the form

dE [dv ~ [neniZ* [ (kT

x exp [— (hv — Xo) (kT 29

where X, is the ionization energy from
state q of the ion in question.

Bound-bound (line) radiation by in-
completely stripped ions.

The important thing from the stand-
point of plasma diagnostics is that both
free-free and free-bound radiation have
frequency dependencies, for v > kT,
governed by the exponential and are
admirably suited for temperature mea-
surement, The extent to which the con-
tinuum measurements are confused by
line radiation depends on the plasma
constituents, If oxygen is the heaviest
serious impurity, its series limit (O
VIII) is at 1.42 nm, below which only
the continuum is observed.

Spectral analysis has been accom-
plished by two different means. The
first is absorption measurement, which,
while cruder in wavelength discrimina-
tion, can subtend moderately large
solid angles if intensity is a problem.
If the spectrum is essentially pure
bremsstrahlung, then a relative mea-
surement of the intensity through two
absorbers suffices to determine 7.

More detailed spectral analysis is
possible with crystal monochromators.
These operate by reflection near the
Bragg angle (n\ = 2 d sin §) from
crystals of suitable lattice constants,

notably beryl (2d = 1.595 nm) and
potassium acid phthalate (2.663 nm) .

A summary of the work in this very
interesting spectral region is given by
Stratton.”

In conclusion, one can say without
hesitation that rescarch efforts
have found the medium of plasma a
very elusive one and all means of ex-
tracting information concerning its
properties are highly welcome. As the
grosser instabilities are gradually elimi-

most

nated from the confinement problem,
it becomes more subtle to delineate

those remaining, thereby requiring
greater precision and patience on the
part of the investigator. O
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