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ABSTRACT

This thesis describes the experimental techniques
Tor observing Stark broadened spectral line shapes
emitted in the vacuum ultra violet by a Z-pinch discharge.
Data-are presented for the line wings of hydrogenic ions:
specifically He II 3048, 16402, 12158 and 1085%.
Observations were made over the factor of two range in
16 N < 1.7 1017¢m—5 at an electron
temperature in the region of 4 eV,

electron density 8.10

Diagnostic measurements of the plasma, including
some spectroscopic methods and laser interferometry, are
described. Particular emphasis is placed on Thomson
scattering measurements of both electron temperature and
electron density; the spatial resolution thus obtained
beinp especially relevant to the discussion of radiative
transfer and its effect on the observed lineshape.

Theoretical discussion of lineshapes is limited to
a comparison of the most recent published calculations
with the experimental results. For the 5043 line no
significant discrepancy was observed whereas the other
He II lines showed considerably more than the predicted
broadening. These conclusions are discussed at sons lengsth
since there may be doubt as to whether they are consistznt
with other experiments.

The appendix contains descriptions of measurements
made with the pinch fired in hydrogen. This is not in
the main body of the thesis cince no hydrogen line
profiles were obtained of sufficient quality to make
any realistic or even useful comparison with theoretical
predictions.
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INTRCDUCTLION

Stark broadening of spectral lines from
hydrogenic emitters has of recent years been rapidly
increésing in importance. One rcason for this is in
connection with diagnostic measurements on laboratory
plasmas, particularly ;nl laser nroduced and laser compressed
plasmas (see, eg. Smith and Peacock 1978 and Yaakobi et sl
1877). The theoretical treatment of Stark broadening of lines
from ionised emitters is by far and away easiest for one
electron systemc - ie. hydrogenic ions. Conseguently,
the accuracy of predictions for these lines is expected
to be greater than for those of other species making
their choice obvious for diagnostic measurements.

In astrophysical applications, being the last {
ionisation stage to be burned through which can préduce
line radiation, lines of the hydrogenic ion tend to be
the most important. In stellar interiors the opacity
may be dominated by contributions from the line wings
of highly ionised systems and particularly of Lyman a
lines, eg. of FeXXVI.

Much laboratory work has been done to assess
the accuracy of predictions for lines of neutral hydrogen.
For ionised hydrogenic emitters, however, even for Hell,
the situation is both less satisfactory in scope and
much more confused with regard to outcome. Detailed
examination of the previous work, presented in Chapter 3,
shows that considerable discrepancy still exists between

the relatively few experimental studies.



The aim of the work as described in this
thesis was, therefore, to operate a plasma source of
suitable density and temperature for observing ionised
helium lines. A Z—pinch discharge was chosen, structural
details cf which are presented in Chapter 1. Diagnostics,
including fully spatially resolved measurements of both
density and temperature and direct observations of the
ionisation balance, were chosen to lezave minimum uncertainty
in the line shape analysis. These are presented in
Chapter 2. Also to optimise the certainty of the conclusions,
the spectroscopic instrumentation was chosen so that the
region of plasma observed in the profile measurements
could be restricted in a carefully controlled manner.
This is described, along with the profile observations
in Chapter %. Whilst the primary intention was to resolve
the question of the accuracy of vredictions for the 30@3
line wing to the limits of technical feasibility,
investigation was also made of the usefulness of the plasma
source for providing data on other V.U.V. Hell lines and

on Lyman a .



CHAPTER 4

THE Z-PINCH

1.1 §ﬁructural.Details

Tne discharge vessel is shown schematically
in Fig. 1.1 The pyrex tube was 30 cm. long and had
15 cm. internal diameter. A vacuum seal was achieved
at the ends by way of flanges pressing against O rings
in the aluminium electrode housings. The electrodes
themselves were made of brass, squeeze-fitted onto the
aluminium housings, presentinc a front face of annular
form (internal diameter 7% cm.) into the discharge
region. The whole thing was held together by nuts on
six of the current return bars being tightened to pull
the two electrode housings towards each other. Insulation
of these rods as they clamped onto and passed through
the high voltage electrode housing was achieved through
specially shaped pieces of Tufnol as shown in Fig. 1.1.
S5ilicone rubber compound between the internal surfaces
of the latter and the brass rods »revented =2ny unwanted
breakdown, as did a similar coating on the protruding ends
of the rods. The bress ring current-feed to the return
bars was insulated from the electrode housing by a
1 cm. thick layer of perspex. Twelve more return bars,
positioned by being screwed into this brass ring, needed
no insulation of the above form

Shown in Fig. 1.1 are the two most used types
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of end pieces to the electrode housing (special beam
input aperatures and beam dump for the ruby laser are -
described in Chapter 2 ), the one on the earth end
(left.hand side) being the connector to the 1 metre
normal incidence monochromator and the other a typical
end window as used for axial visible spectroscopy and
interferometry.

The pinch was supported by the diffusion pump
at the earth end, and a bakelite board bolted into
thé lower return bars near the hipgh voltage end, both

built into a 'Handy Angle' framework.

1.2 Gas Supply and Vacuum System

During a firing run gas was continuously leaked
into the discharge chamber, pressure being kept constant |
at the required value (between .15 and .3 Torr) by ‘pumping
on the roughing line only with a single stage rotary
pump. Pressure was monitored on a Pirani gauge, not
shown in Fig. 1.1, which had access to the system in a
similar manner to the gas inlet and roughing line. A
fourth similar 'pumping' port allowed calibration of this
gauge apainst a lMcleod Vacstat gauge. It was also checked
that the pressure readings truly represented the gas
pressure throughout the discharge region by gauge calibration
type experiments with the Mcleod gauge placed in the
position of the end window of each electrode housing.
Further calibration was also required when the V.U.V.
monochromator was in position. Different settings of

the needle valve through which gas was leaked in were



required to maintain a given pressure, indicating
significant gas fiow into the monochromator chamber.
No trace of a pressure gradient was ever found.

Both pumping 1inés, shown in Fig. 1.1, included
liquid nitrogen cold traps to prevent backstreaming into
the discharge region.

The %" mercury diffusion pump was only used for
initial cleaning after the system had been let up to
atmospheric pressure. This in itself did not succeed
in achieving cleanliness, as indicated in Chapter % in
the discussion of the emission of impurity lines. Even
after a full days hard pﬁmping, ie maintaining the pressure
below 1077 Torr, it was still found necessary to fire
several cleaning shots. A further requisite was to allow
at least two minutes between successive shots: the first
minute for the pressure to regain its required value
(an increase of a factor of two being associated with
each shot) and the second %o ensure complete refilling
with 'new gas'. (The filling mechanism was clearly by
diffusion alone, rather than flowing through the discharge
chamber, which would require pumping at the opposite end
from the inlet). Such a mode of operaticn proved just
as satisfactory as cmptying the pinch with the diffusion

pum» between shots.

1.5 Circuilt Description

The discharge was driven by a 342u4F capacitor
bank charged to voltages between 4 and 7 k', connected

to the pinch by flat strip leads via a triggered spark

12
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]

gap. A circuit diagram is shown in Fig. 1.2. The

1 Ma resistor was to keep the side of the spark gap
near the pinch at earth potential before firing.
(Removing this, ie. allowing the spark gap electrode
to float, caused inconsistenf triggering of the
gap) -

The pinch was fired by delivering a pulse,
through a small capacitor, to the trigger pin of the
spark gap. This was generated by switching %00V, with
a silicon controlled rectifier, through the primary of
a 100:1 pulse transformer. The circuit was arranged
in such a way that this switching could be achieved
either by a push button on the unit itself or by a
small pulse input.

The high voltage power supply simply delivered
the full-wave bridge rectified output of a high voltage/
mains transformer. The output voltage was controlled by
a variac in the primary. A relay controlled dump switch,
incorporated into the output, was caused to drop on
switching off the supply. |

It was extremely important that the power supply
unit end the trigger pulse generator share a common earth,
as shown in Fig. 1.2, to assure a current return path for
the trigger pulse. Also shown in Fig. 1.2 is the inte-
grating circuit of a Rogowski coil which was placed round
one of the strip leads. This was a standard feature of
all experiments, providing a means of consistently triggering

oscilloscopes by detecting the rise of current in the pinch.
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1.4 Choice of Strip Leads

Current was fed from the capacitor bank into
the pinch through strip leads wrapped in Melinex foil.
These were clamped togefher to minimise the inductance
of the syctem, thereby maximising the rate of energy
deposited in the pinch. In the final version, ie as
used for taking profile data, the 1" wide strips were
manufactured from a 3" wide strip cut off .015" copper
foil by bending and soldering. (4 simgle thickness
had a tendancy to curl up, and subsequently tear, causing
poor long term reproducibility and the need for frequent
replacement of strips). All contacts were made through
soldered joints. The connection to the pinch itself was
additionally supported by nuts and bolts, tightened while
the solder was kept molten. (Solder by itself proved
to have insufficient strength to keep the connection
together and nut and bolt alone proved insatisfactory
in that rapid tearing of the strip occurred round the
securing washer).

The occasional breakages of strip leads which
occurred were infrequent enough to be tolerated. Of
greater importance, it was found that meking a renzir, by
soldering copper sheet across the brezk and completely
round the outside of the strip, resulted in the creation of
plasma conditions showing good reproducibility both short
and long term, even over time periods with intervening

breakages. (Reproducibility, that is, up to and just

after peak compression, later in the time history of
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the discharge the density, temperature and therefore
intensity of emitted light all showed considerable
variation. This caused no serious limitation on the
measurements made on the pinch which were all taken

at the time of peak compression.) This was not-true

of earlier versions which included a piece of stainless
steel strip as a damping resistor. Even when current
waveforms showed no difference, interferometry revealed
peak densitiss differing by up to E£0%, for identical
firing conditions, using apparently identical strips
(ie,cuf to the same widt@ off the same piece of stainless
steel sheet).

The device in its final form showed a massive
overswing in the current trace (Fig. 1.3). This was
rated of no consequence, however, since the plasma
achieved similar densities to the highest ever achieved
with a stainless steel strip lead. Peak density was
reached in a slightly shorter time and at about 1 kV
lower voltage. This is understandable in view of the
increase in peak current and shortenins of the first
half cycle of its flow (falling to zero after 45 usec
from the start of the current flow compared to the
previous 60 usec, Fig. 1.%3). The overswing of the wave-
form, ~30?, now limited charging of the capacitors,
rated at 8 kV, to a maximum ~6 kV; no measurements were
taken at higher voltages than 5.8 kV.

1.5 Spark Gap

The spark gap is shown in Fig. 1.4. Some
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problems in the consisteacy of its initiation of the
discharge were caused by gradual erosion of the trigger
pin and electrodes. The system adopted for its ease

of adjustment was to incorporate the electrode on the
pinch side of the gap and trigger pin into a modified
standard automcbile spark plug. The face of the steel

nut and tungsten pin seemed fo wedr away at approximately
the samz rate and adjustment of their positions could

be achieved by screwing the whole spark plug in or out

as required. Two 'O' rings of apparently greater than
necessary thickness formed a pressure seal onto the

screw thread while still.allowing this adjustment. The
facility to pressurise the gap was included to allow

for firing at differznt charging voltazes without needina
adjustment (pressures of up to 20 p.s.i. of dry nitrogen
were used). The inital manufacture of the spark plug
assembly was found to be very critical in terms of how
far the trigger pin protruded: a distance of 2 mm. proved
satisfactory ( a difference of 4+ mm. in this distance
made the difference between satisfactory operation and
being unable to trigmer the gep or its spontaneously

. breaking down before receiving the trigmer pulse).
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CdAPTER 2

PLASHMA DIAGROSTICS

Laser scattering, laser interferometry and
relative intensity measurements ot spectral lines all
served as diagnostics of the plasma.

Prior to the V.U.V. linesnape measurements,
diagnostics were performed to give an idea of the range
of densities and temperature attainable. IMach Zehnder
interferometry at the 63282 line of a He-Ne laser was
used for electron density determination and relative
intensity meusurements of the Hel 44713 and HeIIl 46862
lines for electron temperature.

Accurate spatially resolved measurements of both
density and temperature were obtained by Thomson scattering
of ruby laser light for the same firing conditions as were
used for measuring line profiles. Long term reproducibility
of the pinch was checked by repeating interferometric and
spectroscopic diagnostics, also at the specific firing

conditions of the line profile measurements.

2.1 Hach Zehnder Interfcrometry

The Z-pinch was placed in one arm of a two beam
interferometer, as shown schematically in Fig. 2.1.
Intensity variations detected by the photomultiplier are
interpreted as being due to shifts in the fringe pattern
caused by changes in the optical path of the beam traversing
the plasma. Electron densifies are deduced by relating

the fringe shift to the change in refractivity of the plasma.
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Layout of Mach-Zehrder interferometer
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2.1.1 Experimental lMethod

— .

The detector was an RCL 7265 photomultiplier
operated at a cathode potential of -%kV. The signzl
at- the anode was fed through a 50. cerminator to earth,
the voltage across which was displayed on a Tektronix type
556 oscilloscope through a type 1Al plug-in unit. Triggering
of the oscilloscope was achieved internally on the detection
of rise of current in the pinch, the output of the Rogowski
coil being displayed on the othef beam through a type CA
plug-in unit (this is a differential amplifier and was
operated in its A - B mode for noise suppression, each
channel being the integrated signal from one side of the
coil). The trace was recordzd on Polaroid film. This mode
of operation was common to all exveriments which involved
the detection of light from the pinch by a photomuytiplie}
(except in the type of photomultiplier and value of
terminator). In this particular experiment unwanted pinch
radiation within the band pass of the interference filter
was discriminated against by utilising the fact that the
laser beam is extremely collimated. The detector was
placed several metres from the pinch end only viewed

radiation having psssed through a series of small apertures.

2.1.2 Discussion of Results

The refractive index of a plasmz depends on its

electron density through the relationship
2
n ﬂ(ll.-—...‘.‘fl’.)'f:!g
2

where AmNgel 2
mp - . ( )2
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A notable feature is the siow rate of density change at the peak over widely

differing plasma conditions.

Traces are shown with peak counts of about 7,
10 and 15 fringes (peaks indicated V¥ ),
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is the plasma frequency, andw is the freaquency
of the incident radiation. The method depeunds, therefore,
on counting the fringe shift from th:z time of the
electfon density being zero (ie. before initiation of
the discharge) to the time of peak compression. Typical
fringe patterns are shown in Fig. 2.2, correct interpretation
depending critically on being able to correctly identify
the "turn round point" when the electron density reaches
its maximum and then starts decreasing. The changing
density on the dezcrease also causes fringe shifts. These
could not be used for counting, however, because of the
erratic density variations in the rccombination phase
of the discharge.

Each firinge shift is a result of a.change of i
1 wavelength in the optical path which, for a plasma

length of %0 cm, ccrresponds to

6328 x 10-8

An 30

and, using the approximation

nnl—.—(ﬁ

2,2
which is wvalid for 0p << ©
we have 2
ANy = 297 an
4rre;m
ie. each fringe shift corresponds to a change in electron
16 -3

density of 1.175 x 10 cm “.



It remains to be verified that the observed
change in refractivity of the plasma was dominated by
the change in electron density. Jenkins (1970) discusses
in detail the likely magnitude of any other possible
contribution. He concludes that helium atoms in the
ground state are likely to cause th: largest error should
their presence be neglected, a shift of one fringe
requiring a number density change of 1.6 1018 cm-B. For a
fill ﬁressure of 0.25 Torr, for example, giving an initial
concentration of 8.8 1015 atoms/cma, such a change requires
compression by nearly a factor of 200 ie. a cylindrical
compression from 15 cm diameter to 1.1 cm diameter. In
view of the large spatial extent of the plasma at maxinmum
compression (as indicated by the Thomson scattering
results) and the fact that during compression the gas
is ionising, (reducing the atomic helium ground state
number density) it may be safely concluded that considerably
less than one fringe shift was caused by other species
than free electrons. Only a small error results, therefore,
from treating the fringe shift as being entirely due to
free electrons.

Jenkins further discusses the accuracy of the
relationship itself between refractive index and electron
number density with regard to effects which may have
been neglected in its derivation, specificelly the presence
of magnetic fields and collisions. lMeasurements taken

here were all along the axis of the pinch where, by

symmetry, the magnetic field must be zero. To allow for



the effect of collisions a damping term in the response
of the electrons to following the electric field of the
incident radiation must be included. The resulting
modified expression for h is:-—

2
2 ®p 1
w? 1 4+ (""’c/m)2

where o, is the collision frequency. This causes very
slight modification for v, <<w,a condilion well satisfied
in this plasma (collision frequencies are discussed in
greater detail in Section 2.3).

The accuracy of fhis measurement, therefore,
depends only on the accuracy of reading the oscilloscope
trace and shot-to-shot reproducibility. For any given
fill pressure and firing voltage fringe counts were
constant to +1 fringe.

Ne was measured by this method over a range of
filling pressures and cherging voltages to investipgate
its variation with firing conditions. The results are
summarised in Fig. 2.%. Comparison with the values given
in the Table below for measurements taken after the V.U.V.
profiles were taken shows that excellent reproducibility
was also maintained on a long term besis. These were
made snecifically at the same firing conditions as were
used for taking the profile data as an aid to choosing
values of Ne for the curve fitting in the Thomson

scattering analysis.



Fringe

Count
15

[
-
/'o'
P 0.55 torr
4""0
.
o) - 0
o— "~
’/
2 2 0.25 torr
© O
,’
-
[
o
-t
-
o
&) o~
-
L
- -
= o~ 0.15 torr
o—"
5
@m
¥ : .

it : 6.0
furk Voltage kV

FIGURE 2.7

Ne as a function of firing conditions

Density

< 1Cﬂb

cm?5

e



28

Firing Voltage n.% 4.7 5.2 5.7 kV

Fill Pressure 150 225 225 300 nTorp
Time to Peak Ne 8 S 9.5 10 usec

Peak Fringe Count 7.25 10.0 11.25 14,0

Peak N_ 0.85  1.17  1.32  1.64 %10 7cm)
2.2 Relative Line Intensities

Lines from subsequent jonisation stages, specifically
Hel 4471 and Hell 4686, were observed so that their
relative intensities could be related to the ionisation
balance in the plasma. Values of Te are deduced by

reference to a suitable équilibrium model.

2.2.1 Experimental lMethod

Radiation from the centre of the pinch was
focussed with a single lens onto the entrance slit of a
Monospek 1000 (a 1 metre Czerny-Turner 10 monochromator)
as shown in Fig. 2.4. The 1 cm aperture at the exit
window of the pinch, % cm stop on the lens and 3 mm
entrance slit height ensured that the monochromator received
radiation into.fﬂo from a narrow axial region of the plasma
(a maximum of 1} cm at the far end of the plasma). Both
slits were set to a width of 0.025 mm resulting in an
instrument profile (with a 1200 line/mm grating) of full
half width 0.28. Profiles of the HeI 447482 line and the
HeIIl 46868 line were built up on a shot-to-shot basis from
the time resolved output of an R.C.A. type IP28 photomultiplier
at the exit slit of the monochromator, the trace being read

at the time of peak compression. Typical time histories of
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the emission showing good shot-to-shot reproducibility
before the time of peak compression, but erratic
behaviour thereafter, are reprcduced in Fig. 2.5.

2.2.2 Discussion of Results

A typical pair of profiles is shown in Fig. 2.6.
Also shown are theoretical profiles: for 4471 from
Griem (1968) and Barnard et al (196S) and for 4686 from
Kepple (1972)? The wavelength scale is reduced by dividing
by Fo (as discussed in section %.3). Normalisation is
to unit arez in each casel’ Whilst »eing not strictly
applicable to the non-hydrogenic Hel line (especially
with rerard to the placing of the 3P forbidden component)
Fig, 2.6 demonstrates thét the reduction is still
useful by way of showing the insensitivity of the line
centre intensity to electron density. Consequently,
irrespective of the line broadening or the value of Fo
(which is of course the same value for both lines), the
ratio of total line intensities may be deduced from the
ratio of line centre intensitiesf In the example shown
in Fig. 2.6 the value was observed S<0)4686:S(O)4471 = 20
to be compared with the line centre intensities which
give unit area: 3(0),cq. = 28  and S(O)4471 ~ 3.2.
The total line intensities observed, therefore, were
in the ratio I4686;I4471 = 2.25.

It also follows that only line centre intensities ™
need be observed to deduce the lines intensity ratio
at other plasma conditions. The only restriction on

such observation is that instrumental broadening causes

no distortion near line centre. This was easily satisfied

§ See legend of Fig. 2.6,
% In this context line centre intensity means observation of sufticient
data points near line centre to allow complcte profiles to be estimated by

referring the reduced theoretical profiles onto a wavelength scale in f.

-



Photomultiplier output

(intensity increasing downwards)

FIGURE 2.5

Typical time histories of emission
Several shots superimposed illustrate fair reproducibility before the time of

peak compression but erratic behaviour thereafter,

Le
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Observed and Theoretical Profiles for Hel 44718 and Hell L686],

Theoretical 4471 profiles are put on the a scale using F, appropriate

to N of 1017 or 3.1017 cn™ as required. Area normalisation is used in cach

case, ie. assuming the data to be optically thin.

for 4686, as discussed in section 2.4.2).

profile for 4686 is discussed in the addendum (p.158).

(This is a poor assumption

Tne choice of Kepple's theoretical
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for the observations made, eg. for the case shown in
Fig. 2.6,.on a wavelenglth scale in ﬁ, the half half
widths of the two lines are 2.9 & for 4686 and 30 R
for 4471 to be compared with an instrumental half half
width 0.1 &.

Values of the intensity ratio which were
observed at various firing conditions, either by taking
conplete or partisl profiles, are summarised in Fig. 2.7.
Also shown =1e the values of Te fhese ratios would indicate
aséuming the accuracy of the predictions given bty Jenkins
(1970), Fig. 2.8. His calculations are a modification
of the method of Griem (1964) for measuring T, from the
intensity ratio of the Hell 4686/Hel 58763 lines whereby
the Hel 4471 1line may be used instead of 5876. The Te
values shown in Fig. 2.7 were deduced aséuming bothllines\
to be ‘optically thin and no correction was made for the
relative efficiency of the detector and grating at the
two wavelengths.

The equilibrium model employed relates the
population of excited states to the ground state of the
next higher ionisation stame through Saha's equation while
total populations in each ionisation stage ave determined
by a Coronal equation. Griem suggests the method should
yield a T, measurement accurate to + 4% at N ~ 108cn?
rising to 20% for N, between 10" ana 10"6cn™>. Comparison
of the values deduced from Thomson scattering measurements
(Section 2.3) at the firing conditions listed in the Table

below with Fig. 2.7 and with the later re-measurement of
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the intensity ratio for these conditions in fact indicates
the method to be reliable to ~105% at the densities of this
experiment. Long term reproducibility of TP 18 seen to

have been excellent - ie. + 2%.

Firing conditions: pressure 150 225 225 300 aTorr
voltage 4.% 4.7 5.3 5.7 - kV

Early line ratio measurement 5.5 2.5 3.0 2.0

(interpolated from Fig. 2.7) T, 4.46 4.20 4.23 4.1% eV

Later line ratio measurement 6.0 3.0 4.0 2.0

(ie after measuring V.U.V: T 4.49 4.23 4.35 4,13 oV

profiles)

Thomson scattering measurement 4.0 3.8 4.0 3.8 eV

Expected line ratio at these Té's 1.3 0.6 1.3 0.6

Whilst being slight in the deduced value of T, a
systematic discrepancy between the two methods of measuring
Te corresponding to large changes in the intensity ratio
was observed. With experimental error in the observed
intensity ratio +15% and in the Thomson scattering deduction
of Te +57 a definite inaccuracy in the predictions shown
in Fig.2.8 is indicated. This is discussed further in
section é.4 where the observed intensity ratio is interpreted
as a direct measurement of the ionisation balance in the
plasma. and, with Te measured independently by Thomson
scattering, allows deduction of level populations. Optical
depths are then discussed and the apparent discrepancy of
Fig. 2.6 between observed and predicted broadening is largely

removed. As a cross-check on the Ne measurement, therefore,

the line broadening of both profiles shows excellent
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agreement with the interferometrically deduced value.

2.3 Thomson Scatterings

Spatially resolved diagnostics of both N, and
Te were obtained by observing the scattering of ruby lasecr

light from small volumes of plasma.

2.3.° Princinle of the Method

This method relies on the fact that the spectrum
of light scattered by a plasma is characteristic of
the plasma conditions. Fitting data to theoretical
predictions, therefore, enables deduction of both electron
density and temperature, the accuracy of which depends
on the quality of the fit and severity of the approximations
made in the theory. Both points are discussed in the
sections which follow in so far as they are relevant to
this particular experiment. A fairly complete theoretical
treatment is presented by Sheffield (1975) which is the
source of information given below unless other reference
is given.

The theoretical calculation involves considering
the re-radiation by electrons under the action of the
electric field of the incident radiation, i.e. treating
the scattering in terms of the fields arising from the
induced ‘accelerations. Scattering by ions may be neglected,
the fields being three orders of magnitude lower because
of their greater mass.

2.3%.1.1 Scatterings Regimes

The resulting spectrum arises from the combined
effects of the Doppler shifted radiation off each electron

within the scattering volume, characteristic of the
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particular motion of that elcctron, and the correlations
between the motions of the electrons. The precise
influence of these correlations depends on the distance
over which the particle motion is sampled. A Doppler
shift arises from relative motion of the scattering
particle both in the direction of the incident radiation
and in the direction of observation. A representative
probing distance, therefore, is given by the reciprocal
of the magnitude of the scattering vectcr (ie. the vector
difference between the propagation vectors of incident
and scattered waves). The magnitude of this distance
compared with the scale of spatial fluctuations from
strict charge neutrality within the plasma, the Debye
length, governs what aspect of the electron motion is
probed by the scattering. Three definite regimes may be
identified:-

(i) If the electron motion is sampled over a
distance much smaller than the Debye length the detected
signal merely reflects the random velocities of individual
electrons. For a Maxwellian distribution the spectrum
is Gaussian of width determined by the thermal velocity
of the electrons - ie. proportional to the square root
of the temperature. In this situation information may
only be gasined about the electron density from the total
intensity of the scattered light.

(ii) In the opposite extreme the scattering process
only 'sees' shielding clouds of electrons rather than
individual electrons or ions. Here there are two detached

satellites, one either side of the unshifted wavelength,

of frequency shift given by the plasma frequency. llost
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of the energy, however, is scattered into wavelengths

of small frequency shift characteristic of the ions'
thermal speed. The shape of this feature may be Gaussian
or showing some correlation effects in the ion motions
(eg. there is the possibility of satellites developing

at the ion acoustic frequency).

(iii) The third regime, the one in which all the
present experiments were carried out, is in a sense
merely intermediate between the above two extreme situations.
The épectrum is definitely not Gaussian, distinct shoulders
having developed on each wing. These are not so detached
or narrow enough, however, to be described as satellites,
nor does their shift correspond to the plasma frequency.
With the sampling length within a factor of %two of the
Debye length scattering is not from a well defined plasma
oscillation, but the correlated motion of the electrons
cannot be ignored. In fact the interesting.property of
the spectrum, which suggests identifying this situation
as a definite regime in its own right, is the location
of the shoulder very nearly corresponding to an angular
frequency shift given by the rate at which electrons

traverse the Debye length:

1€. Mdghoulder = "')\‘I')'
2KTe 1
where the mean thermal speed vo = (— B
and the Debye length - kT 13
& )‘D (_4_1-717;22_)
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We have, therefore, Mdgponlder = VZ o,

' 4nN,e2
since the plasma frequency o, = 0—¥!f~ﬁ%
m

In this regime it is apparent that curve fitting
alone allows deduction of both Ne and Te. The position
of off centre peaks depends largely only on Ne while the

shape of the scattered profile is sensitive to Te.

2.5.2 Theoretical Predictions of Scattered Licht Snectra

Thomson scattering theory applied to plasma has
been developed to a high;degree of sophistication. ZTor
present purposes, however, a simplified treatment is
entirely adequate and yields a result which is particularly
easy to apply.

The interaction of the laser beam with individual
electrons is treated nonrelativistically (ie. only the
electric field of the radiation is considered) and
classically (ie. quantum mechanical effects, in particular
the Compton effect, are ipnored). The former simplification
is completely justified for Te‘v 4eV for which electron
thermal velocities are-1080m. sec™! and the latter
merely requires the ruby laser quantum energy, 1.79eV,
to be much less than the electron restlmass, ~ 0.5leV.

It is assumed that the plasma is essentially
transparent to the laser beam, so that each electron is
acted upon by the same radiation field, and that the

plasma is unperturbed by the laser beam so that the



41

scattering is truly characteristic of the original
plasma conditions. The former recuirement is simply

satisfied by the laser freguency being much higher than

the plasma frequency: for a ruby laser o = 2,71 40q’sec =
and, typically, at N_~ 10 7,mp'v 2.10"%sec™1.  Any effect

the laser beam may have on the plasma is discussed in
Section 2.3.2.2.

Plasma effects are incorporated by summing the
re-radiation off individual electrons over the collisionless
one particle distribution functions assuming a Maxwellian
velocity distribution. This, ignores the effects of
collisions and of relati&e drift between electrons and
ions. The possible influences these may have are discussed
in Sections 2.%.2.% and 2.3%.2.4.

The resulting expression, which was used for

comparison with the experimental data, then-comes out as:

exp[-x2] dx @ expl-y2] dy
(1 +a (1 - 2x exp[-leé exp p c'lp)]2 + watx? exp[-xz]

(kw)de =

. (this only represents part of the. scattered intensity,

as is discussed in Section 2.3.2.1.). @ indicates a
convolution, the variable y in the Gaussian (instrumental)
profile being chosen to give a full half width of 8%

as was determined experimentally.

. . . 2
a dimensionless frequency variable, where Vo = (-Jg&q%
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6 ~
k = |£l = ﬂﬂ_/a , where kX = Kincident — Kscattered

>‘:lnc.idnax:xt

is the scattering vector,

o being the scattering angle (o = 90° in this case)

and

a parameter defining the importance

of correlations, the three regimes

being given by:- (1) a << 1
(ii) a > 1
) (iii) 05 < a £ 2

2.%.2.1 Electron and Ion Features

The freéaghcy scale, x , is simply the
characteristic Doppler shift at the electron thermal
speed. A central feature, on the frequency scale given
by the Doppler shift at the ion thermal speed has been
ignored. This would be described by an identical expression,
except in the value of the parameter a . In the regime
a ~1 the two features contain about the same amount of
scattered intensity. Their separation is still possible,
however, since for small frequency shifts the spectrun
may be taken entirely from the 'ion feature', treating
the 'electron feature' as constant with its value at the
origin, and at greater frequency shifté the contribution
of the ion feature becomes negligible. The validity of

such a separation, the Salpeter approximation, depends on



43

the disparity of the frequency scales because of widely

differing thermal speeds of electrons and ions.

2.3%.2.2 Possible Alterstions of Plasma Conditions

Caused by the Laser Beam

Plasma conditions may change under laser
irradiation because electrons are accelerated in the field
of the laser and the increased electron energy may be
transferred to the plasma, effectively raising the
temperature. 4 local increase in electron density could
also arise from induced ionisation. In fact, for the
laser beam used in this experiment it is shown below
that each possible effecé could have had negligible
influence.

Heating via electron ion collisions (ie. the
process of inverse Bremsstrahlung) has been treated by
Kunze (1965). He assumes a laser pulse duration less than
the thermal conduction time\gfhereby determining the
maximum possible increase) buf longer than the electron
relaxation time (so that the added energy may be interpreted
as a temperature rise). TFor singly charged ions the

resulting fractional electron temperature rise is given

by:

N S
-7 hv
_ = 5032 x 10 € % 1- exp(- ET)] IO AT

for T in eV, >\ in cm. The factor ,U“-emﬂ-%gpl
is a quantum mechanical correction allowing for stimulated

emission.



With W, = 1077 em™2, N = 69432 , T = 4eV,
I, = 109 W.cm—g,AT = 20 nsec.
AT
- = 0.02

which is, clearly, insignificant.

Direct heating throuch electron-neutral
collisions may be immediately dismissed since, as discussed
in Section 2.4, the plasma is effectively completely
ionised.

Energy may be transferred to the plasma if electrons
are accelerated to speeds comperable with their mean thermal
spéed when they may excite electron plasma waves. This,

of course, only occurs for very high incident power densities.

2KT,
m

e

)2

by the electric field of radiation at 6943% requires a

In fact, to accelerate an electron to a speed ~ {

power density ~ 3.4 1072 (Te)% W.cm™° which is
considerably higher than Arﬂog W;cm_e as used in this
experiment. /

Finally, as further consequence of a completely
ionised plasma, very few atoms are in an available state
for photoionisation. O©Of the He™ ions, the lowest level
which is within 1.79eV (the ruby laser photon energy) of
the continuum has n = 6 and lies some 52.9 eV above the
pround state. At a temperature of 4eV it is to be expected
that the population of thié level is ~ 5 orders of

magnitude lower than Ne‘ Even if all ere completely

ionised, therefore, the increase in Ne is trivial.



2e%.2.3 Effect of Electron Drift

Relative drift between electrons and ions was
certainly present in the plasma since at the time of
peak compression the current was still rising in the
pinch. Its effect on the electron‘feature turns out to
be a simple Doppler shift of the whole spectrum given by
the component of the drift velocity in the direction cf

the scattering vector.

ie. a shift Aw = k. ¥varift
2rchA 4n sine/z o
or LMol 2 T "2 |Yaraft] sin/2
b A
PO 3]
Since |k| - M
= A

and the angle between 3., and k is 90-%@

kincident Ydrift
o A ) > /
Xk / because the laser enters
the plasma on axis through
k
“scatter the earth electrode
which, for e = 900 gives
L A |zarist|
)\ °

At peak density a current of ~25k amp (being
approximately half the peak value) flowing through a
narrow pinched column of cross sectional area A1 cm2
(considerably smaller than was observed) only results in

an electron drift velocity'~406 cm/sec giving a shift

45
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considerably less than 1€. In view of the fact that it
is primarily the shape of the spectrum which is of
significance for diagnostic purposes this effect of drift
is completely trivial.

2.%.2.4 Possible Effect of Collisions

Collisions have different effects on different
features of the spectrum. By examining each effect in
turn, it is shown below that their neglect could cause
no significaunt influence on the accuracy of the theoretical
predictions.

When a<1 the radiation scattered by individual
electrons adds coherentl& over distances short compared
with the Debye length. Such waves are highly damped and
only random fluctuations remain. For this 'incoherent
spectrun' it turns out that within normally accepted limits
of what constitutes a plasma (in particular Né%; > 1)
electron collisions with other charged particles cannot
influence the spectrum and, further, that any collisional
éffect can only be important for a densé weekly ionised
gas. In this case electron collisions with neutral atoms
destroy the coherence of the Doppler shifted scattered
wave leading to an increase in the centre of the spectrum
relative to the wings. In the plasma of this experiment
the absence of neutral atoms ensures this effect is
negligible. .

At a >> 1 ,well developed satellites avpear
because of scattering off coherent plasma oscillations of
wave vector equal to k, the scattering vector. The spectral

shape is essentially a dispersion profile determined by the
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damping of the oscillation which may be represented

as the sum of a natural ie. Landau damping term and a
collision term. Such a simple description is clearly
inadequate for the situation ata~2, as prevails in the
present experiment, but the relative magnitude of the two
terms shculd give a good indication of whether collisionzl
effects are likely to be important. Collisions in this
case may be with either neutrals or other charged particles.
We negd here, therefore, consider to what extent Coulomb
collisions may affect the spectrum. Boyd (1966) calculates
the magnitude of this effect in terms of the line width
which would arise if it were the dominant broadening

mechanism. These results may be written:

W

P j2 1 \3
Aw = j:-————— {In 80N Ay = 0,51
c m Ng A% D *

24 w

= 027 ©p {In A - 051/

3
where N = emihp
to be compared with ///
2
= [T &3 a3
foy = EQP a® expl~ 5 2]

3

= 0,14 0, « e):p[-—g'—J

p

The collision term is written in this way for
comparison with other treatments of Coulomb collisions
which may be cast in similar form but with different

numerical constants and definitions of the parameter A



through different approximations in the underlying theory
(the A = aneXE of Boyd arises from comparing

distances with the Debye length and introducing a cut off
distarce *max = %2 de. A = >\'D/>\max ).

The theories can usually be tracec back to being essentially
equivalent to the treatment of Salpeter (1960) where the
calculation (of the conductivity tensor of the plasma)
involves an expansion in powers of A and retaining only
the leading terms (amounting to a neglect of the effects

of two particle collisions). Salpeter defines A directly
from the number of particles in a Debye éphere, specifically
N o= Nexa. An expressioﬁ for the collisional broadening

of the plasma frequency satellite lines is derived by

Ron et al (1963%) and by Du Bois and Gilinsky (1964) with \
this definition of A., which may be written

bog = 0.0La,inA

N

An elementary discussion of collision phenomena
in plasmas, Spitzer 1962, defines A as the ratio of
maximum to minimum impact parameters where it turﬁé out

A = 12w1%X%

The important point being raised in looking at
these different treatments is that it is necessary, in
proving an effect negligible, to have a good estimate
of the maximum value of the quantity on which the likely
magnitude of that effect is being assessed. While the
various treatments give approximately the same values,

that of Boyd, giving (for N, = 1017cm_5, T, = 4eV)
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AwCAJB%AwL represents the maximum value (by up to a
factor of two), which is taken us justification for
neglecting collisional effects altogether.

2.3%.53 Apparatus and Experimental Method

The input laser beam was provided by a Korad
1000 ruby laser system consisting of a Pockells cell
switched oscillator stage and an amplifier stage. This
was operated to provide a beam energy of % Joules, of
which over & Jdoule was delivered into the scattering
volume, in a pulse of ~ 20ns f.w.h.m. duration.

2.%3.%.1 Btray Light Reduction

The optical layout was as shown in Fig 2.9.
The divergence limiting stage was an aid to reducing
the stray light due to scatter off the window and
apertures as the beam entered the pinch. These apertures,
as shown in Fig 2.10, did not limit the main beam but
were essential to stray light reduction. Since any lens
surface or window through which such a beam passes is
likely to scatter considerably more light than the plasma
itself it was necessary to ensure that no part of the
collection optics system could directly ‘'see' any of
these components. This remains true even with the employ-
ment of best quality optics, ic. as free from inclusions
as possible (also necessary to minimise the likelihood
of lens damage caused by the beam). On setting up the
system it further proved necessary to shield various
obscure indirect paths involving scatter off the walls

and ceiling of the laboratory.
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2.3%.3.2 Input Optics

The details of the input optics are shown in
Fig. 2.11. The nepative lens was added to the system
after it was fecund that -air breakdown was caused by
focussing the beam with the single 24cm lens. (This
would lead to very erratic scattered signals even if
sufficient energy reached the plasma to give a detectable
level). This enabled an increase in the focal spot size,
so that the intensity/unit area was reduced to a "safe"
level, in a much shorter distance than would be required
to achieve the same spot with a single lens. All the
input optics could then be mounted on the same optical
bench (only a question of available space and materials,
of course, rather than of any fundamental importance).
In fact allowing radiation corresponding tb ~ 2 mrad.
divergence of the original beam to pass thrbugh an aperature
of 2 mm is the same as would be achieved by a 100 cm lens.

The 50 cm lens was arranged to provide an
approximately parallel beam through the pinch ~4 mm diameter.
Scattering could thus be detected from different axial
positions of the plasma without changing, the input optics.
The positioning of this lens was checked by burn marks”
of the laser beam on exposed polaroid film at various
positions along the axis of the pinch.

2.%.%5.% Laser Beam Dump

"Dumping" of the beam as it left the pinch was
achieved by allowing it to strike a plate of Pilkington
0B10 blue glass, a very efficient absorber at the ruby

wavelength, set at the Brewster angle.
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2.2.3.4 Collection Optics

Scattered light was collected from below the
pinch (the vertical direction being dictated by the
horizontal polarisation of the ruby laser light). This
was relayed into a lMonospek 1000 monochromater by a plane
mirror and a single lens of focal iength 25 cm placed
50 cm both from the slit and the scatterinz volume. The
monochromator was Jjust filled by f£10 light using a 5 cm
aperture at the iens. .

The scattering volume within the laser illuminated
velume of the plasma was defined by the size of the
entrance slit at 5mm length and 1 mm width: such a wide
slit having been found to be necessary for a good signal
"t® noise ratio in the detected scattered light. The
signal was also naximised by using a diffraction grgting \
blazed at 70008 and a specially red sensitive R.C.A.
type C310344A photomultiplier (giving ~25;° quantum
efficiency at 70003 and a gain ~405 when operated at a
cathode potential of 1.7xV).

Relative alignment of the collection and input
optics was achieved by adjusting the plane mirror so that
a He/lle laser beam sent 'backwards' through the Monospek
would strike the centre of a burn mark rade by the ruﬁy
laser on axis on a piece of exposcd polaroid film set at
450 to both beams. Rear illumination of this same burn
mark with a strong white light provided a check on the
focussing of the 25 cm lens by observing the image on the

entrance slits.



2.%5.%2.5 TIlectrical Xcuipment

The charging and firing circuitry for the ruby
laser were all as supplied by the manufacturer. This
incorporated a delay unit, which was triggered on rise
of current in the flash tubes, thus providing an accurately
timed pulse for triggering the pinch and detection equip-
ment. Other necessary delays fcr opening the Q-switch
and looking for the scattered light at the right time were
obtained from built-in features §f the two oscilloscopes
wﬁich were used.

A Tektronix type 7904 oscilloscope was used to
display the scattered light signal by feeding the photo-
nultiplier output across a 50x terminator into a type
7A16A plug-in vertical amplifier. The horizontal display
was controlled in the B channel of the oscilloscope by a\
type 7B70 plug-in time base unit. A type 7B51 plug-in
unit in the A channel of the horizontal display was used
to provide delayed triggering facilities.

A Tektronix type 556 oscilloscope was used to
nonitor the timing sequence by displaying an output pulse
from the 7904 as well as the pinch current waveformn.

2.%5.3.6 Timing Sequence //

The timinc of the light pulse from the ruby/
laser had to be set to the time of maximum density in
the pinch. Since the peak gain in the ruby rods did
not occur until 1.05 msec after the initiation of the
discharge in their pumping flash tubes, the pinch itself

had to be tripgered at the right time prior to the opening
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of the Q-switch. A correct timing sequence was achieved
with the apparatus set up as chown in Fig 2.12.

The 7904 oscilloscope was operated in its 'B
triggerable after delay' mode to render inconsequential
the frequent occurence of the triggering of this
oscilloscope on electrical noise irom the spark gap.

The 4 wusec delay left the 7904 waiting through a noise-
free-period to be tripggered by the pulse arriving (~8 usec
from initiation of the pinch diséharge, according to

firing conditions) at the correct time.

The 556 oscilloscope was triggered internally
on the lower beam, ile. on rise of current in the pinch
and was operated in its'B runs after delay' mode merely to
use the output signals of the B time-base as sWitching
pulses. The sawtooth output was found to be the oqu
output signal which rose high enough to consistently
activate the Pockels cell trigger circuitry. The B time-
base was, therefore, operated at its maximum sweep rate
so that the sawtooth sensibly resembled a pulse.

With this set up, and the capacitor banks charged
to the required voltages, firing the laser set off a
seguence of events in which a scattered light signal was
detected and displayed on the 7904 oscilloscope ~ 2 dacc
from the start of its trace. The B time base was operated
at 0.5 usec/cm, therefore, with x10 magnification
(effectively giving 50 nsec/cm) and the horizontal position
adjusted to bring the detected signal to the centre of

the screen.
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Fig 2.1% shows typical oscilloscope traces
which were obtained. TFig 2.13(a) shows the 7904 B gate
output displayed on the 556 oscilloscope together with
the pinch current waveform. Thus observation of the
timing of the scattered signal on the 7904 allowed the
exact timing at which the laser beam fired into the
plasma to be deduced. (Electrical noise on these traces
from the Pockels cell switch also gave an accurate time
monitor).

| Fig 2.13(b) shows the 7904 trace with the x10
amplifier released. Scattered light is seen to be
superimposed on the peak“of the pinch continuum emission

at the centre of the screen. (continuum intensity scales

”Né2; its peak emission, therefore, corresvonds well
with peak Ne). Switching in the x10 amplifier caused a
trace similar to that shown in Fig 2.13(c). This scattered
light signal is shown on a scale of 50 mV/cm where, it
should be pointed out, there was ~400 mV of continuum
emission. The zero level was adjusted way off screen,
therefore, in order to clearl& see the scattering above

the background emission.

2.5, Discussion of Results

A preliminary experiment to check that the
detected light signal was due to the plasma was performed
by triggering the 556 oscilloscope extermally directly
from the delay unit of the ruby laser control circuitry
and not firing the pinch. A large signzl was detected

at the unshifted wavelength (Fig 2.13(d), 200mV/cm) but
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(a) Timing lMonitor, 556 oscilloscope

(b) Check of the scattered signal being at screen centre
(¢) Typical scattered signal

(d) Stray light at line centre

(e) Stray light 158 off line centre



this fell to unmeasurable levels away from line centre.
Fig 2.13(e) shows the detected signal (ie. absence of it)
on a scale of 20 mV/cm at 158 from line centre (the
smallest wavelength shift ever used in any of the
scattéring experiments). This siray light signal was
used to measure the instrument profile of the monochromator
and the results, with a fitted Gaussian profile, are
shown in Fig 2.14.

Spectra of the scattered light were built up on
a shot-to-shot basis for each of the firing conditions
at which Hell profiles were measured. Fig 2.15 shows
data recorded at various-positions on the axis of the
pinch, specifically at 15, 5, 2 and 0.5 cm from the earth
electrode (ie. the electrode through which the plasma
was viewed for taking V.U.V. line profiles) shown in i
parts (i), (ii), (iii) and (iv) respectively. Each
plotted point represents the average signal of three shots,
the error bars indicating the typical shot-to-shot scatter.
Parts (a), (b), (c) and (d) of these figures correspond to
the various firing condition &s listed below. The
densities used for calculating the theoretical curves
(deduced from interferometry messurements) are shown in

the table reproduced from Section 2.2:

(a) (v) (c) (d)
I'i1l Pressure 0.15 0.225 0.225 0.3 Torr
Firing Voltage 4.3 4.7 5.2 . 5.7 xV
Fringe Count e 10 114 14
1Oq7cm

Ne 0.85 1.17 1.3%2 1.64
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FIGURE 2.4

Instrumental profile of the monochromator used for the Thomson scattering
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€9



4 eV

T =

0.85 101 7cm-3 (.b)

3.8 eV

1.15 101 Ten™

- T 13 L4 T

£ _ 20 30 4O 50 60 70 80 9 100 2
Te = L eV Te = 3.8 eV
Ne = 1.3 1OJI 7cm--3 N = 1.65 10‘I 7cm_
(e) (a) ¢
3 1l
ol 4 1- b ‘:[ % o©F
20 30 LO 50 60 70 80 90 400 X_ 20 30 4 50 60 70 80 9 100 ?

FIGURE 2.15 (iii)

Fitted curves and Thomson scattering data taken at 2 cm from the electrode

3

3

19



L eV
0.85 T (v)
T 11Tl
10 20 30 4O 50 60 70 80 90 P 20 30 40 5 60 70 80 90 100 g
3.83V

4 eV

13 1017cm.-3

1.65 101 [

Fitted curves and

100 X 20 30 40 50 60 70 80

FIGURE 2.15 (iv)

Thomson scattering data taken at 0.5 cm from the electrode

59



66

The temperatures used for caldulating theoretical
curves were chosen to give visual best it on scaling
the intensity to give a good fit in the region of
small wavelength shift. TFor conditions (a) and (c) a
value T, = 4eV gave best fit in all cases and for (b) and
(a) a vslue of T, = 3.8eV.

The poorest fits were ottained for the data
taken from near the electrode (¥Fig 2.15(iv)) where larger
error bars relative to the signal are due to a smaller
signal both in the continuum emission and scattered signal.
The reason was that this portion of the vacuum vessel
through which the light was detected suffered most in the
way of deposited electrode material and surface damage.
The whole vessel was cleaned and fire polished immediately
prior to taking the scattering data but did not regain
clean enough near the electrodes to obtain data as good
as that at pinch centre. (The rate at which the deposit
formed near the electrode was in fact so great that after
re-cleaning it was not until the signal had fallen
considerably that the variation in transmission during a
data-taking run was small enouch to sensibly allow a
spectrum to be built up).

Data were also taken under one of the firing
conditions at various radial positions at the centre of
the pinch. Fitted data are shown in Fig 2.16. No
variation was observed at 1cm off axis, a slight decrease
in Ne at 1.5cm and large?ﬁdec?egﬁes tp§r?after. Intefestiggly,

10 Te variation at all was observed. The deduced values of e

are shown as s function of radius in Fig, 2 .14 a3,

(Observaticn at the dificrent radial positions was ackicved v oad st g d ot
I < v adjustient o

the mounting screws of the whole pinch assembly, all optics remanined SR
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The analysis performed in this way reasonably
demonstrates the homogeneity of the plasma, the assumption
on which the equation of radiative transfer is solved in
Chapter 7 to deduce the line profiles emerging from the
pinch. All radial positions within the volume of plasma
viewed by the V.U.V. monochromator (a maximum of 1.5cm
diameter) and all points on axis showed the same values
of Ne-and Te for a given set of firing corditions. An’
'end zone' to the plasma of significantly different
temperature and density from the main body of the plasma
is completely ruled out,'therefore, as is the need for
making allowance of a non-flat radial distribution. The
effects of ‘inhomgeneities having only slightly different
conditions may, however, cause considerable distortion
to observed line profiles. This point is investigated
in Chapter 3. It needs be determined, therefore, to
what accuracy the quality of the curve fitting in Fig 2.15
corresponds as deduction of values of Ne and Te. As
demonstration of the maximum deviation of nlasma conditions
this proposed end-zone may have, theoretical scattering
profiles were compared to one set-of the data, at S5cm
from the electrode, shown in Tig 2.17, where both density
and temperature have been changed so that a good fit is
no longer possible. Thus it is shown tnat Ne certainly
varies by less than 10% from the average value at
individual spatial positions on axis and Te by less than 5%.

2.4 Deduction of ionisation ratio from the

Observed 4586/447]1 intengity ratio

Xnowledge of level populations is required
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for the V.U.V. line profile analysis. Recourse to model calculations
may therefore be necessary. The following section briefly discuﬁses
the validity of the two most common models, pointing ocut that the
observed HelI,686:HeIi718 lines agrees with neither. Based on this
observation a direct method of deducing the ionisation ratio in the
plasma is presented and level populations calcuiated. These results
are presented in section 2.4.2 with discussion of their reliability.

2.4.1 Equilibrium Relations

The Thomson scattering measurements suggest that the results
presented in section 2.2 tend to overestimate T,+ Clearly the model
on which such Te deductions were based is inadequate. A likely
explanation is that collision induced transitions from the ground
state of the Hell ion to the flirst excited state are more important
than a pure coronal model allows for oan account of radiation trapping
of the resonance line.

In the extreme case, reabsorpticn of the resonance line
radiation can result in the 1 - 2 transition becoming collision
dominated and L.T.E. relationships may be applied to all levels.
This is not to say that I.T.E. is to be expected at the densities
of the present experiment which fall well below those given in
criteria for minimum densities for its establishment. (Such criteria
requiré collision rates to be at least an order of magnitude higher
than radiative rates whereas for the present plasma fairly crude
estimates show the two rates to be comparable for the 1 - 2 transition
in HeII). Furthermore, L.T.E. is based on steady-state processes.
There arises the possibility,therelore, that even the density which
is achieved dces nct prevail long enough for collision dominated
populations to be established.

L.T.B. calculations are by no means a waste, however, sincc a
straightforward correcticn to the predicted level pcopulations may be
applied bassd cn the deviation shown in tie observed 4686/LL71

intensity ratio (rom that predicted,
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hssuming L.T.E. the following expression may be derived:-

i
3 1 Ed (2mk{r)%2 : Ep+ X —E, ]
%3 Ve dn b3 expl= kT

where the dashed quantities refer to the 168628 line

and undashed to the 44713 line. The cube of the wave-
length, X\, enters through expressiné emission transition
probabilities in terms of the absorption oscillator
strength, .

Whilst being Ne dependent this expression
typically, Ner1Oq7cm_5,f predicts an intensity ratio
about 10 times higher than the velues shown in Fig 2.8
and about a factor of two higher than observed.

2.4,2 Tonisation Balance and Level Populations

The ratio of the observed intensity ratio to
that predicted assuming Saha equilibrium may be used to
give a direct indication of the actual ionisation balance

which prevailed in the plasma.

ie. N 14686/ 4477 observed (N+

+
Nt I fr)'
4686/ 4471 Seha N fSahe

This assumes the upper state of each transition for the
observed lines to be thermally populated with respect to
the next higher ionisation stage; undoubtedly valid for
the levels involved, lying ~ 4eV and 1eV from the
continuum for 4686 and 4471 respectively.

2.4.2.1 Optical Depth Correction

If it is further assumed that a thermal population
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exists down to the lower levels for the two lines their
optical depths may be calculated. Tor 4685 it turns out

that significant error would result from treating the

line as optically thin. The intensity ratio used for
deducing the ionisation balance must be calculated from

the ares under the optically thin profile rather than

the observed intensity which is reduced by opacity. TFig 2.18
shows the typical sort of correction involved. Unlike |
the 4686 profile of Fig 2.6 it is seen that by realistically
allowing for the optical depth the data only shows slightly
more broadening (5 - 10%) than predicted by Kepple (1972).

It is doubtful whether tiiis is of any significance

compared with the accuracy of the optical depth determination:*

2.4.2.2 Results and Discussion

After making successive spproximations to the
corrected intensity ratio and. the level populations thereby

indicated the following seli-consistent values are obtained:

a b c a
N, .85 1.15 1.3  1.65 x10 7cn™>
T 4 3.8 4 3.8 eV
N* Saha 48 .91 .91 1.40  x10 7cm™d
(Tyees/847175ana 17 5.8 M 4.0
(Tyese/u491) cbservea 6 3 o2
I, .87 1.79  2.87 2.67 x101%cm™?
Ty e85 (0) 1.0 1.0 1.4 1.5
(Tygss/uu717corrected 7.9 4.0 5.8 2.7
N* 62 .97 107 1.47  x1017cn™3
w,* 2 .97 1.07 .47 %10 7en™?

¥ See legend of fig. 2.18.
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For all plasma conditions a neutral helium
numnber density follows as being less than 10140m-5,
thus proving remarks in Section 2.3 about the vlasma
being completely ionised. The corresponding Hel EBP
population would be less than 2.10120m—5, thereby providing
Justification for neglect of the 4471 optical depth
(ie ~0.1).

It is seen that the helium ion ground state
population (effectively the same as the total population
of the singly charged ion) is necessarily a large fraction
of Ne. Its value would be accurately determined, therefore,
even were the ionisation balance and Te determined
relatively crudely. (Its influence on the certainty of
the profile analysis is discussed further in Section 3.3.3).
The same is not true of the population of the n = 2 level,
however, values for which are not included in the table
since further discussion is needed over criteria for the

équilibrium model used in its calculation.

2.4.2.35. POpulétion of the n = 2 Level

The n = 2 level of HelIl lies ~40.5eV above the
ground state and ~13.5eV below the continuum. It is
tempting, therefore, to postulate a collision dominated
population with the'levels above it rather than from
below. When it is realised, however, that the underestimated
importance of 1 - 2 collisions (due to radiation trapping)
is the main cause of deviations from a coronal model it
becomes clear that more detailed modelling is required.
Specifically, cstimates need be made of the sufficiency

of the upward collision rates out of n = 2 for the level
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not to remain overpopulated with respect to the levels
above it.

For present purvoses, however, such intricate
considerations are not required. In the context of the
profile analysis (ie. the optically thick 16408 line,
Section 3.4) all that is required is a reasonable estimate
of the maximum population the n = 2 level may have had.

To this end values are given below calculated from
Boltzmann's equation at Te'given by the Thomson scattering

measurenent.

a b c - d
N 0.92 0.84 1.6 1.3 x10 Jem™?
Whilst it may be argued that 5% accuracy in T,
is insufficient to give a reliable estimate of N
(changing ~ 507 for a 5% change in Te) these values nay
still be regarded as sensible estimates of the possible
maximum values with some certainty for the following
reasons: (i) if Te was in fact lower than the value
used for the N2 estimate above then H2 would be expected
to be smaller; (ii) should the Thomson scattering have
systematically underestimated Te, the actual value of
T, would be tending towards that given by the L686/4471
intensity'ratio measurement assuming a coronal model, ie
the coronal model would be a valid description of all
level populations with no "excess population" in excited
states due to taking insufficient account of radiation
trapping. Actual Né values lower than those given above

would arain, therefore, be expected.
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2.5 Some Final Comments on the Suitabilitv of the

4 Pinch Dischargze as a Plasma Source for Line-

Shapes Measurements.

Jenkins (1970) '‘reviewed the various available
means for creating helium plasmas for observation of
spectral line shapes. He cited the desirable properties
of the source as:-

(a) The plasma should be easily and reproducibly
produced and be such that Stark broadening is
the dominant broadening mechanism.

(v) The plasma should be homogeneous.

(e) It should be possible to measure N, and T, in as
direct a manner as is possible and with the mininunm
number of assumptions about the state of the plasma.

(a) Ne and Te should be capable of being varied.

With regard to Z pinch discharges fhe only short-
coming he could find was the inevitability of radial
gradients in the plasma.

This éhapter has described disgnostic measuremeﬁts
which amply demonstrate that the Z pinch used in the pinch
phase could, in fact, satisfy all the requirements of
the ideal spectroscopic source. The radial gradients
which were present have been shown to be so slight to
such a lafge radius that simple optical aperturing
techniques would result in viewing an effectively
homogeneous plasma. The reproducibility, both short
and long term, could not be faulted with the most
sensitive diagnostics employed (typically corresponding

to + 5% in N_ and + 2% in T ). In the axial direction
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homogeneity has been proved to as fine a degree, to the
author's knowledge, as has ever been demonstrated in any
spectroscopic source (ie. within 2% of the plasma length).
The validity of any necessary assumptions for interpretation
of the diagnostics has been adequately Jjustified in the
text. TFirally, it has been shown that simply by changing
the fill pressure and firing voltage, different plasma
conditions may be created providing a source for line

shapes measurements over a wide range in Ne'
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CHAPTZR %

V.U.V. IIN< PROFITES

3.1 Experimental Method

Profiles were built uo on a shot-to-shot basis
from vche outpult signal of a photomultiplier at the exit
slit of a 1 metre normal incidence monochromator. The
signal was displayed through a type 141 plug-in unit
on- a Tektronix type 556 oscilloscope and the trace read
at the time of peak compression. Those aspects of the
instrumentation having a direct bearins on the taking of
reliable data for the various profiles studied are
described in the sections which follow. Constructional
details of the monochronator are described by Driver (1973).

%2.1.1 Settine Up of the Monochromator

The distance of the grating from the fixed exit
and entrance slits was determined by the length of an
arm which ran against a cam. The instrument remained in
focus, therefore, as the grating was rotated for selecting
different wavelengths, if the length of the arm and
position of the cam were initially set up correctly.

For 5043 line profile measurements a 3600 line/mm
grating wés used. A small portion of the same concave
surface carried a coarser ruling which allowed focussing
adjustments to be made with visible light both on the
direct image and on diffracted images. There was no need,
therefore, to evacuate the monochromator chamber between

successive adjustments. Fine tuning to give a resolution
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equivalent to 0.038 in the V.U.V. could be achieved with
no great inconvenience. The associated narrow slits,
however, proved totally inadequate for profile measure-
ments because of the available signal strength. 70 um.
was decided on as the optimum slit width for line profile
measurements, being the widest slits for which the
instrumental width remained sufficiently narrower than
the saturated region of the profile (the importance of
which is discussed in Section 3.3).

The wavelength range of the 1200 line/mm. grating,
used for the longer wavelength lines, extended to greater
than B,OOOﬁ;again there was no need to pump down between
» adjustments. A resolution of ~ 0.1% was attainable with
10 um. slits; again, however, the slits actually used
for taking profile data were somewhat wider. It was
desirable to observe as far out in the wings as possible,
ie. requiring wide slits to detect the very low wing
intensities. An upper limit was set on the width of the
slits by saturation of the photomultiplier at line centre.
Entire profiles were recorded using 40 g#m. slits where
the maximum line centre intensity gave a photomultiplier
anode current and voltare within %he linearly operatinz
range (és was verified by observing wing shapes with
various wider slits - see Section 3%.4).

3¢1.2. Photomultipliers

Early attempts to use an R.C.A. type 1P28
photomultiplier, with salicylated envelope, for 304ﬁ line

measurcments proved unsuccessful because of the enormity



of the stray light level. The majority of the latter was
visible light, to which the detector also responded, as
was verified by the only slight (~ 20%) reduction in the
detected signal on insertion of a piece of glass in the
light path. Solar blind operation was achieved using a
tungsten photocathode followed by an L.lM.I. 'Twentieth
Century' iype electron multiplier (as described by Driver
1973). Operated at a cathode potential of -3 kV, peak
anode currents of a few «amps were detectable using a

1 ko termination of the output. A further series
resistor of up to 100 ks , placed directly on the anode,
was found to be necessary to filter noise from the trace
by reducing electrical pick-up.

Fig 3.1 shows typical signals at various points
in the 3048 line profile. Three traces are shown having
quite different time histories, but all with intensity
near the saturated value at the time of peak compression,
to emphasise the need for recording data at a given time
rather than, séy, at the peak of thelemission. Whilst

accurate profile data could not readily be taken over the
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whole profile except at peak density, Fig %.2. schematically

illustrates the change of the profile with time which
caused such time histories of emission at the wvarious
wavelengtﬁ separations from line centre.

Stray light ceased to be a problem, on changing
the grating, because of the much greater diffraction
efficiences at the longer wavelengths. The salicylated

1P28 photomultiplier now gave better results, having the
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Time histories of 3043 line emission

All traces are shown on the same voltage scale and time scale (2 wsec/cm). Typical
shot-to-shot scatter is illustrated for various points in the wing (upper traces)
and within the saturated region (lower traces). Peak density occurs at 9.5 gsec.

Parts (i) - (iii) of the lower traces correspond to separations of similar labelling

in Fig. 3.2.
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greater sensitivity at wavelengths greater than about
1,0008. Again a 1 ko terminator was used, in this case
to enable detection of the very low intensities on the
far line wings. Typical traces at various points in the
1640 and 12152 line profiles are reproduced in Fig.3.3
which shows the enormous range of intensities which could
reliably be detected for these lines.

2.1.3. Restrictions on the Viewed Plasma Volune

The size of the grating was limited so that the
monochromator could only collect radiation from ~f30.
Thus no radiation arising from regions of plasma outside
a narrow central column of maximum diameter 15 mm. at the’
far end of the plasma could contribute to the detected
intensity. Apertures inside the monochromator defined
the same plasma volume. These were inserted to minimise
the effects of stray light and guard against the detection
of radiation from outer regions of plasma scabtered off
the internal surface of the copper tube which coupled
the monochromator to the pinch. In normal usage this
tube was 10 cm. long, protruding some & cm. into the
electrode region. Its primary purvose was as a haffle
to reduce the flow of helium gas into the monochromator
chamber. Some 3043 line profiles were taken with the
tube extended to 17 cm. so that its end became flush with
the electrode. In this case its 4 mm. end aperture

became the main restriction on the viewed plasma volume,

3.2 Instrumental Profiles

Resolution fipures quoted in Section 3.1 are

based on measurements of widths (of lines emitted by a
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Detected signals at various points in the line profiles

The 42453 traces shown were taken under plasma
conditions giving peak compression at 8 gsec and the

16408 traces under conditions with peak at 10 wusec.
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low pressure mercury lamp) made during the focussing
adjustments of the monochromator and are appropraite to
slit widths of less than 10 #m. For the wider slits
employed for taking line profile data considerable
instrumental broadening is to be expected. This may
reasonably be estimated by multiplying the slit widths
by the known dispersion of the instrument. Better still,
however, is to actually measure profiles, under working
conditions, of lines which show &ery little other
bfoadening. This gives a direct measurement of the
instrumental function with which to convolve theoretical
profiles for comparison with experimental data (a
necessary proceedure when the instrumental broadening
cannot be regarded as a small correction). The pinch
itself provided the necessary narrow lines for this
measurement either in the form of impurity lines or by
operating the pinch at extrenely low density.

3.2.1. Impurity Lines

With the 3,600 line/mm. grating in the monochromator
an initial scan of the whole spectrum in the wavelength
range 250—6509 was made in order to determine whether
the HeII 3048 line would be sufficiently detectable to
vyield good profile data, and to obtzain a wavelength
calibration of the instrument from whatever emission
features were detected. Table 3.1 summarises the observed
spectrum. The quoted detected signal strengths are those
appropriate to slit widths of 70 um. (the value adopted
for taking Hell BOqg‘line profile data) though the scan

was made initially with much wider slits.



DETECTED TIMNIE EMICSION

Detected Peak Intensity

Wavelength Species

9 Above background (mV)

507-508 (3 lines) OIII 60-100

511 CIII 20

525 OIII 80

538 (3 lines) CIII 30

553-555 (4 lines) oIV  200-450

574 CIII .10

585 (5 lines) . CIII 10

597-599 (2 lines) OIII 60-100

608-609 (2 lines) 01V 150-200

609-610 (4 lines) OIII 60-100

616-617 (3 lines) oIV 20-30

624-625 (3 lines) oIV 200-400

asver ase  Uder toridus

279.6-279.9 (2 lines) OIV 10 4

285 (2 lines) 01V 6 2

303.4 (2 lines) CIII |

303.4-30%.8 (6 lines) OIII % 25 25

303.8 HeIl

303.8-304.2 (9 lines) NIIT J

305.6-3%05.9 (6 lines) OIII 2-4 o)

306.6-2%06.8 (2 lines) OIV 4 0-2

310.2 CIII 2 2

320.9 OIII 3 0

322.6 CIII 2 2
» 328 (2 1lines) OIII 2 0
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Absorption in cold neutral helium in the
monochromator at shorter wavelengths than the Hel

152 L

S - 1snp qP series limit at 5048 caused a very
wide wavelength regidn where no emission lines were
detectable. A further attestation of the strength of
this absorption was the non-appearance of the Hel
resonance series lines. Throughout the region a fairly
constant level of background emission (~5 - 6 mV) was
detected which, being independent of wavelength, must
be attributed to stray light rather than underlying
continuum.

A distinctién is made for the short wavelength
lines in Table 3.1 between measurements taken immediately
after letting the discharge vessel up to air (ie. within
10 shots) and those taken after the pinch had had several
cleaning shots ( ~20). The enhanced emission of oxygen
impurity lines allowed reasonable deduction of the
instrumental profile from the OIV 2793 lines by letting
up to air between each shot.

The reduced contamination after a few shots
gave great confidence in the purity of the Hell 5043
line profiles from OIII emission between 30%.4 and 505.83
(especially as these lines are exvected to be wesker
than the multiplet between 505.6 and 505.93 which also
were not detected). Other listed contaminants may
similarly be ruled out on the basis of their expected
strengths: viz. CIII 203.48 is expected weaker than the

two CIII lines observed in this wavelength region and
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other CIII lines of expected similar strength were
searched for and could not be detected. NIII lines
could not be'detected at all in either wavelength region
and, again, lines should be expected of comparable or
greater intensity than those listed at 303%.8 - 304.2R

if NITIT iouns were present in significant numbers. Lines
of CIV ions were searched for but none could be detected.
In all cases the lines referred to for the various ions
means searching at the wavelengths listed in Kelly and
Palumbo (1973).

Fig %.4 shows profiles of the OIV lines at 6253
and 2793. In all cases a good fit is seen to be obtained
by a Gaussian profile of F.W.H.M. 0.228. The data is
more reliable at the longer wavelength because of the
'better signal to noise ratio. The short wavelength
profiles at least provide a check on the focus in the
region of 5003 without having to absolutely trust that
the initial adjustments ensured similar quality of focus
throughout the wavelength range of tﬁe instrument.

3.2.2 Low Density Plasma Source

Fig. 3.5 shows a profile of the HeII 16402
line emitted by the plasma produced by running the pinch
with the capacitor bank reduced to 38 #F. The spark gap
was bridged by a copper strip and spontaneous breakdown
occured reasonably consistently at ~ 2 kV. The plasma
produced in this way had an electron density too small
to give a measurable fringe shift in a Mach-Zehnder

interferometer of the type described in Section 2.1

ie. N, < 10"cn™3.  The broadening in the observed
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16408 line profile from low density plasma
compared with a Gaussian of F.W.H.M. 0.332
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profile, therefore, should be almost entirely due to
the instrument function. A good fit is seen over most
of the profile to a Gaussian of F.W.H.M. 0.338, a figure
consistent with the slit width of 40 xm used to take
this profile (the reciprocal dispersion for a 1 m.
1200 line/mm grating being 8 R.om7).

It is impossible to be sure whether the far wing
discrepancy apparent in Fig 3.5 is due to broadening
by the plasma or whether the true instrumental profile
is not Gaussian. In any case the profile is seen to fall
to insignificant intensities at small enough separations
from line centre to cause no serious errér in the 16408
and 12153 convoluted profiles presented in Section 3.4,
which, at most, show a range of two orders of magnitude
in the detected intensity over a wavelength spread of
several . The peak intensity of Fig 3.2 represents a
detected signal ~200 mV compared to a background emission
giving ~1mV. ie. wing intensities a factor of 200
smaller than the peak could reliably be detected. The
possibility that the 16408 and 12153 profiles of Section
3.4, in fact show far wings representing an'undetected
slow fall-off in the wing of the instrumental profile
could thus be absolutely ruled out.

2.3 HeII %048 Line Profile

Observations, to be described in Section 3.3.3.,
were made in order to finally resolve the questién of
the reliability with which theory can predict the wing
intensity of the Stark broadened Hell 3048 1ine. At the

time the work described in this section was performed the

9
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only two previous investigations had yielded seemingly
contradictory results.

The theoretical predictions themselves are first
discussed. Section 3.3%.2. describes (especially short-~
comings of) previous investigations, including a more
recent report published since this work was completed.
Finally, in Section 3.3.4, calculations are presented
which describe the effect on the observed profile of
radiative transfer through an inhomngeneous plasma. Any
doubt in the sufficiency of the plasma diagnostics
associated with the pregent analysis is fhereby completely
dispelled.

%e3.1 Theoretical Predictions

3.%3.1.1 Contributions to the Brosadeninz: Electons vs Ions

Fig %.6 shows the predicted Stark broadened
profile for N = 10"/ cn™3, T_ = 40,000%K as given by
Greene and Cooper (1975). Predictions by Kepple (1972)
are\also included. Both theories employ a treatment which
estimates the broadening in the core of the line by
allowing an impact approximation for the electrons and
treating the ions quasi-statically. Significant differences
~ appear at line centre dvue to different approximations
in allowing for the effect of inelastic collisions and
in the choice of cut-off at small impact parameters in
taking the thermal average. Furthermore the line centre
is a theoretically interesting regime in that both treat-
ments may lead to a large overestimate of the central
intensity due to the neglect of ion dynamic effects (R.W. Lee,

private communication).
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As pointed out by Greene and Cooper, however,
the 1line centre structure will be largely obscured by
Doppler broadening. There also exists the severe
experimental constraint'that, with presently available
detection techniques, observation of sufficient intensity
for profile measurement naturally entails the 3048
line being extremely optically thick. Indicated on
Fig. 2.6 are the wavelength ranges probed by the various
experiments. (The reduced wavelength scale, a, is
defined pelow). All are seen to lie far out in the wings.
Over such a narrow wavelength range the theoretical
predictions may be wellrépproximated by an asymptotic
form S(a ) = C.a" ¥ , as is shown in Fig. 3.6 by the
'profile' ( a straight line on a log-log plét) corresponding
to C = 2.1078 cgs units, the value derived from Greene |
and Coopers predictions at a = 10-5. All experimental
analyses of the 3048 line have been carried out on the
basis of such a fit. The profile analysis thus reduces
to comparing an experimentally derived value of C with
that derived from theory.

As is shown in Fig 3.6, of the two predictions
only Greene and Cooper's extend to the appropriate range
of a . The two theories agree between 1072 < a < ﬂ0’4.
Furthermore, the gradient of the predicted profile is
seen to give a better fit to a'§ at the higher values of a
within which the experiments were performed. There is

thus no real basis for trusting an o i extrapolation to an

order magnitude greater value of a outside the values
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given by Kepple. Previous investigators claims to
compare their observed value of C with that derived
from Kepple are, therefore, somewhat meaningless.

To reduce the theoretical prediction to a
(Holtsmark type) asymptotic formula is not to say that
the regime probed by experiment is without interest.

As is shown below, making accurate predictions for this
region of the profile involves more than ensuring the

use of a reliable electric microfield distribution for
the qﬁasi—static ions. Rather than being an indication
of a wavelength regime dominated by the asymptotic micro-
field distribution the good fit to the 2/o power of the
wavelength is somewhat coincidental. A close examination
indicates that the ion produced contribution to the
broadening should be falling faster thanlA)\!"§ because of
radiator-perturber correlation effects and that a
substantial proportion of the predicted wing constant
must be attributed to electron broadening. ie. whilst
its half width is considerably smaller, the wavelength
separation from line centre is large enough for the electron
contribution to the broadening to have become comparable
with that from the ions, because cf its slower wing fall-
off.

The predictions of the profile are given on a

scale of reduced wavelength, a , defined by

1082 A

¥

where FO is the 'mnormal field strength' of the plasma,



given by

Fo, = 24603 e N5

Under the influeﬁce of an electric field, F, the
3048 line splits into three components. One, containing
two thirds of the intensity of the line, is unshifted,
while the other two are symmetrically displaced by an

amount:

3k F
meZ

Aw =

Microfield distribution functions are given in
the literature as the prbbability distribution of the

parameter, B , given by

5 = F/F .

o

From the above eguations,

using ro = 2n:!A
we have 2ve  me?Z
108>$ 34r

At the values of a probed by the experiment,
therefore, for )= 3043, we are concerned with values of
p«~402, ie. well within the asymptotic regime of the
microfield. Indeed, at such large B, nearest neighbour
theory should yield quite accurate results:

Writing
W(r) dr = 4wr? N ar
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for the probability of finding the nearest neighbour
at distance r.

With
F o= ©[2
using

W(F) af = W(r) dr
3
we have . 2wekN 2w P
W(F) -= = 3 -
F 2,6037 F ¥

To maintain area normalisation to unity, since
each shifted component contains one sixth of the total
intensity of the line,

putting

s(a) da = %vﬂr)ar

we obtain

3

w3 [ 108)\2 1 n\5

S(a) £ 3 2
af | 2mo 2.603e mZ |

]

= 1.86 10°° q

So far radiator-perturber correlations have been
neglected.

These may be allowed for by weighting the

probability of a perturber being at distance r by a
Boltzmann factor:

- L)

Ate = 1070 in a plasma with Ne ~10"17cn™2. and KT ~4eV

this would produce a reduction in the broadening by ~ 20%.
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At the a values of the experiment, thercfore,
some 25% of the predicted wing constant of 2.0 1078
is attributable to electron broadening. Separations
from line centre are not so large for the electrons to
be truly quasi-static, where they would contribute more
than the ions. In fact, the observed range ofa values
corresponds to the very interesting regime from a
theoretical viewpoint where neither the impact nor quasi-
static approximations is valid fér the electron broadening.
Greene and Cocper's calculations were made using the,
so-called, unified theory which claims to go over both
smoothly and accurately from the impact to quasi-static
regime. It is clear, however, that the gquasi-static
part is represented by a one electron theopy which méy
not be expected to be valid except on the very far.wingsf
Profile measurements over the observed range of a are,
therefore, of great significance in assessing the validity
of approximations made in this intermediate regime.

3.%3.1.2 Comparison of theoretical Profiles with Experiment

To deduce a value of C from the measurements it
is necessary to derive a value of optical depth in terms

of S(a). The observed profile may be expressed as

IP) = I + Io(i - ¢~%) 8 Instrument function

where ¢ indicates a convolution, Ib is a background
level due to underlying continuum and stray light and
is the optical depth given by

T = afd)1

where 1 is the plasma length. (This assumes a



99

homogeneous plasma - ie. in accord with the diagnostics.
The effect of slight inhomogeneities is discussed in
section 3.%.4).

In terms of the absorption oscillator strength,
fﬁ-’ by definition, the absorpticn coefficient must

satisfy

nez
_fa(o) ao = Nl mo fli
line

which may be written as

2
) = m I fn 1)

where L(?) is a lineshape function which Satisfieshékw)do = 1
To specify L(®) in terms of S(a), since the latter
is already area normalised to unity,

L) ¢» = 5(a) da

Finally, therefore, the expression for v becomes

2 F 2
e ) DN c
= N 1
T 1 Tme )(u 103 P A)j'

The three quantities T , Ib and IO, the line
centre intensity, are all parameters which need be deduced
from the data. The wavelength dependence of the profile,
through T , is specified in S(a). For reliable deduction
of the wing constant it is desirable, therefore, to
resolve the central saturated region of the vrofile
(ie. measure Io) and observe a long way from line centre
(ie. measure Ib). Thus little uncertainty arises in
choosing a value of T which gives the fall-off from Io to
Ib over the observed wavelength range. A value of C
follows directly since all other parameters in the above

expression for T are known.



3.%3,1.3% Broadening by Doubly Charced lons

The asymptotic (nearest neighbour) microfield
distribution, in a plasma containing both doubly and
singly charged ions, is given by

: 2
WE) = 2neI xt . Zw(zﬂ’- ot
F* Fx
Comparing this with the previous expression, for a plasma

consisting entirely of singly charged ions, it is seen

that we may write for either case

2
2w Fo*

o wFE) = -

=Y
2.,603* F

making the identification

2
Fo = (Fo'% + F;'%)’

where .
r; = 2,603 eN 3

and

wlp

FJ' = 26032877
That is, it is evident that S(a ) already contains
an accurate description of the ion broadening so long as
the above, re-defined, Fo is used in going over to a wave-
length scale in 2. Similarly, in the expression for T
the ion contribution is properly accounted for by using
this Fof
At any given separation from line centre (ie. at
a given electric field strength) the electron broadened
profile appearing in the convolution integral with the
ion microfield distribution is dependent only on Ne,
rather than ion densities. A single parameter FO is

insufficient, therefore, to allow simultaneous scaling

down of both electron and ion contributions onto a reduced

100
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wavelength scale. Indeed no single profile can accurately
specify the broadening caused by plasmas having differcn
compositions. The only correct proceedure would be to
re-evaluate the convolution of the electron broadened
profile at each field strength (were theoretical
predictions available in this form) with the particular
microfield distribution pertinent to the plasma being
studied. Using the above, re-defined expression for FO,
to specify S{e ) on a wavelength scele in &, is tantamount
to having included in the convolution integral, instead

of the calculated electron profile at the appropriate
field strength, that calculated at the field strength
which is greater by a factor of

+ o+ * z
[ (v zh:*)]B

N
e

whose width, at any fraction of the peak height, is
scaled up by the same factor.

The major contribution to the broadening in the
region of the profile being studied comes from the ions.
To go from the a scale to R, therefore, the appropriate
definition of Fo is that which allows for the doubly
charged ions. To determine the possible theoretical
inaccuracy thereby caused in the maltreatment of the
electron contribution, we take as an extreme example
N+ = 0.5 Ne (representing greater second ionisation than

any plasma whose study is presently being described).

In this case

+ . ++72
+ 2%N -
{.ﬂ—.__.‘.— ] 3 » 1 .13
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ie. an overestimation by ~13% of the electron
contribution. Since the latter only represents some
25% of the wing constant, an uncertainty of only ,Vg%'
is introduced. It should be noted that, albeit
negligible, the appropriate downwaerd adjustment of C
is not justified in that the electron coantribution is
not expected to be truly additive.

%.3.2 Previous Observations

3.3.2.1 Jones ¢t al (1971)

The first published report on the 3043 line was
by Jones et al (1971). Using a T-tube plasma source
17,03

at an electron density of 2.8 10 ‘cm.”, they claimed a

measurement of the wing constant as C = (4-3.1 0.5) x 10_8
C.g.S. units. Whilst admitting a large inaccuracy, an
examination of their error estimate and théir curve
fitting proceedure shows they were still optimistic over
the certainty of their result. The possible error was
estimated by adding the percentage errors: 10% in Ne, 109
in 1 and 10% fluctuation of their data about the fitted
curve. In the expression for T , however, both Nq and

Fo essentially depend directly on Ne (since Nq is derived
via a Saha equation) - ie. as a measure of its contribution
to the uncertainty in C the percentage error in Ne should
be doubled. Furthermore, in addition to wrongly assuming

a linear relationship between I and T (only true at small
T ), the quoted standard deviation of data points about
the fitted curve is effectively claiming this as a measure

of the quality of the fitted curve both to the wing

constant and the saturated intensity. die. treating 10%
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fluctuation of the data points about the fitted curve
as the uncertainty in C is assuming absolute reliability
in the 'fitted' value of Io. If T, is allowed to vary
over a range of values, still compatible with the
experimental data, a good fit can be obtained with values
of C varying by considerably more than 10% (see below).
The data of Jones et al shows no trace of a flat-
topped profile (ie. I, cannot be measured directly) and
they claim a curve fitting proceedurs in which a deduction
of Io<kmends on all the experimental poinﬁs. In reality,
if profiles are fitted changing I0 as well as C,
significant worsening of the deviation between the data
and the fitted curve is seen on two, and only tWo, data
points near line centre. The 3048 profile of Jones et al
is reproduced, without alteration, in Fig. %.7(a). It
is seen that (apart from a small rounding effect, ~ 10%,
due to the instrumental profile) points 1 and 2 (counting
from line centre) both lie within the expected saturated
region. It is doubtful, therefore, whether any significance
should be placed on the observed large apparent change in
intensity between them. Profiles are shown in Figs 3.7 (b)
and (c¢) with I, at * 30% from the mean of points 1 and 2.
With IO chosen not at the best fit value the mean square
deviation of these two points from the fitted curve is
increased. This is not to say, however, that the best
fit is the only possible choice for I (as the analysis
of Jones et al implies). Since points 1 and 2 are each

shown with error bars ~ 40% a + 30% range in the possible
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5043 profiles (see text) compared with the data of Jones et al
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values of I0 is statistically feasible within the same
confidence limits as were used in determining the individual
error bars.

A slight adjustment (~5¢) was made in the value
of I, for the fitted curve of Fig 3.7(c) to give a
better fit. It is hard to determine whether such an
adjustment would contradict the data of Jones et al in
that they give no definite indication of exactly how
many data points were taken to establish Ib. It should
be noted, however, that some 30 further points, if of
similar quality to, say, points 8 to 16, would be required
before a possible error of this magnitude in Ib could
be discounted. (It is left to the readers imagination
whether.... 'points far from line centre, not shown' is
likely to constitute a number as high as 30).

The values of C corresponding to Figs 3.7(b)
and (c) are 0.8.10"% and 2.0.1078 resﬁectively. The
realistic conclusion to be drawn from the data of Jones
et al is, therefore (adding ~30% for uncertainties in

>
1, N, and FOT ) a measurement of C with accuracy

1
established no better than to within a factor of 2.

There is hardly any need to look for further
inadequacies in the Jones et al experiment. It should be
borne in mind, however, that some of the problems
discussed in Sections 3.3%.3.2 and 3.3%.3.3 (especially
the latter which deals with an essentially identical
experiment) are also relevant to their analysis (eg. the

reliability of assuming Saha equations to be valid, the

neglect of second ionisation and the sufficiency of the
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diagnostics with regard to using an analysis which
assumes a homogeneous plasma).

3.%.2.2 Goto and Burgess (1974)

The second expefimental study of Hell zo48
(Goto and Burgess 1974) recognised various shortcomings
in their analysis. Rather than claim a definite measure-
ment of the wing constant, therefore, (even while achieving
at least comparable accuracy to that of Jones et al), they
adopted the more realistic approach of attempting to set
some bounds on the accuracy of the theoretically predicted
value. At that time only Kepple's theory was available.

To put their arguments into context it should be pointed
out that Jones et al had been very specific in claiming
their measurement of C indicated a discrepancy with theory
and in developing a theoretical argument to. account for

it. Tundamental theoretical objections to the 'explanation'
were raised by Burgess and McIlrath (1972) which have

since been accepted by at least one of the original authcrs
(Griem 1974). It was the intention of Goto and Burgess,
therefore, to further examine whether there was, in fact,
sufficient experimental evidence for searching for other
possible sources of inaccuracy in Kepple's theory.

Goto and Burgess used a Z pinch plasma source
operated over a range of N, bstween 5.1046 and 2.1Oq7cm."5.
At the lowest density studied a fit to the profile,
assuming a homogeneous plasma column, gave a wing constant
varying, from 1.5 1078 near the half point in the profile

8

to 1.8 107" in the line wings. The sugpestion that this

was due to density gradient effects was borne out by
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calculations made using a model density distribution
which, they claimed, more closely resembled the actual
situation. (In Goto and Burgess's collection optics,
using a grazing incidence spectfometer, it was inevitable
that radiation arising from large radial positions
would contribute to the detected intensity). In this
case a gouod fit was obtained using (Kepple's) 2.72 1078
for the wing constant. FYor the higher densities studied
the latter 'fit' showed the data lying systematically
lower than predicted, but only by ~15%. Taking into
account various uncertainties in their aﬁalysis (eg.

the assumption of a sourée function independent of Ne

and inaccuracies associated with the placing of the
background stray light/continuum level). Goto and Burgess
concluded that, whilst their data allowed the strong
possibility of a wing constant somewhat lower than

-8

(Kepple's) 2.72 10”7, the fit to the lowest density

gave a lower bound to C, suggesting a value of 1.8 10_8.
Goto and Burgess made no mention of the possible

effects of axial inhomogeneities in the source. It is

unlikely, however, that any required correction for an end

zone would remain constant over the factor of ~ 4 range

of Ne studied. ie. the approximate it they obtained

throughout the range indirectly provides evidence that

no end zone was operative. Indeed, no mention of end

zone effects was made until after the first two papers

on the 3048 line were published and the two groups which

had produced them entered a series of private communications



discussing which experiment gave the more reliab%e data.
Retrospectively it is seen thal the results of the two
experiments overlap in exactly the range of values

deduced from later experiments. (Goto and Burgess did,

in fact, point out that "without an absolute intensity
calibration, made indeﬁendently of the peak of the profile,
it is impossible to discriminate completely against the
possibility of a real discrepancy..... as proposed by
Jones et al"). At the same tiﬁe; however, it was clear
that further experimentation was required, in particular
that much greater care be taken in establishing the density
distribution in the plasma source.

3.%3.2.3 Neiger and Griem (1976)

The repeat of the Jones et al experiment (Neiger
and Griem 1976) only partially resolved the question of !
the 3048 wing constant by giving a fuller discussion of
possible sources of uncertainties in their analysis,
albeit to show they were negligible effects. In particular
they pointed out that their experiment had been operated
at sufficiently low Te and high Ne for the plasma to be
near enough only singly ionised so that errors in Nﬂ.Eg%_
should be negligible. Their main source of uncertainty
lay in the quality of the fit to the data, assuming a
homogeneous plasma model to be adequate. Evidence against
an end zone affecting their analysis was provided both
directly, by scanning the intensities of visible Hel and
HeIIl lines and continuum across the plasma, and indirectly
by recording profiles over a range of densities. The

former check, however, merely served to show that the

108
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detected, optically thin, emission intensity scaled
linearly with the observed chord length of the plasma
and gave no information about the narrow, cooler
end-zone which was present. The 2048 line profiles
were all seen to be significantly self-reversed.

The effect of an end-zone is to alter the
saturated intensity while hardly changing the wings
(discussed further in section 3.5.4), thereby appearing
to change the wing constant if normalisation is to
the saturated intensity. Neiger and Griem may thus be
expected to be considerably less accurate than Jones et al‘
because they do not even have a partial direct
measurement of IO. Again a curve fitting proceedure was
claimed in which IO devends on all the data points. As
was demonstrated in section 3.3%.2.1, however, a change
in Io, in conjunction with a change in C, makes very
little difference to the deviation of the data points
from the fitted curve except near line centre. It is
not clear, therefore, why their results should be
treated as being more reliable than that of Jones et al
(except, perhaps, in terms of the size of error bars on
the data points, in the achievement of greater precision,
so that greater significance can be placed on small
deviations of the fitted curve from fhe data points),
nor has it been established why a different result was
obtained.

3¢5¢5 Present Observations

Profiles are shown in Fig. %.8 for the four
firing conditions (a), (b), (¢) and (d) listed in detail

in Chapter 2. In each case the values of optical depth,
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I and I. were chosen so that the theoretical curves

o b
gave best fit to the experimental data. The table
below lists the values of optical depth used and the
parameters, derived from values given in Chapter 2,

required to deduce values of the wing constant.

(T.ANE) N, F_ C
a .525 .62 257 2.01
b 1.00 .97 313 1.8%
c 1.35 1.07 338 1.99
2.20 1.47 381 : 1.97

3
strength) ™

Figs %.9 and 3.710 show theoretical curves which
lie systematically higher ani lower than the data
respectively in the region of the profile. between Io and
Ib. The values for these latter quantities were deliberately
chosen at the extreme limits of their statistically
feasible range of values to reinforce the change in the
values of wing constant from those listed above. ie for
Fig 3.9 the lowest possible values of Io and Ib were used
and the highest possible for Fig 3.10. The following
table lists the values of optical depth appropriate to

these curves.

(T.n X)) max (T.A>\{') ‘min
a .625 425
b 1.10 .8
c 1.60 1.10

d 2.65 1.75
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FIGURE 7.8

3043 profiles with best fit wvalues of wing constant
}- Short wavelength wing

} Long wavelength wing
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FIGURE 3.9

3043 profiles with maximum values of wing constant
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FIGURE %.10

3043 profiles with minimum values of wing constant
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Thus it is shown that 20% may be taken as an
absolute upper limit for the uncertainty introduced in
each individual measurement of C due to lack of precision
in the line profile data. Eurther uncertainty arises
through the quantities whereby Cis derived from T , ie the
experimental error of measuring Nq.FO%] 1l . 3Both Nq and
FO%? depend on the measurements of Ne and the ionisation
balance. They caanot be regarded as independent quantities,
therefore, and the error estimate on their product should
not be derived by combining the accuracy to which the
absolute value of each is known. It is clear that for a

given Ne a change in N, produces a corresponding (smaller) -

1 :
change in FO% in the opposite direction. ie. the quantity
(Nq'Fo%') is known to better accuracy than:fhe measuremenf
of the ionisation balance. Its main uncertainty arises
from the value of Ne itself and, since (Nq.Fo4' ) scales
~ Ne2 may realistically be taken ~10%. The uncertainty
in 1, the plasma length may be completely ignored since
the data described below indicates that plasma did not
spill over significantly into the electrode region and the
Thomson scattering data at 5 mm from the electrodes (in .
fact rcpresenting a mecasurement of average values

over a volume extending from 2.5 to 7.5 mm from the
electrode) indicates that the length of plasma column

was the same as the distance between the electrodes, (ie.
30 cm) to better than 2%,

Combining all the uncertainties and the four

independent measurements a realistic conclusion is that the
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present data indicates
C = (1.95 + 0.2) x 10“8 (2/cgs field strength)%

Fig %.11 shows data taken with the connecting
tube between pinch and monochromator extended so that
its end aperture was in the plane of the electrode. A
reduction in inteunsity, by ~ 40% throughout the profile,
was observed, largely attributabie to the greater
restriction of the viewed plasma volume. It is likely
that a change in the absorption by cold neutral helium
between the plasma and detector (both inside the
monochromator and between its entrance aperture and the
plasma) also influenced the scaling of the entire profile.
This is of minor significance; the important feature |
is that theoretical curves with the value of wing constant
derived above show an excellent fit to the data. This
may be taken as good indication that no significant
distortion of +the observed profiles was caused either
by non-linearity of the photomultiplier or by effects of
cold gas or plasma in the electrode region.

3.%.4 Possible Effects of an End 7Zone

The diagnostics clearly indicate no gross
inhomogeneities in the plasma source. It is still necessary,
however, to investigate the possibility that slight,
undetected inhomogeneities could cause significant
distortion of line profiles thereby seriously reducing

the certainty of the conclusions.
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FIGURE 3%.11

The data for parts (i) and (ii) were recorded with the connecting tube betwween pinch

and monochromator extended through the eléctrode region for firing conditions (c) and (d)

9Lt

respectively. The same values of wing constant as for Tig 3.8 were used for the profiles.
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Fig %.12 shows the theoretical profiles for one
of the firing conditions as described in Section 3.3%.3

(Case C) compared with profiles calculated from

I(4) = [Io(1 — expl-k11)expl-k'1/] ¢+ I /(1 - CXP[—k’l'])]QIgiiizggﬁt
ie. profiles appropriate to a homngeneous plasma of
length 1 followed by a different homogeneous plasma of
length 1' . The ratio of IO' t6 IO is chosen as that
given by the change in the line source function. The
latter is assumed to be proportional to exp - hD/kTe .
10{710 is calculated for a 5% change in T, (ie. the
uncertainty of measurement of Te, by Thomson scattering,
at any point in the plasma). Thus for the low 'temperature'

\

end-zones (Fig 3.12a) a value of 0.58 is used, and .a

value of 1.62 for the high temperature end zones (Fig 3.12b).

Various lengths of end zone are shown, given dby 1' = 2, 10
and 50 mm (1 + 1' = 30). In all cases k = k' = O9+132%01af
(aX in R).

For the curves shown in Fig %.12 direct comparison
with the experimental data is impossible in that the latter
in no way represent absolute intensity measurements. Since
normalisation of the theoretical curves is to the saturated
intensity, on scaling up the low-temperature end-zone
curves they would be seen to lie systematically higher
than the data in the wings. Conversely, scaling down the
high-temperature end-zone curves would show theoretical

curves apparently calculated with too small a value of the
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z048 profile alterations caused by the presence of end-zones
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wing constant to fit the data.

It is apparent, however, that even with an
adjusted wing constant scaling the theoretical curves
cannot give a good fit throughout the eantire profile:
by normalising to line centre the adjustment required
would be much greater near line centre, where the data
shows the profile to be near the saturated value, than
in the far wings. ie. adjusting the wing constant to fit
the line wings would leave several data points near line
centre showing significant discrepancies. This would also
be true on normalising at some point off line centre
unless the theoretical curve showed sufficient flatness
to remain within the error bars of the data points on
either side of the normalisation point. ie. the end-zone
itself needs be optically thick over most éf the observed,
saturated region. This is demonstrated in Fig 3.13 ard
Fig 2.14 where theoretical curves allowing for end-zones
of 32, 4 and 5 cm are shown compared with the data for
conditions previously described as C and D respectively.
In all cases the wing constant is adjusted by 25% from
the values deduced in Section 3.%.% (representing a
significant adjustment compared with the + 20% accuracy
claimed on each measurement of the wing constant). ie.

both k and k' are taken at the values shown in the following

table.
_ C D
High temperature end-zone 0.17 0.275
Low temperaivure end-zone 0.10 0.165

all to be divided by 30 [aM% (aX in ),
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Fitted curves for various lengths of end-zone compared with profile (c) of Fig 3.8
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FIGURE %.14.
Fitted curves for various lengths of end-zone compared with profile (d4) of Fig. 3.8
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It is seen in all cases that the curves for
the plasma with end-zone cross over the theoretical curves
appropriate to a homogeneous plasma (ie. the theéretical
curves of section %.3%.3). The above adjustment is too
great for the far wings, therefore, but insufficient
nearer line centre. In the wings the error bars on the
data are sufficient, however, to regard these remaining
discrepancies as insignificanrt (kaving made appropriate
slight adjustments to the Eackground level). This is not
true near line czntre where significant discrepancies between
the data and the theoretical curves are still evident. It
is seen that as the length of the end-zone increases these
discrepancies systematically decrease so that at 5 cm the
theoretical curves are lying within the error bars of
most of the data points. For end-zones differing by 5%
in Te from the rest of the plasma, therefofg, they‘typicaily
need be at least 5 cm long (if containing a similar
number of absorbers to the main body of the plasma) to
give theoretical profiles compatible with the data.

The effect of changes in number density in the end-
zone should also be considered. For a 5% change in Te
the ionisation balance in the end-zone may differ
considerably from that in the main body of the plasma.
Assuming Ne.N++/N+ to be proportional to T§7-€XP—C?§TQ at
4eV a 5% change in Te gives ~15% change in the HeIl ground
state number density. Adding 10% for the uncertainty in
Ne results in a possible 25% change in the ground state
number density and, therefore, also in k', The effects of
such a change is illustrated in Figs %.15 and 3%.16 for

a 5 cm end-zone compared with the data of conditions C
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FIGURE %.15
Curves for a 5 cm end-zone having both Ngand Te changed czompared with proiile 3.8 (c)
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FIGURE 3.16

Curves for 5 cm end-zones having both N, and Te changed compared with profile 3.8(d)
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and D respectively. TFor Fig 3.15 a value of k' = 0.155/50lakf%
is used for both the high and low temperature end-zone
curves (since this change in k' is in the opposite sense
to the required adjustment of the wing constant) and for 3.16 a
value of k' = O.22/50hﬁkr§ . The fit to the data is seen to
be slightly worse than the 5 cm end-zone curves of
Figs 3.1% and 3%.14 near line centre but almost identical
in the wings. Thus an even longer end-zone is required.

It has been established, therefore, that for
inhomogeneities too slight to be detected by the Thomson
scattering measurements a false deduction of the wing
constant ( in error by ~ 25%%) could only be caused by an
end-zone having 50 mm, or greater, length. Whilst each
point in this 'end-zone' is within the accuracy of the
diagnostics, consistent changes from the average values,
even of small magnitude, throughout such a substantial
- plasma volume cannot properly be described by the term
'end-zone' at all. Rather it should be described as a gross
inhomogeneity and, as such, is definitely contrary to the
Thomson scattering results.

A further possibility to be examined is the effect
which would be caused by a very narrow end-zone not probed
by the Thomson scattering (ie. within 2.5 mm of the electrode
since the scattering at 5 mm wes measuring the average
values within a plasma volume extending from 2.5 to 7.5 mm
from the electrode). In this case there is no need to
limit the density and temperature changes to the accuracy
of the scattering diagnostics. The end-zone would becone
sufficiently optically thick for the thecretical curve

to show encugh flattening at line centre to fit the data if
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number densities were sufficiently increased. It is
clear, however, that the increase required is such that
the end-zone contains as many absorbers as are contained
in 50 mm gt the number density of the main body of the
plasma. ie. for a plasma having. typically N_ = 1017cm—5,

18 would be required throughout the

a value of Ne‘” 2.710
last 24 mm. This situation would lead to the average

number density on axis being some 15% higher than at any
point on axis in the main body of the plasma if such an
end-zone existed only at one end of the plasma. Even

this unlikely situation represents consiaerably worse
constancy of the Ne dedu;tion between the spatially

averaged (interferometric) and spatially resolved (scattering)
measurements than was observed and can immediately be
discounted.

It is clear, therefore, that any end-zone which
may have been present in the plasma and not detected by
the diagnostics could not cause an erroneous deduction
of the wing constant. ie. could not cause a distortion
of the profile in such a way as to give a theoretical
curve having wing constant different from that deduced
on the basis of a homogeneous plasma showing a good fit
to the data. The crucial point to fealise is that the
profile data itself excludes the possibility of a small
end-zone. The question of the sufficiency of the diag-
nostics Jjustifying the use of a homogeneous plasma model,
therefore, depends critically on by how much, if at all,

the observed central saturated region of the profile
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exceeds the instrumental width. In the present
experiment it has been amply demonstrated that, more
than being adequately justified, a homogeneous plasma
model is the only possible reasonable choice. In the
previous experiments performed on a much shorter plasma,
without an appropriate increase in spectral resolution,
it is doubtful whether spatially resolved diagnostics
could ever have sufficient precision. The concluding
remarks of Chapter 2 (Section 2.4), discussing the
suitability of the Z pinch apparatus used in the present
experiment, thus become strongly reinforced in the context
of the line shape analysis.

Al Hell Balmer Series lLines

Similar confusion exists over the outcome of
experinents on other Hell lines as did for the 3043 line.
In fact, HeIIl lines in general are so poorly covered by
experiment that the review of the situation given by
Griem (1974) treats HeIl lines as a whole rather than
discussing individual lines. The confusion is particularly
acute for the Balmer series lines as is made clear below
in the summary of the HeIl observations in so far as they
are relevant to these lines.

3.4.1 -Previous Obst¢ ~vations

The first set of Hell line profile observations
to be compared with theory, Eberhagen and Wunderlich (1970),
noted the general trend that the line wings fell off much
faster than was predicted. Of the Balmer series lines
they measured the 2nd, %rd and 4th members at 1215, 1085
and 40253. They further noted that their data on the 1215
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and 1085 lines, agreed within mutual error brackets with
those of Hessberg and Botticher (1967). TFor the latter
authors' work, also including observations of the 16408
line, no theoretical predictions were available at that
time with which to compare the data.

These were the only observations of HelIl Balmer
series lines until the experiment of Jones et al (1971)
which studied the 16408 line. Jones et al also made
profile measurements for the 3043 line (as discussed in
Section 3.3%), 4686 and 10,12% lines in an attempt to
assess the accuracy of Hell predictions since intervening
observations of some of the Paschen series lines had cast
doubts on the certainty of Eberhagen and Wunderlich's
conclusions. Apart from the 3043 line they concluded
that theory generally gave fairly good agréement near
line centre, say between the 10% of peak intensity points.

Jones et al's observations only extended far
into the line wings for the 16408 line. Considerably
greater intensity (-~ 50%) was observéd in the wings than
predicted which they attributed to density gradients in
the source. No numerical argument was provided, however,
to back up this 'explanation' in detail.

Clearly the situation for Hell Jine wings in
general and for those of the Balmer series lines in
particular was far from resolved.

3.4.2 Comparison of Observed Profiles with Theory

By similar arguments to those in Section 3.3.1.2

the theoretical profile may be written as:-
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I{(&\) = Iy + I (1- expl-t]) ® Instrument function

with

L
Optical depths were much lower for the Balmer
series lines than for 3043 and the observations of the
wings did not represent such large separations. The
tabulated values of S (a) in Kepple (1972) are extensive
enough to cover the whole wavelength range observed. No
recourse is needed, therefore, to fitting asymptotic
expressions. At a typiggl value for N2 §f ’IOI‘ch—3 the
line centre optical depths for 1640 and 1215 are of
the order of 10 and 0.1 respectively with 1085 a further
order of magnitude lower. The curve fitting for 1640,
which is optically thick, needs be essentially similar
to that for 304, ie. to the saturated intensity. The
precise value of N2 is, therefore, a critical parameter
for this line. The other lines are seen to have been
optically thin, however, and ordinary area normalisation
may be used.

Z2.4.2.1 The 16408 Line

‘A preliminary experiment was performed to determine
what slit width should be used. The 1640 line wing was
observed over a wide range of slit widths (entrance and
exit slits being kept at equal width in all cases). Fig 3.17
shows the detected signal for slit widths of 40 pm and
170 pm on voltage scales which differ by a factor of 18.

At the position in the wing which is the same factor smesller
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16408 1line wing shape
The far wing shape is seen to be independent of the slit width
over about a factor of 20 in the detected intensity. A similar factor
being involved in scaling between the two sets of data ensures a useful

operating range of well over two orders of magnitude {or the narrower siits.
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than the peak intensity of the profile taken with the
narrower slits the visual best fit curves drawn through
each set of data are seen to be well coincident. Thus is
it demonstrated that the peak intensity with 40 um slits
is within the linearly operating range of the photomultiplier.
This is especially true when it is realised that most of
the rounding off of the profile taken with wider slits

is due to the increased instrument width rather than
photomultiplier saturation. Furfhermore, it should be
noted that at 40 u#m no loss of accuracy in the far wings
was evident due to lack of signal.

The profile daté~proper, at tﬁe four firing
conditions, is shown in Fig %.18. The data is seen to lie
systematically higher than the predicted cufves over a
large portion of the line wing (hence the choice of

maximum N, in Section 2.4). The scaling of the profiles

2
is seen to give a fit to typically 5 data points near
line centre and the choice of background level gives at
least as many, in all cases, in the far wings.

The normalisation proceedure 1s necessarily
suspect, however, apart from uncertainty in NE’ in terms
of not resolving the line centre and the impossibility
of being sure in the far wings of the relative contributions
of the line itself and of the background emission. The
discrepancy, as shown, may be largely exaggerated due to
the particular choices of saturated intensity, background
level, and scaling of the entire profile. By not restricting

the 'fitted' curve to show a fit on the far wing and

choosing a higher background level the predictions could,
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in fact, lie high on the far wings but otherwise be much
closer to the remainder of the data.

For the 12153 profile, however, area normalisation
does not allow such freedom )in the curve fitting and a
similar discrepancy to that shown in Fig %.18 was observed
(see Section 3.4.2.2). It is likely, therefore, that
for the 16402 line there is a definite failing in the
theory in that a regime exists in the line wing where
more broadening is observed than-predicted.

3.4.,2.2 The 12152 Line

Fig 3%.19 shows 12158 line data compared with curves
calculated from Kepple's>tables of S(a ). Again, as
mentioned above, large portions of the line wing data are
seen to lie higher than the predicted curves. The only
real possibility that the discrepancy is not due to
inaccuracy in the theory in this case is that the observed
excess emission is an artefact of the discharge which 1is
not HeII 12158 line emission at all. Impurity line
emission in the wings can be ruled out in that none are
resolved. Extended wing emission of impurity hydrogen
Lyman a , which always seems to be present in discharges,
is examined below.

The relative wing intensities of the H I and Hell
lines at 1215R depend on the relative values of oscillator
strength, S( a ) and upper state populations. The predicted
values of S( a ) are such that the first two factors almost
cancel at a separation of ~ 18 and, with the H I line

falling the faster, give the Hell line stronger by about
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a factor of 2 by -vBﬁ. Already this 'explanation' of

the discrepancy is looking unlikely, therefore, by its
very nature, ie. much more apparent at BR than at 3.

We may go much further, however, by examining the upper .
state populations. Both levels lie the same amount

below the ionisation potential. All terms in the Saha
equations expressing their fraction of the fully strippea
ion are identical, therefore, exceot for a factor of 4

in favour of the Hell n = 4 level arising from the
relative statistical weights. The relative numbers of
bare H and He nuclei depend on the initiél concentrations
of H2 and He. Since the-filling gas was pure helium it is
extremely unlikely that there could have been as much as
1%4H2. In this extreme situation, on the reckoning that
the electron density typically had ~85% contribution from
singly ionised He ions, ~15% from doubly ionised He and

a small contribution from completely ionising all the H2,
the H T Lyman @« upper state population would still only
Be-v % of the HeIl 1215 upper state.

It must be concluded, therefore, that the data
shown in Fig 3.19 represent observations which definitely
prove an inadequacy in the theoretical predictions for
the broadening of this line.

%.4.2.% The 1085% Line

Reliable data could not be obtained over the
entire HeIl 10852 line profile because of the (unexpected)
presence of nearby strong N II line emission. Not
surprisingly the time history of the N II emission was

quite different from those features which peaked near the
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pinch such as He II, C III, O IIT and O IV. Typical time
histories are shown in Fig 3.20. What is surprising is
that N IT was detected at all in view of the previous
non-appearance of N IIT and N IV.

Fig 3.21 shoﬁs the recorded data having a time
history characteristic of the He II emission (ie.
favouring the shape of Fig 3.20b) compared with profiles
calculated from Kepple'é tabulated values of S(a).
Emission at sm21l wavelength separations on each side of
line centre, favouring the shape of Fig %.20a, is not
shown in Fig %.21. Even at the time of peak compression
this would typically be about a factor of two higher
than the line centre intensities of Fig 3%.21. As shown,
the data indicates considerably more than the predicted
broadening. In view of the flimsiness of the line centre
data, however, it would probably be an overstatement to
claim this as being more than a strong indication of a
discrepancy.

2.5 Summary of the Line Profile Measurements

Line profiles were observed from a restricted
volume of plasma whose homogeneity was established by
direct spatially resolved techniques independently of
any assumptions about the state 6f the plasma or, eg.,
Stark broadening theory. Ior the 5043 line profile the
optical depth remained sufficiently high at substantial
separations from line centre so that the profile data
demonstrated that no boundary layer consistent with the
diagnostics could be operative.

A value of 1.95 + 0.2 x 10_8 was deduced for the
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FIGURE 3. 21

10858 Line profiles
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3008 wiﬁg constant, in perfect agreement with the
predictions of Green and Cooper (1975). This is somewhat
lower than the value 2.72 x 1078 quoted by other
experimentors as being derived from Kepple (1972). However,
in view-of the agreement between the two theoretical
treatments up to the maximum value of a calculated by
Kepple, this seems to be entirely due to tﬂe unjustified
a—¥ long range extrapolation. ie. the present result
cannot be interpreted as showing.any discrepancy with
Kepple.

For transitions with n = 2 lower level the
observations were carried out entirely within the range
of a for which Kepple gives predictions. For each line
observed, however, a fit of the theoretical curves to
the data could not be obtained. Whilst the data qu the
1085 line was of doubtful quality and the normalisation
proceedure for the 1640 line precluded a unique inter-
pretation of the discrepancy (ie. as to how much the
data shows a near wing underestimatiom or far wing over-
estimation of the intensity), the only consistent inter-
pretation for the three lines as a whole is that theory
definitely underestimates the wing intemsity. It must be

concluded, therefore, that this discrepancy is real.
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CCONCLUSION

To conclude the present study of He II lines
discussicn is given below of the significance of the
results obtained in so far as they aid the understanding
of spectral lineshapes of ionised emitters immersed in
plasmas. The current importance c¢f this field and likely
future developments are also discussed. It is thereby
shown that a useful and original contribution has been
made, to which end the main results of the thesis have
been published (J. Phys. B, 1978) and a copy of the paper
is appended.

| Throughout the history of Stark broadening (or,
indeed, of the whole of physics) it has often been the
case that inadequacies of theoretical calcplations which
were previously believed accurate have onl§‘been uncovered
by careful experimentation. On subsequent re—examination
of validity criteria for approximations made in the
caléulations, and the inclusion of what were previously
considered unimportant effects, improved treatments have
emerged. In the final analysis only observation provides
the true test of a theory, whilst experiments of improved
precision are always Jjustilied.

Until recently, observation of lineshapes of
ionised emitters has been restricted by the difficulty
in obtaining plasma sources containing simple atomic
species, ie. hydrogenic or helium-like ions, which are
amenable to calculation. Consequently much emphasis has
been placed on He IT lines, from which extrapolation to

higher 7Z ions would seem much less dangerous than
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from neutral hydrogen. Even so there have been
relatively few He II measurements. Argument raged over
various possible sources of uncertainty in the experimental
analyses, clearly indicating the need for improved
experimental precision.

The measurement of the 5043 wing constant has
improved the situation for the reasons which follow. By
making measurements using a normal incidence monochromator
the volume of plasma contributing teo the detected intensity
could be restricted in a carefully controlled manner.

For the first time the profile has been measured from a
plasma, the distribution of density and temperature within
which Was-established by fully spatially resolved techniques.
Allowance could therefore be made of all poésible sources

of inaccuracy in the analysis. The fact that the appropriate
choice of model was that of a homogeneous plasma both
simplified the analysis and demonstrated the excellence

of a Z-pinch device as a source for lineshape studies.
Furthermore, detailed numerical modelling has conclusively
demonstrated that with presently available spectroscopic
detection techniques the certainty in the accuracy of the
result obtained could only have been achieved on a long
plasma such as was used., Finally, despite other workers
having made speculation as to which of the two published
theoretical calculations is favoured by experimental

results, it has been pointed out that the two treatments

give nearly identical predictions for the line wing whereas
only one of them is extensive enough to cover the range

of wavelength separations probed by experiment.



142

For the He II 'Balmer series' lines the source
proved somewhat less satisfactory. Nevertheless, data
were obtained over a very wide intensity range of
sufficient gquality to clearly indicate discrepancies
both with theoretical calculations and with previous
experimentors results. It is at least established,
thereforz, that further experimentation is necessary for
these lines. For the 16408 line the problems of line
centre normalisation, for an unresolved saturated region
and an uncertain n = 2 population, would be overcome by
taking measurements from a much shorter plasma (~ 1 cm).

In this case the line would be optically thin and ordinary
area normalisation could be used. The very low intensities
on the far wings, however, would doubtessly pose severe
detection problems. Alternatively the profiles could be
measured in absorption. This is likely to be a much more
fruitful approach, for this and other lines of the series,
especially as modern developments in frequency doubling
and tripling techniques of visible dye lasers, for example,
make excellent radiation sources available for these wave-
lengths. The important question of the line centre dip

of the 12153 line is also worthy of further experimentation,
being exactly equivalent to the much studied Hg profile.

Appreciation of the significance of the results
in a broader context, and as a pointer to future develop-
ments in the study of lineshapes from ionised emitters,
may be gained by considering some of the recent develop-
ments and current activity in this field. There is now

1ittle difficulty in obtaining hydrogenic ions to quite
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high Z from laser produced plasmas (eg. Si XIV is an
abundant ion in microballoon implosion experiments).
Furthermore, great interest is now being shown in
measuring lineshapes from such systems for diagnostic
purposes. A series of papers by R.W. Lee (1978),
describing improved theoretical calculations, gives
a fair assessment of the present state of the art with
regard to the reliability of using lineshapes for
diagnostics. In particular, he improves on previous
calculations by identifying observable effects which
arise from his inclusiog of ion dynamic éffects and some
extra terms due specifically to the charge on the radistor.
In neutral hydrogen considerable change is noted at the
line centres and it is claimed that, for those lines
for which there is experimental data (particularly Ly a
and Hp ), the predictions are brought more into line with
the data. ZFor ionised systems the calculations remain
untested yet give predictions which in some cases differ
significantly from previocus calculations (eg. Lee concludes
that the deductions based on NeX Lyman y measurenents by
Yaakobi et al, 1977, ma2y be in error by about a factor
of 2). -

In addition, Lee includes an approximate treatment
of the initial correlaticn problem (allowing shielding‘
of the radiating ion). Line shifts consequently arise in
a natural way rather than the somewhat artificial approach
of imposing a time averaged 'polarisation'’ charge at the
emitter to produce the so-called plasma polarisation shift.

A summary of work adopting the latter approach, and yet
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more data claiming a marginally detectable shift for

He II 304, is described by Neiger and Griem (1976).

It remains an open question whether in fact any experimental
or souxnd theoretical evidence exists for a shift of this
line. The present experiment was in no way set up to
detect a shift of the expected small magnitude (~0.01%)
being unable to.deteot the line a+ low densities (ie. an
unshifted line as a wavelength standard) as well as the
gquality of the data coupled with'the shot-to-shot

scanning method of building up profiles resulting in

being unsble to place the line centre better than ~0.02%.
Of the shifts predicted by Lee the most directly observable
2% 3)

will probably be at the very high densities (~ 107 cm~

of laser compression experiments. For example shifts of
a few milliangstroms may be expected for SiXIV Lyman « ,\
readily detectable using a crystal spectrograph. (It
should Dbe noted that this is a line centre shift, not to
be confused with an average of the line wings, since
Lee's calculations also predict asymmetries). These may
well prove a sensitive test of the theories.

Of fundamental importance in testing the reliasbility
of the predictions is that the lines be measured from
a well understood, or at any rate wéil diagnosed, plasma.
This poses a problem, however, in that the source of the
lines we are considering, a laser produced plasma, does
not readily lend itself to diagnosis. Moreover, the
region of the profile which would be most useful as a

diagnostic, the line centre, suffers most with regard

to not having been fully tested. Recently, experimental
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and theoretical agreement has been obtained at line centre
for neutral hydrogen Iyman o« (Lee 1978) but there scems
little chance, for experiméntal reasons, of doing the
same in He II. An alternative approach (perhagg for
initially diagnosing the density of the plasma'so
that theory may be tested) is the method suggested by
Smith and Peacock (1978) using only the well understood
parts of the profile, the line wing;. (This paper is
very much on the same topic as the thesis, being
concerned with the line wings of hydrogenic ions.
Whilst not actually being part of the thesis it is
being submitted as supplementary material and a cbpy
is appended).

To summarise, therefore, it is clear that it |
'is becoming ever more important to establish the use
of lineshapes of ionised emitters for plasma diagnostics.
For the work described in this thesis, experimental
constraints restricted the study to the line wings.
In some circumstances, however, useful diagnostic
information may be gained independently of the line
centre, as described in the attached paper. The thesis
has described an experimental study in which the aim
was to achieve the highest possible standards of
precision and eliminate any possible source of uncertainty
in the analysis. The necessary considerations and
proceedures in achieving this end, which are described,
should serve as a guide to other experiments designed

to test the accuracy of lineshape theory.
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APPENDIX

THE PINCH FIRED IN HYDROGEN

As well as the work dscribed in the main body of
the thesis investigation was made of the pinch as a
source for hydrogen lineshape studies, in particular
for the very important Lyman a line

Lyman « measurements may have been of significance
for either of two reasons. In the line wings, over the
region where the wing constant in the asymptotic expression
goes from the Holtzmark value to about twice as much,
comparisons of fhe data of all the previous experiments
with theoretical predictions rely heavily on taking
proper account of r;diative transfer effects across
inhomogeneous plasmas and effectively require absolute
intensity calibration (see Fussman 1975). 'This is
clearly far from an ideal situation in assessing the
~accuracy of the theory. Secondly, to date only one
experiment has observed the line under optically thin
conditions so that the broadening near line centre could
be studied in detail (Grutzmacher and Wende “1977).
Considerably more broadening was observed than theory
predicted which only recently has been explained as being
due to ion-dynamic-effects (R.W. Lee 1978a).

Preliminary diagnostics showed the pinch behaved
quite differently in hydrogen from in helium, especially
with regard to the time to peak compression. In itself
this was not regarded as being particularly disadvantageous.
When attempts were made to record profile data, however,

the device proved itself to be a far less satisfactory

-
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source than it had been when run in helium. Whilst no
successful comparisons to thecretical predictions could
be made, the results which were obtained are presented
in the sections whiéh follow in that they may provide
guidance to future users of Z-pinch discharges.

A1 DIAGNOSTICS

A1.1 Censity Measurements by Interferometry

The electron density was measured over a range of
fi1l pressures and firing voltages by identical method
to that described in section 2.1.1. The results are
summarised in Fig A.1. TFig A.2 shows typical fringe
patterns.

Having identified the turn round point, from light
emission measurements, as occuring at about 5 wsec from
initiation of the discharge, counting of fringes to peak
compression was relatively straightforward. XEven for
such easily visible fringes as are shown in Fig A.2,
however, it was again observed that.counting fringes
after the peak gave unreiiable results.

Unlike the helium measurements,'it was observed
that for filling pressures of 0.15 torr or greater the
 time to peak compression showed a slight decrease as
the firing voltage was raised.

A1.2 Temperature Measurement from Continuum Slope

Both bremsstrahlung and recombination continua
fall off as exp[— (02/XTeXL/ %2 . Taking into account
the relative efficiency of this particular grating and
photomultiplier (Driver 1973) the form of the detected

signal due to hydrogen emission at wavelengths < 9008
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is expected to be as shown in Fig A.%. Fitted data are
also shown. Assuming a constant stray light level a
temperature of 3.2 eV was deduced for a firing voltage
of 5 kV, independent of pressure. Because of poor
sensitivity of the method, howéver, shot-to-shot scatter
and uncertainty in the stray light level it is doubtful
whether the deduced value is any more accurate than 20%.
Apart from filling with hydrogen instead of
helium, the apparatus was set up exactly the same as
for measuring 3048 line profiles as described in Chapter 3.
The relative intensity at each wavelength was measured
by taking the mean value from several shots over a
spread of a few 2 to ensure that the detected signal
truly arose from continuum emission rather than any
impurity line. |

A2 Lyman a Profiles

The experimental method was exactly the same as that
used to measure the He II Balmer series lines, described
in Chapter 3.

Profile data recorded at low density, as shown in
Fig A.4, clearly indicated that there would be little
chance of observing the line under optically thin
conditions. A large self-reversal and poor shot-to-shot
reproducibility just to the long wavelength side of
line centre prevented a good measurement of the saturated
intensity, thus suggesting that profile analysis would
be limited to the line wings and to data recorded at
higher densities. Reproducibility away from line centre

was good, even over the region dominated by impurity line
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. Hydrogen line emission

. . X Impurity line emission

1210 1215 1220 . ?
FIGURE A.4

261

Lyman a-emission from a hydrogen plasma with Ng ~ 5.'1016cm-5
(The pinch was fired at 5 kV in 0.1 torr pure hydrogen)
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emission, shown in Fig A.4 at about 120728 (no reliance
should be placed on the absolute calibration of the
wavelength scale, this line was, in fact, identified

as being due to the strong pair of Si III lines at 1206.5%)

At somewhat ﬁigher densities, Fig A.5, whilst
better re2solution of the flat top was achieved, it was
found that impurity line radiation caused there to be
few data points in the important region of the profile,
ie. where the intensity is close to neither the saturated
value nor the background level. The restriction moved
to even higher densities, therefore, where the fall-off
would not be as steep.

At even higher densities, however, it was also
proved that a successful analysis would not be possible;
in this case for the following reasons. firstly, it
was found that shot-to-shot reproducibility throughout
the profile became appalling at the higher densities,

a factor of two difference between successive shots

being fairly typical. Tke resulting scatter is evident
in'Fig A.6 where each data point plotted is itself the
average of three shots. All attempts to improve this
situation, eg, by ensuring good electrical éontacts and
spark gap operation, were unsuccessful. It must be
concluded, thérefore, that with this particular Z-pinch
design, instabilities set in before the pinch when trying
to achieve a high density plasma in hydrogen.

Secondly, the width of the self-reversed region
had become so large as to make the measurement of the
line centre intensity unreliable, presumably due to the

extra hydrogen inside the monochromator chamber.
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Thirdly, and most important in that it would almost
certainly also be true at lower densities, was the
realisation that the line source function was far below
the blackbody level. This was evident in the observation
of impurity lines, apparently optically thin in that
their shape was purely the instrument function, having
greater intensity than the saturated Lyman a value. The
impurity lines annotated in Fig A.6 were typically about
a factor of two higher. (Other wavelength regions where
no data is shown are accounted for by somewhat smaller
impurity lines). Also there was the observation that
on changing the filling gas to helium the He II 12152
line gave a signal about 50 times greater than had been
seen in hydrogen. (To account for this purely as a
temperatﬁre change would require Te to have gone down to
about 1.5 eV in the hydrogen plasma). Thus any realistic
lineshape analysis would have required knowledge of both
the n = 1 and n = 2 level populations, for which direct
measurements were not available.

Finally, apart from any corrections necessary over
such a large wavelength range for instrumental bandwidth
and response, the assumption of a constant background
level would be very dangerous, yet probably necessary
for data showing such a small contrast (~ x 20) between

the line centre and the background.
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ADDENDUM

A recent experimental paper by Bacon et al (1977), published
since the analysis of seciion 2.4 was carried ous, sugzgests that the
theoretical HelIl 4686R line profile of Greene (1976) is more reliable
than that of Kepple (previously referenced). This section discusses
the possible implications this may have on the derivation of the
ionisation ratioc in the plasma and thence on the V.U.V. line profile
analysis.

In section 2.4 the optical depth of the 4686 line was estimated
using a model calculation of level populations and optically thin
profiles derived from the data showed fair agreement with Kepple.

. The data thus demonstrates that Kepple's is a reliable prediction
only in so far as the model can be proved valid. Since fixing N3z
(the population of the lower level of the transition for the 4686
line) to be thermally populated with respect to the next higher
ionisation stage was based on little more than assumpticn, which
could be subsequently justified by giving agreement with Kepplé,
there seems little reason for not abandoning the model in the light
of doubts cast on Kepple's reliability. (It should be noted that
in this model the actual value of N3 is very insensitive to
variations of Te. -This may be seen by arguing that the Boltzmann
equation relating 3 to N1 should be corrected in the same
proportion as the ionisation ratio differs from Saha. The Te
dependence of the correcticn almost cancels the exponential in
Boltzmann's equation whilst N1 being nea; Ng, is slowly varying in
Tes Any apprecisble deviation from Keppie thus demands complete
abandonment of the model rather than anyﬂattempt to adjust level
populations within the uncertainty of the‘:: diagnostics). It is,

of course, pcosible to attempt,independenkly to justify the model

by considering (%ime dependent) collision rates and radiative rates.
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. The more fruitful procesdure, certainly in the f'irst instance, in the
context of the reliability of the V.U.V, profile analysis, is to
asscss how much the analysis would produce differing results from
those previously obtained if it were assumed that Grecne did
reliably predict the 4686 profile. This is presented below.

Greene predicts a L4686 profile having slightly less than half
the value of half width predicted by Kepple. To derive an optically
thin profile from the data showing agrecement with Greene, therefore,
requires a considerably higher optical depth than was used in
seétion 2.4+ The adjacent figure
shows an optically thin profile

derived from the same data as shown

in Fig. 2.18, but with T chosen so
i o= CREDNE

= Data corrected for opacity

Raw data

that the half width is the same as

given by Greene. The line centre

absorption coefficient of this
narrcower profile is about twice
that of Kepple, whence, typically,

an increase of slightly less than a

factor of two in N3 1s required to *
T
’ . 3 2 1. (I) 1 2 3 .2
make up the remainder of the x102 4
56'86 FRCFILIES
increase in 7. Here the intensity The cptically thin profile is derived by requiring it to

have the half width given by Greene, Carpariscn is made with

3 3 the profile of Greens using arca normmalisation.
correcticn is seen to be about a P

factor of 1.6 (compared with=~1.3 in Fig. 2.18)

1

Following the above proceedure the ionisation ratio was

recalculated for each of the conditionsﬁat which 304 profiles were
neasured and the resulting changes in N1‘and C (the 304 wing constant)
are shown in the following table ('old' values from pages 72 and 110

are reproduced for compariscn purposes).’
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a b c d
N, 0.85 1.15 1.3 1.65 x 1017c;m"3
I .r\ 1 .O I8 11.0 .O
468§/L471aaha 7 5 b
N4Saha 0.48 0.9  0.91 1.4 x 10 g™
Iobserved 6 3. b 2
-.Icorrected 743 k.0 5-8 2.7
101d' values N, 0.62  0.97 1.07  1.47 x 10 e
L C 2.01 1.83 1.99 1.97 x 10-8(K/cgsfk
.
Icorrected 25 o2 6.8 3.2
recalculated N, 0.59 0.9  1.03 1.4 x 10 fem™>
values -8
c 2,08 1.88 2.0, 2.00 x 107°(&/cgs)*

A decrease of between 2 and 5% is seen in Ny giving a
correspanding increase in the deduced value of C of between 1.5 and
3.5% (recall the opposing effect of changes in Fg in changes in C
caused by varying Ny - p117). Hence, the overall derived value of C
for the 304 line would now be 2.0 + 0.2 (K/cgsj?compared with the
previous 1.95 + 0.2 (R/bgs?f

The only other V.U.V. line for which consideration of level
populations was important was the 16408 line, Remembering
that N, was chosen, as a fraction of N,, at the maximum of & range
of values differing by at least a factor of two, it is seen that
the present considerations are entirely insignificant.

Further discussion would be needgd if the point in question
were the reliability of prediction of ﬁhe 4686 profile itself. As
far as the V.U.V. lines are concerned, %owever, it is seen that the

caonclusions of the analysis presented iﬁ the main body of the thesis

t

remained unchanged except in admitting the possibility of a slight

systematic errcr in the 304 wing constant determination amounting

to about ons quarter of the estimated egperimental uncertainty.

REFERENGES: Bacon, K.E., Bamard, A.J. and Curzcn, P.L. (1977), J.Q.S.R.T., 18, 399 - 403«

Greens, R.L. (1976), Phys. Rev. A, 1k, LT - 1451,
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Abstract. Experimental Stark profiles are presented for the helium 1 304 A resonance
line, and for two members of the He n Balmer series in a plasma in which conditions
of density and temperature, including spatial variations throughout the plasma, are accu-
rately known from Thomson scattering measurements. The profiles were observed from
a spatial region of the plasma limited by use of optical aperturing techniques and known
to be entirely homogeneous from the Thomson scattering measurements; the ionisation
balance in the plasma was separately measured spectroscopically.

1. Introduction

In this paper we describe experimental studies of the plasma-broadened profiles of
VUV transitions of ionised helium at 304, 1215 and 1640 A. Considerations of plasma
homogeneity are of obvious consequence in the interpretation of profiles of optically
thick transitions, such as He 1 304 and 1640 A, and can be a major limitation on
the accuracy with which conclusions can be drawn. The measurements reported here
are the first observations of these lines in a plasma in which the homogeneity of
both density and temperature in the (carefully restricted) region of the plasma
observed in the line-profile studies has been established in detail by a direct spatially
resolved technique (Thomson scattering), independent of emission spectroscopic
measurements or of inversion of other line-of-sight integrated data.

Such measurements of He 11 line profiles remain of significance for two reasons.
Firstly, experimental studies of line shapes for ionised emitters are still of general
interest in connection with diagnostic measurements on fusion plasmas, and particu-
larly are of direct consequence in present work on laser-generated and laser-com-
pressed plasmas. Whilst much work has been done on the broadening of lines for
neutral hydrogen, the situation for hydrogenic ion lines is both less satisfactory in
scope, and much more confused with regard to outcome. Secondly, even for He 11
there are relatively few experimental results, and for the 304 A resonance line still
considerable discrepancy between the only three previous experimental studies. Thus,
Jones et al (1971), using a T-tube plasma source at an electron density of
3 x 10'" cm~3 claimed a wing constant for 304 A a full factor of two lower than
theoretical predictions by Kepple (1972) (see also tables in Griem 1974). These authors
attempted to explain the apparent reduced broadening theoretically, but fundamental
objections to the theoretical basis of their explanation by Burgess and Mcllrath (1972)

0022-3700/78/0012-2087 $02.00 © 1978 The Institute of Physics 2087
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have since been accepted by at least one of the original authors, Griem (1974). A
second experiment, Goto and Burgess (1974) performed over a range of electron
densities, did not confirm any discrepancy with theory. However, Goto and Burgess
applied a substantial correction for radial density gradients, since for instrumental
reasons they were forced to observe the whole of the plasma column, and could
only discriminate against axial gradients on indirect grounds (i.e. the constancy of
the fit over the considerable range of plasma conditions studied). In the absence
of spatially resolved diagnostics, Goto and Burgess pointed out that they could not
absolutely discriminate against the factor of two discrepancy claimed by Jones et
al without an intensity calibration made independently of line-centre intensity. How-
ever, it seems very unlikely that a systematic error due to axial or radial density
gradients sufficient to reconcile the two experiments could have remained effectively
constant over the range of plasma conditions studied by Goto and Burgess. At the
time the present experimental work was performed, these were the only two results
available for the He 11 304 A profile (as opposed to simply the line shift, see e.g. Gabriel
and Volonte 1973). The prime aim of the experiment therefore was to resolve the
issue of the He 11 304 A wing once and for all by applying sensitive diagnostic tech-
niques, in particular Thomson scattering, in order to make fully spatially resolved
measurements of both electron density n,, and electron temperature T,, throughout
the plasma, by physically restricting spectroscopic observations to a thus proven
homogeneous region of the plasma, and by making direct spectroscopic measurements
of the ionisation balance in the plasma, ie. independently of the determination of
T.. Since the present work was completed, a third study of He 1 304 A has been
reported, Neiger and Griem (1976). Their results are in agreement within moderate
accuracy (+25%) with Kepple’s theory, ie. are consistent with those of Goto and
Burgess. However, Neiger and Griem’s paper does not fully resolve the question
of He 11 304 A because the experimental techniques they used were essentially identical
to those of Jones ¢t al, and no definite reason has been established for the rather
different conclusions of these two closely similar experiments, whose error bars, as
shown by Neiger and Griem, probably still overlap. On the other hand, although
the present experiment used the same plasma source as employed by Goto and Bur-
gess, the spectroscopic and diagnostic techniques throughout were otherwise quite
different from those used in any previous study of He 11 304 A. The results reported
extend available data on the 304 A wing profile in accuracy, spectral range, and
to lower densities.

Rather similar confusion exists between various experiments on other He 11 transi-
tions, a detailed review being given by Griem (1974). Thus Hessberg and Botticher
(1967) obtained profiles of He 1n 1640, 1215 and 1085 A and their profiles are in
agreement with subsequent work by Eberhagen and Wunderlich (1970) who studied
the 1215 and 1085 A lines as well as 1025, 992, 4685, 3203, 2733 and 2511 A. Eber-
hagen and Wunderlich concluded that in general the line wings fell away much more
steeply than theoretical predictions, falling even below the Holtsmark value. However,
Bogen (1970) observed that 4686 A fell only slightly faster than predicted theoretically,
Jenkins and Burgess (1971) noted good agreement with theory for the 3203 A line
. and Jones et al (1971) reported profile measurements for the 4686 and 1640 A lines
showing no significant discrepancies with theory: (Jones et al's conclusions for the
1640 A line, however, required interpreting an observed intensity 50%, greater than
predicted in the wing as due to inhomogeneities in the source, which was the same
as used for their 304 A measurements). Further data on the He 1 Balmer series
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line is therefore still needed, and we report below on data obtained for He 11 1640 A
(Balmer alpha) and 1215 A (Balmer beta).

2. Plasma source

The plasma was generated by a Z-pinch discharge in a pyrex tube of 15 cm 1D contain-
ing brass ring electrodes 30 cm apart. All measurements were made at the time of
peak compression which, depending on experimental conditions, occurred between
8 and 10 ps after initiation of the discharge. The 342 pF capacitor bank was charged
to between 4 and 6 kV, and the filling pressure of pure helium was varied between
0-15 and 0-3 Torr. An important feature of these discharges is the range over which
n, and T, can be varied independently by changing the filling pressure and charging
voltage. In the present experiment four profiles were obtained at scparate n, values
between 0-85 and 1:65 x 107 cm™3, T, being kept relatively constant and being
3-8 eV in two cases and 4-0 eV in the others.

3. Diagnostic measurements

Three main diagnostic techniques were used. The electron density and temperature
in the discharge were both obtained from Thomson scattering measurements, and
such measurements were made fully spatially resolved in both the axial and radial
directions in the plasma column. Laser interferometric measurements were made
before and after the line profile runs in order to obtain a value of the electron
density averaged along the axis of the discharge both as a cross check on the Thom-
son scattering value of n,, and on the shot-to-shot reproducibility of the plasma.
Similarly, the ratio of the line intensities of He 1 4471 A and He n 4686 A was
measured before and after the line profile runs. The prime purpose of observing
this intensity ratio (given that the electron temperature was alrcady known from
the scattering measurements) was to obtain a direct measurement of the ionisation
balance of the plasma.

3.1. Thomson scattering measurements

The Q-switched, 2J, 20 ns, output pulse from a Korad K1000 oscillator-amplifier
ruby laser system was focused through one electrode into the plasma at the moment
of peak compression and the 90° scattered light was collected through the pyrex
wall of the discharge vessel. A | m Czerny—Turner Monospek 1000 monochromator
with a 1200 line/mm grating fitted with an RCA type C31034A photomultiplier was
used to observe the spectrum of the scattered light, building up spectra on a shot-to-
shot basis, the proved reproducibility of the plasma being better than 4 3% shot
to shot (see below). Slit widths of 1 mm, equivalent to a spectral resolution of 8 A
were used to obtain sufficient intensity. Measurements were carried out at on-axis
positions 150, 50, 20 and 5 mm distant from the electrode (see below). Similarly, data
were taken off axis out to the boundary of the plasma column at radial positions
separated by 5mm intervals. Under the conditions of the present experiment, the
scattering vector corresponds to about 2 Debye lengths, and the spectrum experi-
mentally and theoretically shows strong off-centre peaks whose shift and shape are
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Figure 1. Thomson scattering data taken on axis for the four firing conditions A, B,
C and D (listed in table 1). Crosses correspond to the red and open circles to the blue
wing of the scattered profile.

very dependent on conditions of n. and T.. Detailed curve fitting to the data enabled
an accurate deduction to be made of both T, and n. in the small volume of
plasma from which the scattering was detected in all cases, the quality of the
fit corresponding to an estimated absolute accuracy of +10% for n. and +5%
for T. (relative accuracy, ie. in comparing measurements at individual spatial

(o}

2 40 80 8 "0 40 60
(&) (&)

Figure 2. Thomson scattering data taken at radial positions 15, 20 and 25 mm off axis
for firing condition C. (a) 15 mm off axis, N, = 115 x 10'” cm~3. The broken curve
corresponds to the on-axis scattering for firing condition C (as shown in figure 1(c)).
(b) 20 mm off axis, N, = 44 x 10'¢ cm~2. (c) 25 mm off axis, N, = 9 x 10 cm~?

v
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points, is higher). All the spatially resolved data recorded at individual points on
axis agree identically with the axially averaged value of n, obtained from the laser
interferometer to within experimental error. Figure 1 shows data recorded on axis
at the centre of the pinch for the four firing conditions used. Extremely similar results
were obtained at all the other axial positions studied and for a given firing condition
no variation whatever in either T, or n, from point to point along the axis could
be detected in any instance. (For comparison purposes the point at 5 mm from the
electrodes corresponds to only 1-6% of the total plasma column length, which in
terms of the accuracy of the resultant profile is equivalent in the two T-tube cxperi-
ments (Jones et al 1971, Neiger and Griem 1976) to direct spatial resolution of a
boundary layer smaller than 0-3 mm, see also §6.) Similarly, excellent homogeneity
was found to exist in the radial direction. No variation whatever could be observed
in n, and T. at positions 5 and 10mm off axis, and only a slight decrease
in density could be detected at 15 mm off axis. As shown in figure 2, further off
axis the density fell rapidly, although interestingly the temperature remained relatively
constant.

3.2. Plasma reproducibility

No evidence could be found for any shot-to-shot variation in n,. The He-Ne laser
interferometer gave one fringe shift for each n, change of 117 x 10'¢ cm™3. The
density in the discharge proved reproducible under all conditions to within the accu-
racy of measurement of the interferometer trace, i.e. plus or minus half a fringe.
At the highest density studied of 1:65 x 10'” cm™2 the established reproducibility
of n, shot to shot, therefore, was better than +3-5%. For given discharge conditions
. this reproducibility was maintained long term throughout the observations as equally
as on a shot-to-shot basis. Similarly, the shot-to-shot reproducibility of T, proved
excellent, the relative intensity of the He 1 4686 A line to the He 1 4471 A line
at a temperature of approximately 4 eV being a very sensitive function of temperature
and increasing by about a factor 10 for a 0-6eV temperature rise. Variations in
the observed ratio of these lines were of the order of the experimental error (+15%)
corresponding to variations of T, shot to shot not exceeding =+ 2% under any condi-
tions.

3.3. Ionisation balance and level populations

The intensity ratio of He 1 4471 A to He 11 4686 A was used in conjunction with
the T, value obtained from Thomson scattering in order to investigate the ionisation
balance and level populations in the plasma. These parameters enter the profile analy-
sis in two ways. Firstly, it is necessary to know the ratio of doubly to singly charged
ions in the plasma insofar as the ion broadening of the line profiles is concerned.
Secondly (and more significantly), for the optically thick line profiles of interest, where
the central region of the profile is saturated, knowledge of the lower state population
of the line relative to the electron density is necessary in order to make comparison
of the observed line wings with theory. This correction is more significant for the
1640 A lines than for the 304 A line since, under present conditions, the ground-state
population of He 11 cannot differ far from n,, whereas the n = 2 population can
be extremely sensitively dependent on plasma conditions and on radiative trapping
effects. In the present analysis the upper states of the 4686 and 4471 A lines were
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assumed to be thermally populated with regard to the next higher ionisation state
and to free electrons, and using the known density and temperature a value was
obtained for the ratio of He*/He?*. This ratio was adequate in itself for analysis
of the 304 A profiles, but the 1640 A line profiles still require a model calculation
insofar as the population of n = 2 is concerned.

4. Measurements of VUV line profiles

A 1 m normal-incidence monochromator was used for all the line-profile studies.
For the 304 A line a 3600 line/mm grating was used giving a reciprocal dispersion
of 2267 A/mm and the monochromator was equipped with a ‘solar blind’ detector
consisting of a tungsten photocathode followed by an EMI 20th Century type electron
multiplier. The entrance and exit slits were adjusted to give adequate signal level,
and the instrument function was deduced from profile measurements of impurity
lines (mainly O 1v). The instrumental function was well approximated by a Gaussian
of FwaM 0-22 A. For the longer wavelength lines the grating was replaced by one
of 1200 line/mm and the detector used was an RCA type 1P28 photomultiplier with
salicilated envelope. In these cases the instrumental profile was measured using the
1640 A line itself by firing the discharge at 3 kV with the capacitor bank reduced
to 38 pF. The plasma thus created had an electron density of less than 10'® cm ™3
thus giving a narrow line and the instrument function was well approximated by
a Gaussian of FwaM 0-33 A, which was again consistent with the slit widths used.

The monochromator was coupled to the plasma by a length of copper tube set
centrally in the electrode region of the discharge, serving both as a baffie to reduce
the flow of helium gas into the monochromator and as an aperture defining the
plasma volume observed. Radiation scattered off the internal surface of this tube
was stopped by an aperture set inside the monochromator. This set-up was arranged
so that the intensity detected came from a narrow axial region of the plasma, whose
maximum radial extent even at the end of the discharge vessel opposite the mono-
chromator was only 7-5 mm. (This should be compared with the Thomson scattering
results, which show no detectable change in electron density occurring until a full
15 mm from the discharge axis.) Experimental studies were also made of the 304 A
profile using varying lengths and sizes of end aperture for the connecting copper
tube thus varying the dead space between the surface of the electrode and the entrance
to the differential-pumping system. At its furthest extent the entrance aperture of
the monochromator was actually extended into the plane of the electrode and physical
contact with the plasma itsell. No change in the 304 A profile could be observed
other than changes in intensity, constant over the whole profile, attributable to
absorption by cold neutral helium in the intervening space between the entrance
aperture and the electrode. These observations, therefore, provided both a check
on the linearity of the photomultiplier used, and satisfactory evidence that no profile
distortion occurred due to effects of either plasma or cold gas in the region behind
the plane of the electrode surface.

A careful study was also made of impurity-line contamination. Whilst O 1v transi-
tions always remained detectable, O 11 lines were only observed shortly after the
discharge vessel had been let up to air and pumped out again. After less than 20
cleaning shots, all traces of O m contamination had disappeared, and this was
taken as satisfactory indication that the recorded He n 304 A line would not be
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contaminated by the O m multiplets centred around 303-5 and 305-7 A. This was also
confirmed by the non-observation of any structure on the long wavelength side of
the 304 A profile in the vicinity of the stronger of the two O 11 multiplets at 3057 A.

5. Comparison of line profiles with theory

Both the 304 and 1640 A lines are optically thick and saturated at the line centre.
In contrast 1215 A is optically thin, the estimated line centre optical depth at 1215 A
being 0-05. Since for the latter line ordinary area normalisation procedures can be
used, it is unnecessary to know the lower state population of the line accurately
in comparing profiles with theory and constraints on the optical homogeneity of
the plasma are no worse than in most established studies of pressure broadening,
e.g. in the visible frequency region. However, for the 304/1640 A lines the observations
have to be fitted to a profile saturated at line centre and it, therefore, becomes
necessary in comparing with theory to know the lower state population accurately.
Similarly, spatial resolution provided by the Thomson scattering data becomes crucial
in interpretation of the observed profiles in establishing that the saturated region
of the profile is not distorted by boundary layer effects.

Figures 3, 4 and 5 show experimental data compared with theoretical profiles
calculated from

I(A) = Lyackgrouna + To(1 — e*) @ instrument function. (1)

where @ indicates a convolution, I is the plasma length, and the absorption coefficient
k is given by:

me? 10842 /AA
k=mel RS (F) @)

where n; is lower state population, F, the Holtsmark mean field, and S the tabulated
line profile.

5.1. He 11 304 A

The asymptotic wing formula, S(a) = Ca™ 5%, is chosen since theoretical predictions
of the region of the profile under study are well approximated by this form. C is
treated as a variable parameter. Allowance was made for broadening by doubly
charged helium ions by writing:

F(aj/z — F63/2 + Fy32
with
b =26eN")??
Fy = 26(2¢) (N2 1)*/3,

Adding the contributions from the two ionisation stages to the microfield distribution
in this way is well justified for the regions of the line profile under consideration
here, since these correspond to field strengths two orders of magnitude higher than
the Holtsmark mean field, F,, and the binary interaction model is valid. The value
of n, used, obtained from He 1, He 11 line ratios and the known temperature and
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density is estimated to be accurate to +10%, but the doubly charged ion contribution
to the broadening partially counteracts the effect in the profile of a change in n,,
so that the overall uncertainty in the deduced wing constant due to double ionisation
is only +59 (the ionisation ratio in this experiment being determined independently
of T,).

The only other source of uncertainty in the deduced value of C comes from
the fitting procedure, i.e. the range of values of C for which an adequate fit is obtained
whilst varying the saturated intensity, I,, and also I,, the background level due to
the underlying continuum and stray light. Numerical variation of these parameters
shows that for each individual measurement the maximum range is +20%. Values
of C chosen for the profiles in figure 3 are listed in table 1. Overall, therefore, a
realistic conclusion for the experiment on the 304 A line is a measured value of
C =195+ 02) x 1078 (A/cgs field strength)®?2.

To compare with theory it is also necessary to fit the 3 asymptotic formula to
predictions of the profile over the wavelength region studied. The present experiment
essentially probed the region 8 x 107* < a < 3 x 1073, ie. extending to an order
of magnitude greater separation from the line centre than the predictions of Kepple
(1972). Comparison with the value of C = 272 x 1078 quoted by Jones et al (1971)
as derived from Kepple is therefore of doubtful validity. The more recent calculations
of Green and Cooper (1975) agree perfectly with Kepple in the range

ld)

&) (&)

Figure 3. Experimental He 11 304 A profiles (linear intensity scale) corresponding to condi-
tions A, B, C, D. Crosses correspond to the observations in the long wavelength and
circles in the short wavelength wings. Full curves are best fit profiles (essentially identical
to Green and Cooper’s calculations).
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. Table 1.

Firing condition A B C D

Filling pressure (Torr) 0-150 0-225 0-225 0-300

Charging voltage (kV) 43 47 5-2 57

n, (107 cm™?) 085 115 13 165

T, (V) 40 38 40 38

He 11 ground state density, n,

derived from He 14471 A/He 11 0-62 097 1-07 1-47

4686 A ratio (10'7 cm™?)
_ Observed best fit He 1 304 A

wing constant, C 202 x 107% 1-83 x 1073 199 x 1078 197 x 1078

(A/cgs field strength unit)¥/?

1075 <« < 107* and extend to « = 10~ ', Their theory is equivalent to a value
of C over the appropriate range of « of 2:0 x 1078, ie. almost exactly the same

as observed.

5.2. He 11 1640 A

Theoretical profiles shown in figure 4 were computed using equations (1) and (2)
with Kepple's (1972) S(x) profiles. As can be seen in figure 4, the experimental profile
lies systematically high in the line wings. One crucial parameter in interpreting
these profiles is the exact population density of n = 2 which determines the optical
depth. For the purposes of illustrating the discrepancy with theory in figure 4, the
maximum value at a given T,, namely that given by Boltzmann’s relation, has been
chosen. Relatively small changes in T. would, of course, alter the derived n; value

(R)

{8

Figure 4. He 11 1640 A profiles (logarithmic intensity scale) for conditions A, B, C, D.
Crosses and circles as previously. Full curves correspond to Kepple's (1972) calculations.
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{b)
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Figure 5. He 111215 A profiles (lincar intensity scale) for conditions A, B, C, D, compared
with Kepple’s calculations.

significantly, and hence the apparent wing constant (i.e. in contrast with the situation
for the 304 A line where the ground-state density is less dependent on T.). However,
the LTE value for n, at the temperature deduced from laser scattering would still
be expected to be an over-estimate, both theoretically and from the evidence of the
measured He 14471 A/He 11 4686 A ratio, which is considerably below the LTE value.
Finally, 1215 A also shows exactly the same type of discrepancy (see below), although
the exact n, value is unimportant in analysing the 1215 A profile since the latter
line is optically thin. Consequently, it seems likely that the 1640 A discrepancy is
real, and not due simply to the adopted n, value. We note the similar discrepancy
reported by Jones et al (1971), although they accounted for this in terms of source
inhomogeneities, an explanation not tenable in the present case.

53. He 11 1215 A

The He 1 1215 A line could be resolved, essentially free from contamination by
H Ly-«, thanks to the low hydrogen impurity concentration, the maximum relative
intensity of H Ly-o/He 1 1215 A being estimated as 2-5% in the line wing, for an
initial Ny /Ny, of 1%. He 11 1215 A is optically thin, the maximum line-centre optical
depth based on the LTE n, population being 01, and hence area normalisation could
be used. Comparison with Kepple's profiles is shown in figure 5, and, as for 1640 A,
the experimental wing profiles can be seen to lie high.

6. Plasma inhomogeneity effects

Inhomogeneities in the radial direction can immediately be ruled out from the scatter-
ing diagnostics and the accurate knowledge of the spatial extent of the plasma volume
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contributing to the observed line profiles. There is no question that the best model
to adopt for the observed plasma is one entirely homogeneous (radially) in both
density and temperature, see §3.1 and figure 2.

In the axial direction, as already pointed out, direct diagnostic measurements
themselves extend to within 1-6% of the total plasma column length of the electrodes,
and no variation in density or temperature whatever was detected in this whole
region. (A further cross check that there are no corrections due to axial variations
in regions smaller than 1% of the plasma column length, or lying outside the elec-
trodes, is also provided by the experimental work varying the position of the entrance
aperture of the system.) The Thomson scattering data in itself is (at least) as stringent
a confirmation of adequate line-of-sight homogeneity as those used in any of the
other experiments on these vuv profiles yet reported (at best the other experiments
relying on Abel inversion of data integrated along the line of sight as in Neiger and
Griem 1976). In addition, in the present experiments two properties of the particular
plasma source used allow even stronger constraints to be placed on any residual
effects of the end zone, 1-6% of the total column length, unprobed in the Thomson
scattering experiments. First, in view of the extreme non-linearity of radiative transfer
effects at line centre, it would be remarkable, to say the least, if any substantial
correction due to such a very small boundary layer remained essentially constant
as the discharge operating conditions and resultant density and temperature were
all varied, which is what would be required from the experimental data (see also
table 1). Secondly, by detailed modelling it is possible to go considerably further
numerically in establishing that a maximum undetected end zone of only 1-6% of
the total plasma column length cannot significantly distort the profiles, particularly
given the long (30 cm) plasma column observed. A crucial consideration is to realise
that the normalisation in the present profiles is not really made at line centre itself,
but is effectively some way out in the profile at the point at which the intensity
begins to drop significantly from the saturated value (the saturated region being
partially resolved at the higher densities, the spectral extent of the saturated region
being a direct consequence of the 30 cm overall column length). Whilst the saturated
intensity is of course extremely sensitive to T, variation, the requirement that any
boundary zone affects a finite spectral region near line centre places very strong
constraints on the size of that zone if the profile is to be significantly altered. Detailed
numerical modelling has been carried out and is discussed in full by Smith (1978)
and shows that in our experimental set-up a change, say, of 50% in the source function
in the end zone requires such a zone to have a full 50 mm extent before the deduced
wing constant would be altered by 25%. This 50mm is in clear contrast with the
5mm upper bound set by the Thomson scattering measurements. For an end zone
contained within the very thin layer indicated by the scattering measurements to
alter the deduced wing constants significantly requires the zone itself to have optical
depth of the order of unity at the wavelength point in the profile at which the
latter becomes saturated. Using the constraints we have now set on the spatial extent
of such a zone, it can then be shown that the latter would need to have (throughout
the whole 5mm) an ion density a full order of magnitude higher than the remainder
of the plasma before the deduced wing constant would be in error by 25%. Quite
apart from its implausibility, the existence of any such zone at each end of the
plasma would have been clearly evident in comparing the spatially resolved and
axially averaged (interferometric) n, values. The totality of the data available suggests
that in our case a homogeneous model of the plasma is entirely adequate.
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7. Conclusions

(i) Optically thick line profiles have been measured from a plasma whose hom-
ogeneity has been directly established by fully spatially resolved techniques to the
point where substantial corrections due to inhomogeneity effects on the saturated
regions can be discounted.

(ii) The large plasma size implies a saturated central region of He 1 304 A of
considerable spectral extent, and the consequent resolution of this region is a further
important and powerful restriction on any uncertainties due to boundary layers. The
large size also means that the signal-to-noise in the line wings is very good, that
a sizable number of wavelength points could be obtained in the crucial region in
which the intensity falls below the saturated value (since the latter has a decreasing
slope for increasing line centre optical depths), and that the profiles extend further
into the line wing, e.g. than those of Neiger and Griem (1976).

(iii) The deduced value of the He nm 304 A wing constant is C = (195 +
0-2) x 1078 in comparison with the theoretical value of Green and Cooper (1975)
(at relevant o values) of 220 x 1078 (A/cgs field strength)®2,

(iv) This result therefore confirms to somewhat higher precision the recent conclu-
sion of Neiger and Griem (1976) that their repeat of Jones et al’s (1972) experiment
shows no evidence for the claim of a wing constant a factor of two lower than
theory.

(v) Our present experiment also agrees with Neiger and Griem’s conclusion that
the wing constant for He n 304 A is about 35% lower than the asymptotic value
of 272 x 1078 obtained by extrapolating Kepple’s work, as quoted by Jones et al.
However, in view of the near identity of Green and Cooper’s calculations both with
the present experiment and with Kepple’s calculation at appropriate o values, the
discrepancy with the 272 x 1078 value appears to be simply due to the (A%)~57?
extrapolation, ie. to larger o values than given by Kepple. Therefore we further
conclude that there is no evidence for any systematic error in Kepple's calculation,
despite the apparently 35% lower C value obtained experimentally.

(vi) Our profiles for both 1640 and 1215 A show evidence of a systematic discre-
pancy with theory in the line wing. For 1640 A the discrepancy is similar to that
seen by Jones et al, but cannot be accounted for by inhomogeneities. The most
uncertain parameter for 1640 A is the adopted value for the n = 2 population, which
could seriously affect the derived wing constant. However, the optically thin 1215 A
profile shows a similar effect. We therefore conclude that these discrepancies are
real.
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It is shown that the measurement of wing intensities of those Stark
broadened Lyman lines, for which the upper level is thermally populated with
respect to the free electrons and fully stripped ions, enables accurate
deduction of electron density in high temperature plasmas. The parameters
which characterise the plasma microfield distributions are defined in such a
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about a factor of two higher than the critical density, ~4021 cmf% for
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1.  INTRODUCTION

Analysis of the emission spectra of highly-stripped ions from the core of
laser—imploded pellets is poteﬁtially the most direct and reliable method for
deducing the ultré—high—pressure plasma conditions. It is no simple matter,
however, to exteﬁd the well established visible and near U.V. techniques,
uséa for less demse, cooler plasmas, into the soft X-ray region whe?e tﬁese
ions emit. This paper describes an accurate method of deﬁsity measurement
which is particularly suiﬁable for plasmas consisting mainly of singly charged
ions, for éxample, whefe highly charged hydrogenic ions are present only'as

a small impurity in a deuterium plasma.

Attempts have been made in the past, mainly using plasmas'produced at
plane targets, to demonstrate the feasibility of exploiﬁing various features
of the emission spectra for plasma diagnostics. With regard to dénsity
determinations, however, success has been very limited largely because of
inherent shortcomings of the method employed. Thus density deductions based
on intensity measurements of recombination continua (see e.g. Galanti and
Peacock 1975) suffer from the inherent inaccuracies associated with the need
for: (1) absolute intensity calibration of the detection system, (ii) detailed
knowledge of the spatial and temporal extent of emission from the plasma
within the acceptance of the detection system, (iii) pfecise knowledge of the

ionisation balance and relative population of the particular ionic species

being observed.

Spectral line éhapes would seem to offer a probe of piasma conditions
free froﬁ these limitations.- Frequently the lines-are optically thick so that
accuracies are limited by the need to know spatial distributions of both fhe
ground state and upper state number densities thfoughout the plasma in the
liﬁe of sight of the detection system. A furthe; complication near liﬁe

centre is that ion motions may dominate the broadening. Line profiles showing

asymmetric self reversals due to cooler outer regions of plasma and the mass
motion (streaming) of the ions are fairly typical, particularly in plane
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target experiments. Such profiles have been explained schematically by Irons

(1975), although his model calculations are not necessarily related to any

real physical situations. It is apparent, therefore, that analysis of the

line centre does not provide a useful diagnostic without independent measure-
ment of the spatial distribution throughout the plasma of either the lime source
function or the ions' velocity distribution. At best, assuming the validity

of some plasma modeling, such analysis of the line shapes can only yield
information on the velocity and excitation distributions of the emitting ions

rather than their plasma environment.

For high series members having smaller optical depth, Stark broadening
can become sufficiently important to allow an accurate derivation of particle

density(see for example, the CVI Ly—y profile presented by Peacock 1976).

This paper examines the possibility of making measurements solely on the
line wings. This portion of the line is necessarily optically thin and den-
sities may be deduced directly since the broadening depends only on the ion-
produced electric microfield. Theoretical variations in wing intensity with
changes in density are compared with experimental profiles in order to demon-
strate the sensitivity of the method and thus the accuracy of the result. The
method is generally applicable to high temperature plasmas where simple
modifications to published microfield distributions allow the prediction of
reliable theoretical profiles without the need for complex calculations. The
effects of Debye screening and radiator-perturber correlations are incorpor-
ated by suitable choice of the parameters which characterize the distribution.
The parameter regime within which accurate predictions are to be expected is
shown to include electron densities as high as 3.]024 cm_3. Normalisation
of the observed profiles is achieved by reference to the intensity of the free-
bound continuum at the series limit. A high temperature is again useful, here,

since Boltzmann factors relating upper state populations to the free

electron number density become insensitiwve to temperature.
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2. MICROFIELD DISTRIBUTIONS

Sophisticated and accurate calculations by Hooper (1968a) characterized

the electric microfield distribution in terms of a screening parameter a,

defined by
T
a = =2 (n
1
1 s kT, :
where r = 4 TN and A, = \41n N_ e2
0 3 e D e

Field strengths were specified in units of a reduced field strength €4 given by
0= T2 2

The case a= (0 was not tabulated by Hooper,'being identical with the Holtsmark

distribution.

For sufficiently high temperatures, microfield distribution functions
necessarily tend toward the Holtsmark limit for any plasma, independent of the
charge state. That is, for ¢ = 0 the probability distribution of the field

strength, expressed in units of the normal field strength, Fo» is as given by

‘Holtsmark (1919) 2

F = 2.603 ZeN3
o p P

where Z 1is the charge and Np the number density of the (perturbing) ions of
P

the plasma. A similar dependence on Zp and Np may be introduced into Hooper's

reduced field strength by defining

Z_ e
E = o7 (3)
P
where
e ()
p 4 wN
3 P

(This only differs by a factor of the order of unity from the Holtsmark
normal field). For plasmas consisting entirely of singly charged ions this
definition is identical with equation(2). When ions of greater charge are
included, however, there arise significant differences and, from the point of
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view of examining the deviations from Holtsmark at a > 0, equation (3) is the
appropriate choice. These deviations occur because the Holtsmark treatment
calculates the probability of each perturber configuration neglecting all
ion~ion correlations and does not allow that the field produced by any given
perturber configuration is reduced by Debye screening. The latter effect,

fully allowed for by Hooper, does not depend on the charge state of the ions.

i.e. the reduction in the field produced by a given perturher configuration
depends only on the value of the Debye length. Thus a single paramefer may
be used to characterise modifications to the Holtsmark distribution due to
Debye screening if the screening length, AD’ is related to the perturber
configurations themselves, i.e. to perturber separations. We define, therefore

a screening parameter 4' by

T
a = XR (4)
D
Again this reduces to Hooper's definition for Zp = 1.

The re—parameterisation given by equations (3) and (4) is not trivial for
ZP>1. The results of O'Brien and Hooper (1972), plotted in terms of €, for
various values of g as defined by equations (1) and (2), show distributions
which are sensitive to the value of Zp. This approach tends to be somewhat
misleading from the point of view of examining deviations from Holtsmark.
Meaningful comparisons may only be made with field strengths defined in terms
of Eo (equation 3) at given values of @' (equation 4). Fig. la illustrates
the effect of such a rescaling of the microfield distributions at a singly

charged point in a plasma of doubly charged ions. We use,

W(B) dB = P(e) de
where W(B) is the probability distribution of the field strength measured
in units of Eo' W(B) is derived from O'Brien and Hooper's tabulated values
of P(¢) and plotted for a values of 0.2 and 0.6. According to equation (4),
these g values correspond to values of g’ of 0.25 and 0.76 respectively. The
W(B) distributions are shown compared with curves for the same values of a’

for a plasma of singly charged ions (obtained by interpolation from Hooper's
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(1968a) values). Nearly identical distributions are seen to result.

Use of the parameter a' which properly accounts for Debye screening
of ion produced fields, is in itself insufficient to yield accurate results
when ion charges become much bigger. It is, of course, also necessary to
account for changed probabilities of any given perturber configuration due
to ion — ion interactions. Even for these correlation effects, however, a'
is a much more useful parameter than ¢ since much of the ZP dependence of the
distribution is then removed. A simple illustration of this fact is obtained
by considering the asymptotic regime where nearest neighbour theory may be
used to estimate the effect of correlations. We are here concerned with
radiator-perturber correlations in a regime where they exert their greatest
influence. The probability for the radiator-perturber separation is given by:-
W(r)dr = 4r r2 Np g(r) dr
where g(r) is essentially a Boltzmann factor weighting the probability

according to the interaction energy compared with thermal energies

2 T
. (z-1)Z e -
i.e. g(r) =exp - { P e Ay
rkT, D

Z-1 1is used for the ion charge in keeping with the tradition that Z repre-
sents the core charge of a radiating ion. A Debye screened interaction
potential is used (in Debye-Huckel theory g(r) corresponds to the two particle
correlation function) requiring a screening radius

kTe l

\
2 )

Aa =

( 2
N Z
4 ( o + P Np)e

With a screened field
Z e -
p

—-i'(l'i'A ) e D
r .

o In
>1H

E
%- and B = T o° we have,
P o

defining X

LI
{ (Z_ 12 a 2 e_(l+zp) a X }
exp- o 3x

g(xr) = (5)

_5_



and 8 = iz (1+d xe &%

(Z—'])a’2 e—(]+Zp)%a’x} dx

giving W(B)dB = 3x2 exp — { 3%

. 2 L
4 _ J(z-Da’ ~-(1+z )% a'x
i.e. Weg) = X P { 3x ¢ P

@ 2+2— +ax) e 9X

a'x
which is exactly equivalent to asymptotic expressions in Hooper (1968b) and
0'Brien and Hooper (1972). The important feature to notice when cast in this

form is the very weak dependence of Zp; indeed for strong fields, as x tends

to zero, the Zp dependence disappears altogether.

At smaller values of B the pair correlation function influences the dis-
tribution in a much more complicated way. Approximate estimates may be
obtained by the simple procedure of using equation(5) to rescale Hooper's (1968a)
values at the appropriate value of a' . The radiator-perturber correlations
for Zp = 1 must first be removed, however, and the rescaling carried out over
the whole distribution to allow renormalisation of the integrated probability
to unity.

This approach needs some justification since at small B8 (B<10), the
microfield is definitely not due to a single perturber and, what at first
sight may seem more serious, the Zp dependence increases as 8 decreases. At
small 8, however, the correction to the probability of any perturber configur-
ation due to radiator—perturber correlations is, in itself, only very small.
This is illustrated in Fig. 1b and lc where distributions are shown for the a'
values of 0.6 and 0.8 respectively, for several values of Zp' At smaller
values of a' changes in Zp cause insignificant changes in the distribution so
that the question of the accuracy of the correction does not arise. At large a’
(~0.8) corrections v10% are to be expected for <10 and for moderate values
of Zp (10-20). Even allowing that the method of correction is not very
accurate, therefore, errors still of the order of only a few per cent may be

ted.
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It is interesting to note from equation 5 the direction of the change in
corrections due to radiator—-perturber correlations as Zp increases, i.e. the
effect of correlations is reduced at higher Zp (at a given value of a').

This may be understood physically in terms of the definition of &' which
relates the electron screening distance,.AD, of ion produced fields to ion
separations, rp. For a given value of a' , therefore, the screening radius

appropriate to ion-ion interaction energies, A shows a relative decrease

D"
as Zp increases (i.e. stronger screening, or weaker interaction).

Perturber - perturber correlations must also become increasingly
important as Zp increases. Here the pair correlation function depends on
Zp?rather than (Z-l)Zp. Working in terms of a’only removes one of the Zp's;
one must remain, just as the (Z-1) remains in equation (5). In a plasma
of singly charged ions, however, perturber-perturber correlations are bound
to remain only a small correction. Indeed, for Zp A Z-1 the method of
Hooper (1968a) indicates that perturber-perturber correlations generally
give an insignificant correction compared with the radiator—perturber

interaction. (Hooper gives two approximations to the microfield probability
distribution, which everywhere differ by less than 27. Only the second has
terms depending on non-central interactions). If the correction for radiator-
perturber correlations (equation 5) is small, therefore, no othef corrections

are required.

The correction indicated by equation (5) is not expected to be accurate
at small values of B. It is necessary again, therefore, to ensure t;at
equation (5) only gives a small correction so that no serious inaccuracy
results in the corrected distribution. This may only be satisfied as Z

becomes large (because of the presence of the (Z-1) term) by restricting a’

to small values. Within the parameter regime

(z-2)a' % 5 0.3 (6)



: 2
i.e. (z-2) Z3 N % <5.10°, T in ev ,
E e e

T
e

distributions can be calculated which nowhere are inaccurate by more than a

few per cent. The Z-2 term appears since Hooper's calculations already

allow for Z-1 = 1. If equation(6)is satisfied the correction at small B is
generally small, rising to less than 107 by B = 6 and ~ 15% by g = 10. Beyond

this the correction becomes increasingly accurate.

The temperature at which ions appear in plasmas generally scales AZZ.
We make use of this in Fig. 2 to plot the validity region of equation (6) in
terms of density and emitter charge state. Clearly the range of validity is
widest in a plasma of singly charged ions. A scaling of k23= ZZRy is assumed
which is typical of the non-stationary plasmas formed at irradiated plane
solid targets. In plasmas with a stationary ionisation balance, kTé~ Z2 Ry/5
is commonly experienced. This would result in a decrease in the upper density
limit shown in Fig. 2 by some two orders of magnitude for the 'high temper-
ature' approximation to remain valid. (At higher densities the method does

not become impossible but the accuracy is bound to get worse).
3. MEASUREMENT OF EXPERIMENTAL PROFILES

Plasmas were formed by laser irradiation of plane polythene and P.T.F.E.
targets. Power densities of 2.]014 w.cm—2 were delivered on target by focus-—
sing the output of a Nd doped glass laser through a single element, aspheric

Soro lens. The laser was operated at a power level ~ 20 GW, delivering 40 J

in a pulse of ~2 nsec duration.
Spectra were recorded photographically in the wavelength range 4 - 50 A

using a GML 5 spectrograph* fitted with a holographically produced 600 line/mm
grating and with a 3 um entrance slit. At this slit width the instrumental
function had full width ~ 0.01A . Spatial resolution was achieved by means
of a second slit placed perpendicular to the entrance slit just in front of
the grating. Fig. 3 illustrates the spectrum integrated over 8 irradiation

pulses on a P.T.F.E. target, while the spectrum from 4 pulses on a polythene

target is shown in Fig. 4.

* Supplied by Grating Measurements Ltd., London.
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Usually it is advantageous for the second slit to be as narrow as pos-
ible resulting in some partial equivalence of spatial and temporal resoiution.
For the purposes of the present experiment, however, this is hardly a consid-
eration since we are specifically concerned with the very hot, dense region
close to the eritical surface in the plasma where most of the energy is
absorbed. It is clear from the portions of spectra shown in Figs. 3 and 4 by
the abrupt cut-off away from the target surface of the intense free-bound
continua and satellite line emission that this is a very narrow spatial region.
Indeed, previous work (Galanti and Peacock 1975) has indicated the thickness
of this layer to be no greater than a few microns. Even if such fine spatial
resolution were to be used, interpretation would still be complicated by the

possibility of movement of the critical surface within the time duration of

the laser pulse.

In this paper we rely on the faet that an extremely short heating time,
Aﬂ]O_]] sec, of the plasma results in the establishment of an almost constant
density profile within the much longer duration of the laser pulse (Galanti
- and Peacock 1975). Mass motion and subsequent rapid cooling of the expanding
plasma ensure that the high temperature continuum intensity arises almost
entirely from the highest pressure region. The continuum emission provides
diagnostic information for interpretation of the line profiles. It was
necessary, therefore, to take the line profile data from the same spatial
region of plasma. Microphotometer scans were taken along a narrow strip of
that part of the photographic image of the space resolved spectrum shown in
Figs. 3 and 4 as corresponding to the target surface. Exposure here could
only be caused by the high pressure region of plasma. Further from the target
surface (at distances shown as greater than zero mm in Figs 3 and 4) other

regions of plasma could also contribute.



4. DISCUSSION OF LINE PROFILES

In the approximation that the intensity of emission at any frequency, v,
in the line wing is proportional to the probability of a plasma microfield
which would give a shifted component in the Stark pattern of the line at v = CE,

the lineshape function is given by

W(B) &)

L(v) = Cg

(o]

Values of C, with suitable Z scaling, may be derived from 'asymptotic Holtsmark
coefficients' given by Griem (1974). K is a normalisation constant such that
fL(v)dv = 1 (since fW(B JdB = 1, for Lyman ¢, which has an unshifted component
containing two thirds of the intensity of the line, we have K = é; for Lyman

B with no unshifted component, K = 0.5; and for Lyman y, having an unshifted
component of 26.67, K = 0.367). The approximation is justified for the region
of the line being studied where electron, Doppler and instrumental effects

represent insignificant corrections.

Fig. 5 shows microdensitometer traces of lower members of the CVI Lyman

series with theoretical profiles calculated from

L(v) dv G(v) (8

=y A

D(v) dv =N A
n nl

where G(v) depends on the detection geometry, plasma dimensions and emission
time and sensitivity of the spectrograph and phﬁtographic plate. L(v) 1is
derived as above with W(8) calculated according to the method of §2, suitable
averages being taken to allow for several perturber species. The values of
a' used were 0.13 for polythene and 0.18 for P.T.F.E., as calculated from the
values of the particle densities given in §5, and are seen to be well within
the bounds set by equation (6).

An absolute intensity calibration is implied by use of equation (8).
In practice the wing intensity was placed on an absolute basis by scaling
the theoretical profiles according to the observed level of the free-
bound continuum emission at the series limit. The density on the photo-

graphic plate caused by this continuum is given by

_.JO_.
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__—e3i exp(xi —hv )d\J G(v) 9)
kT

(kT ) 3

D(v) dv = 2.8 10 >’
where kgais in ergs and xj is the ionisation energy into state i, the fully
stripped ion. All that is required, therefore, is a small correction in the

G(v) factor for the relative response of the detection system over the small
wavelength range from the series limit to the wavelengths of the lines. Due

to the high temperature, kTe>Xi’ the exponential fall off of the continuum beyond
the CVI series, Fig. 4,is only very slight. It is a reasonable procedure to
extrapolate back to the series limit and ignore the exponential altogether.

The continua beyond the FIX and FVIII series at shorter wavelengths, shown

in Fig. 3, do show a noticeable fall off and, in fact, provide a good temp-

erature diagnostic, a value ~ (1 = 0.3) keV being deduced.

We can now specify all the unknowns, except L(v) on the right hand side
of equation(8) by involving equation (9) for the free bound intensity with the

level populations, Nn,given by Saha's equation:

Ne Ni = (2% kae % 1 exp - Xin
N 2 2 kT
n h n e

where)(in is the ionisation energy out of level n. The only remaining

dependence on temperature is in the exponential term which, for kT > >Xin

e
causes very little uncertainty even for a relatively crude temperature meas-—

urement.

We need to justify the use of Saha's equation. Validity criteria based
on collisional-radiative (steady state) models for a level n to be thermally
populated with respect to the next higher ionisation stage and the free
electrons, see e.g. McWhirter (1965), are not applicable to the plasma sit-
uation of this experiment. Here the ionisation balance is determined by the
time taken for the ions to stream through a very narrow ionising layer. The
relevant question, therefore, is whether excitation and ionisation rates

are fast enough, compared with the time the ion remains in the ionising
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region, for that level not to remain overpopulated with respect to the levels
above it. Ground states typically remain overpopulated by about two orders
of magnitude compared with steady state models, Galanti and Peacock (1975).
Criteria for thermal population of excited levels, therefore, require a
plasma model in which electron parameters, ion velocities and ionisation

depths are specified.

In the present experiment a more direct method, based on observation,

is available. This is provided by the portion of spectrum shown in Fig. 3
where measurement of intensities of the FIX Lyman lines relative to the
continuum at the series limit allows deduction of the quantum level above
which a thermal population prevails. Within experimental error, population
ratios are measured at L.T.E. values down to and including n = 3. The lower
series members require a correction for optical depth but observation of
the continuum beyond the FVIII resonance series limit allows sufficiently
accurate determination of the FIX n = 1 population. The binding energy of
the n= 3 level of FIX is almost the same as that of the n = 2 level of
CVI whence their departure from L.T.E. should be similar. Even stronger
evidence is provided in the FIX Lyman o line which remains saturated to a
point in the profile where the broadening may be accurately determined,
being due entirely to quasi-static ions. Thé optical depth correction is,
here, reasonably accurate. The corrected intensity indicates an over-
population of the n = 2 level, relative to its L.T.E. value, of between
50% and 100%. With the strong dependence of collision induced transition
rates on energy differences we are therefore confident in assuming a suf-
ficient rate upwards out of the n = 2 level of CVI for a thermal population
to be well established.

. Theoretical profiles are shown in Fig. 5 corresponding to different
values of E_ demonstrating how the experimental wing intensity allows a
unique determination of Eo,and thence Ne (see § 5). Thus too small a value

of E_ gives a prediction of far wing intensity lower than observed, while
o
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too high an E does the opposite (except where optical opacity reduces

the observed intensity below the predicted curve near line centre for Lyman
a and Lyman B). (Widely spaced values of Eo have been deliberately chosen
to illustrate this effect). For Lyman v, we see in Fig. 5 that the addition
of a central component (having 26.67 of the area) would give predicted

curves having about the same area as the observed profile — i.e. the line

is optically thin. Various features of the spectra cause some uncertainty

in the choice of the best fit value of Eo for individual lines. Satellite
emmission appears on the long wavelength side of Lyman a with the CVI

132 - ls4p transition (mainly in absorption) on the short wavelength side.
The Lyman 8§ wing is superimposed on the short wavelength side of Lyman v,

and a second order FVIII line on the long wavelength wing of P.T.F.E. Lyman 8.
Even so, taking the three lines for each plasma as a whole there can be
little doubt that, of the values shown for Eo, 4.105 c.g.s. field strength
units is the most appropriate for the P.T.F.E. plasma and 3.]05 for polythene.
It is also clear that these values should be accurate within finer limits
than set by the widely spaced values of E, shown in Fig. 5; even allowing
for experimental uncertainty in the measurement of the continuum step a
certainty within 20% should be attainable with no great difficulty. Since
this work is intended primarily to demonstrate the method, however, a more

detailed analysis in finding a best fit value of E0 is not presented.

5. DERIVATION OF ELECTRON DENSITY

In direct generalisation of equation(? we write

2 3
By = <% w)3 ¢ (2 ZP 2 Np) . (10)

(11

]
[ ]
[
=

To determine N from N
e e
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as well as knowing Ed‘we need to know the population of the various ionis-
ation stages. Furthermore, in determining Eo’ a value of @' was required
for predictions of the profiles, and &' depends on actual perturber number
densities. When it is realised, however, that the Z dependence of equations
(10) and (11) almost cancels and that, in terms of Ne, the density dep—

1

endence of equation (4) is very slight («Neg) it is clear that no lengthy

process is involved in obtaining self consistent values.

Since upper levels are closely tied to the free electron density,
while ground states are excessively overpopulated, no serious error is
introduced by assuming the total number density of each ionisation stage
to be given by the ground state number density. The relative intensities
of continua at the various series limits therefore directly allows deduction
of the relative populations of the various ionisation stages. Thus from
the absence of continuum at the CV series limit, in both polythene and
P.T.F.E., we deduce that carbon ions exist almost entirely as fully stripped
ions (ZP = 6). In P.T.F.E. the continua at the FIX and FVIII series indic-
ates a relative population of F9+ to F8+ in the ratio 1:4. No continuum is
available for the deduction of the relative F7+ population (but as will be
seen below uncertainty in this quantity causes little inaccuracy in the
density deduction). We may assume N(F7+) to be somewhat lower than
N(F8+x both from the fact that since substantial burn through to F9+ has
occurred we expect F8+ to be dominant and from the observation that the
FVIII lines are Weaker than FIX lines at the same value of n .

The table overleaf summarises the relative populations. Plasmas @)

and (b) both refer to the P.T.F.E. plasma and represent extreme situations

to allow for the uncertainty in N(F7+).Case(c)refers to the polythene plasma.

Populations are expressed as fractions of Ne, the denominators being those
required to satisfy equation (11). The ratios for the different elements

are in accord with the initial chemical composition of the target material
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P
a 1L 4 - 25 -
56 56 56
bl & 4 45 -
96 96 96 96
c - - - 1 2
8 8

Inserting these values into equation (10) and comparing with the observed

values of EO we derive the values:-—

a b c 4 -%
EO = 1.99 1.93 1.63 x (3 w) e Ne c.g8.5. units.

giving Ne 2.0 2.1 1.8 x 10" cm ~.
It is interesting to note that the derived value of Ne is approximately

the same for the two plasmas while ion densities show a considerable differ-

ence. We have independent evidence to this effect from a comparison of the
intensities between the two plasmas of the continua beyond the CVI series,
which depend on the product NeN(C6+). Since N(06+) is known as a fraction
of Ne the observed relative intensity depends on the ratio of the values of
Ne2 in the two plasmas. Allowing for the fractional abundance of N(C6+)

in each plasma, and for the different photographic plate exposufes, the
observed relative intensity corresponds to Ne being the same, in each plasma,
to within the accuracy of measurement (v107). One further interesting point
is that the above value for the electron density associated with the highest
pressure region is within the range of values deduced at lower laser irrad-

iation intensities by quite separate diagnostic methods, Peacock (1976).

6. CONCLUSIONS
Members of the Lyman series of CVI have been observed from laser
produced plasmas and their wing intensities interpreted as being due to

Stark broadening caused entirely by quasi-static ioms.
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Parameters have been defined which allow the use of existing tabulated
values for accurate prediction of ion microfield distributions in plasmas

containing multiply charged ions.

A plasma regime hés been identified in which the intensity of optically
thin portions of the line (relative to the free-bound continuum beyond the
series limit) depends only on the line shape fﬁnction. Within this regime
the line shape analysis thus becomes independent of all plasma parameters
except the ion (perturber) density which, consequently may be accurately
deduced. The electron density follows immediately from the relative abund-
ances of the ion species which manifest themselves by their respective free-—

bound continuum intensities.

Values of Ne about a factor of two higher than the critical density
for reflection of the incident laser radiation have been deduced for the
hottest spatial region of the plasmas produced at targets of both P.T.F.E.

and polythene.

The result of the measurement of electron density is, in itself, of
some significance in understanding the heating of the plasma by the incident
laser radiation. More important in the context of this paper is the suggested
accuracy (20 -30%) with which the measurement can be made in plasmas such as
were observed in the experiment described in the paper. To the authors know-
ledge, no previous measurement of Ne s 102]cm_3 has been made with this
accuracy in allaser produced plasma. The method is directly extrapolable

to multi-beam laser compression experiments in which densities of the order

of the solid state can be reached.

7. ACKNOWLEDGEMENTS

Thanks are due to Mr. A.H. Jones for maintaining and operating the laser.
We gratefully acknowledge comments from Dr. D.D. Burgess, Dr. R.W. Lee and

Mr. H. Gordon, on preliminary versions of this paper.

__]6_



REFERENCES
Galanti M. and Peacock N.J. 1975, J. Phys. B, B, 2427-2447.
Griem H.R. 1974, 'Spectral Line Broadening by Plasmas' (N.Y. Academic Press).
Holtsmark J. 1919, Ann. Phys., 38, 577.
Hooper C.F. 1968a, Phys. Rev., 165, 215-222.
" 1968b, Phys. Rev., 169, 193-195.
Irons F.E. 1975, J. Phys. B, 8, 3044-3068.
. McWhirter R.W.P. 1965 'Plasma Diagnostic Techniques" (N.Y. Academic Press) Chap.5,
0'Brien J.T. and Hooper C.F. 1972, Phys. Rev. A, 5, 867-884.

Peacock N.J. 1976, 'Beam Foil Spectroscopy' Vol 2. (N.Y. Plenum), 925-950.




1

25

log N,

22 Z,=Z-1

2%

5 16 15 36 75

y4

Fig.2 Regions of validity of equation (6) for plasmas with Z, =1 and Z, = Z — 1 as indicated.
For an ion of a given Z (in a plasma with kT, = Z*Ry) equation (6) 1s vaYid at any density below
the solid curve.
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Fig.3 The Lyman spectrum of FIX and the FVIII resonance series in the plasma produced by laser
irradiation of P.T.F.E. Also shown is a microphotometer scan taken close to the original target
surface.
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Fig.4 The Lyman spectrum of CVI in the plasma produced by laser irradiation of polythene.
Also shown is a microphotometer scan taken close to the original target surface.
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Fig.5 Mlcrophotometer scans of the CVI Lyman lines. Theoretical predictions of photographlc density
in the line wings are shown for several values of Eg: — — — 2.10%; ——— 3.10%; — i 4.10°

..... 5.10° (C.G.S. units). The first two series members show self reversal, with peak intensities much
less than that predicted from line broadening in the wings, due to opacity

. Other emission and
absorption features are annotated.
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