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CESIUM PLASMA SPECTROSCOPY

ELECTRON NUMBER DENSITY MEASURED
BY STARK SHIFT OF SPECTRAL LINES

ABSTRACT <525"
NGG-216

The widths and shifts of atomic spectral lines were measured
for an rf (8 Mc) electrodeless cesium discharge in which the elec-
tron density was varied from 0.5 to 3}(101hcm_3 with a temperature
range from 2500 to 3100°K. The measured shifts were from 0.008 to
1.4 A and shift to width ratios were from 0.33 to 1.40. These

measurements were compared to theoretical predictions in order to

evaluate the shift measurement as a diagnostic method to measure

electron density. 2
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CESIUM PLASMA SPECTROSCOPY

ELECTRON NUMBER DENSITY MEASURED
BY STARK SHIFT OF SPECTRAL LINES

SUMMARY

The objective of +this program (conducted wunder cost sharing
contract No. "NAS 3A6h70) “was  to. develop' .a diagnostic method to
obtain the electron density by measuring the shift of spectral lines from a
radiating cesium plasma. The validity of the theory of line shifts was to
be tested. Two plasma sources were developed in order to make accurate
measurements. A stable electrodeless discharge provided a high density
(0.5 to 3x101ucm'3) plasma source and a low power microwave discharge pro-
vided a low density (lOlecm-3) reference source for the unshifted spectral
line position.

The local electric fields due to ions and electrons in a dense plasma
greatly affect the distribution of energies within the spectral lines of
atoms and ions in the plasma. These Stark profiles are characterized pri-
marily by two parameters; the width (at half the intensity'maximum) and the
line position (at the intensity maximum). Theory predicts that the magni-
tude of these parameters varies almost linearly with the electron density
and exhibits an additional contribution due to the ions which is signifi-
cant for broad lines in a high density plasma.

It has been established by others that the width of cesium lines can
predict electron density. However the use of line shifts to determine elec-
tron density has not been established. A shift measurement does not require
knowledge of the entire line profile as for the width measurement. More-
over, the most intense lines in the cesium spectra are highly broadened
because of absorption effects which make the width determin&tiond Rebe-
cledly Jqifficult.

The widths of optically thin lines determined electron density. The
shifts of all the measured lines were then compared to theory for electron
densities of 0.5 to 3xlolhcm'3. The results of these observations and
analyses are:

1. The measured direction of the shift (i.e. to higher or to lower

wavelengths) agrees with theory.



10.

Theory overestimates the shift when the ion contribution to the shift
is significant. TFor the highest members of two 6f the threé geries -
studied, the difference between theory and experiment is greatest:
709, for 13D-6P, 40%, for 9F-5D.

Shift measurements agree with theory for the following lines: 6F-5D,
7F-5D, 9D-6P, 10D-6P, 11S-6P, 12S-6P. Their shift magnitude was from
0.05 to 0.5 A.

The profiles of four optically thin lines compared well with theory.
A value of the ion broadening coefficient computed from the wings of
one of these lines was less than the theoretical value. This could
possibly account for the discrepancy noted in 2.

For lines where bulk and self-absorption are present, the width overes-
timates electron density by a large factor (> 2) whereas the shift for
these lines gives reliable values of electron density.

The experimental shift values larger than 0.05 A tabulated in this
report are sufficiently accurate to serve as a calibration for elec-
tron density vs line shift.

The continuum intensity is a sensitive monitor of plasma electron
density stability. In addition, temperature stability 1s simultan-
eously indicated.

A rf electrodeless discharge in cesium provides a stable high density
plasma.

A low power microwave discharge provides a stable low density source
for the unperturbed (unshifted) spectra.

The spectrometer resolution required for accurate width measurements
can be specified for each line. Minimum resolution is found for the
highest series members, e.g. at lOlucm'3, 6000 for 14D-6P, 3000 for
10F-5D and 9000 for 14S-6P. For any given line, spectrometer resolu-
tion has to be better (up to a factor of 3) for width measurements

than for shift measurements.



I. INTRODUCTION

In general, physical measurements made on devices, such as cesium therm-
ionic energy converters, provide parameters necessary to develop a valid theo-
retical analysis of the operation of the device. Theoretical I-V characteris-
tics of cesium diodes have been developed which require knowledge of ion, elec-
tron and neutral particle densities and temperatures in the plasma.(l) Measure-
ments of these quantities may be made independently by means of optical spec-
troscopy, probes, or microwave spectroscopy.

Optical spectroscopy is mainly used to determine particle temperatures and

13

densities in dense (electron density greater than 10 cm-3) plasmas because it
is one of the diagnostic methods which do not perturb the plasma. Thus, it is
well suited for analysis of plasma in cesium diodes. The various methods of
plasma spectroscopy are reviewed in Appendix A. Of these several methods, the
one of primary interest is the determination of electron number densities from
the profile of the emitted spectral lines .

The profile, or energy distribution, of a spectral line may be character-
ized by two parameters. The first is the width; its numerical value is given
as the half width of the line taken at half the maximum intensity. The second
is the position of the line maximum (either in frequency or wavelength units);
its numerical value is given.as a shift, a frequency or wavelength difference
from some fixed initial value.(*) Both the spectral line width and shift are
functions of the electron density, and thus they both can be used to measure

2)

been successfully used to measure electron density in cesium diodes.(3) The

this electron density. The line width which is based on sound theory( has
line shift theory has not been tested fully by experiment.(u) However, the
line shift method should be more precise since it is largely unaffected by
absorptions in the plasma (see Appendix B). It should be experimentally sim-
Pler since it is easier to measure a change in the position at the maximum of

a line profile than to measure the shape of the profile.

(*) The initial position of the line maximum is that obtained when the shift
mechanism in the plasma is very small. For practical purposes in our
cesium plasma this condition exists for an electron density of approxi-
mately 1012em=3 or less.



The purpose of this program was to measure the line shift for many lines
from a cesium plasma source and to correlate shift data with line width data and
the theory of line shifts. The successful development of the line shift method
as a diagnostic technique will provide a method that has the following desirable
characteristics.

1. The plasma is unperturbed by the measurement.

2. Shift measurements are not greatly influenced by absorption effects.

3. The method is based on verified theory.

L. Other correlative parameters, such as electron temperature, need

not be known precisely to evaluate shift data.

5. Line shifts can often be measured more accurately than line widths.

This report discusseg the applicable theory of spectral line profile anal-
ysis, the experimental arrangement used and analysis of the line profile data.
A cesium plasma generated by rf excitation and contained in a glass envelope
provided a source in which the electron number density was varied from 0.5 to
_%xlO:l'ucm_3 which corresponds to densities typically found in a thermionic con-

(3)

verter. A reference cesium plasma source, produced by using microwave exci-

tation, was used to determine the unperturbed position of the spectral lines.
-3

The density of this source was typically lOl2cm and provided a narrow, unshifted

reference line.
II. THEORY

The profile of a spectral line is determined by a variety of broadening
mechanisms which are reviewed in Appendix A. The importance of any given one
of these mechanisms in an observed spectral profile depends on the plasma
electron density and temperature. For conditions in our cesium plasma, namely
electron temperature, Te=3 3000°K and electron density Nezj lOlS-lOlhcm'3, the

full line widths that correspond to these broadening mechanisms are:

(4]

Width A Reference
Natural 107 Appendix A
Doppler ~1x 1072 Appendix A
Resonance 3 x 1073 Appendix A for
Ny=10"cn™>
Stark 1072 to 0.8 Reference 5

Most lines are >5xlO-2

L




Thus, for all but the low level sharp series lines the largest broaden-
ing mechanism is Stark broadening and Stark broadening theory will be applied

to our measured line profiles.

Stark Broadening

The theory of Stark broadening of spectral lines has been described in a
number of recent papers.(g) In general the broadening is treated by perturba-
tion theory. The wave functions of the emitting atoms are perturbed by the
plasma ion and electron fields. For hydrogenic atoms, such as cesium, the tran-
sitions are assumed to be a change of state of the single valence electron, and
therefore only a one-electron wave function is required. Furthermore the per-
turbers are assumed to be sufficiently distant so that their interaction with
the atom can be approximated by the first term of a multipole expansion. That
is, the interaction potential of the ith perturber is equal to the electric
field of that perturber at the radiating atom times the dipole moment of the
atom.

Within this framework there are two approximations which describe the

()

tions are treated by the impact approximation. Ion interactions are treated

interactions of radiating atoms and charged particles. Electron interac-
by the quasi-static (or Holtsmark) approximation. These two approximations
arise from the difference of the thermal velocities of the ions and electrons.
In the quasi-static description, the perturbers (ions) move relatively
slowly. Thus the perturbation is practically constant over the times of inter-
est, i.e. of the order of the inverse line width. This time is inversely pro-
portional to the line width in units of angular frequency. The validity cri-

terion for the quasi-static approximation can thus be stated as

V. .
W > - ~ ‘_3;) (quasi-static approximation) (1)
coll P
where T is the average ion collision time and w is the line half width

coll
(at half maximum intensity)p is the impact parareterand vi:is the ion veloclty.

In the impact approximation we deal with relatively fast moving perturb-

ers (electrons). Thus for all but long range (strong) impact interactions,

(*) The formalism to be used here follows closely that of Stone and Agnew(g)

and CGriem.\>



the emitting system is considered to exist in an unperturbed state for most

of the time, being perturbed only when it interacts with the field of the fast
moving electron. The resultant broadening is described in terms of impacts
that are well separated in time. The validity criterion for the impact approxi-
mation can thus be stated as

T, << 1/w (impact approximation) (2)
where Te is the average electron collision time. Impact broadening has been
calculated both by a semi-classical and quantum meéchanical treatment. The
results of the two have been shown to be equivalent. For the strong impacts,
i.e. those in which the interaction may exist even at long range and thus over
a long time, the electron collisions are not actually separated in time. How-
ever, it has been shown that the impact approximation is still valid provided
the average interaction over these times is weak.

The Stark broadening can be computed for a heavy element such as cesium
but an error must be expected due to uncertainties in the atomic matrix ele-.-
ments required to compute the above perturbation. However, there is also a
simplification in these computations due to the fact that the broadened lines
can be considered to be isolated. That is, practically all the broadening is
caused by interactions between the upper state of the line in question and
neighboring levels but lower state interactions can be neglected. In other
words the excited levels do not overlap.

After detailed calculation using the above assumptions, limitations and

simplifications, the profile of a Stark broadened line can be written as
o

w(E)al (3)

T =3 # [l w )0, ]

0
Here I(w) is the intensity at angular frequencle,LdO=\t 'l(Ei-Ef) is the fre-
quency at the maximum intensity for the unperturbed line and is equal to the
difference between the unperturbed initial (Ei) and final (Ef) energy levels,
W(£) is the ion electric field distribution, W(E) A€ is the probability of the
ion producing an electric field between £ and £+af at the radiating atom, o, is
the second order Stark coefficient (discussed in detail later) and d and w are

the line shifts and half widths due to electron impacts alone.



The electron impact widths and shifts are given by Egs. 4 and 5.

=
i

N, ff(v) dv x [TE mein2 + %—T—[ ;—;)Zk I':'Lklz a(zik )] (4)

2 3
Sn(zik ) ) b(E %3k )
min . mi

" (5)

4
d =Ne %‘(%)x]f(v) dv-iliz:k Tix

with z,, min = Uikpmin/v
N, is the electron density, and f(v) is the electron velocity distribution.
rik is the unperturbed matrix element between the levels i and k of the posi-

tion operator r. (J., is the frequency difference between the levels i and k.

ik
pmin 1s the minimum impact distance below which the impact perturbation theory
is invalid, and a and b are functions of Ziye , the perturbation due to
min

electron impact. S, is a notation meaning "sign of" and allows the shifts to
be towards higher or lower frequency. For plasma diagnostics the above expres-

sion can be simply written as

w

]

Const. Ne (ha)

d

Const . Ne (52)

The constants are actually weak functions of plasma temperature (intro-
duced by the velocity distribution f(v)). Values of these "constants" have
been computed and theoretical widths and shifts for various cesium spectral
lines have been tabulated.(S) A plot of the theoretical line widths and
shifts as a function of electron number density for two lines each of the dif-
fuse and fundamental series of cesium for an electron temperature of 2500°K
are shown in Figs. 1 and 2.

Quasi-static ion broadening effects enter through the quadratic Stark

coefficient ai which can be computed from

2
2 Z, (w,-uw,)
ai = e'zk 1kt 1 k (6)
Wik

where e 1s the electronic charge and the other terms have been defined above. The

lon broadening introduces additional terms in the final form of the width and

shift equations.

7
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WIDTH AND SHIFT OF DIFFUSE SERIES
LINES AS A FUNCTION OF ELECTRON
NUMBER DENSITY (Ne) atT, = 2500°K
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Fig. 1. Width and shift of diffuse series lines as a function
of electron number demsity (Ng) at T, = 2500°K.
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Fig. 2. Width and shift of fundamental series lines as a function
of electron number density (Ne) at Te = 2500°K.
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For numerical evaluation, however, it 1s more convenient to use a reduced
line profile J(x)EI(uJ)w'l. This reduced profile has been tabulated by Griem(S)

and for -2.0=<x<=5.0.

o0
w (B) dp
1 r
I(x) = = (1)
g I/3 2,2
© 1+ (x-a’7p%)
W-W -4
o)
where X = ——
W
lJO = frequency of unperturbed line
d and w = shift and width due to electron impact
B = reduced electric field, £/Holtsmark field

o = (ai/w)3/h Ne = jon broadening factor.

The total widths and shifts of these profiles can be approximated by Eq.8

when d=0.5 and r<0.8.

Vi1 = Ve (T L5 (1-0.7571)) w

(8)

a
Ay pal = dtg(E +2.0a (1 -0s7571)) w

Line shifts can occur to either longer or shorter wavelengths which depend on

(5)

details of the perturbation calculation. The sign of d is positive for red

shifts and negative for blue shifts. The second term (a contribution) always

1/h

tional to Ne and is=<0.5 for the electron densities considered here.(S) The

carries the sign of the low temperature 4d.%
The ion broadening factor & is proportional to Ne since w is propor-
quantity r is equal to the ratio of the mean ion-ion separation P and the

Debye radius Pp

r=Pfu/ =01 Nel/6 r1/2 (9)
D

* For example, the CsI nD-6P lines change their shift from bhe¥gréd &t high
(over 20,000 °K) electron temperature. Here, the O term maintains the
negative sign for all temperatures.

10
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For N_=10 em - and T=3000°K, r=0.3, so that Eq.8 is valid for our range of plasma
density and temperature. The paremeter r is important in dense plasmas where the
perturbing ions cannot be considered statistically independent. When this arises
the ion distribution function W(E)AE (Bg.3) is replaced by one which takes into
account Debye shielding of the electrons.

The total width and total shift (Eq.8) are equal to width and shift due to
electron impact plus terms due to quasi-static (ion) broadening. Since O is
proportional to Nel/u, the ion contribution increases relatively slowly with
N_ . For the cesium § series, d/w~1.5, and for the D and F series, d/w~0.5.
Thus the shift of the sharp series should be less affected by ion broadening
than the D and F series.

To evaluate Wy and dt for a given line the electron impact values w, d/w
and & listed by Griem(B) for Ne=1016 and each cesium line 1s scaled by the

appropriate dependence on Ne. The quantity r is determined from Eq.9.

IIT. EXPERIMENTAL ARRANGEMENT

The basic arrangement of the spectroscopic instrumentation which measures
the shape of a spectral line is straightforward. Light from the stable cesium
plasma is focused on the slit of a high resolution grating spectrometer with a
photoelectric read-out, and recording system. The spectrometer has sufficient
resolution to define the true shape of most of the spectral lines. For the
narrow lines correction for the apparatus broadening was made. For the shift
measurements we were required to measure either the absolute position (in fre-
quency or wavelength units) or the change in position from some initial unshifted
position. The final arrangement involved a low plasma density reference source
that determined the unshifted line position. The ability to measure quickly
and accurately the spectral shift differentiates this system from the more

conventional spectroscopic setups.

Optical System

Figure 3 schematically shows the overall arrangement of the experimental
apparatus. This system consists of: 1) two cesium light sources, 2) the

optical system, 3) the high resolution spectrometer and 4) the monochromator.

11
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The primary measurements were the profiles of the spectral lines emitted by the
radio frequency excited cesium plasma (rf plasma) source. The electron number
density of the rf plasma was varied from approximately 0.5 to 3xlolucm'3. The
very narrow lines emitted by the microwave excited cesium plasma gave the fidu-
ciary position (unperturbed line) from which the shifts of the rf plasma line
are measured. These two sources are focused sequentially by the same spherical
mirror-plane mirror system onto the entrance slit of the high resolution spec-
trometer. A rotating chopper is put in the optical path of both the rf and
microwave source. The chopper first allows the light from the rf source to
pass to the focusing system through the slotted segment of the chopper while the
light of the microwave source passes through and out of this focusing system.
In the next half cycle light from the rf source is blocked while light from the
microwave source is reflected into the focusing system by a mirror on the non-
slotted segment of the chopper. Light focused on the entrance slit of the spec-
trometer is dispersed by its grating and the spectrum of this light is focused
at the exit plane of the spectrometer. An exit slit lies in this exit plane
directly below the entrance slit. The spectrum is scanned across the exit slit
by rotation of the grating. A photomultiplier directly behind the exit slit
measures the light intensity which 1s recorded on a strip chart.

The resolution and dispersion of the spectrometer determines the scan
speed which provides the most accurate line profile. At the same time the fidu-
ciary position (the corresponding microwave plasma line) is displayed on the
same chart. The photomultiplier signals from the rf and microwave light sources
are read on a dual pen recorder synchronized with the optical chopper. ZEach
Pen is active only when light from the corresponding source appears at the
entrance slit. The photomultiplier signal is kept on the inactive pen while
the other one is active. This results in a "stepped" appearance on the signal
tracing. However by keeping the chopper speed large with respect to the scan
speed the effect of these "steps" are kept small. An example of a line record-
ing of both sources is shown in Fig. 4. The synchronization of the dual pen
recorder and chopper was necessary because one amplifier was used for both sig-
nals. The preferred system would be individual amplifiers for each signal.

While the high resolution spectrometer measures profiles of spectral lines
from the rf plasma, a scanning monochromator measures the intensity of the con-

tinuum from the plasma. The electron temperature of the rf plasma is determined

13
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from these continuum measurements (see Appendix A). Radiation from the rear of
the rf source is focused on a slit of the monochromator by a plane mirror-
spherical mirror system. A NBS tungsten ribbon filament standard lamp is used
to calibrate the monochromator. The continuum intensity was also used to moni-
tor the stability of the rf source for the duration of each run.

The relevant parameters of the spectroscopic apparatus are summarized in
Table I.

TABLE I. Spectroscopic apparatus.

High Resolution Spectrometer
Make: Jarrell-Ash 3.4k meter Ebert mount

Grating: M.I.T. 300 grooves per mm

Resolution (minimum measured value): 145,000 in 6th order a 6000A using
15 micron entrance and exit slits

S1lit Width: 15 micron entrance and exit slits

Photomultiplier: EM.I. 9558C (non-cooled)

Monochromator
Make: Perkin-Elmer Model 98 prism monochromator
Prism: Quartz

Photomultiplier: E.M.I. 9558C (non-cooled)

R. FP. Plasma Source

Figure 5 is an exploded view of the rf cesium source and ovens. The cesium
plasma is generated in an alkaline resistant (Corning 1720) glass tube. This
tube consists of a cylinder 10 cm long, 2.6 cm diameter with flat (Corning 1723)
faces at either end. An arm protrudes from the middle of the tube and is paral-
lel to the cylinder for 2 cm beyond the end; at that point it is perpendicular
to the tube for 17 cm. The cold spot of the tube is maintained at the tip of
this arm. After bakeout at 450°C the tube pressure is 6x:LO-9 torr. Cesium is
introduced by "firing" cesium chromate pellets in an arm which is detached
after cesium transfer.

The cylindrical portion of the tube is located in an open ended quartz
Jacket 3.9 cm diameter. This jacket, in turn, is located in an insulated box
which is the main oven. Double walled quartz windows are positioned at the

front and rear of the main oven in line with the plasma tube. Also a double

15
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wall quartz window is located in the side of the main oven opposite the plasma
tube for viewing. Hot dry air is fed into this quartz Jacket to control the
main bulb temperature over the range 130°C to 450°C. The small arm tube is
located in an auxiliary oven which consists of a nichrome heater and small air
Jet for fine temperature control.

Chromel-alumel thermocouples monitor the temperature of the cold spot (tip
of the arm at the point it is cooled), a point on the arm close to the main
bulb and in the main oven which was hotter than the auxiliary oven. DPlasma sta-
bility was measured by the intensity of a given segment of the cesium continuum.
Experience with the source dictated the appropriate cold spot temperature and
thermal gradients to obtain the desired plasma conditions.

A cesium plasma was established in this tube by an electrodeless rf dis-
charge. An rf coil was wrapped around the outer quartz jacket. This coil was
a single 14 turn layer of 0.48 cm copper tubing approximately 30 ecm long withcoil
inside diameter of Wi2.cm. The coil extended about one turn beyond each end of
the plasma tube.

A Lepel 2.5 kW variable frequency«(2—l6 Mc) generator supplied the rf
power. The frequency for these experiments was 8 Mc (measured at the rf coil).
By adjusting the pressure (given by the cold spot temperature) an atomic or
ionic spectra stable up to eight hours was obtained. In that time, the elec-

tron density varied + 107s.

Microwave Plasma Source

The shift measurements required a stable cesium plasma of relatively low

12cm-3)for the source of unperturbed cesium lines. For

electron density (:510
this purpose a microwave excited source was developed (see Fig. 3). The con-
struction and processing of the microwave plasma tube was almost identical to
that of the rf plasma tube with the exception that the arm of the tube extended
directly perpendicularly from the cylindrical portion of the tube. This how-
ever does not seem to be essential and the rf tube could actually be used in
the microwave source. The arm of the microwave tube was positioned in a turn-
table wavegulde section of a 2.7 Ge Raytheon Microtherm microwave generator.
The cylindrical part of the plasma tube was wrapped with a heater tape. The

temperatures at the tip of the arm and the rear flat face of the tube were

17



monitored. The spectra was observed through the front face of the tube. A
fine jet of cool air was blown at the rear face of the tube which served as
the cold spot.

A stable low density plasma could be maintained at a cold spot temperature
of 100°C. The other parts of the tube were kept at 180°C or greater. The
plasma was initially ignited in the tube arm in the waveguide and then diffused
into the entire tube as sufficient cesium vapor pressure built up. The meas-
ured half widths of almost all of the spectral lines from this source were

equal to the instrument half width which was 0.04 kK. However the best approxi-

(6)

mation of the true width of these lines gave an upper limit to the plasma
density of lolzcm-B. A microwave source similar to this was used by Kleiman
to make interferometric measurements of the spectrum of atomic cesium. He
observed no shift in the cesium lines from this source and claims a wavelength
position uncertainty (with respect to unshifted values) of + 0.001 A. The
tubes in the Kleiman experiment were filled with a low pressure of argon or
neon to start the discharge before enocugh cesium could be vaporized to carry

the discharge.

Iv. DATA AND ANALYSTIS

The electron density, Ne’ in the bulk of the plasma was determined by com-
paring the measured width of all of the optically thin lines with the theory
(5)

of Griem. The line shifts are measured for the optically thick as well as
the thin lines and these shifts are compared to theory. The entire profile of
one line from each of the S, D and F series is compared with the theoretically
predicted profile (Eq.7) and shown to compare favorably with the theory. The
reliability of the shift measurement over the width to determine Ne is demon-
strated for lines which are partially volume absorbed and self-absorbed.

The electron temperature was measured from the relative intensity of the
free-bound continuum to the 6P doublet using the empirical equation developed
by Agnewcg) which is based on Mohler's 7 experiments. An unsatisfactory
absolute calibration of the monochromator did not allow the use of the con-

tinuum intensity data to determine Ne independently.
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Width and Shift Measurements

The widths and shifts of several doublets from each of the S, D and F
-3, corrected for instrument
broadening, and are listed in Table IT. In addition Table II lists the elec-
tron density computed from the widths and the theoretical values of shift.

(5) lists w (which

series were measured for Ne from 0.5 to 3xlOlucm

The electron density 1s calculated as follows. Griem

16

scales linearly with Ne) at Ne=lO cm_3. The measured width v is first set

equal to the electron impact width w and an initial value of the electron den-

sity New is computed (Table II). This value New i1s then used to evaluate r

(5)

from Eq.(9) and & from Griem. Now the measured width w 1is set equal to

the total width Wy which with these values of @ and r are used in Eqs.(8) to

evaluate a new electron impact width w'. Finally this new value w' is used
t

with the tabulated values of Griem(5) to give an electron density NeW . This
now represents our best value of electron density which is henceforth plotted
as Ne. Since these two values of N_ differ by less than 2070 for any given
line and @ and r are weak functions of Ne(Nel/hand Nel/6 respectively), addi-
tional iterations were not considered necessary.

1
The electron impact shift value d is computed using NeW and the electron

(5)

impact width w in Griem's table. The total shift dt 1s subsequently com-
puted from Eq.8 where d, w, @ and r are now known. This theoretical total
shift value dJc is thus to be compared to the measured value dm listed in
Table II.

Figures 6, 7 and 8 display the measured shift vs Ne for the S, D and F
£° The

shifts of the sharp series lines are the average of the shift of the doublets,

series lines where the solid line represents the theoretical value d

nSl/2—6Pl/2 and nSl/2-6P3/2 for n=9,10,11 and 12. The shift of each member
differs only slightly and the values can be easily averaged.

The D series shift values are those of the nD5/2-6P3/2
11, 12 and 13. Another branch of the nD-6P series, nD3/2-6P1/2, was measured

lines for n=8,9,10,

and the shifts are lower by the predicted theoretical ratio but are not plotted
since no additional information is to be gained by this display. The nD3/2-6P3/2
lines were not measured since the intensity of these lines is much weaker than
the other members of the series. Likewise with the nF-5D series lines, only the
5/2 is plotted for n=5,6,7,8 and 9.

are almost identical but some of the lines of this

strongest member of the series nF5/2’7/2-5D
The shifts of the nF5/2-5D3/2

series were interfered with thus precluding their use.
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TABLE IT. Measured and computed values for cesium line widths and shifts.
Plasma conditions: Electron number demsity (Ng)= .48 x 10l%cm=3
Electron temperature (To)= 2800°K
(Ton shielding parameter r = .36)

‘.

Cs I Line A A Ne¥ '

g o e dm qd a;
' Transition |Wavelength(A) | A x10Mem-3| o x10Mem=3 A A A
nSl/2-6Pl/2
] nS1/2-6P3/ .
| 9 65867 .031 68 .ol .008 .006 .006
10 58397 .01 .73 .06 .015 .012 .013
I 10 6034/ .011 .60 .06 014 .012 .013
N 11 5568f .031 97 .07 .025 .022 .023
| 11 57&67 .03 .85 .07 .025 .02k .025
12 5407 .031 .52 .09 48 045 .01 LOlly
12 5573 .031 49 .09 A5 047 Okl .07
nD< /5-6P ‘
3/2-6F1/2
nDs5 /2-6P /2 .
8 60107 .036 1.5 .0l ~.019 =.007 =-.007
8 6213* .037 1.2 Rl -.011 - .007 -.007
9 5664 .03k .68 .05 -.018 -.013 -.015
9 58&57 .037 .60 .06 -.019 -.016 -.018
10 5466 .084 .51 .06 48 -.023 -.023 -.025
10 5635 .062 .50 .07 A7 -.031 -.029 -.031
11 5340 .085 .50 .07 Ry -.038 -.037 -.046
11 5503 Jd1 .50 .09 45 -.045 - .047 -.056
12 S5h1Y .186 5k A1 .48 -.064 -.073 -.097
13 ' 5197 .33 61 a1 .5k -.095 -.09 -.115
13 5349 .32 .58 A3 .50 -.10 -.107 -.125
nFc /5=-5D
5/27273/2
"s/2,7/27205/2
> 8018 .0L8 .84 .07 49 .019 017 .020
5 8081 .0b5 .83 .07 A9 .020 .018 .020
6 7229 .09 .57 A2 49 .05k .0Lk2 .056
6 7280 .09 .57 a2 RITe) .054 043 .056
T 6825 16 .53 .15 45 .094 .083 a1
7 6871 A7 54 .15 L6 .094 .083 1
8 6586 .26 .51 .19 RIT) .18 Ab .20
8 6629 .30 .58 .19 48 17 R .20
9 6473 RIT) .53 2k 42 .25 21 236

*
Bulk-absorbed and self-absorbed lines.
7‘ . Bulk-absorbed lines.
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Plasma conditions:  Electron number density (Ne)gbﬂxlolhcm'?’
Electron temperature (Te)= 3100°K
_ _(Ion shielding parameter r =0.38)
__CsT Tine o | ¥y | Ber :Vh dn | d d
Transition ] Wavelength (A A xlglhcm'3 a x101*em-3} A A o
nS. ,.-6P
1/27""3/2
9 6586 .010 1.13 05 1.07 .013 .09 .10
12 5407 .06 .99 .10 87 .056 .053 057
233/2‘6§1/2
5/27°% 3/
10 5466 OTh .79 .07 .70 .036 -.030 -.036
11 5340 .150 .86 .08 .76 .056 -.051 - 064
11 5503 167 87 .10 .75 072 -.062 -.078
12 5kl .30 .88 12 7 111 -.097 -.1540
13 5349 .50 .92 15 U 215 -1k ~.23
nFc /5-5D
5/27903 /5
nFs/2,7/2-5Ds/2 y
5 8018 069 1.21 .08 .033 L0247 .029
5 8081/ O7h 1.36 .08 1036 0247 029
8 6586 RITS .89 .20 65 27 .20 30
8 6629 .20 65 .30 .20 .30
9 6432 el .85 .25 .62 A3 .33 5k
9 6&73 .73 .83 .25 .60 40 .33 54
Plasma conditions: Electron number density (Ne )~ 0.9 ém-3
Electron temperature (Te)z 2800°K
(Ion shielding parameter 7 = 0.40)
uSy /2-6P1 /2
nSl/2-6P3/2
9 65867 No 4.9 .05 .02 .012 .013
10 5839f' 025 1.43 .06 .025 022 .02} -
10 603uf 028  1.62 .06 .030 022 .02}
11 5568 .033  1.0k4 .08 0.95 .043 .0Lk2 .0k45
12 - 5573 .073  1.20 a1 1.06 .086 .078 .086
nD, /»-6P7 /o '
nD§é§-6P3éQ
T 6723% .08 7.9 .03 .0056 -.008 -.008
8 6010* .091 3.9 .0l 017 -.012 -.013
8 6213§ 11 3.9 .05 -.023 -.016 -.017
9 5664/, 071 1.6 .06 -.028 -.025 -.OE
9 5845/ .097 1.55 .07 -.039 ..031 .ok
10 5635 12 1.00 .08 0.90 .055 -.056 -.067
nFc /»-5D
5/2-°D3/2
HF%Q,7/2-5D5/2 8 4 88
. . . . 1 .0 .
6 15537 30 13 11 1.00 55 0 31
. .0 . . . . .
% AT BT G S ST B B
8 6629 .57 1.08 .22 0.84 .31 27 Qi
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Plasma conditions: Electron number density (Ne) ‘-'80.95x10:LLLcm"3
Electron temperature (Te) = 2630°K
(Ton shielding parameter F = 0.33)
Cs I Line R N W N W d q'
Transitionthvelength(A) Kﬁ x16 4 em™3 | %1614 em-3 im R A
18, /27P1 /o
nsle-6P3f2
9 6586 045 5.0 05 .02 .013 .01k
10 5839 .030 1.89 .07 .033 022 .027
10 6034 .031  1.91 07 .036 .022 .027
11 5568 Ohg  1.48 .08 .055 .0h2 .05
11 5746 037 1.2 .08 .055 043 .05
12 5407 082  1.19 J1 1.06 .10 Noy¢n .082
12 5573 069  1.19 A1 1.06 .095 .079 .087
mP3/276F1 /o
nD5i2_6P-3f2
7 6723% A3 12.5 .03 -.007 -.008 -.008
8 6010 .094  1.98 .0k -.017 -.012 -.01k
8 6213 12 4.2 .05 -.022 -.016 -.018
9 5664 .091  1.84 .06 -.037 -.025 -.03
9 5845 J2 1.85 07 -.055 -.031 -.043
10 5466 dh 1.46 .07 -.055 -.045 -.055
10 5635 13 1.10 .08 1.02 -.072 -.056 - 067
11 5340 .19 1.12 .09 1.02 -.083 -.074 -.093
11 5503 .23 1.11 A1 1.00 -.10 -.090 -.120
12 541k b7 1.36 13 1.19 -.17 -1k -.19
M5/27703)2
Ms/2,7/2"P5/2
5 8018 .13 2.3 .08 .053 .033 .038
P 8081 21 3.86 .08 .053 .033 .038
6 7229 .21 1.36 1k 12 .08 0.12
6 7280 .23 1.46 Jah 12 .08 0.12
T 6825 .37 1.27 .18 1.05 .23 156 2k
7 6871 .36 1.23 .18 /98 .23 156 2k
8 6629 .60 1.15 .22 .90 .38 230 Lk
9 6473 1.1 1.23 .28 .90 .58 43 .73
22



Plasma conditions: Electron number density (Neg =1 .lx_'LOlhcm-?)
Electron temperature (Te = 2630°K
(Ion shielding parameter r = 0.43)
Cs I Line o W N ¥ Ne¥' 3y td 'q
Transition |Wavelengtn(A) x10tken-3 | o x10ten-3| A K A
l 9 6355 .036 RN .06 .023 0135  .01L45
| 9 6586 .05k 6.1 .06 024 0145  ,0155
| 10 5839 .03k 2.1 .07 036 .025 .027
10 6034 .036 2.1 07 .039 .026 .028
11 5568 .05k 1.6 .09 1.45 .056 Oh1 .052
12 54o7 .083 1.4 A2 1.15 075 .082 .090
12 5573 .10 1.6 12 1.30 .08 .088 .095
nD3/2 6P1/2
"D5/27F3/2
7 6973% 120 9.0 .03 .005 .008 .009
8 601.0% .13 5.4 Noln .022 .01k 016
8 6213% .16 5.0 ol .030 .018 .020
9 5664 % J2 2.3 .06 LOlL7 .030 .033
9 5845 .15 2.3 .07 .055 .039 .0l45
10 5466 .15 1.5 .08 1.4 067 .053 .065
10 5635 .18 1.5 .09 1.3 .083 066 .083
11 5340 21 1.2 A 1.1 .10 .088 115
11 5503 .25 1.2 Jd1 1.1 13 -.103 Jako
12 Shil .38 1.1 Ak 0.97 .18 165 2L
13 5349 66 1.2 A7 1.03
n;‘F5/ 277P3/2
i 5/2,7/2775/2
5 8018* 175 2.8 .09 067 .039 045
5 8081* 170 3.0 .09 .060 .039 .0k6
6 7229 .25 1.6 A5 1.k0 A3 .093 AL
. 6 7280 .25 1.6 .15 1.40 .13 .095 i
7 6825 45 1.5 .19 1.24 2k .185 .026
7 6871 U5 1.5 .19 1.24 26 .187 .25
8 6629 <75 1.4 2k 1.1 .35 32 A48
9 6473 1.10 1.3 .30 1.0 .63 52 88
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Plasma conditions:

Electron number density (Ng)

2 .8x10 % cm-3

Electron temperature (Te) - 2900°K
(Ton shielding parameter r = 0.48)
Cs_ T Tine Wn | N.¥ NeW! 1, ¢ q'
Transition | Wavelength(&) x101ken-3 | o xlOlucm'?) A A
nS1/2'6P1/2
nsli2_6P3i2
9 6586 .08L 9.45 .07 ol .055 046
10 5839 .069 4 .30 .09 .063 .078 .070
10 - 6034 .075 4 .80 .09 L0675 .092 076
11 5568 A1 3.40 Jd1 3.0 12 a7 132
11 5746 .12 3.63 a1 3.25 125 .16 140
12 5407 .20 3.26 .15 2.8 .22 .23 .25
12 5573 .22 3.40 15 2.92 234 .28 272
mD3/276F1 /2
D5 /5 _ep
3/2
7 6723% .36 36.0 .03 -.014  -.022 -.15
8 6010% .26 11.0 .05 -.035 -.0k45 -.038
8 6213* 66 20.3 .06 -.0hk5  -.066 -.053
9 566&7 .25 5.10 .08 -.072 -.10 -.088
9 58457 .33 5.38 .09 -.092  _.a1 .11
10 5466 .32 3.37 .10 3.0 -.13 -1k -.166
10 5635 .38 3.14 A1 2.8 -.16 -.17 -.21
11 5340 .56 3.28 12 2.9 -.22 -.22 -.29
11 5503 NY 3.22 Ak 2.8 - 27 -.28 -.37
12 5414 1.1k 3.32 A7 2.8 -.4o -.ko - .62
13 5349 1.94 3.58 .21 2.96 -.59 -.61 -1.0
"5/27P3/2
Ms/2,1/2705/2
5 8018* .37 6.49 Jd1 .13 .10 12
5 8081 * L7 8.55 a1 .13 .10 12
6 7229 .59 3.68 .18 3.1 32 24 .3k
6 7280 .53 3.40 .18 2.8 31 2k .3k
7 6825 91 3.10 .22 2.5 .56 A7 .70
T 6871 1.03 3.46 .22 2.8 64 iy .70
8 6629 1.97 3.76 .28 2.82 98 Bl 1.35
9 6473 2.6 2.97 .35 2.1 1.68 1.33 2.40
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For all series, the experimental shift values are higher than the theo-
retical values for the lower series members, match theory for the middle series
members and are lower than theory for the higher series members. The nS-6P and
the nF-5D series shifts are to longer wavelengths and the nD-6P series lines are
to shorter wavelengths, as predicted. A line drawn through the data points is
roughly parallel to the theoretical curve. The slopes of the experimental
curves are at 45° for the low series members of the F and D series and for all
the S series where the & correction is small indicating a linear relationship
between Ne and dm.

However, the slopes for dm and d, for the higher series lines are larger

than 45° although both are parallel. tThis indicates that the contribution of
the lon broadening term which involves & and r increases as Ne increases.
These data were taken at electron temperatures ranging from 2630°K to 3100°K
so0 that some degree of scatter is expected, although scatter due to this tem-
perature variation should not exceed 1070. For this reason no attempt was
made to reduce the data to a common temperature.

The cause of the change of position of the experimental lines from above
the theoretlcal line to below it with increasing shift values was first thought
to be a systematic experimental error. However this seems to be precluded by
the fact that the displacement of the data from the theory remains constant
(i.e. parallel) over a factor 7 in Ne' If a systematic error in the experi-
ment caused the displacement of the experimental points above the theory for
small shifts and below for large shifts one would expect the data for a range
of shift values between these two limits to have curvature, i.e. at the small
shift limit data would be above theory and at the high shift limit data would
be below theory. This does not occur.

Another display of the data which will allow a good comparison of the data
with theory is a plot of the width ve shift for each series (Figs. 9 and 10).
Theory predicts that the d/w ratio is constant with Ne and for the & values
in the range of Ne investigated, dt/wt is essentially constant and equal to
d/w. The slope of a line drawn through the data points is shown with the
theoretical value of d/w. Most of the lines are at a 45° angle which means
that the d4/w ratio is constant. The dm/Wm ratio for the S and F series are
essentially constant with total quantum number, n, and agree well with the ..
theoretical values. The d/w ratio for the D lines plotted is negative and
decreases with n. The values for n=10 and 11 agree with theory whereas the

value at n=13 is 507 lower.
28
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Line Profiles

We will analyze in detail four line profiles to compare the experimental

5/2,7/2°
5D5/2, 7F5/2-5D3/2, lOD5/2-6P3/2, and the 1181/2-6P3/2 lines are displayed in

line shapes with the profiles predicted by Griem. The profiles of the TF

Figs. 11, 12, 13 and 14%. The theoretical profiles were compiled from Eq.(7)
where the areas under the experimental and theoretical profiles have been nor-
malized. These particular lines were chosen because the wings could be meas-
ured without interference from other lines and they showed good signal to noise
characteristics. All of the experimental shapes agree well with theory and
show the predicted asymmetry towards the shifted position.

The dm Vs Ne data showed that the theoretical shift dt overestimates the
shift for all values of dm where & makes a substantial contribution to the
shift. In fact Table II shows that the value of dm appears between the theo-
retical values for d and dt' This effect might be caused by an overestimate
of the ion contribution to the width, assuming, of course, that the electron
impact shift, d, is accurate. Therefore an experimental value of O was com-
puted from the wings of the experimental profile from the relations for the

reduced intensity in the wings.

J, = 5;2 + O;%;ﬁz (asymmetric side)
(10)
1 . .
3. = . (symmetric side)
X

- X, - a

w

for X = k4 vhere x =

The difference between the intensity in the wings at + x is a function
of «,

or, J, - J, = 94%%fz . (11)
x

The line profile was then replotted for this new @ along with a) the measured

profile and b) the profile with given by theory(S) in Fig. 1k4.
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Fig. 13. Experimental and theoretical line profile of 1181/2 - 6P3/2.
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For this purpose the TF line was chosen because it displayed the

5/2'6P3/2

best signal to noise ratio in the wings of a line at the highest density
(Ne=2.8xlolhcm-3). The & computed from the profile is 0.15 whereas the pre-

dicted value is 0.22. This & of 0.15 value yielded a smaller d, which agrees

better with the measured value. ’
Viz.
d = 0.56 é for 7F5/2-5D3/2
d = 047A
dt = 0,70 é for ¢ = 0.22
dt = 0.62 A for @ = 0.15

Of course all of these values for d are relatively close to each other
so that the reevaluation of dt by computing & from the experimental curve is
not as dramatic as it would be if it could be made on the lines with larger
's. However these lines (8F and OF lines 11D, etc.) have very large widths
which means that wing intensities must be measured at A l's which are the
order of 10 A in order to use the asymptotic form for J(x). It was difficult
to find lines which have no interfering lines over this spectral distance.

This F series line is representative of all the broad lines. In fact,
the measured shift appears to be closer to the predicted electron impact

shift, d, where Q=0 than to the value for d, obtained by using the predicted

a. The difficulty in measuring the wingz at greater distances from the
line peak hampers a more accurate measurement of <&, which might yield values
of & which predict the measured shift more accurately.

A similar situation exists for the broad D lines where the predicted
shift is larger than the measured one and d, =2 d. Finally the shifts for
the broadest S series lines agree more closely with prediction but here the
value of d/w is large and the contribution due to the term containing @ is
much smaller than those of the D and F lines.

We did not determine the influence of & determined from the wing data on
the total width w,. The contribution of @ to the width is generally a factor

t
of two less than its contribution to the shift and therefore less important.

(L)

experimental and theoretical widths for lines with & as large as 0.31.

Also the results of Gridneva and Kaslov showed good agreement between
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Absorption Effects

Three absorption mechanisms which affect the line profiles have been con-
sidered in the analysis of these data. A line will be broadened because of
repeated absorption and re-emission throughout the volume of the plasma. This
bulk absorption i1s described in Appendix B. In addition the absorption of a
line in the cold layer near the boundary of the plasma, where the ratio of
absorbers to emitters is much larger than in the bulk of the plasma, will cause
a dip in the central region of a line. This self-absorption can be described
in terms of the absorption coefficients for a non-radiating gas derived in
Appendix A (see Fig. 3 and its discussion).

Finally, the resonance lines, already widened by bulk absorption and self
reversed, may further exhibit an emission peak within the self-absorbed portion
of the line. This effect has been observed in our plasma, and will be described
later.

Only optically thin spectral lines were used to determine the widths. How-
ever the shift values of all the lines could be used because the center of the
line is unaffected by bulk absorption. Also, the shift of the center of a
self-absorbed line can be used to give an approximate value for the electron
number density. The center of the line is approximately determined by bisect-
ing equal intensity position of the wings on either side of the center where
absorption effects are negligible. Also, since the strongly absorbed lines
are the lower members of a particular series, the asymmetry is small so that
the center can be determined accurately.

Lines which are optically thin for a given series, should lead to a rea-
sonably constant electron density evaluated from the width. The influence of
absorption effects are shown in Fig. 15 which is a composite of five nD5/2-
6P3/2 lines with their centers matched at the center of the first line in the

series (7D -6P3/2). These data show the progression (as n increases) of the

shape of a5£§ries of lines from a self-and bulk-absorbed condition to the opti-
cally thin condition.

Table III shows the measured widths and shifts from the D series lines
which include the data of Fig. 15. The values of Ne_d and NS' in Table IIT were
obtained in the same way as those of N;vand Newyin Table TI except the itera-
tion on Ne was performed using the line shift data and electron impact width w

1]
from the plasma parameters of Table ITI. In addition NeW wag computed as before.
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TABLE IIT. Shift and width data for D series lines at

N_=2.8 x 10%en™3, 1_=2900%.
Line % ;.,’m a Ne‘” ' Ned Ned '
A 103 10%en™3  10Mem™3

7D3/2 - 6Pl/2 6723* 0.36 0.022 36 L.2 4.0 |
8D3 /2 - 6P, /2 6010% 0.26 0.045 11.0 3.36 3.0
8D5/2 - 6P3/2 6213* 0.66 0.066 20.3 3.60 3.0
D/ - 68/ 56647 0.25 0.10 5.1 3.65 3.2
D 1 - 6245 58457 0.33 0.11 5.38 3.2 2.7
10D3/2 - 6P1/2 5466 0.32 0.1h4 3.0 3.50 2.7
10D5/2 - 6P3/2 5635 0.38 0.17 2.8 3.34 2.5
11D,/ - 6Pl/2 5340 0.56 0.22 2.9 3.60 2.7
11D5/2 - 6133/2 5503 0.67 0.28 2.8 3.45 2.5
12D5/2 - 6P3/2 541k 1.1h4 0.40 2.8 3.34 2.2
l3D5/2 - 6P3/2 5349 1.94 0.59 3.0 3.40 2.0

* Self-absorbed and bulk absorbed lines.
7 Bulk absorbed.

These data show that bulk absorption, combined with self-absorption (which
can cause an inaccurate estimate of the intensity maximum) causes an overestimate:
of New' by an order of magnitude for the lower series members (7D and 8D) and
pure bulk absorption causes an overestimate by a factor of two for the 9D lines.
On the other hand, the widths of the 10D, 11D, 12D and 13D lines predict the
same Ne value and thus fulfill optically thin criteria.

1]
is seen to vary by only a factor of

If we ignore the 7D value, then Ned
1.5 over all the series members. The 7D line is bulk absorbed to such an extent
The value of Ned'
from 8D to 13D because of the increasing effect of the o term as indicated in

the section on widths and shifts.

that it is very difficult to determine its center. decreases

1 1
From these data we conclude that the values of New and Ned substantiate
the concept that the Ne measurement from shift data is independent of absorp-

tion effects and hence more reliable.
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The shift of a self-absorbed line can also be measured by determining the
position of the center of the line with respect to the absorption dip. Since
the absorption occurs in a relatively cool region of the plasma, where the
electron density is low, this dip corresponds closely to the unperturbed line
position. This measurement allows an estimate of electron density without the
use of a fiduciary.

Bulk and self-absorption are common to lines in all spectral series. An
additional effect has been observed in lines of the principal (resonance)
series which is the appearance of an emission peak within the self-absorbed
portion of the lines. This resonance fluorescence is displayed in Fig. 16

1/2 ~ 6P1/2'
is believed to be caused by a right angle scattering of the radiation in the

which is a tracing of 7P The emission peak in the absorption dip
region near the viewing window where the optical depth is less than unity.

If this hypothesis is correct, the center of this emission peak should be very
close to the unshifted position of the line, a fact substantiated by measure-
ment. The resonance line emission peak in Fig. 16 lies at the position of the
self-absorption minimum of the fiduciary line which corresponds to the unshifted
line position. Additional studies beyond the scope of this program would be

required to complétely explain this phenomenon.

Continuum Measurements

The radiation intensity emitted by the recombination of free electrons
into the 6P bound states (henceforth called the continuum intensity) in a
region free of interferences was monitored during the time over which the pro-
file data were obtained. Since this intensity, ;l s, is proportional to Ne2’
its fluctuation provided a good indication of the fluctuation of Ne' The rf
power and oven conditions were adjusted so that Ne was held to within + 10%.
At appropriate time intervals a scan was made over the wavelength region
from the 6P §series limit (~ 4900 ﬁ) to 4000 A.. The(gxgr)‘ession which relates
s

the 6P continuum intensity to Ne was derived by Agnew from the experi-

mental results of Mohler.(7)
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Fig. 17. Representation of continuum for temperature measurement;

IA versus l/,\ .
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b 1 1
0.49 x 10718 N_° E%_Z[ P I] orge

,k 1;3/2 cm3-sec-ster

S
[}
[()

where ;L "is the wavelength at the 6P series limit
6P
‘k is the wavelength at the measured position

Te is the electron temperature

Equation (12) can be rewritten in a simplified form to show the wavelength

dependence of %l .
jr{AIk) = const - kh-——%;(i) (13)

Therefore, a plot of /\I Vs )\-l will yield the electron temperature, Te'
Figure 17 is a typical plot of these data.

The wavelength dependence of the continuum intensity (I(,l)), obtained
from a hydrogenic approximation (Eq.10 Appendix B) is ,l'g instead of /l'l
derived by Agnew. We choose to use Eq.(12) since it has been experimentally
verified by Agnew 2 and by Gridneva and Kasalov.

We plotted the hydrogenic continuum dependence with our data, and
obtained temperatures 10%, lower than those quoted in the text. (Table II).
These differences were not significant as far as our primary determinations
of shifts and widths were concerned. But if the absolute continuum intensity
were used to determine the electron density, the differences between values
obtained from the two expressions would be significant. This would require a
very accurate absolute calibration of the monochromator. However we did not
take into account such factors as a change in the transmission of the glass of
the plasma tube with time and variations in photomultiplier sensitivity, which
Placed doubt on the constancy of our initial calibration. Thus we were unable
to obtain a value of Ne from continuum intensity or test the validity of con-

tinuum expressions with these data.
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Error Analysis

The accuracy with which the Stark broadening theory of Griem predicts the
electron density at 9}(10:'“3cm'3 in a cesium plasma (for the optically thin lines
which we use) has been ascertained to be i_lO7'<>.(l’L This uncertainty combined
with our reproducibility of these line shapes of + 5% gives a maximum uncer-
tainty of i.157° in the determination of Ne. The shift measurements are repro-
ducible to + 0.01 A, This limitation is caused by the uncertainty in the posi-
tion of the peak of the line combined with the variation of the recorder pen
displacement. To attribute the large dm values (compared with theory) to this
uncertainty we believe is precluded by the data of the 9 and 10S series lines.
The peaks of these lines were the sharpest and most accurately determined.

Yet the displacement of the shift from theory is constant over the range of
shift values from 0.008 A to 0.1 A.

The electron temperature measurement from the continuum slope, appears to
be well within + 107, and is probably more like + 5%. The width and shift
values are insensitive to this temperature which therefore does not influence
the quoted accuracy above on this shift measurement.

An experimental error of 0.01 X in shift would correspond to an uncertainty
in N, of + 2% at N_ equal to 10M'em™> for the OF lines, * 157 for the OD lines
and i_hS?% for the 9S lines. The quoted experimental uncertainty in the width
predictions of Ne is + 53Q. However the line required for meaningful width
measurements must be optically thin. This restriction limits us to broader
lines which automatically lead to the low + 5% uncertainty. Shifts for these
same lines (for example OF) are at least this accurate. Furthermore accuracy
of this magnitude or better may be also obtained in the shifts of lines entirely
unsuitable for width measurements but highly desirable for other reasons. An
example is the accuracy in the shift of the S series lines which have large
shifts, high intensity but small widths.

For any practical ‘diagnostlc application, lines can be selected which
have -less stringent.resolution . requirements than many of'the Tines meas- -
ured here. The resolving power of a spectrometer is defined aS/\ /A A where /\
is the wavelength of the spectral region of interest and A ,{ is the separation

of the peaks of two narrow lines which merge at half maximum. The resolving

power of our spectrometer is 145,000 at 6000 A in the 6th order (where most of the




data were obtained) with 15y entrance and exit slit widths. This allows lines
with separation of 0.0L K or greater to be resolved and it also means that the
width of the slit function at half maximum (called the apparatus width) is
0.04 K. Since the profile of every line is modified by this function, those
lines whose true widths are less than the apparatus widths require large cor-
rections. Our experiments show that lines with true widths equal to and larger
than the apparatus width can be suitably corrected and their true widths obtained.
Therefore we consider the minimum resolving power required for a line width
measurement to be that number obtained whenA?\is set equal to the true line
width.

Since the slit function is symmetric, the resolution requirement is not
as stringent for the shift measurement. For example, our shift data are accu-
rate for shifts of 0.015 Z‘X, or greater. Thus if the line width and shift were
equal, approximately 3 times the resolution would be required to measure the
width with the same accuracy as the shift. For the diffuse and fundamental
series the widths will be a factor of about 2 or more greater than the shifts
and thus the requirements on the instrument are only slightly more severe for
the widths than the shifts. For the sharp series where the shift is 1.2 to
1.5 times greater than the widths, the resolution of the instrument required
for shift measurements is about 1/4 that required for the widths, as evident
by the fact that only the widths of the 115 or 125 lines gave accurate values
of Ne. Thus the resolution of the spectrometer depends on the method to be
used (i.e. shifts or widths) and the spectral series. The lowest number in any
series requires the highest resolution.

Table IV gives the resolution required for measurements at an electron
density of lOlucm-3 with an accuracy of 20%, for selected cesium lines by the
shift and width methods. The resolution tabulated scales inversely with the

electron density.
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TABLE IV. Spectrometer resolution requiréments for width and shift measurements.

Cesium Line Resolution

Series Designation Shift Width

8D - 6P 68,000 210,000
10D - 6P 30,000 48,000
12D - 6P 12,000 16,000
kD - 6P 6,000 7,000
6F - 5D 28,000 46,000
8F - 50D 8,000 13,000
10F - 50D 3,000 5,000
108 - 6P 84,000 350,000
l2s - 6P 22,000 87,000
48 - 6P 9,000 31,000
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A preprint of this article was obtained from Dr. L. Agnew of Los
Alamos Scientific Laboratory. The original Russian was translated and can
be summarized as follows. The widths and shifts of a large number of ces-
ium S, D and F series lines were measured for a single set of plasma param-

-3

eters - electron number density 9x1013cm and electron temperature 2380°K.
The plasma source was the positive column of a de discharge in a mixture

of cesium and argon. The partial pressure of argon was 80 mm and the ces-
ium cold spot was 250°C. The electron density of this source was measured
independent of width and shifts from the continuum intensity. This value
was confirmed by using the Saha equation. It appears that the spectral
measurements were made with photographic techniques, but few details are
given other than the Russian designation of the apparatus. The shifts were
measured relative to lines of a dc iron arc displayed on the same photo-
graphic plate as the cesium lines but no reference is made to the accuracy
of the absolute wavelength calibration of the iron spectrum or stability of
iron arc source.

Their measured cesium spectral widths are within 1070 of the pre-
dicted total width (WJC of Eq.(8)) given by the Griem theory for this plasma
condition. 3Because of limitations in their photographic method, shifts
measurement could be made only on lines whose shifts were between 0.05 A
and 0.7 A. They measured each value along with a corresponding theoretical
value, taken from Griem. However, the theoretical values listed are those
of the electron impact shift d, whereas the measured shifts (dm) should be
compared to the predicted total shift (dJC of Eq.(8)).

With these qualifications in mind, their data show these trends:
Ali the®ieasured shifts ave larger than thedry for the S lines, 95-6P to
135-6P with the measured’shifts approaching d as n incresses. Shiftstof the
D series lines mateh theory:(d) fairly well from 9D-6P %o 14D-6P 'with the
15D-6P shift larger than theory. Finally,the 9F and 10F-5D shifts matched 4.
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APPENDIX A - Plasma Spectroscopy

INTRODUCTION

There are various ways to investigate plasma parameters. Electrical
probes are widely used. They have the disadvantage of perturbing the plasma
due to the physical size of the probe. Probegs give data relative to ion den-
sity, electron temperature and energy distribution. Microwave attenuation is
used to measure plasma densities in the range of 107 to 1012 electrons per cc.
Very far infrared attenuation is now being studied for use in the 1012 to 101k
range. These methods only yield number densities. Perhaps the most powerful
tool for investigating plaﬁma temperatures and densities for densities greater
than 1013 electrons per cm” is optical spectroscopy.

Ideally, spectroscopic methods yield the most information for those plasmas in
which local thermal equilibrium (L.T.E.) exists. Complete L.T.E. prevails
when the kinetic temperatures of the electrons, ions and atoms and those char-
acterizing the distribution over the bound states (Boltzmann factors) and the
free states (Saha equation) of the excited particles are alike. This is true
when the electron densities are greater than 1016 cm=3 and temperatures are
less than 10 ev. However in plasmas which are collision dominated i.e. in
which excitation and de-excitation, ionization and recombination are mainly
caused by electron collisions, the L.T.E. criteria only require the equality
of the electron temperature with the distributional temperatures of the upper
bound states. Then, one can tentatively extend the spectroscopic methods to
electron densities of 1013 cm-3 and temperatures of the order of a tenth ev.
The validity of this extension can and should be tested since the spectroscopic
methods contain various self consistence tests which show the limits of their
applicability.

SPECTROSCOPIC THEORY

Intensity Measurements

The various methods of spectral plasma diagnostics will be discussed in terms
of the phenocmena observed. In all cases, unless stated otherwise L.T.E. is
assumed. The diagnostic method will then be derived from these phenomena.
Various checks for the assumption of L.T.E. will also be given. The first
phenomena is that of spectral line emission and the intensity of such lines.

Line Intensity:

Figure 1 shows the electronic energy level diagram of an isolated atom. Six
excited energy levels are shown. The energy of Eeo corresponds to the usual
ionization potential X for an isolated atom. Ionization corresponds to excit-
ing the electron beyond Egg and into the continuum. The atom normally exists
in its ground, or unexcited, state and its outermost electron occupies the
ground state level E . When the atom is excited, the electron moves to one of
the bound excited levels, Ey, E,, E;, etc. or if given enough energy ( X or
greater) it becomes free of the atom and exists in the continuum (with kinetic
energy E-)(). A free electron and ion can recombine and give rise to an
excited atom in one of the bound states. Regardless of the manner in which
the atom is produced in one of these bound states, it will in time decay to
the ground state. Enroute to the ground state the electron may fall momen-
tarily into a number of intermediate lying excited states. For each such

L8




transition, the atom will emit a photon of energy.
nv. = E -E (1)

where u and 1 denote the upper and lower energy levels and v the frequency of
the photon. The emission of this photon gives rise to a discrete spectral line
of frequeney v;;7. The intensity of this line is

Iul = Aul Nu hVul

where Ag% is the probability of the rate of the transition occurring from the
upper u“ll state to the lower 1 h state, N,; is the number of excited atoms in
the upper state which can participate in such a transition and hv,; the emit-
ted photon energy.

For systems in L.T.E., the population of the various excited states can be
expressed by the Boltzmann relation

g
N - 2 ye “E/KT (2)
u g, ©
where Ny is the population of the ground state, T the temperature characteris-
tic of the manner in which the excited states are populated and g, and g, are
the statistical weights of the upper excited and ground state respectively.
Since excitation and de-excitation are by electron collision this is the elec-
tron temperature. Thus the line intensity becomes

-Eu/k’l‘

_ e g
Iul N Aul No hvul-ii (3)
€o

The degree of ionization in the plasma can be written in terms of a statistical
relation, the Saha equation. The Saha equation is obtained by extending the
Boltzmann distribution for the bound states (Eq.2) so as to include the elec-
tron distribution (considered Maxwellian) for the continuum. As a consequence
of this treatment the temperature T in the equation, for a collision dominated
plasma, is the electron temperature (given by the Maxwellian distribution).
Written in a form relating the electron density, Ne, to the ground state
density, Ny, the Saha equation is

N 2

£
NO

X' /T W)

S(T) = Const(kT) 2

where

X'=X-AX-

1
)( is the observed ionization potential. X is the usual ionization poten-
tial for an isolated atom and A X is the amount the ionization potential is
lowered due to the presence of fields from neighboring ions.
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Continuum Intensities:

The emission of continuous radiation results from two dominant causes: (1) tran-
sitions of free electrons within the continuum while in the field of an ion, the
free-free radiation or Bremsstrahlung, and (2) the radiative recombination of an
electron into one of the bound electronic levels to form an atom in an exeited
state from an ion-electron pair, the free-bound radiation or recombination con-
tinuum.

Bremsstrahlung results from the slowing of a fast electron in the field of the
ion. If the electron originally has a kinetic energy mv2/2, the largest fre-
quency that can be radiated in the stopping process is:

Voo T B (6)
2h

From this limit the continuum of frequencies can extend towards lower values
since arbitrarily small energy changes may occur in the retardation process.
The intensity of the free-free continuum then depends on the velocity distri-
bution (Maxwell-Boltzmann) of the free electrons i.e. on the number of elec-
trons whose velocities permit them to contribute to the radiation at a given
frequency in accordance with Eq.(6). Consequently, the free-free intensity can
be written

"2 3 2 exp( A X /6T) exp(-hv/xT) (7)

I(F_F) = Const (kT)

The free-free continuum intensity will decrease as the frequency increases.

Superimposed on this free-free continuum 1s the recombination continuum. This
results from a radiative recombination of an electron and ion to form an exci-
ted atom. Recombination into each of the bound levels will give rise to a com-
ponent of the total free-bound continuum. Each of these components will have

a lower limit at the frequency equal to the difference between the observed
ionization potential, ) ' and the lower bound state,l, corresponding to the
recombination of an ion with an electron that has zero velocity.

v. = X =% (8)

This frequency is called the series limit. There will be a definite series
1imit for each of the bound states E,. For upon the recombination of an elec-
tron with velocity v, the energy of The emitted photon will be

hy = 1/2mv° + (x' - E) (9)

The intensity of the recombination continuum for a given bound state is derived
by considering transitions between a set of pseudo-hydrogen levels in the con-
tinuum and that bound state with the limitation that the first of these pseudo-
hydrogen level be at X'Eq.(8) . The intensity of that total free-bound con-

tinuum is then found by summing over the various bound states. This free-bound
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intensity is

T _ Const s eAEn/kT 1\Tee—hv/k‘l' (10)
(F-B), = m3/2 =33 ©

where the n's are the effective guantum numbers. The sum is taken from
defined by the energy difference between the series limit and the photon energy
(see Eq.(9)) and N oy defined by the series limit (see Eq.(8)).

Figure 2 shows the total continuum emitted by the six level atom shown in Fig.l.
The intensity of this continuum is the sum of the free-free and free-bound con-
tributions as given in Eq. (11).

Icontv (ll)

P A¥
= Consi + Const 1. AE/xT| g2 -hv/kT
(k)2 [e L3 A%/ ] T e

Superimposed on the continuum of Fig. 2 is the set of discrete lines (series)
resulting from transitions ending in the first excited level, E,. At the high
frequency end this series approaches the series limit Eq. (85 for the recombina-
tion continuum into Eq. The frequency difference between the series limit and
any given observable series line is equal to the difference between the observed
ionization potential X' and the upper state involved in the transition corres-
ponding to that line. For example, for the series shown in Fig. 2, the lines
have frequencies (E,-Ej)/h and the series limit is (X'-Ep)/h. The difference
between these is then

'.E
Av = >(h L (12)

As the observed ionization potential is reduced, Av is reduced and the series
limit advances towards lower frequencies. If the reduction in ionization poten-
tial due to electric fields from neighboring ions is great enough the higher
series members will merge into the series limit. The number of observable
higher series members are thus a function of the reduction of the ionization
potential X .

Line Profiles

In general spectral lines do not result from the emission of photons of a single
frequency, rather they result from the emission of photons having a distribution
of frequencies around a value similar to that given in Eq.(1). This results in

the line having a defining shape or profile. The limiting line profile is that

given by the Heisenberg uncertainty principle

AEu A'tu -~ 'ﬁ (13)

where[&E is the uncertainty in the upper energy level from which the transition
occurs andAtu is the uncertainty in the time for which that level is occupied.

This limiting profile results in the so-egalled natural line width. The natural
line width in wavelength units as given by classical electrodynamics is constant
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and is
2 .
AX b e 17 % 104 4 (14)

classical 3 pe?

The derivation of the natural line width from the uncertainty principle leads to
similar results but not to a constant[&).. A tyEical value of the quantum mechan-
ical natural wiggh in the optical region (v T 10 5 sec-1) is Av = 107 sec-1

( Al ='1 x 107%4).

Doppler Broadening:

Since radiating plasma particles are not at rest, the emitted photons can
undergo a Doppler shift. The Doppler effect increases the line width because
of the motion of the emitting particles relative to a stationary detector. In
wavelength units the Doppler width (half width at 1/e peak intensity) is

SE-REh =

M

where is the temperature of the particle of mass M with/lo the wavelength of
the line at maximum intensity., Typical vglues of thg Doppler width for the
cesium resonance line at 8521 A are 0.006A and 0.008A for atom temperatures of
130°C and 330°C respectively.

Resonance Broadening:

Another broadening phenomenon which influences line profile is called Resonance
Broadening (sometimes referred to as Pressure Broadening). This effect is due
to collisions between excited and ground state atoms which may be likened to
an interaction between oscillators. The oscillator strengths of the resonance
lines are usually very high, and the coupling of these oscillators will there-
fore be correspondingly great. This coupling can result in a distribution in
the emitted frequency, and thus in a broadening of the(%sne. The width (in

wavelength units) for resonance broadening is given by (full width at half
intensity)

2 3

2 e

My-%5 F 'l% flu T (16)
C

where fy,, is the absorption oscillator strength, N, is the number density of
absorbers (particles in the lower state) and the other quantitieg are as previ-
ously defined. For the cesium resonance line CsI 8521 A/\R in A is

l\;\R = .3 x 10'17 Nl Angstroms (16a)

Stark Broadéning and Shift:

In dense plasmas at moderate temperatures(plasma in L.T.E.) the Doppler and
resonance broadening mechanisms are small compared to those caused by the inter-
action of the radiating particle with the fields of the ions and electrons in
the plasma. Because of their dependence on electric field, the effect of these
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interactions on line profile is called Stark broadening. The phenomena of Stark
broadening may be considered in terms of the following two mechanisms. The radi-
ating atoms find themselves in a static electric field caused by neighboring ions.
An electron in an excited level can interact with these fields; this interaction
displaces the level from its original (unperturbed) value, and results in a shift
in frequency of the emitted photon. The higher frequency lines for a given series
will exhibit a greater shift in frequency. There will also be an uncertainty in
the position of the shift because of small differencesin the fields at each
radiator. This will cause the emitted radiation to be broadened about the aver-
age ghift value.

In addition to these static ionic fields, the radiator is in a rapidly changing
field of the fast moving electrons. The actions of these fields may be con-
sidered as a collision of the electron and the radiator. After a collision,
the radiation process is rapidly quenched. This quenching (cutting off of the
emitted wave train) results in an uncertainty in the lifetime of the states
involved in the transition, with a corresponding uncertainty in the energy of
the emitter photon. This results in a broadening of the spectral line coupled
with a shift in its center frequency (the frequency at maximum line intensity).
The profile of such a broadened and shifted line can be written as

oe
I(Aw)=—‘:— j F(E) a8 (17)

2 2
o W +(Aw-d-2ﬂ02£ o)

e

where the frequency A;w‘(expressed‘in angular units) is measured relative to
the line center w,. F(E)dE expresses the probability that the radiator is in
a Tield of magnitude between E and E + A E, & is a coefficient related to the
perturbation of the total energy of the radiator by the field and W and d are
the values of the line width (half width at half intensity) and shift. The
width and shift are respectively the imaginary and real part of the Hamiltonian
of such a perturbed radiator.

=
I

- I’"(%) (18)

a =z (19)

The above theoretical consideration results in a spectral line profile identi-
cal to that actually observed. The observed line contour is given by a Lorentz
distribution

W
I(w) = Const Imax [(AW _ d)2 N w2] (19)

where the line width and shift are equal to a constant (weak function of the
electron temperature) times the number density

W

Const Ne (20)

a Const Ne (21)

ReferenCESC%B)haB a tabulation of these constants for cesium.

i}

53



T W 2y Ty T WU D G e e | B

The analysis of the line profile is independent of the limiting assump-
tion of thermal equilibrium and so affords a particularly useful method for
plasma diagnostics.

Absorption

Before compiling the various diagnostic techniques which these spectral data
afford, it is important to determine the manner in which the emitted line radia-
tion is altered before leaving the plasma. Emitted plasma radiation will in
some part be absorbed by the plasma and neutral gas atoms. The derivation of
Eq.(3) for spectral radiation requires a simplifying (and necessary) condition
that the plasma is optically thin — the emitted radiation is transmitted with-
out absorption. Near the core (w,) of strong (resonance) lines this is not
generally true. Neither are most plasmas truly thick so that the emerging
radiation does not approach that of a black body. In analyzing the spectral
data some adjustments must therefore be made for this partially thin-partially
thick nature.

Absorption is less a factor when transitions between highly excited states are
considered. This is du? to the lack of a large number of absorbers in these
states. Transitions to'the ground state, i.e. resonance lines, do exhibit
absorption under most conditions and are not selected for line profile analy-
sis. Continuum radiation, especially that on the high frequency side of a
series limit, can be considered thin for most laboratory plasmas.

Two types of absorption can play an important role in the observed line profile.
First is absorption in a cold layer which may constitute the boundary of an
otherwise uniform plasma. This is shown in Fig. 3A. The broadened emission

line whose profile is centered around some shifted frequency w' passes into

the cold layer which has a thinner absorption profile that is centered about a
frequency which is closer to the unshifted frequency w.. This results in a
so-called self-reversed line. The frequency difference between the self-
reversal minimum and the emission maximum is a measure of the shift of the line.
The intensity at the core of the line will be cut down strongly by the absorp-
tion, while the intensity in the wings of the line will be relatively unaffected.

The second type of absorption is volume absorption. This is shown in Fig. 3B.
Both the absorption and emission line contours are the same. Both are centered
about the shifted frequency w'. The absorption is again greatest at the core

of the line, where the absorption coefficient approaches a maximum, but there may
still be a non-negligible absorption in the line wings. This results in an
observed 1line which appears quite a bit flatter than the emission 1line in con-
tour but which is still centered about the shifted fregquency w'. A contour sim-
ilar to self-reversal in a cold layer may result from the volume absorption of

a very intense, very broad emission line. True self-reversal will appear in

the resonance lines of the lower series members.

Diagnostic Technigues

The spectral phenomena discussed indicate several methods of determining the
parameters of temperature and number density in a radiating plasma. Since the
plasmas in question are considered dominated by electron collisions the exci-
tation  (Boltzmann) and ionization (Saha) temperatures are those of the
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electron. Only in the case of the Doppler contour is the temperature that of

the atom. All methods except that of the Doppler contour have been applied at
this laboratory. In the plasmas investigated thus far the Doppler profile of

the line has been overshadowed by its Stark profile. These diagnostic methods
are listed in Table I.

Of the various methods of determining electron density all but the Stark pro-
file and Series Limit methods are sensitive to the condition of L.T.E. The
validity of L.T.E. can be checked by comparing the values obtained from these
measurements with those obtained from measurements which required the assump-
tion of L.T.E. (Saha Equation). The validity of the assumption of a collision
dominated plasma can similarly be checked by comparing the values of excitation,
ionization and kinetic temperatures. And finally if the temperature of the
various particles are known (the ion temperature can be determined from the
Doppler width of an ion line) the completeness of L.T.E. can be checked.
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APPENDIX B

ABSORPTION OF RADIATION IN RADTATING AND NONRADIATING MEDIA

INTRODUCTION

The intensity of a spectral line can yield much information concerning the radi-
ating particles and their enviromment if the radiation is not absorbed when travel-
ing between the radiating particles and the detector. The atom number densities
and excitation temperature can be obtained from absolute and relative intensity
measurements and an analysis of the line shape will determine the perturbing mech-
anism which could yield electron densities or atom temperatures. However, if the
radiation is absorbed this information will be masked by the effect of the absorp-
tion. Consequently an estimate of the absorption must be made for each line before
1ts intensity or intens;ty profile can be analyzed .

In order to establish a basis for these corrections a description of the absorption
is first given for a radiating gas which obeys Kirchoff's Law and which has a con-
stant temperature and number density throughout its length. A factor d is then
developed which allows absorbed intensities to be reduced to their nonabsorbed val-
ues so that the foregolng analysis can be made. The limitations on the use of this
factor are defined and the results of a more general treatment of the absorption of
spectral lines are quoted for lines which have a Lorentz or Doppler profile.

Finally, the intensity equations derived for a radiating gas are shown to have the
same form as the gbsorption profile of a continuous light source which,ls absorbed
by a neutral gas. The equations are applied to cesium absorption data(l for com-
parlson.

ABSORPTION OF EMITTED RADIATION IN PLASMA

Genersl Radiation Equation

The intensity of radiation from radiating atoms can be derived from the general
equation for radiation transfer. In plasmas, where the scattering of radiation
is negligible, the change in intensity of radiation per unit volume, solid angle
and frequency interval is the difference between the emission and absorption.

Nemely, in the direction x,

SI1(0x) = € (x) -Kl(x) I(e,%) (1)

where € (x) is the emission per unit volume. I_(8,x) is the intensity in the
region b¥tween x and x + dx at an angle between & and & + 4@, and k;(x) is the
effective absorption coefficient.

In collision dominated plasmas the effective absorption coefficient and the emils-
sion are related by Kirchoff's lLaw,
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i.e. €v(x) = x!(x) B, () (2)

where B (T) = 2h 3 . 1 ergs
v 5 /KT 5 (22)
¢ e -1 cm” str.
The differential equation for radiation transfer, Eg. 1,can be integrated(g) to

give

-1(v,a)

b -t(v,x)
Iv(e,b) = j Ev(x) e dx + Iv(e,a) e (3)

where a is the point of the plasma furthest from the line of sight and b is the
near point: e.g., a is the point at which the radiation I (63a) enters the plasma
volume and b is the point at which it emerges from the plasma in the direction of
observation (see Fig. 1).

Here I (G,b) is the energy/cme-sec-str per frequency interval (intensity/str- [\v)
emitted from the end of the plasma volume of length (b - a). I (8,a) is thep
intensity/str-/\v incident on the plasma boundary at point a and t(v,x) = k'v(x)dx,

X

———

IV(G,a.)__—. ‘———Ix-(e’b)

Figure 1

I (8,x) will be considered isotropic and I_(€,a) shall be taken to be zero, i.e.
tHe radiation source is within the boundary a - b. Then Eq. 3 becomes:

-1(v,x)

b
Iv(b) = d/’ E;(x) e ax (4)

a

If k;(x) and Ev(x) are independent of x, t(v,x) = k;(b-x), and Eq. 4 becomes:

-k'b b k;x
I (o) =€ ¢ 7 e dx
2% v

a
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From which,

v

k'L
I =BV(T)[l-e v (5)
where L = b - a.
This expression will now be used to develop the equations for the spectral pro-
files for optically thin lines, lines which are slightly absorbed, and optically

thick lines.

Optically Thin Plasms

While most laboratory plasmas are not optically thin, the expression for opti-
cally thin lines is the only one that can be developed in terms of the atomic
parameters of the radiating system. The absorbed lines can then be treated as
having "perturbations" in their profiles caused by absorption.

The exponential in Eq. 5 can be expanded in a series:

1 2 ] 3
BV(T) 1 -[1 - k'L + (va) - (kvL) + ....] (6)
T 3!

Viz. I
v

~1

If k'L is so small that the terms of higher order than the first order can be
neglgcted, the radiating system (plasma) is termed optically thin.

Then Eq. 6 can be written as:
o _ .
I, =B(T) kL (6a)

The superscript o is to designate the optically thin intensity.

(3)

From the theory of absorption

k! = a [l -e hv/kT] (7a)

where v = (Ey - E )/h and E_ is the energy of the upper state and E, is the
energy of the lower state involved in the radiative transition.

Also,
2

a = 2= N f [Normalized Line Profile] (7b)
v me n m

Here N, is the number density of particles in the absorbing (Lower) state and
fom 1s the absorption oscillator strength.

The normalized line profile is Lorentzian if the broadening mechanisms are
natural, pressure, resonance or Stark broadening. This shape will be used
exclusively in the development of the intensity equations because the Stark
broadening is the dominant broadening mechanism for the lines of interest in
the Cs rf plasma.
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The normalized Lorentz profile ,I, has the following frequency and wavelength
dependent form:

Frequency dependence: i= r 3 (88-)

b (AN +(F)

where -2; = y is the full width at one half the maximum intensity and Av =V =V,

The frequency dependent form can also be written as

L-2 X (8b)
Wavelength dependence: :<= A (8c)

LA+ (8

t
where '2% = w, the full width at one half the maximum intensity and AA: A- Ao’

Similarly the wavelength dependent form can also be written as

2 1
= = z 8
I o 1. h(Awl)e (8a)

Using Eqs. 2a, 7a, Tb, and 8a, Eq. 6a can be written as
o) 2ne2h 3 &n

N erg
! I = N ==L
v s mim e gy [unQ(Av>2+(J§)2]

cm2-sec-str .
&n _ -hv/kT
&m

the statistical weights of the lower and upper states respectively.

I‘ In this expression Nn was replaced with Nn = N, where g, and g are

Also, the total intensity

2
; 1° - I4a = 2re h v3 f N ©n ergs (9b)
‘ vy 3 m m m — L 5 v
me
| cm -sec-str

line

Eq. 9b can also be written as:

A
°-" N nv L ergs/cme-sec-str (9¢)
T m mn
81t262 h Vr?m g,
where A = ——e—— T — , the transition probability.
mn e moog




Finally, rewriting Eq. 6a:

I - 10[ I )2] (9a)

v hnE(AV)E + ("2:

Slightly Optically Thick Plasma

The general expressions for the line profiles from a radiating system are now
amended for a system with an absorption of sufficient magnitude that the second
order term in Eq. 6 must be used. An expression for the profile for these "second
order absorbed" or slightly optically thick lines is written in terms of the
optically thin total intensity, I°. From this expression an equation which relates
the observed total intensity and full width at one-half maximum intensity (here-
after simply called the width) to those quantities for the optically thin case is
developed. In performing this derivation the parameter & is introduced. 8 is
defined in terms of the atomic constants, absorber number density and width of the
optically thin profile. This factor is most useful in defining the regions of
application of the various absorption corrections. Plots of the ratios of observed
to optically thin width/and intensity as a function of the absorption are presented
to illustrate the usefulness of these corrections.

Rewriting Eq. 6 to include the second order term yields:
kl
\
1 - ———
; BV(T) koL [1 5 ]

k'L
13 [1 - —-V—] (10)

I

or I
v

2

One can call this expression the intensity for a slightly optically thick plasma.

Total Intensity Correction: The total intensity is:

I - de -1°.L jIOk'dv (10a)
vV 2 v v

line line

For isolated lines the integral on the right can be written as:

00 o0
fIOk'd =fIOk'd =jI°a(l-e'hv/kT)dv
v v v v v v v Vv
line — 00 _ 00

Now, e-hv/k

Under these conditions, k'(v)
integral becomes:
oo

o
fIOa av=1°“e2fo[ C 2]2dv (11)
vV v ne n nm hﬂe(AV)2 +('é‘:) 11
- 0%

- 00

TL@; 1 forA <1.4 u's if the plasma temperature is less than 5000°K.
= a(v) and with the aid of Egqs. 7b, 8a and 9d the
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Since oo
2

= X
i

il £
J b v)? + ()7 r

the expression for the total line intensity, Eq. 10a, becomes,

0 L e2 Nn fnm]
I:I[l-gﬁg)_y—-. (12)
And, I-=1°(-5) (13)
I
or == (1-23) (13a)
o
I
L e2 Nn fnm
where 8= = — (1ka)
2 mc v4

5§ - L A M m (1Lb)
] 2 W
me
Therefore,

° - f%g =T [1 + 8 + 82 + ....] (15)
or ° =1 (1+3) (15a)
or L. =

©° - T+ (15b)

I is the observed irtensity (data) and I° (the corresponding thin Iline
intensity which is to be used in the plasma parameter computation) is the desired
quantity.

Figure 2 is a plot of I/1° determined from the complete radiation treatment (see

belOW) along with the factors (l - 6) and 1__3_'__8 as a function of the absorption at
A X =0. Notice that the factor 1/(1 + &) fits the true ratio over a much larger
region of absorption than does the factor (1 - 8) which required one less approxi-
mation: (see‘ Egs. 15 and 15a). The factor 1/(1 + &) fits the true ratio to within
a few percent up to a value of Ao L = k. The plot shows how the observed inten-
sity diminishes with respect to the optically thin intensity as the absorption
increases. Thus Eg. 15b may be used to describe a slightly optically thick

plasma for O == e, L= k.
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Width Correction: Equetion 10 frith k' = 0y ) can be rewritten to show
the line profile in terms of . /\ k

O

' 2, 2 '

2 z '2[1_%%/\0 N fm T2 /\2 ‘-'2]
ba(A L)%+ (AD me k(AN + (45)

(16)

Rewriting this equation in terms of the line profile Eq. 83 and the factor & gives:

Viz. Il= I

_ 10 2

1 1
IA—Iﬁl_’_lu(_%x)g[l'eal*‘h(%)Q] (17)

The maximum intensity is at A /\ = 0 so that

1Lt 1° we—“ [1 - 25] (18)

The ratio of this intensity to the intensity at one-half maximum is 2.

Ao s (19)
IAO h A/ll/2

where A A 1 /2 is the half width at one-half the intensity of the slightly absorbed
line.

Substitution of Egs. 17 and 18 into Eq. 19 gives:

o [1-251

1 I
1+ h(%il/@d [ 1+ u(-AwAl/z)z]

Let
l+u(_A_§.@) - A
Then, (L -28)A-20+1L45=0

The only physécally possible solution for A is the positive root where the assump-
tion L& 2> 85 is made, so that

A-2 ll_'2§ =2 (1-8)(1+ 25+ Ls%+ ..0)
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If the previous assumption holds:

A =2(1 +3)
and (-z-é%-v_@)2 =1+ 25.
Therefore
2( A’ll/é) = w1+ 8) = w (20)
or wi/w=1+5 (20a)

vhere 2 A/\/g is the full width, w'.

Again, w' is the observed value and w is the optically thin width, so that

w = w'/(l + 6) (21)

Figure 3 is a plot of the ratio of w' to w determined from the general theory (see
below) along with the factor (1 + &) as a function of the absorption at AA = 0.
The factor (1 + &) gives a reasonable fit to the ratio for values of ,\ L up to
1.0 and gives a fit to within 207.: for values of ¢ ,\ L up to 15. Actuaﬁy the
factor 1/(1 - 8) gives a better fit for absorption values up to 1.0 but then
rapidly diverges from the actual shape of the ratio.

Optically Thick Plasma

In this section the results from the computation of Eq. 5 for the Lorentz profile
will be quoted in terms of the absorption at the line peak (A '= 0). These
computations were made with no assumptions concerning the magnitude of the absorp-
tion but it is still considered constant throughout the radiating system. Also,
the absorption profile for the Doppler and combined Doppler and Lorentz broadened
lines is defined. The steps required to obtain the ratio of observed to optically
thin intensities is ocutlined for each of these two conditions.

Lorentz Profile: If the absorption is large such that no approximation can
be made to Eq. 5, the plasma is said to be optically thick.

Eg. 5 can be rewritten as:
) = By [1-e L] (22)
where k'/\ = a/\ as before.

Now in order to derive an expression for line profile we first recall Egs. 7 and
834 which give the relation:

ne2 2 g_ 1

ay == N f (22a)
rEIE A N T T @AY
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and o l (232)

[0 —————————
Ao 1+ 4 F
where F =AA/W and OtAo is the absorption at the line center ( A A= 0)
Also, for reference,
ay = bd 23b)
Ao (23
where, hereafter OtA is replaced with Ot .

Now if the spectral range of _4_2 is small, the variation of B 1 (T) with ,\

over this range can be neglected and B /\(T) held constant; the line profile is
then given by

Iy=3,(D{1 - exp[-aL ——1-—5 . (24)
A /\ 1+ 4P
And the total intensity is
[>2<]
f:[ d. = B (T)j 1 - exp(-aoL -—1——2 al (24a)
. /\ /\ /\0 1L+ L4F
line - 00
But the intensity of optically thin radiation is:
.[ DT -, @atl & (25)

The ratio of the intensity of the optically thick to optically thin line radia-
tion is therefore, oo

I‘c _ _;L{l } exp[-aOL (1 +1E FZ]} d_'\ (26)

Landenberg and Reich(3) show that this integral could be calculated with the aid
of Bessel functions. Their result is:

1 - exp [-aoL(——-l:-—e-] aA = #ar/e) (27)
~eo
A plot of f(OZOL/Z) vs (OtOL/2) is tabulated by Penner.( )
Finally, I f(aoL/ 2) (28)
1° - ZotoL725

This ratio is plotted in Fig. 2 along with the values of (1 - &) and 1/(1 + 3)
for values of OzOL_ to 20.
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For large values of aoL, say aoL 2 10, the function f(—%—)..; 1’-%%- so that

o61’1/2
(0]

T

ozoi./ 2 )

HIH
¢]

and

H

= 2 for a L
o}

1° \/ naOL '

The width of the absorption profile w' for large absorption can be obtained simply
by setting the profile equal to 1/2 and solving for 2[3).'

i.e. 1 - exp -aOL/ [1 + u(—A% 2] } = 1/2

1/2

> 10 (29)

/\ OtOL ]
. _ _ _o _
From which w' = 2 A = w[ oo 1

]1/2 (292)

or w' o= w[l.brS abL -1

A comparison of the ratio w' / w from this expression with the ratio obtained from
plots of Eq. 5 indicate that Eq. 29a is valid for

o.'oL. =8

This ratio of the full width of the profile of Eq. 5 to the optically thin width
is plotted in Fig. 3 for values of @ L to.16. For the cesium plasmas in our pro-
gram, the width is generated primariiy from Stark broadening effects.

Doppler Profile: When the absorption profile is governed by Doppler broad-
ening, the absorption Eq. Tb is written:

2
-

ay="_1)°%N r —le'-(%) (30)
Py mcelo nmv—;wD

where the term in the brackets is the normalized Doppler line profile and w,. is
the half width at l/ e times the maximum intensity and is normally called the
Doppler width.

1/2
Also, Wy = [ g;—T] Ac—o- cm (31)

where M is the mass of the radiating particle, T its temperature and Ao the
wavelength at the line center.

Since the Doppler profile introduces a new normalization factor into the expres-
sion for OLA, Eq. 30 will be rewritten in terms of a constant factor K.

T1




Nemely, a)( =K — e '"D (32)
N W,
] D
Tte2
where K = +—§ 2N f
me n m

Or, one could write

(ozo) = (33)

X
D >
oppler \/?ﬂwb

The total intensity of the Doppler broadened line can again be obtained by inte-
grating Eq. 5 (and changing subscripts to,\).

/ f 5l
Viz. I-= Iy & =B, (T) 1_exp['fi%_e D ] ax
A Ao -J; '\/:rt WD

line

The ratio of I to IO,\the intensity of an optically thin ?&pp}er line (IO is inde-
pendent of the broadening mechanism) has been determined. »5

For 0.1 & KL < 30,
S e
1/2
L= exp(- 1/2 [ij—-] (34)
I w vy

Values of E—- for[ KL
IO

N W.
VT

A comparison of Eq. 34 with Eq. 29 shows that Doppler broadening causes much
greater absorption than Lorentz broadening. This is to be expected since Lorentz
profiles have larger wings so that the radiation can effectively "leak out" through
the wings of the lines where the absorption is much less than at the center.

1/2
] outside of this range can be found in reference k.

Combined Doppler and Lorentz Broadening: The expression for the profile of
a lige which is botk Doppler and Lorentz broadened is called the Voight formula,

V. - [- (A' _/\0)2 ]
w/2 Y exp v
5 32 ‘l -1 - (X -3 %+ )

where wy is the Doppler width (1/2 width at 1/e peak intensity) and w is the
Lorentz width (full width at 1/2 peak intensity).

f

And, v al :" (35)

This expression is placed into Egq. 7b to yield a).and a)‘into Eq. 5 (with the
appropriate subscript change) to obtain the intensity per unit wavelength. This
equation is integrated and compared with I® for a large range of KL and for a

T2
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‘variety of /2 ratios by Penner.
ing I/I° is the Following:

The procedure which he outlines for obtain-

First the intensity ratio (I/I°) of absorbed to optically thin lines for a purely
Doppler broadened line (characterized by WD) is computed. Then the factor by which
this ratio is increased by the Lorentz broadening (leakage through the wings%Lis
determined. This factor is given in Fig. L4-6  in reference 4 in terms of &2

SR WD
and W/2WD- The effect of the Lorentz broadening is always to reduce the absorp-
tion due fo Doppler broadening alone.

A Criterion on Equation 5 for €esium Plasmas

The derivation of Eg. 5 requires that the emission and absorption coefficient are
proportionaleq.2)- This implies that the profile for the absorption and emission
are identical - a large absorption means a large emission, etc. This means that
the emission and absorption processes are independent of each other and that each
photon absorbed is essentially lost, to the radiation beam. This is true if the
rate of population of the excited state of an atom by collisions is substantially
greater than the lifetime of the state. This requirement is most easily satis-
fied for non resonance radiation. Consequently, a simple test of the criterion

is to determine the ratio of collisional population of a resonance state and the
lifetime of the state.

For hydrogenic atoms this ratio is:(6)
R N g 3 B /2

coll. e H H

rad. 2.3 x 10
where EIél is the ionization potential of hydrogen (13.6 ev), and T is the kinetic
temperature of the colliding particles.
And N -

nd, . - i——?[m(ev)] aten)| (37)
2.5 x 10

For cesium resonance radiation, hv - .73 and for our cesium rf experiments,
kT ~ .3 ev.

Then, N
e

b5 x lO12

If the collision population rate is ten times the radiation depopulation of the
state we shall assume that Eq. 5 is valid.

If it is greater than 10, then

12 -3
Ne >5x% 1077 em (38)

The majority of the rf experiments are made with Eq. 38 satisfied.
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RESONANCE BROADENING

If the electron or ion density in a partially ionized radiating system is
sufficiently low or if the system is not ionized and can only absorb radiation,
the emisdion and absorption profiles can be governed either by Doppler or reso-
nance broadening. The criteria for the exclusion of Stark broadening in the
case of slightly ionized plasmas and pressure broadening in the case of the neu-
tral gas must be checked for each element and line thereof. However very rough
limits can_be stated; namely N < 1012 for the exclusion of Stark broadening
N <: 10t 18 for the exclusion of pressure broadening where Ng is the number den-
s1ty of absorbers. In these last two sections only the case of the neutral gas
will be treated so that only the pressure broadening criteria need be considered.
A comparison of resonasnce and Doppler broadening will be made for a cesium absorp-
tion cell, which simply contains cesium atoms in their ground state.

The Doppler broadening profile is given by Eq. 30 and the width by Eq. 31.

Consequently for cesium,

w = 3.74 TV /\o A (39)

D

For the cesium resonance line (8521 A)

Wy = 0.006 A for T = 130°C
WD = 0,008 A for T = 330°C

Resonance broadening is caused by the coupling of "oscillators” which are nor-
mally the ground state atoms (i.e. atoms which'absorb the resonance radia-
tion) with their resonance frequency and the spread in frequencies can be des-
cribed by a Lorentz distribution, Eq. 8a:

P 2 1
QL_ Wit 1+ )-l- (AWA_)Z
R

~O
where Wy is the full width at A_=1/2.

The best value of the width for resonance broadening is:(7)
2 IXB
2 e
- £ = 4 0
YR 3n m c2 fnm Nn (ko)

where fnm is the absorption oscillator strength and N is the number density of
absorbers (ground state).

Upon evaluation of the constants Eg. 4O becomes:

we = 0.6x 1077 A3g WA (41)

where A is in p's.

Th



For the Cs resonance line, f = 0.814

and A = 0.8521 u's.

Therefore, °
w oz .3 x 10707 N AL

The profile of a spectral line (in absorption or emission) will be a combined
Doppler and Lorentz profile. However, if the resonance width is much larger
than the Doppler width, the Lorentz distribution will describe the line. If
the criterion,

w =10 vy, is used,
then

N, >3.3x 10wy () en (42)

The cesium vapor pressure is a function of cold spot temperature but an upper
limit on temperature is determined by the vapor container. TFor a glass absorp-
tion cell the upper limit on temperature is about 350°C which limits the atoms
to a Doppler width of w, —~ .08 A. Therefore, from Eq. 42, criterion for reso-
nance broadening domination in the vapor is

16

-3
N> 2.64 x 100° cm (43)

The number density of cesium atoms is determined by’its vapor pressure above a
cold spot. The equation which relates the cold spot temperature (in °K) to the
vapor pressure (in mm of Hg) is:

log,, P = 6.949 - i@i%@_?

.9k x 10 9P

T

and Na = where P is in mm of Hg and N, is the number density.

For a cold spot temperature of 300°C, N_ = 3.3 x 1016 em-3. Consequently, the

resonance width should predominate and %he line shape should be Lorentzian for
an unexcited cesium vapor above a cold spot of 300°c'(l,7 mm Hg) or greater.

ABSORFTION OF RADIATION IN NON RADIATING MEDIA

The equation which governs the amount of radiation which travels through an
absorbing media is given. This equation is shown to have an equivalent form as
Eq. 5 and hence the theory developed in a previous section is applicable for a
pure absorber. The equation is then used to describe the abscrption shape of
the Cs 21 A line. Data obtained from an absorption experiment performed by
Jensen( is quoted and the width of the predicted and measured shapes are com-
pared.

>
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If a beam of radiation passes through an absorbing media, and if the absorted
radiation is not re-radiated into the beam, the intensity diminishes exponen-
tially, i.e.

I/\ (x) = 1/\(0) e Py (4h)

where @) (= k )} ) is independent of x, the absorbing length, and I} (o) is
the incident re&diation. Consequently, the amount of radiation absofbed in the

distance x is:
- of )~) x]

pd = o) -e I
I G0, ,\('[l (15)

Finally, if I)‘(O) is constant over the wavelength range where a:l is finite,

I
absorbed 1 - a A (h6)
incident

Resonance Absorption

If for an absorbing medium of length L the lines are resonance broadened we can
write @5 by combining Egs. 40 and 22a,

Viz. 3 1

ak ) ro 1+ L (A&.)g (1)
"R

For the cesium resonance line (Cs 8521 A):

_ 1ax30’ (47a)

where wp is given by Eq. 41.

Therefore, the ratio of absorbed to incident radiation for Cs 8521 A is:

- 1.1 % 10° L (cm) l

=1 - exp ;

i 1+ 4 (1%2L02 j
R

Since this expression has the same shape as the optically thick radiation, where

afo) = 1.1 x 107 cm'l, the width of this shape should be given by Eq. 29a of a
previous section.

(48)

I

Or, w' at TE = 1/2 is:
i

w'o= W [1.1;5 a(o) L - 1]1/2
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]1/2 (49)

For this case, wlo= Wy [1.6 x10° L - 1

where IJ;?6 X lO_5 cm because of the criterion placed on the range of this expres-
sion.

Comparison with Data

An appl%c?tion for this simple theory can be found in fhe absorption data of
Jensen.\t) He measured the absorption of the Cs 8521 A line in a cesium cell
with a .075 cm path length. The cell temperature was kept constant and the
pressure was varied by changing the temperature of a cold spot outside the cell.
With a cell temperature of 393°C (676°K) the following data were obtained:

Pressure Number Density Measured Width of Absorp-

of Cesium of Ground State tion Shape at 1/2 Maximum YR W'

5 Torr 7 x lO16 cm-3 51.7 K 21 K 70 K

2.3 3.2h x 1070 em™3 20 A 097 A 34 A

1.4 1.96 x 1010 en™3 WA Ob A 1k A
.7 .98 x 1016 em™3 8 E .02 K 7 i

The measured widths of the absorption shapes compare well with the values computed
from Eq. 49 (w') for the low pressures of cesium but overestimate the width for
the higher pressures. This effect may be accounted for by a reduction of the num-
ber density of cesium atoms through the conversion of excited Cs atoms to mole-
cules. Equilibrium equations predict a small fraction ( sJ.OOl7o) of molecules

in the gas. However, the data obtained by Jensen shows a large amount of molecu-
lar absorption for the two higher pressures, indicating the existence of Cs, and
the reduction of the cesium atom concentration which would decrease the wid%h of
the resonance line.

The mechanism proposed for the conversion of Cs atoms to molecules is the follow-
ing:

+
Cs* + Cg¥* ———4>C82 + e

where the excitation energy of the cesium atom (Cs 62P /2) is 1.45 ev. The
energy required to form a cesium molecular ion is 2.83% €v and sufficient energy
is provided by the two excited atoms to make this transformation. Upon recombin-
ation of an electron and a cesium molecular ion a neutral cesium molecule is
formed which removes two neutral atoms from the gas and, of course, reduces the
resonance absorption.

L




—

Fw o

-3 O\

REFERENCES

A. 0. Jensen, EOS Report 3130 Final, Oct. 30, 1963, Electro-Optical Systems,
Pasadena, €alifornia.

A, Chandrasekhar, Radiative Transfer, Oxford at the Clarendon Press, 1950.
R. Ladenberg and F. Reich, Annalen der Physik and Chemie, 42, 181, 1913.

S. S. Penner, Quantltative Molecular Spectroscopy and Gas Emlssivities,
Addison - Wesley Press, Reading, Mass. (1959).

R. Cowan and G. Dieke, Rev. Med. Phys. 20, 418 (1948).

H. R. Griem, Plasma Spectroscopy, McGraw-Hlll Book Company, New York, 196k4.
R. G. Breene, "The Shift and Shape of Spectral Lines", Pergamon Press,

New York (1961).

78




81

9t

1

¢ JUNOIA

A

1°Y2

0 8 9 v Z 0

\
1°Y® ‘NOILd¥OSEY MVid
"SA I ‘SINNT NIHL ATIVD11dO OL
T ‘SINIT NDIHL ATIVOILdO 30 OILVY ALISNAINI

9




0¢

¢ TUNDIL

1°Yo

81

1°Y2 ‘NOILJ¥0SAY MVid
JHL 'SA  ® ‘SINIT NIHL ATIV2ILdO Ol

@ ‘SINIT MIIHL A1IVOILdO 40 OILVY HIQIM

09

0L

08

3|3
80




DISTRIBUTION LIST

General Motors Research Laboratories
Contract NAS3-6470

Aerojet~General Nucleonics
San Ramon, California
Attention: K. Johnson

Aerospace Corporation
El Segundo, California
Attention: Librarian

Air Force Cambridge Research Center
(CRzAP)

L. G. Hanscom Field

Bedford, Massachusetts

Air Force Weapons Laboratory
WLDN-4/Lt . Brooks
Kirtland AFB, New Mexico 87117

Air Force Systems Command
Aeronautical Systems Division
Flight Accessories Laboratory
Wright-Patterson AFB, Ohio
Attention: ASRMFP-2/E, A. Wallis

Allison Division

General Motors Corporation
Indianapolis, 6, Indiana
Attention: J. D. Dunlop, IT

Argonne National laboratory
9700 South Cass Avenue
Argonne, Illinois
Attention: Aaron J. Ulrich

Atomics International

P. 0. Box 309

Canoga Park, California
Attention: Robert C. Allen

Battelle Memorial Institute
505 King Avenue

Columbus 1, Ohio
Attention: David Dingee

The Bendix Corporation
Red Bank Division
Northwestern Highway
Detroit 35, Michigan
Attention: W. M. Spurgeon

81

Brookhaven National Laboratory
Upton, Long Island, New York
Attention: Dr. O. E. Dwyer

Bureau of Ships

Department of the Navy
Washington 25, D. C.
Attention: B. B. Rosenbaum

Consolidated Controls Corporation
Bethel, Connecticut
Attention: David Mende

Douglas Aircraft Company
Missile and Space Engineering
Nuclear Research (AZ-260)
3000 Ocean Park

Santa Monica, California
Attention: A. Del Grosso

Electro-Optical Systems, Inc.
300 North Halstead Avenue
Pasadena, California
Attention: A. Jensen

Ford Instrument Company
32-36 47th Avenue

Long Island City, New York
Attention: A. Medica

General Atomic
P. O. Box 608
San Diego 12, California
Attention: R. W. Pidd
J. W, Holland
L. Yang
A. Weinberg

General Electric Company

Missile and Space Vehicle Department
P. 0. Box 8555

Philadelphia 1, Pemnsylvania
Attention: Library

General FElectric Company
Knolls Atomic Power Iaboratory
Schenectady, New York
Attention: R. Ehrlich



General Electric Company
Power Tube Division

1 River Road

Schenectady 5, New York
Attention: D. L. Schaefer

General Electric Company

Nuclear Materials ® Propulsion Operation
P. O, Box 15132

Cincinnati 15, Ohio

Attention: J. A. McGurty

General Electric Company
Research Laboratory
Schenectady, New York
Attention: Volney C. Wilson
John Houston

General Electric Company

Special Purpose Nuclear System Operations
Vallecitos Atomic Laboratory

P. O. Box 846

Pleasanton, California

Attention: E. Blue

Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, California
Attention: R. C. Knechtli

Institute for Defense Analyses
1666 Connecticut Avenue, N.W.
Washington 9, D. C.
Attention: R. C. Hamilton

Jet Propulsion Laboratory
California Institute of Technology
4800 Osk Grove Drive
Pasadena, California
Attention: Scott Luebbers

Peter Rouklove

Los Alamog Scientific Laboratory
P. O. Box 1663
Los Alamos, New Mexico
Attention: G. M. Grover

W. Reichelt

National Aeronautics 8 Space Administration
Scientific & Technical Information Facility

P, 0. Box 5700
Bethesda 14, Maryland
Attention: NASA Representative

82.

Marquardt Corporation
Astro Division

16555 Saticoy Street
Van Nuys, California
Attention: A. N. Thomas

Martin-Nuclear Division of Martin-
Marietta Corporation

P. O, Box 5042

Middle River 3, Maryland
Attention: J. Psarouthakis

Massachusetts Institute of Technology
Cambridge, Massachusetts
Attention: Robert E. Stickney

E. P. Gyftopoulos

National Aeronautics & Space Admin.
Manned Spacecraft Center

Houston, Texas 77001

Attention: B. Bragg

National Aeronautics & Space Admin.
1512 H Street, N. W.
Washington 25, D. C.
Attention: H. Harrison
Arvin Smith

National Aeronautics & Space Admin.

Lewis Reséarch Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attention: Roland Breitwieser MS 302-1
Robert Migra MS 49-2
Bernard Imbarsky MS 500-201

(3 copies) Harold Nastelin MS 500-309
James Ward MS 500-201
Herman Schwartz MS 500-309
Frank Rzasa MS 500-309
Roger Mather MS 500-309
Vince Hlavin MS 3-1k4
John Weber MS 3-19

National Aeronautics & Space Admin.
Marshall Space Flight Center
Huntsville, Alabama 35812
Attention: Library

Nabional Aeronautics & Space Admin.
Flectronics Research Center

Beston, Massachusetts

Attention: Francis Schwarz

National Aeronautics d Space Admin.
Goddard Space Flight Center
Greenbelt, Maryland 20771
Attention: Joseph Epstein




National Bureau of Standards
Washington, D. C.
Attention: Library

Oak Ridge National Laboratory
Oak Ridge, Tennessee
Attention: Library

Office of Naval Research
Power Branch

Department of the Navy
Washington 25, D. C.
Attention: Commander W. Diehl

Pratt and Whitney Aircraft Corporation
Bast Hartford 8, Connecticut
Attention: William Imeckel

Franz Harter

Radio Corporation of America
Electron Tube Division
Lancaster Pennsylvania
Attention: TFred Block

Radio Corporation of America
David Sarnoff Research Center
Princeton, New Jersey
Attention: Karl G. Herngvist
Paul Rappaport

The Rand Corporation
1700 Main Street

Santa Monica, California
Attention: ILibrarian

Republic Aviation Corporation
Farmingdale, Long Island, New York
Attention: Alfred Schock

Space Technology Laboratories
Los Angeles, 45, California
Attention: Librarian

Texas Instruments, Inc.
P. 0. Box 547k

Dallas 22, Texas
Attention: R. A. Chapman

83

Thermo-Electron Engineering Corp.
85 First Avenue
Waltham 54, Massachusetts
Attention: George Hatsopoulos

S. Kitrilakis

Thompson Ramo Wooldridge, Inc.
7209 Platt Avenue

Cleveland 4, Ohio

Attention: W. J. Leovic

United Aircraft Corporation
Research Laboratories
Bast Hartford, Connecticut
Attention:R.H. Bullis

A F. Haught

University of Arizona
Tucson, Arizona
Attention: Monte Davis

U. S. Army Signal R & D Laboratory
Fort Monmouth, New Jersey
Attention: Emil Kittil

U. S. Atomic Energy Commission
Division of Reactor Development
Washington 25, D. C.

Attention: Direct Conversion Branch

U. 8. Naval Research Laboratory
Washington 25, D. C.
Attention: George Haas

Library

Varian Associates

611 Hansen Way

Palo Alto, California
Attention: Ira Weissman

Westinghouse Electric Corporation
Research Laboratories

Pittsburgh Pennsylvania
Attention: R. J. Zollweg

Beckman Instruments, Inc.
Special Products Division
2500 Harbor Boulevard
Fullerton, California 92632
Attn: A. P. Winter



