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9 September 1963 NONR 3457 (C0)

Dr. 5. llziditch presented a pagcer on the conductivity of sodium~
ammonia solutions at the ‘!eyl Colloquium, held at Universite
Catholique, Lille, France. The principal results to date ara
given in the appended paper, which will be published in the

Proceedings of the Colloquium.

Ye have now turned our attention o obtaining data for clarivicatlon
of the nature of the sodium-ammonia solutions. In particular,

we are modifying our system so that we can vary the pressure on the
solutions. The significance of the pressure measurements nay be
seen Trom cquations on page 43 of the attached paper. Here it will
be noted that we have been measuring conductivities as functions

of temperature along the vapor pressure curve, |If we can measure
the effects of pressure on the conductivity as well as the vapor
pressurc itself, we can then deduce ihe temperature coefficient

of conductivity at constant pressure and composition. Preliminary
experiments, initiated to enable us to check the validity or

carryiny out this program, have been encouraging.

PLANS FOR HEXT OUARTER

The modiiications for the pressure studies should be comp leted

and experimental measurements initiated in the next quarter,

A system Tor measuring density coefficients should also be made
operational. The density temperature coefficients are also needed
for interpretation of the data since specific conductivities are

based on number densities rather than on compositions.
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Cold Plasmas.

1. ELECTRICAL _CONDUCTIVITIES OF SODIUM-AMMONIA SOLUTIONS™
by

S. Naiditch
Unified Science Associates, Inc.

Pasadena, California

ABSTRACT

Electrical conductivities of sodium-ammonia solutions have been
measured from =80 to +185°C, i.c., most of the liquid range

and some of the gaseous range. The objective of these studies

is the cxploration of the possibility of using such gaseous
solutions as plasma sources. The attractive features of these
gases found in this study include plasma lifetimes in excess

of 3,000 scconds (the plasmas being at equilibrium), temperztures
as low as |5u°c and electrical conductivities of at least

100 mhos/cm.

Visual appcarances of the densc gases are the same as those of
the liquids. Gases with low concentrations of sodium arce blue
and ones with high concentrations are yellow-red metallic copper=

gold.

Electrical conductivities of the liquids increase with increasing
temperaturc until conductivity maxima are reached at 80 to 100°c.
In dilute solutions, the temperatures of these maxima are close
to the solution critical temperatures; because of this, con~
ductivities of supercritical gases have been measured that are
higher than the conductivities of the liquids of the same mole

fracti ns 2t room temperaturc.

* This program is being supported by the Advanced Research
Projects Agency and the Officc of Naval Resecarch under
Contract No. NONR-3437(00).



1. INTRODUCTION

The objective of this program is thc preparation of compressible
gascous plasmas under cquilibrium with high clectrical con-
ductivities. Densc gases of metols satisfy these requirements.
Birch obtained conductivitics in densc mercury gases as high as
1100 mhos/cm at 1400°C and 2700 kg/cm2 (32 BIR)X  Usc of such

* References are listed at the cnd of this paper.

densc gases for plasma studies is not attractive because of the
difficultics of experimentation under these extreme conditions.
Therefore, the use of densc gascous solutions, which exist at
lower temperatures than the onc=component systems, is being
investigatcu, ammonia being chosen as the gascous solvent and

metallic sodium as the solutc.

The Feasibility of thc program wes based on the following:
() Electrolytic propertics of dense gascous clectro-
lytic solutions zrc similar to those of liquid

solutions;

() Concentrated liquid sodium-ammonia solutions have

metallic characteristics; and

) Hannay and Hogarth (30 HAN) showed that gascous
ammonin dissolves mctallic sodium and that thesc
gascous solutions nave lifctimes of at least a
few seconds, the limitation arising because of the

sclf-reaction botween solvent and metal,

Na + NH NoNH, + 1/2H2.

3 2

The lifetimes of the sodium-ammonia solutions in the gascous
state are of interest since, unlike most laboratory gasecous
plasmas, thesc solutions are under cquilibrium; and therefore,
the only limitation on the plasme lifetime is the chemical sclf=

reaction.



We have studied the lifetimes of gasecous solutions by sealing
purified solutions in glass tubing and heating to 135-185°C.
In the initial phases of the program, the removal of causes of

the sclf-reaction between solvent and metal was stressed.

Once usciul lifetimes werc obtained, cmphasis was switched to
the meosurement of the clectricc] conductivities in both tie
liquid and gaseous states sincc clectrical conductivities are
onc of the most important plasm2 parameters. The current-poten-
tial techniques used in all the reported investigations of
electrical conductivitics of metal-amine solutions require the
immersion of ¢lectrodes into the solutions. Contact of such
electrodes with the solutions results in catalysis of the
sclf~reaction between solvent and solute, the reactinn becoming
morc vigorous as the temperature is increased. Kraus (21 KRA)
tricd substituting metals such 2s gold for platinum. Obtaining
no appreciable improvement, he then reduced the surface arca

of the clectrodes to a minimum and stirred the solutions in
order to make the solution more uniform and to remove bubbles
produced by the self-rcaction. Since immersion electrodes
catalyze the self-reaction, the cffcct becoming worse with in-
creasing temperatures, use of immersion electrodes in the
literaturc b:low has restricted conductivity measurements to

low temperatures,

The most cextensive sets of conductivity-concentration data in
the literature arc those for Na-NH5 solutions, there also being
date for Li-NHj, K-NH5’ Na-K-NH5 and Li-CHjNH2 solutions. Caody
(97 CAD) found that sodium-ammonia solutions are excellent
conductors and that there is no polarization current. He said
that '"the solution secems to conduct like a metal and not like
an clectrolyte'. Franklin and Kraus (00 FRA) confirmed the
experimental findings of Cady. Kraus (21 KRA) then made =

definitive scries of mecasurements of the specific conductances
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of solutions of sodium, potassium, lithium, and sodium=potassium
in liquid ammonia at -33.500 at low and moderate concentrations
and Krous and Lucasse of concentr-ted sodium and potassium ~mmonia
solutions at =33.5°C (21 KRA=a) and of potassium (23 KRA). HMore
recently, Evers, Young 11, and Panson (57 EVE) measurcd the con-
ductances of lithium methylamine solutions as functions of
concentration at -22.8°C and Berns, Evers, and Frank, Jr. (60 BER)
at =78.3°C, the latter stating that decomposition of the solutions
constituted a major problem in concentrated solutions at -230 and

in dilute solutjons at -35.5 L.

The state of measurements of conductivity temperature cocfficients
is less extensive. Frank!in and Krous (00 FRA) stated that the
temperature coefficient of sodium-ammonia solutions was between

0.5 and 1.5% and of positive sign much below =33°C. They reported
that cocfficients for lithium and pctassium arc positive (00 FRA-a).

Kraus (21 KRA) measured the temperature cocfficients of a dilute
sodium-ammonia solution from =33 to +85°C and of a concentrated
solution from =33 to +50°C. He was not able to reduce the rate

of sclf-rczction sufficiently to get reproducible measurcments.
His rosults are of particular intercst because the electrical
conductivity incrcased with incrcasing temperature from =33 to
+85°C. Kraus noted that this bchavior of sodium-ammonia solutions
is in striking contrast to that of normal electrolytes in ammonia.
The conductances of clectrolytes in ammonia pass through maxima

in the neighborhood of room temperature, the conductances de-
crezsing with increasing temperatures above this point. Krous
stated that "It is obvious that the factors involved in the
temperature cocfficients of the metz] ammonia solutions are very
different from those involved in solutions of ordinary clectrolytes,
It is difficult in the prescnt state of our knowledge, to state to

what the high value of the temperature coefficient is duc' (22 KRA-a).

L



Kraus conjectures that the high value of the temperature cocfficient

at high temperatures is due to increased clectron mobilitics,

Lucasse (22 LUC) reported a few coefficients at low temperature.
Kraus and Lucasse made an extended sct of quantitative repro-
ducible measurements of the conductivity temperature coefficient
of solutions of sodium (22 KR.) and potassium (23 KRA) in liquid
ammonia from =33 to -7o°c. The temperature coefficients for

potassium solutions decrecase with increasing temperaturc.

Panson cnd Evers (€0 PAN) mcasurced the conductivitics of moderately
dilute lithium-methylamine solutions from =78 to +20°C. In the
dilute solutions, conductivicy maiimd occur at -20° to -5°C, the
temperaturcs of the maxima increzsing with increasing concentra-
tions. In the dilute solutions, the data were not reproducible
above about -20°C, and in the moderately dilute solutions zbove
about -10°¢. They concluded their data provide direct cvidence

for the cxistance of mass action cquilibrium in metal-amine

solutions.



2. EXPERIMENTAL APPROACH

Our ciperimental investigations hove been centered around solu=-
tion lifetimes and conductivitics at eclevated temperatures. \lith
respect to gasecous solution lifetimes, Hannay and Hogarth had
preparcd one sodium=ammonia solution which lasted for a2 fow
scconds in the gascous scate (B0 HAN), the shortness of the
lifctime was undoubtedly duc to the catalysis of the sclf-
reaction by impuritics. In order to obtain longer lifctimes,

we adopted techniques designed to ensure that the solutions

would be in states of highest attoinable purity, and that the
measuring devices would not place foreign materials in contact

with thc solutions.



2.1 SAMPLE PREPARATION

Current ultra high vacuum philosophy has been adapted to our
purification and sample preparation systems even though the oper-
ating prossurcs are often as high as 100 mm.  These svstems are
thoroughly baked out at 585°C under high vacuum to remove vola=
tilicoble contaminants, All volves used inside the oven are

)

bakeable, all-glass, non=lubric~tcy, pack-less, and non-leaking

with rcspect to the outside 2imosphere.

Valve functions arc satisficd by use of breakscals, by ~11-alass
valves, ond by final scal-ofi. Since contominants arc cvolved
under the intense heat required for scal=oif, the use of this
mcthod has been réestricted to the onc instance where no other
method can be used; namcly when the conductivity cclls contrining
the purificd solution are separated from the vacuum sysicm. Each
scal=oii region is isolated from the rest of the sample nreparation
systcm to prevent contamination or other cclls by the secl=oi’
products, In practice there is o bank of five units, coch unit
consisting of a sct of two conductiviiy cells scrviced by onc
condenser which is connected to and isolated from the ammonia
purificciion system by 1 frecie valve., Thus, if uxcessive con-
tminacion is produced during scal-ofi of onc cell, this will

affect, ~t most, a sccond cell,

Vhen 2 transier-free closure is needed, the frecze valve is used.
This valve is constructed in tie form of a capillary U-iube,

Yhen closure js desired, ammonia is condensed in the U=tube with
liquid niirogen.  This solid ammonis plug can be pumped to IO-5 mm,
On scveral occasions when conductivity cells have been snapned

off accidently, the sudden introduction of the atmosphere did

not producc a detectable change on = discharge gauge on the other

side of the freeze valve.



For less critical applications, ¢ ground glzss check valve oper-
ated by an external magnet is used. The magnet interacts with
an iron slug sealed inside the glass check valve. One end of
this valve can be pumped to IC)-5 mm when the other end is ot

atmosuheric pressure.

The sodium uscd for purification of ammonia and for sample prepar-
ation is prcpared by triply distilling commercial bars of metallic
sodium. HMost sources contain liquid hydrocarbon contaminants.
Liquid-free 99.99% sodium cppears to have adequate purity after
triplc distillation; wheres, sodium under hydrocarbons rcauires

morc rigorous purification.

Metr1lic sodium has also been prepared from multiply=-recrystollized
sodium ~zide, the sodium being produced on heating the ~tide in

vacuum,

N.'!N5 = N+ ] I/QN2

The sodium so prepared is an cxcellent crtalyst, solutions pre-
parcd wiith it decomposing at dry ice temperatures.  This cotalytic

behavior dissppears after multiple distillation of the sodium,

In the somonia purificition process, tank ammonia, Matheson
Company, tac., 99.99% minimum, is condcnsced outside of the oven
over met2llic sodium and ~llowed to reflux. Further purification
is completed inside a bakeable vacuum system (Figure 1), Outside
the oven, standard componenis such 1s greased glass stopcocks,
Vitron=A glass vacuum ncedle valves and liquid nitrogen traps

are uscd.  Inside the oven, gl:ss is the only material that can
come in contact with sodium or ammonia in the liquid or the
gascous states. After rcflusting, the ammonia is distilled and
the central fraction collected in a bakecable vacuum fractionating

column insidc the oven. After refluxing, the central fraction is



collected in a second fractionating column. The ammonium
obtained cfter refluxing and rejection of the initial fraction

is uscd to prepare the samples.,

The free.e valves connecting the cmmonia purification sysiem to
the sample preparation system are then cooled with liquid nitro-
gen. A breakscal between the purificd ammonia and the frecie
valves is now broken and ammonia is condensed in the frecze
valves, thercby isolating cacih pair of conductivity cells from
the other pairs.  Encapsuleted rurified sodium samples, locaied
between condensers and conductivity cells, are then opencd ~nd
distillcd onto the walls under high vacuum. After this, onc
freeze vrlve at a time is opencd and ammonia is liquified by

the condenscr above the pair of cclls. The condensced ammoni=
then woshes the sodium of f the walls into the conductivity cells.
The lower part of the partizlly filled cell is immerscd in
liquid nitrogen, the frecze volve refrozen, the scection pumped
to IO-b mm, the cell sealed orff, the seal-off anncaled, -nu

the ccll stored in dry ice.



2.2 CONTAINMENT

Studics in liquid ammonia solutions from =78 to +50°C have often
been carricd out in Faraday or ammonia tubcs which arc V-shaped
tubes with a stopcock at thc V. Dccause stopcocks require
lubricants, i.ec., forcign materials, we ruled out use of theso
tubes as high temperaturc cclls. Instead, we adopted the tech-
nique often used to contain supcrcritical fluids. Gemerally,
heavy walled glass tubes, hali filled with liquid and scaled
off, have been used to contzin hot gases under temperatures and
pressurcs morce extreme than thosc required for the containment
of sodium-ammonia solutions. For cxample, Kistiakowsky uscd
quartl tubes to contain pressures of about 300 atmosphcres ot
300°C (28 Ki1S). In contrast to this usually adequate bchavior
of glcss, however, the performance of glass for the contaimment

of hot densc sodium-ammonia fluids has been unsatisfactory.

Although the usual causc of failurc of glass tubes containing
dense gascs is mechanical failure arising from inadequate
anncaling of the glass, we feel our problems have ariscn from
other causes. For cxample, not only have we been very carcful
in annealing the pyrex; but we have also tried using quartz,

in which the strain problem is less significant than with pyrex.
He Tound that neither the carcful anncaling of pyrex nor the

usc of quartz eliminated the difficulty.

Another source of strain, inhomogencity of glass in the scal=off
region, was the causc of many Tailures. Frequently, there was
sufficient sodium deposited on the walls in the seal-off region
to rcact with the glass during scal~off and to weaken the glass
cell seriously. This problem has been climin~ted by v io-- o of
the cells under vacuum. One conscquence of this treatment is
that the solutions flow down the walls freely without lcaving

appreciable amounts of deposits.

10



The mechanical strength of the glass is influenced by microcracks
on the surfoce, these cracks octing as stress multiplicrs (20 GRI)
(60 KoH) (61 BEZ). The strength of glass may be increasced by as
much as = factor of ten by using a hydrofluoric acid wash which
removes the surface layer. |In addition to removing surfacc -
microcracks, this treatment hos the additional benefit of re-
moving sorbcd surface layers of 21kali hydrates, which form on
exposure ¢ glass to the atmosphere (this layer being the prin-
cipal sourcc of prolonged outgasing during bake=out under pumping).
Mo improvement resulted from use of the hydrofluoric acid wash.

A Fourth source of strain is the prescnee of internal pressurcs

(%]

of hundreds of atmospheres inside the cells at clevated temper-

3

v

atures, 1avich set up stresscs in tine glass.  These stresses
weaken tie glass, since glass under iension is mechanically
weak.  oince glass under compressicn is strong, oxternal nres-
suri.ztion has been introduced; however, this has not nrovide

a conplete solution to the runturc problem.

Besides mechanical effeets, strain reduces resistance o chemical
attack.  Tihus, Holley, Meff, “ciler and Winslow (52 HOL) renort
that pyres exposed to cesium vapor ot 100°¢ for 240 houis is
badly =ciacked at the strain noints. In addition, thc rcoions
where glass has been blown apnear to be more suseptible o ~ttack.
Vycor, aiter cxposure to cesium vapor for onc hundred houis ot
hOOOC, is iracturcd duc to attack at joints; and aluminum boro-
silicate glass, after fifty hours at¢ this temperature, is (ound
to be slightly oxidized ai joints. Thus, it is possible that

the most deleterious effect of strain is not the reduction in

the mechanical strength of the glass, but the reduction in resis-

tance o chemical attack.

The Tollowing glasses are presently under evaluation for usability

I
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Mo improvement resulted from use of the hydrofluoric acid wash,
A Tourth source of strain is the nrescnee of internal pressurcs
of hundreds of atmospheres inside the cells at clevated temper-
aturcs, wiich set up stresses in the glass. These stresscs
weaken the glass, since glass under icnsion is mechanically
weak.  since glass under compressicn is strong, extcernal pras-
surizction has been introduccd; however, this has not provid.

a complete solution to the runture probliem.

Busides mechanical effects, strain reduces resistance o chcmical
attack.  Tous, Holley, Meff, '‘ciler and “inslow (62 HOL) renort
that pyres exposed to cesium vanor ot 500°C for 2L0 houis is
badly =iiccked at the strain noints. In addition, the rcaions
where glass has been blown apnear to be more susceptible o ~tiack.
Vycor, arier cxposure to cesium vapor for onc hundred houis ot
MOOOC, is iractured duc to attack ot joints; and aluminum boro=
silicate glass, after fifty hours at this temperature, is round
to be slightly oxidized at joints. Thus, it is possible that

the most deleterious effect of sirain is not the reduction in

the mechanical strength of the qlass, but the reduction in resis-

tance to chemical attack.

The following glasses are presently under cvaluation for usability
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as cell materials at elevated temperatures.

Pyrex Corning Code No. 7740
fuartz Engelhard Industries; Gencral Electric
Uranium Glass Corning Code No. 3320
+dimaincsilicate Corning Code No. 1720
Kovar Scaling Glass Corning Code No. 7052

So far, the behavior of quart: has been similar to pyrex. Onc
glass, Corning No. 7052, has c:xhibited rclatively poor strength.
Another, Corning No. 1723, is difficult to work with and to scal
after filling with solution. .\ suitable glass must c:xhibit
resistence to chemical attack (i.c., to rupture) and must not
affeci solution lifetimes (i.c., be non-catalytic and produce

no soluble contaminants).

It is fclt =2t this time that chemical attack of the hot solutions
may be tne prime source of the containment difficulty. 1t has
been found that with concentrated solutions rupturc occurs at
lover temperatures than with the dilute ones.  Use of citernal
pressurization mitigates, but does not entircly solve the rupturc
problem, The complete external pressurization assembly is shown

in fiqurc 3,

12



2.3 ELECTRICAL CONDUCTIVITY HEASURING SYSTEM

The conductivity measuring system was designed so that glass would
be the only foreign material in contact with the solutions., Two
types of inductive clectriccl conductivity measurement techniques
were cvaluated, one with solutions in straight tubes of glass and
the sccond in toroids. From the viewpoint of accuracy, the

toroidal technique proved to be superior and was adopted.

The sodium-ammonia solutions arc contained in conductivity cclls
having a toroidal end (figure 2). .\ coil is wound about 2 ferrite
torus, wirich is linked through the conductivity cell torus, which
is linked in turn through an output ferrite torus with o coil
wound zbout it. An input signzl induces a current in the con-
ductivity ccll torus which induces = current in the output coil,
The assembly inside the bomb is shown in figure 4, An internal
heater is located parallel to, but below the conductivity ccll,

and an cxternal heater is placed on the outside of the bomb.

The transfer function across the system is dependent, not only

on the geometry and conductivity of the sample, but also on the
frequency of the measuring sional. For cach range of ccll resis-
tances, there is an optimum irequency range for maximum sensitivity
and ~ccurtcr. Forothose ress.ns, he cpproximate conlvelivite Uf
the solution torus is determined =nd the correct frequency used

for that sample, as in table | .

The conductivity measuring system is calibrated with toroids
fabricated accurately either with liquid mercury or solid resis=
tive materials or with toroids which include fixed resistors or
resistance boxes in their circuits. 'then calibrating the system,
these toroids are placed between the ferrite toroids in the position
normally occupied by the conductivity eclls. The transfer functions
for the liquid and solid toroids are in quantitative agreement with

cach other,



3. VALIDATION AND TREATMENT OF EXPERIMENTAL DATA

Initial effort has becen on the removal of causes that prevent

the data From being reproducible. In addition, it has been
nccessary to detect when spurious effects arc occurring, and

to cither climinate these effccts or to discard the date when

such ciiects are present. The limits of accuracy attzinable in
the cbscnce of spurious eficcts have also been established. The
principal troublesome ¢ffects have been decomposition of solutions,

instrumental malfunctioning, and erratic behavior near the criti-
cal point.

1



3.1 REPRODUCIBILITY OF THE DATA

In order to establish the validity of the experimental data, it
is essentiz] to establish whother or not the conductivity data
are reproducible. In more recent high temperature runs, samples
have boen cooled occasionally during the heating cycle to deter-

mine whether or not measurable decomposition has taken place.

The heating system has been modified so that small temperature
drops can be produced rapidly vhen desired. In addition (o
dropping the temperature at intcrvals to detect when measurable
écccmposition of the solution has started, the temperature is also
dropped whenever there is a sudden change of conductivity, o sce
whetiher decomposition is associsted with the change.  In ficure 5,
recent reproducibility date arc shown for two samples which were
each heated three separate times. There is no detectable change
in conductivitics produced by these hcatings, confirming that it
is possiblc to make high temperziurc conductivity mcasurcments
under reproducible conditions o ot least +1500C. Behavior of
data in runs such as 10-30-3 (Vigure 8) indicate that reproducible

data have been achieved ot temperziures of 165°¢.



3.2 ERRATIC BEHAVIOR OF THE SOLUTIONS

In earlicr cxperiments, the conductivity cells were fabricated
from heavy walled pyrex canillzry and tested in the atmos,-here
behind glass barricades. Vis.rius turbulence was often observed
Just below the critical points; ¢ the same time, the conductivity
data becoae erratic, varying b as much as @ factor of ten over
aperivd of o few minutes. {ifccis of this turbulence are often
observed in the more recent oierimznts in which the conductivity
cells zre citernally pressuri ¢J in = bomb. Results of this
turbulence 2re indicated in rijurc . Bubbles appeareu in the
cepitizry 2t the same time th~: sudden increases in solution
resistance occurred.  This problem has been ebiminated uy une

of Tovger dismeter tubing when the external pressuri-acion Lomb

1S Us2 .,



3.3 IHNSTRUMENTAL MALFUNCTIONING

Because of the corrosivencss of the solutions, there have been
many difficulties with instrumentation. When cells at temper=-
atures of 150 to 200°¢ rupture, thc sodium-ammonia solutions are
released and react with the instrumentation in the interior of
the bomb. Bad junctions or cven clectrical open circuits are
often produced. Hence, the system is now clcaned and checked=
out after cach run. Whenever the check-outs arc unsatisfactory,

the wiring is corrected.

Since failures also occur occasionally during runs on the systems
that check-out satisfactorily, a device was installed for calibra-
ting the conductivity measuring fixture at high tempcraturcs and
pressures while the run is in progress. This external calibrator
consists of a wire torus which is clectrically parallel to the
conductivity cell torus and which is connccted, through a switch,
to an external resistor. then the switch is open, the torus
circuit is open; when the switch is closed, the torus is closed

throuch the external resistor.
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3.4 CONDUCTIVITY MEASURING TECHN1QUE

The purpose of the reduction of the data is to determine the specific
conductivity of the solution, ~, as a function of the temperature,

t, and the mole fraction of sodium, X

o The steps in the process for

caleculating o are:

(i) calibration of the conductivity measuring system
(ii) calibration of conductivity cell
(i1i) measurement of the solution resistances and

temperatures.

The conductivity measuring system is calibrated with t.i.i s made
from solid materials (secondary standards) and from liquid mercury.
Use of liquid mercury tor i s srovides additional confidence in
the general conductivity measuring technique since mercury, like
the sodium=ammonia solutions, is & liquid conductor. In addition,
the mercury ¢ .roids are carciully constructed and calibrated for
use as primary standards. Thc calibrations based on the solid

resistors agree quantitatively with those for the mercury ©.r.ids.

The purpose of calibrating the conductivity rell is to establish
the ratio, C, of the resistance of a solution in the cell torus
to its rosistivity. The following tcchniques have been used to

calibrate the conductivity cells:
(i) Geometrical

The cell constant is equal to the total length
of the torus divided by the cross-sectional area
of the glass tubing. Becausc the cells arc glass=

blown, there arc many irregularitices in the torus,
sO that this moile § o7 measuring the coll ¢ nstant

is less accrv-to,

18



(ii) Direct Current Plunger

A plunger is inscrted into the cell, blocking
electrical continuity in the torus, The blocked
torus is filled with mercury and the direct cur-
rent conductivity measured. The cell constant
is the ratio of the resistance, corrected Vor
the presence of the plunger, to the resistivity

of mercury.

(iiy) Inductive Method Using Liquid Mercury

The cell is Filled with mercury and the resistance
measured inductively, The cell constant is the
ratio of this resistance to the resistivity of
mercury, The highest accuracy is attainable
with this method. Since the conductivities of
the solution and mercury in the same cell are
both measured with the same technique, one
obtains the ratio of conductivities of solution
to mercury directly. The transfer function
constant cancels out rather than contributing
an error in the Tinal determination of the

solution conductivitics.

A numbar of operational procedures have been used to calibrate

the conductivity fixturc and to measure the solution resistances.
In the calibration procedure, known toroidal resistors arc placed
through the two ferrite cores, and the transfer functions maasured,
Then a conductivity cell is placed in the fixture, and the transfer
functions measured again. The ratio of transfer functions of cell
to standard arc equal to the ratios of their resistances. The

following procedures have been used:

(m) Initially, a graophical technique was used. The

19
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output voltage, V°, is plotted against the goroidal
resistance, R, at constant input voltage, V', and
frequency, -7,

0
Next, the fact that ~7VT is constant wacs used
(the V° technique).

More recently, the external calibrator has been
used. This places o torus with a known resistance
in parallel (clectrically) with that of the solu-

tion torus.

In addition, a figure-cight torus has been used
such that thc current it transfers is in opposition
to that transicrred by the conductivity cell, A
minimum or null output results when the two resis-

tances become equal,

20



Use o the graphical technique was dropped in spite of its ob=
vious advantage that over a small resistance range jt can glve
greater accuracy than the other techniques, 1ts principal dis-
advantages are that the voltage resistance function becomes two
valued and the sensitivity is reduced when the resistance becomes
either relatively large or small, Thus, It could not be used to
calibrate conductivity cells fiiled with liquid mercury or with
conceniraied sodium-ammonia solutions, For these reasons; we
examined the behavior of the conductivity measuring system ex-

rerimentally, and developed the Vo method,

dithin small ranges of resistance at an optimum frequency wiiizh
is 2 function of the resistance, the output voltage is directly
proportional to the reciprocal of the resistance of the torus.
1his meiihod proves to be convenient in practice, because & min-
imum of data processing is involved, The output voltages are
plotted directly as functions of temperature, then the ordinate

scale is shifted once. On the new scale we now have specific

cenductivity as a function of temperature.

Yhe most important difficulty associated with the V° technique

is that the optimum frequency shifts during the run since the
resistance or the solution changes. For most cases, this change

in resistancc at constant frequency may lead to an error of less
than 1 or 2% in specific conductivity. It is possible to remove
this source of error by determining the optimum frequency at each
temperature; however, this iIs not feasible because of the excessive
time it takes to determine the oi-timum frequency. This Is especi-
ally @ problem at elevated temperaturcs when the time to carry out
the experiment is seriously restricted.

y
]

Another difficulty with the VO technique is that when peculiar

effects arisc, one cannot always distinguish between real and

spurious effects. |n fact, the external calibrator technique was
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developed because on one run the output voltage suddenly dropped
indicating cither that the glass cell had ruptured or that the
solution had decomposed completely. ‘hen the bomb was cooied

and opened, it was found that the cell was intact and the solu~
tion was dark blue., What had nappened was that there had been an
instrumental failure within the pomd. The external calibraior
was developed and installed so that we could calibrate the
conduciivity measuring system Jduring operation. Thls device has
proved invaluable for distinguishiing between instrumental failures

and other effects.

Another rcal advantage of the cxternal calibrator is that it is
not a'fected by small shifts in calibration in the conductivity
measuring system as the temperature is changed. The external
calibrator has a disadvantage in that the optimum frequency tor
the conductivity cell is different than that for cell plus
calibtraior. However, in evaluating this experimentally, it has
been found that this situation gencrally does not produce

noticeable effeacts.

A null technique has also been used, in which a figure=cight
external calibrator torus ic  lac.i =acipar-lle] (elactiically)
to I.: solution torus. Hence the power transferred from onc

ferrite torus to the other oy the null torus opposcs that transe
ferred by the solution torus., Men this technique has been used,
the output voltage is minimi- e when the resistance of the ex-
ternal null torus is approximztaly equal to that of the standard
calibration torus; the outpui voltage, however, is still relatively
large. The difficulty with this cechnique has been that it re-
quires ¢ large amount of time ‘o collect the requisite data. The
advantage s that it s accuracie even if the frequency is not

optimal but close to optimal.
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In practice, the following two techniques are used simultaneously.
When the external calibrator technique is being used, the data
automatically apply to the V° technique, so that a single set of
data can be reduced using both approaches. Generally, the agreement

between the two techniques is within a few percent.



3.5 QREDUCTION OF DATA

The equations used for data reduction will be summarized since

they are needed for the error analysis that follows. The

calibration of conductivity ceils is made to determine the

ccll constant, C, where € = ,”' R.

(c)

GCocometrical: c = T ol

For the glass cells the approximation has been made
that C = g/A where £ is total toroidal path lenath

and A is the internael diemcier of the glass from.whieh
the cell is fabricated. For the precision plastic

ilg cells, 2 and i\ arz measured accurately; the only
significant errors arc duc to the presence of the four
corners formed from the intersections of the cylinders

of the rectangular toroids.

Direct Current Pluazer (current-potential method)

using mercury
R= (1 +9)E/1 =C/- (Hg)

where Q is the correction term for the presence oi the

plunger.

Inductive Mcthod Using iicrcury

I,i X
Ro= B~ === = ¢/~ (Hg)
v
where B is the exnperimentally determined constant for

the conductivity mecsuring system,
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The conductivity measuring system is calibrated as follows:

(1) The Graphical Technique

The output voltage is mcasured and plotted as a function
of toroidal resistance at fixed frequency and input

voltage.

2)  The V° Technique

-

X number of toroids of Hg or of solid resistors are
. . i 0 .
placed in the fixture and V', V°, A/ measured &s functions

of /.

R

Taen, B = :
.'/V !

‘e have three separate conductivity measuring fixtures,
cach made with the same ferrlte materials, type of
shiclding and number of turns of coil wound on the
ferrites. The values of 0 for the threc fixtures differ

by less than 2%.

Tne resistances of the solutions in the toroids have been measured

as follows:

(1)  Sraphical

)

The output voltage, » i5 measured at fixed frequency
and input voltage. Then the solution resistance is
determined from the calibration curve (except for rcla-
tively large or small 3\, where the function becomes

two valued).
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(@)

G)

The V° Method

; . z : i .0
The resistance is determined by measuring V', V°, v/

and using the relation,

External Calibrator

Jo and V+ are measurau, where V+ is the output voltage
vhen the external calibrator circuit is closed, nlacing
tnis torus in parallel clecirically with that of tic solu-
tion torus. It is assumcd (the assumption having been

.

ciecked with known rosistors) that

cC S

whare Rcc is the resistance of the external calibrator

torus and RS that ot the solution torus.

: . i . .
Tue variables 8, v/, Y arc kept constant durin. the
process of connecting cnd disconnecting the exicernzl

calibrator. Hence,

yt - ©




3.6 PROPOGATION OF ERROR AWALYS 5

We shall examine two extreme cases, namely ones in which the
techniques used in the calibration of the conductivity cells,

the calibration of the conductivity measuring system and measure-
ment of the solution resistance are as dependent on cach other

as possivle and then as independent as possible., These two
extremes will be examined witii respect to the specific conducti-
vity oi solutions at QOOC, the temperature at which the Tixture

is calibrated as well as the Lase temperature of the cxperiments.
Because of the latter, it will be assumed that optimal frcauencies

are used,

For the dependent case assume that the cell is calibrated induc-
tively with mercury then

Vi

C = Al)G —)
5 o’H

e s
then tan solution is placed in the same ccll, the resiscance of
the solution is given by

.
ol

-
WAL
4

and ihe smeclfic conductance of the solution by

g = Sl
Then,

VI

WA

7 = 4 (o) ,(_______)__q_vi i

v

= _b)s
v
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The error, (c-.\o"/o“ )Hg’ is negligible compared to the errors in
voltages and frequencies. The measuring instruments need only
provide correct ratios, e.g., 4 (Hg)/\/s, rather than absolute
values. Hence, the following treatment, that of using the errors

of the indlvidual terms rather than of the ratios, is conservative.

o< - C\/
(2Z)° 2 208 + a2

The more independent case will now be examined. The cell is
calivrated non-inductively, the conductivity system is calibrated
by the Vv° method and the measurements made using the v® method.
Then

O; = C/RS
Ro= BV\-/l and W = c(vﬁ)
S Vo o VOC
so that
(552 £ (S5 . (SR i,y (Syp
— C 7\*: id \Y%

)

The crror in this approach is grezter than in the previous one
becausc of the presence of two additional terms, one involving

the error of the cell calibration and the other the error of the
values of the resistances of toroids used for calibration. For

this reason, the inductive method of calibration of the conductivity
cells has been used ever since we were able to extend the range of

the inductive measuring technique to low resistances.
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In addition to the accuracy of the determination of specific con=
ductivity, we arc also interested in that of the function, E;» which

is defined by

m

o _ dinc
d o

2
i

(&)

where Rg is thc gas constant

. . 0,=
and € is the reciprocal of the cbsolute temperature, K l.

Let us assume that the cell constant, C, is constant over thc range
of temperatures and pressures used; also, that the frequency, v ,

and the input voltage, Vi, arc kept constant during the run. The
conductivity measuring system constant, B, will vary with the temper=
aturc for two reasons, the clectrical characteristics of the system
itself arc slightly temperaturc dependent and the frequency becomes
non-cptinal as the solution rosistonce varies with temperczture,

If the V° method is used,

e c
= -——--B-—
vy!
and
d In —
EG‘ A7
- e °

if the external calibrator method is used, the error in B is due
. +
only to the frequency effect, since both 8° and B” are at the same

temperature.
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[ CHES— |

and

It is immcdiately apparent from a comparison of the equations for
Eo\ with those for o, that the most important sources of crror
are different for E .~ than for the specific conductivity. The

refative errors in E ;. are respectivcly

d In oL
(2P - (£, (5B
anG
1 n (B
( Ei )2=(gée)2+(8 d?g 2.

4c have expanded the last tcrm on the right for the v° method and

made estimates of the component crrors, deducing the following value

8 E,.
Ee

The crror cquation for E~ for the external calibrator method
contains only ratios of B's and of voltages. The B's for cach
set of ratios are at the same tempcrature. Each pair of voltages
arc read one after the other on the same scale of the meter. Hence
the error in Ev~ for the cxternal calibrator method is less than
for the v° method.
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4, EXPERIMENTAL RESULTS

fnitially the program was concerned with finding out whether use=
ful plasma lifetimes could be reali.cd with gaseous sodium=ammonia
solutions., #dext, several moterizls studies were carrijcd out. The
first or these studies, that with silane films, was designed to
sce wheiher we could use metn] containers and electrodes.  The
lack oi positive results forced us o use glass containars, which
preved to be only partially satisfactory at elevated {emperatures,
Becausc =i the use of glass, it became neccssary to use an induc-
tive technique for measuring conductivities. We warc then =ble

to obtain reproducible conductivity data at temperatures - least
as hign as IMSOC.



L.1 LIFETIMES

When the program was initiated, the only informatien in the
literature on sodium-ammoniz soluticns in the gaseous state

was that of Hannay and Hogartn (30 HAN), who succeeded in Pro-
ducing 2 gaseous solution for o few seconds. The first question
that had ©o be answered in our -rogram was whether useful lifes
times could be attained in the gascous state, The approach we
uscd was predicated on the assumption that impurities were the
cause of the short lifetime obtsined by Hannay ard Hogarth., In
cur nrogram, longer and longer goseous lifetimes were cttcined
as experimental techniques imrroved.,  When we measured a lifetime
of 52 minutes in the gasecus siate at 145°C before sclfereaction
became Ubservable, we then went n tv the next phase of this

progrim, o fecl that we have n-t rcached the limits of life-
times in the gaseous statc and that considerably longer lifctimes

may well be sttainable if pecded,
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4.2 MATERIALS

Three materials studies have bcen made, the first on coatings;

the second, on glass; and the third on regeneration of soluticns,

The purpose of the first materials study has been to see if we
can find 2 non-catalytic costing for metals - so that we can
place metais in contact with the solutions without catalysis.
When practical coatings arc developed, metal containers can be
used with the mechanical advanti-ges that metals provide. In
addition, i7 the coatings arc non-resistive, then currente

potential mcasurements can be used instead of inductive techniques.
The behnvior of silane coatings, preparced from Beckman Desicote
18772, vi2s studied since similar coatings have becen used suc~
cessiully at other laboratorizs to reduce catalysis by metals

in contaci with sodiumeammonicz solutions at Jow temperatures,

Such 7ilms arc prepared by depositing substituted silanes on

glass anJ Sther materials by hydrolytic action (51 GIL).

Adsorbes wiier on the surface reacts with the silane producing

a film of polymerized substituicd slloxane integrally attached

to the surirce.  The polar 5i-0 bonds apparently cxhibit 2n
affinity Tor the similarly constituted glass surfaces znd tic
organic r-dicals are dirccted cutward, E. P, Arthur (51 GIL)

found that » hydrolyzed sii=nc leyer docs not impair the pli

;

response of glass clectrodes or apnreciably increase their

resiscance,

[&]

Yhenever silone coated materials were placed in the test colld
cont2ining sodium=ammonia soluticns and the cclls heated, vigorous
bubbling cccurred in the regions of the silane surfaces, The
solutions in these regions scemed to decompose more rapidiy than

clswhere; therefore, tests werce not continued at that time.
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.

Because of the lack of positive results with silane films, we
decided to contain our solutions in glass. We then found that
pyrex is not a satisfactory material at ¢levated temperatures.

We therefore initiated a materials study to find a way of coning
with the 10ss in mechanical strength of glass at clevated temper-
atures, which is probably duc to decrease in resistance to chemical
attack. A variety of glasses ond glass treatments have been under
continual cvaluation. This aspect of the program has becen dis~

o)

cussed in detail in section 2.2,

The purpose of the third materizls study was to see if metzllic
aluminum con be used at elevaicd temperatures to regenaraie

metallic sodium used up by the seli-rcaction, The following
rezction tzkes place in liqui< cmmonia because of the low solu=-

bility of the product aluminum amjde:
M = Al .
Al + 3Na..H2 .l(..12)3 + 3 Na

In addition to regeneration, the mzt2llic aluminum and the

aluminum omide catalyze the scli-reaction.

When experiments were carricd out ot elevated temperaturces with
aluminum wircs immersed in sodium~ammonia solutions, the rcoener-
ation took place for about zn ilur, but stupped before the aluminum
wirc was completely used un.  Gntil that time, the rate of regener-
ation creecded that of the ¢ tzlyncd self-reaction. |t is .ossible
that the amide coated the surfac: of the aluminum, thereby 5topping
the reaction, Regencration will become important when sodiuine

ammonic cases are used praccically on 3 sizeable seale, In such

o
[¢]
o
(%)
{J
)
[ad

he sodium=ammonia ¢nscs could be cooled, the hydrogen
procauccd by the self-reaction pumned off, the resulting liquid
circulated through an 2luminum bed, and the regenerated solution

pumped back into the high cemneraiure region,



k.5 ELECTRICAL CONDUCTIVITIES

te have mecsured conductivitics at low temperatures in order to
overlap our conductivity temuerature data with the conductlvity
concentration data in the liter-ture, which is at -35.50C. Our
concentrations are then established by comparison of our data at
-33.SOC with the latter daic, ~1tacugh a gas analyzer has been
instalicd tJ mecsure chemicsl compositions of the samples, too
many szmoles have ruptured =t clevated temperatures, climinzting
the possitility thus far of anzlyses ofter the conductivity
measurements have been comploted, 11 concentratjsns reportad
hercin have been obtained from comparison with the literciurc
conduciivity concentration dat~. The data in the litercture ore
shovm in the 1eft graph in vigure 6 =nd our low temperature ycta

- D

in the right graph in the sama figure, as well 2s in Table 1.

As the temperstures are raised, the conductivitics pass through
. 2 o= : o .
maxima 2t 39-110°C  in the c2sc oF 4}lute solutions, wherecs,
the maximz flatten into plateaus at higher concentrations (Figure

T ens Table 11),

At temperstures above the m2:tims, the fractional Filling o the
cell st 1ow temperature influances the observed behavior strongly,
If the fractional filling is w00 great, the cell becomes completely
Filled with liquid below the critical puint. Examples of this in
figur: 7 are runs 9=5-14, 10-3-1,, t=1, 10=-30~2A and 11=0=1..,

Yhen the rising liquid fills che g2s region (the intersectisn of
this with the liquid being indicated on the curves for these

runs in Figure 7), the solution density becemes constani ~nd the
concuctivity now rises, instoe-d of “alling, with increasing temper-

atura.,

In figure 3, the filling wes chrroximately correct so that the

transition took place near the critical region. The peculijarity

=ik
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in the gas phase data below the critical point is due to the gas
volume becoming partially filled with liquid as well as to long
drainage times after stirring, The temperature at which gas and
liquid pheses became indistinguishable, 134°C, is slightly greater
than that of the critical temperature of the pure solvent itself,
132.¢%. The gascous conductivity then remained constant with

incrcasing temperature.
The two examples of runs in which the existence of gascous con-
ductivities was unambiguous were runs 10-30-3 (figure 8) and

11-9-3 (Figurc 9) with gaseous data as follows:

G:3E0US DATA

Joproximate
Mol: Fraction Conductivity, Temperature number density _ .+
Run lo. of Sodium mhos//cm Range, ©°C of electrons, cc
0-30-5 T 1 x 107 71070 13k - 165 7.5 % 1017
11-9-3 2,55 x 1072 13k x 10° 19 - 153 2.6 x 16°°

Tiis estimate is based on the cssumption that the sodium is fully
ioni_ed, that the gaseous solution densitics are 0,3 7/cc,

and that in the case of run 11-9=3 the drop in gascous conduc~
Livity with increcasing temperature was caused by the onset of

the seli=reaction.

Vigorous turbulence, which intericres with the collection of data in
the criticzl regions, has becn ovscrved visually as much as

500 velow the critical point when the measurements arc made using
capillarics. The data for six s moles continued in 7 and B mm
tubing in the bomb, in which such effects were present, arc

shown in Vigure 9. In other runs, such as in figure 8, the

critical state was reached without turbulence.



in the case of solutions with intermediate concentrations, the
conductivities of the liquid appear to plateau at 80 to IBOOC,
then to incraase abruptly with increasing temperature to a new
plateau (figure 10). In these runs, it was found that gascous
conductivities did not become mcasurable at temperatures of
to ISSOC. 1t has not yet been csteblished whether the effecis
above 1500C are recal, are duc to subcritical fluctuations in the
liquid steic or are caused by instrumental failures inside the bomb,
Thes

subs

¢ offccts are not observed when a constant resistance torus is
tituted Tor the cell and heated.
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L.4 REVIEW OF THE CONDUCTIVITY DATA

It has been established in this program that reproducible measure=~

ments of conductivities of sodium ammonia liquid and gascous solutions
. . o

can be made at temperatures at lecast as high as 165°C. Insofar as

oo
the data in tables | and Il are concerned,” it has become practical

* The sequence of runs shown in tie tables and figures is as 101 lows:
8-22- ; -5~ ; W~1; X-15; 10-3- ; 10~8- ; 10-30- ; 11-9- ; 3-26- ;
L-26- ;. 25; 28; 29; 33.

to properly check reproducibility only in our more recent measure=

ments, after we had modified the apgaratus for this purposc, The
gencral behavior of the carlier runs, however, has been such that
we feel that there has been measurable decomposition in at most only

a few runs below IEOOC.

e must consider that the reproducibility of the carlier data at

elevated temperatures is generally not confirmed. The currant data
in runs such as those in figure 5 zre reproducible and thare is no
evidence ior believing that dccomposition has set in below |65°c in

such earlier runs as in figure O.

Starting at the lowest temperctures, the first feature in the curves

is the occurrence of discontinuitics in the conductivity temperature
curves at about -40°C (figure 6). Thesc discontinuities occur primarily
because or phase separation, but in onc or two cascs because of
shrinkage o7 the solution such that & section of the torus bocores
partially cmpty and therefore more resistive. In the case of phase
scparation, the conductivity drops rapidly with decreasing temperature

becausc of the changes in compositions in the two phase region.
0 .
In the data from -80 to +20°C, the accuracies of the temperature

coefficients, Eg\ , are about 5%. The accuracies of the specific

conductivitics are limited primarily by the errors in cell calibration.
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In the earlier measurements, thcre may be sizable errors in the

system calibration constant, B, partially arising from the usc of
non-optimal frequencies. .\ conservative assignment of accuracies
of specific conductivities might be an order of magnitude for the

earlier measurements and less than 10% for the more recent ones.

At temporatures above those of the conductivity maxima (figure T),
it is possible that the relative shapes of the curves may be
influcnced by the initial fractional fillings of the cell. As
the temperature is raised, solvent evaporates, and the liquic
becomes more concentrated. The greater the initial fractional
filling of the cell by the solution, the smaller the relative
change by this effect since less solvent is removed from a larger

volume of solution.

Considcration of other aspects of the data involves a considerable
amount oi speculation and is therefore deferred until the next

section.,



5. DISCUSSION .
The three most important features of our data from which we can make
deductions are: .

(1) The specific conductivity, gy -
In general,

=Y

where n. is the number density of the ith ion species,
q; is the charge of the ith ion species,
v is the mobility of the ith ion species, and

the superscript — refers to clectrons.

The q; for the various species are equal to Ziq', where Zi is the
valence oi the ith ion species. The various number densities, n.
are bounded approximately by ugrwrilCn‘. Except for the very dilute
solutions (vhich have not been studied by us), the mobilities of
elecirons are orders of magnitude greater than those of the other
clectrically charged species in the solutions. Since v~ Y v, for
all species and n"q” is at most only a little smaller than n.q, for
one species, we may neglect all icrms except those for the electrons,
and let /= n"qQ"v"~. From the specific conductivity, we can thercfore
deduce the product of electron density and mobility as a function of
solution composition, temperature, and pressure.

(2) E, -
From the conductivity temperature data and the above specitic

conductivity relation, it follows that

E

S _ dlIn>™ _ dlinn + oy
R B d e Tode d e

where © is the reciprocal of the absolute temperature. Uniortunately
the interpretation of the data is complicated by the fact that both

n and v are functions of conceniration, temperature, and pressure

in the sodium ammonia solutions.

Lo



mplicit equations for n” may be derived in the form of power series,

',
"

N
> a. () =0
i=0
where k22, The coefficients, an of the various powers of n~ depend

on vhich species we assume to be present in the solution.

The a, are functions of the equilibrium constants and 3, is in addition
a function of the sodium density. Initially we are not planning to
cistinguish between activities and concentrations since activity
coefiicients are known only at low temperatures. If we let -Ep/R =

d Inpo/d &, “LE/R o= dn K./d € and “E/R = d In v7/d 5, where

L is the density of the solution and Ki the equilibrium constant for
the th equilibrium, then Ec‘ can be expressed in terms Ev’ Eo’ AH],
axe, +++. In order to compleie this treatment of the data, we are

aow in lhe precess of measuring the densities and vapor pressures

£

of thc sodium ammonia solutions over most of the liquid temperature

range, s well as the pressurc coefficients of electrical conductivity,
(3) 7The temperatures of the conductivity maxima.

fav preliminary intcrpretation of the high temperatures of the

conduciivity maxima is that tke difference in behavior between

solutions of codium and electrolytes like Nth and Kl in liquid

ammoaia is cue nrimarily to the sodium being largely undissociated

at low icoperatures in the concentration range we studied and that

tie incrcase in ionization of the sodium is sufficient to compensate

for the decreasc in density with increasing temperature. The

dissociation becomes largely comp’~te in the neighborhood of the

corductivity makima in cur more dilute solutions. Therefore, the

conductivity now drops with increasing temperature since there s

ro loager a source of clectrons to compensate for the further decrease

in density.

L1
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For the intermediate concentrations, (N varies exponentially with

the concentration of sodivm. Thus as the solution temperature is

raised, the density of sodium decreases and O™ should decrease
exponentially=—instead it increases. It i; difficult to believe

that the temperature coefficient of mobility is sufficiently large

to overcome this effect. Hence we are conjecturing that the electron
densities are increasing with increasing temperature up to the maxima
even though the sodium densitics are decreasing. The source of electrons
is Trom species variously descrived in the literature as e'e, Na, Nae,

Ha~, or polymers.

The occurrence of the maxima at CO = IIOOC is of interest, not only
with respect to the cause of the increase beyond 250, but also with
respeci to the effects of this increase. As pointed out previously,

s very significant effect is that the temperatures of the maxima are
close to those of the critical roints for dilute and moderately
concenirated solutions. As a result of this closeness, unlike the
caze vor electrolytes, there is only a small drop in conductivities .
in going from the conductivity ma:ima to the gaseous state. Hence the
soscous conductivities are greater by orders of magnitude than would

2 the case it the conductivity ma:ira occurred at 25°C.

'n the preceding section, we have trcated the temperature coeificients
as being at constant pressure, whercas the actual measurements have
becn made clong the vapor pressure curve. In the liquid state, only
the comnosition, such as mole fraction, or the concentration of sodium
need be specified. ‘e shall use mole fractions to speciiy the
cemposition, since these arc temperature independent. /issume that

= g\(p{T,Xa) for the coexisient two phase system. Then, along the

vapor pressure (vp) curve,



d In o din ¢ dp S Ing ding, e
e e = (5N, X, @he * (370 Joxp ¥ (T e, $5vp
Preliminary measurements have already been carrled out on the effects of
pressure on conductlvity at constant temperature and composition. From
these results, we feel that we shall be able to determine both the vapor
pressures of the solutlons and ( In G/ P)T,Xe' Since the equatlon
of state of ammonla gas is known, we can calculate the amounts of
ammonia in the gas phase from the vapor pressures, and therefore
(dXQ/de)vp‘ By estimating the heat of vaporization of the solution
and the term (J In G- /A XQ)P,T from the collection of conductivity

temperature concentration data, we can evaluate (-%}-%ﬂf:-)plxa-
(6

We shall now return to the overall objective of this program, i.e., the
plasma aspects of the gaseous sodium ammonia solutions. In the conven~
tional nomenclature, the sodium ammonia gases are dirty plasmas, that 1ls,
they contain a foreign material, the solvent. These plasmas have gaseous
conductivities of 1 to 100 mhos/cm in dilute to Intermediate concen~
tration solutions. We are now trying to prepare plasmas with consider-
ably higher conductivities by using the more concentrated solutions.

Our conviction that this can be done is based on our visual observations
that we have produced gases that are metallic yellow-red copper=-gold

in appearance. Slnce the qualitative facts deduced from visual obser=-
vations have already been confirmed by conductlvity measurements for
solutions up to intermediate concentrations, we expect that the ob-

servations on concentrated gases will also be confirmed.

The electron densities in the gaseous plasmas with conductivities of
1 to 100 mhos/cm are about 1019 to 1020 electrons per cc. The
pressures, which have not yet been measured, are of the order of

a hundred atmospheres. The pressures in our cold plasma are greater
than those in the usual laboratory gaseous plasmas, which are at
atmospheric pressure or below. In nature, there are two main sources
of gaseous plasmas, the interstellar plasmas with about 10 electrons

per cc and the stellar plasmas in which there is an enormous range of

L3



densities from the tenuous red giants to the dense white dwarfs.
The electron densities and cas pressures of the cold plasma would
fall in the stellar class, closer to those of the red giants than

the white dwarfs.

Insofar as temperature goes, there arc no comparable temperatures

in either the conventional laboratory gaseous plasmas or in nature.
The temperatures of the interstellar plasmas may be of the order

of th OC, those of the stellar interiors are very high and those

on stellar surfaces only moderate. Temperature of the conventional
laboratory nlasmas ranges from a few thousand to milllons of degrees.

) -0
The temperztures of our cold plasmas are as low as 135°C.

Finally since the cold plasma is a gas under equilibrium, the plasma
lifetime is limited only by the non-plasma problem of seli~-reaction.
Lifetimes of an hour have been attained. e feel that it nmcy be

possible to extend these lifetimes by at least an order oi magnitude.

Lk
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TABLE 1

LOW TEHMPERATURE_DATA*

Specific
Hole Fraction Conducgivity Cond. Cell Resistance
of Na 5 at_%o C, -1 Calib. Measuring Frequency
Sample No. at -33.5°C ohm cm Methods ¢ Method % ke
oy
3-26-18 1172107 25 IOZ 6 v, 5
3-26-10 5.52 x 10 3.86 x 10 6 E 7
3-26-15 5.20 x 102 3,70 x 16P 6 v, 7
4-26-8 5.14 x 1072 3.60 .« 10° p £ 4
10-3-1A 5.¢h x 1072 3.40 % 10° 6 v, 10
3-26-12 k.60 » 1072 2.65 x 10° G E 7
53 .Ob x 1072 1.76 = 10° | E 40
nfe 2 Ag . 1072 2 . 108
3-26-9 3.89 % 10 1.48 = 1 G v, 10
L-26-2 5.59 . 1072 7.37 % 10 p E 20
10-8-4 2.97 1072 6.45 % 10 G E 1250
11-G-14 2.02 5 1072 5.40 10 G 6 125
28 2.85 x lo'z 3.40 x 10 | E 50
26 2.81 x 10 3.22 = 10 | E 50
4-26-1 2.47 1072 2.10 % 10 p E 80
10-30-3A 2.28 x 102 1.35 % 10 6 6 200
w1072
3-26-16 1.89 x 10 7.40 6 v, 200
L-26-7 1.63 5 1072 b.30 p E 100
1-26-5A 1.65 % 1072 3.85 p v, 100
4-26-3 1.54 1078 1.95 p v, 800
29 1.50 x 1072 1.86 | E 800
9-5-LA 1.19 % 1072 1,43 G E 1250
3-26-17 1.00 1072 9.35 x 10" 6 v, 900
10-3-3 6.62 x 107 5.20 107 6 E 1250
X-15 5.48 % 107 3.75 % 107 6 G 125
10-8-bA 2.0 % 107 1.56 % 107! 6 E 1250
10-8-3 1.7% % 1072 1.7 2 107! 6 E 1250
* A1l cells are made of pyrex except 11-9-14, 26, 26, 29, and 33, which are
fabriceted from uranium glass.
ek Conductivity cell calibration mcthods: 6 - Geometrical, P - DC Plunger,
| = Inductive
“riee Resistance Measuring Methods:
G - Graphical (R vs. Vo at fixed frequency and input voltage)
Vo - Constant transfer function RV™

E

External Calibrator

v Vi

B



Sample No.
5-26-15
3=26-12
9-5=3A
£-22-2A
11-9-1A
10-30-4
10-3-h
11-9-3
10-30-3A
10-3-2
10-30-2A
11-9-4
1C=3-3A
10-3-2A
10=-3=5A
3=26-14
9=5-LA
Y=1
10-50-3
1C=3-3
10-3-bA
9-5-1A

Mole Fraction

TABLE 11

DATA_FRO/1 20 To_130°¢*

. b
Resistance

Method

gf—q: 5 Measuring

2t m5.5_C

5.20 x 1072 Vo
h.60 3 1072 Vo
2437 = If~2 G
5,22 % 1072 G
3.00 % 1072 G
2.73 3 1072 G
2.57 » 1072 G
2.55 x 1072 G
2.273 x 10-2 G
2.10 x 1072 G
2.01 =« 10-2 £
1.97 x 1072 G
1.02 = 1072 G
1,75 x 1072 G
1,70 x 1072 G
1.35 % 1072 Vo
1,152 5 10—2 Vo
117 1072 G
T1 x I()-5 G
6.9 x 1072 Vo
5.50 % 1072 G
2,50 % IO.'j 3

Specific
Conductance

at _?OOC& l
obm cm

.70 x 10°
3.52 x 102
1.87

1.60

LUk x 107
9.9 x 10
6.5

6.25

5.68

5.68

2,71

2.2}

1.76

1.4

1.25 x 10
6.40

). 95

5.5

2.16

1.52

53.05 x 10
1.30 x 10°

-1
]

Conductivity Maxime

I:T??Tiffftw &ohm tem™!
110 2,10 x 10°
1 173 x 10°
86 1,45 x 10°
81 9.90 x 10
& 6.50 x 10
ok 6.60 x 10
2] 3,80 x 10
@ 3,80 x 10
8¢ 2.78 x 10
D 2,32 x 10
7 1.90 x 10
3 1.51 x 10
98 1.33 x 10

3 7.00
3 4.10
2 3.53
4 2.22
36 1.53
86 3,07 x 107
8L 1.31 x 107!

A1l conductivity cells in this table were calibrated by the geometrical
technique.

\esistance (deasuring Method:

G
Vo
E

- Srophical (Rovs, -
- Constant transfer Tunction

- External Calibrator

VT

ot Tixed frequency and V')
<



FIGURE 1

Ammonia Purification and Sample Preparation System
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FIGURE 5 - REPRODUCIBILITY

Two test runs are shown, each of which was heated three separate times.

- -

is no evidence of decomposition within experimental error for either run.
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FIGURE 6 - ELECTRICAL CONDUCTIVITY TEMPERATURE DATA BELOW ROOM TEMPERATURE

The solid lines on the figure on the left are from the data of Kraus and Lucasse (22 KRA),
the dashed lines being from Nabauer (49 NAB). The composition scale, mole fraction of
sodium, is from the data of Kraus (21 KRA) and Kraus and Lucasse (21 KRA-a). Our
conductivity temperature data below room temperature are displayed in the figure on the
right.
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