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We have prepared pure Li, Na, and Cs films in ultrahigh vacuum apparatus by the electrolysis of alkali-
oxide-containing glasses. Details of the procedure which enables precise amounis of alkali metal to be
metered out are given, The alkali {ons electralyzed out of the glass cannot be replaced and the glass
becomes progressively weakened. The construction and use of an electrochemical Cs pressure gauge
is described. The gauge is an electrode concentration cell in which the eiectrodes display the activity
differences, The electrolyte is any alkali-oxide-containing glass. When the Cs pressure to be measured
is zero the gauge gives a base EMF which is different for each glass electrolyte used. Pyrex glass (4%
Na,0) works better than Cs,0D glass as the electroiyte because the base EMF for Pyrex is high, The
EMF-pressure relaiionship is given by the Nernst equation and Cs pressures down to 1077 Torr can
be measured. The gauge has been used 1o assess Cs plate-ont levels (i.e., equilibrium amounts deposited)
on clean Ni at 0°C from Cs vapor at pressures below 1073 Torr, Ni is an effective Cs getter, leaving
little Cs in the vapor phase. Alkali-oxide-containing glasses approximate to Obmic ionic conductors
with a limited degree of electronic conduction. The glass characteristics alter with passage of current

and some decomposition occurs with the formation of silica.

1. Introduction

The common commercial glasses are
based on 5i0, and contain Na,O (up to about
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16 wt%) and/or K,O (up to about 11 wt%)
in addition to many other oxides. The alkali
oxides are added to reduce viscosity and
softening temperatures. They disrupt the
Si0, network by forming nonbridging O~
ions, while the alkali metal ions occupy
holes in the network. As a result, alkali
glasses are ionic conductors, often pos-
sessing appreciable electrical conductivity
at elevated temperatures. Even commercial
silica contains sufficient alkali impurity to
render it conducting at hundreds of °C (1).

Interest in the conductivity of alkali
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glasses has centered on their ability to func-
tion as solid electrolytes in electrochemical
devices such as pH meters and ion-specific
electrodes for liquid systems, batteries, and
fuel cells, and, more recently, a wide range
of chemical sensors (2). Glasses are easily
formed into convenient shapes for such pur-
poses and effort has been directed at modi-
fying their composition in order to increase
electrical conductivity. For many purposes,
however, high conductivity is not a prereq-
uisite, e.g., the newer applications in micro-
electronics (3, 4) and in microionics (5),
where good response times at low tempera-
tures are readily achieved. In the following,
we describe two uses to which the normal
ionic conduction of heated single-aikali-ox-
ide glasses of conventional type may be put,
First we describe the preparation of up to
centigram quantities of pure alkali metal
films in ultrahigh vacuum apparatus by an
electrolytic method. Then we describe the
construction of an electrochemical pressure
gauge capable of measuring extremely low
alkali metal pressures. The gauge measures
down to 1077 Torr Cs and may be used to
assess so-called Cs plate-out levels from the
vapor phase onto transition metals. Finally
we discuss the mechanism of electrical con-
duction in alkali oxide glasses.

2. Materials

The requirements for alkali glasses used
to prepare alkali metal films electrolytically
and to fabricate electrochemical pressure
gauges are as follows. The glass should be
capable of being formed into thimbles by the
usual process of repeatedly blowing out a
button of melten glass at the end of a tube.
Thimbles are then joined to Pyrex glass tu-
bulation for incorporation into a Pyrex glass
(or metal) ultrahigh vacuum apparatus. The
alkali oxide glass should therefore have a
softening point that is about the same as that
of Pyrex glass. This is so that thin-walled

thimbles can be annealed along with Pyrex
glass apparatus and be baked out while
evacuated. In any case, during alkali metal
preparation the alkali glass thimbles are
evacuated and maintained at up to 420°C.

The alkali glass should contain 4 or 5 wt%
of a single alkali oxide to be effective, and
be free of other alkalis. Pyrex glass contains
4.2 wi% of Na,O and no other alkali oxide;
it is therefore very convenient for our pur-
poses. A Li,O glass and also a Cs,0 glass
conforming to the requirements were mixed
for us by Pilkington Bros. Ltd. using Analar
grade reagents and Limoges quartz. The
compositions of these glasses are given in
Table I, together with their softening points
and thermal expansion coefficients. The
expansion coefficients are such that the
Li,O glass and the Cs,0 glass thimbles may
readily be joined to Pyrex glass via graded
glass seals (6) containing two or three inter-
mediate glasses (7). One of our intermediate
glasses, €9 (8), is included in Table I be-
cause it was used to construct an alkali pres-
sure gauge.

Molten alkali salts were used as electro-
lytes. LINO; of minimum purity 95 wt% was
supplied by Koch—Light Labs Ltd. NaNO;
was BDH Analar grade. CsNO, was to BDH
GPR specification (98 wt% pure). For the
pressure gauges, 99.98% pure Cs was sup-
plied in ampoules by Koch-Light Labs Ltd.
and fractionally distilled prior to use. Cs
was also prepared in vacuo from chemical
dispensers supplied by SAES Getters
S.p.A., Milan. '

3. Preparation of Alkali Metal Films in
Ultrahigh Vacoum

Our preparation of pure alkali metal films
is based on a method formerly used to intro-
duce Na or K photocathodes into a glass
photocell, The method, which is very old
(9), has often been described in the literature
(10, 11 and consists of the electrolysis of
alkali-containing glass. One side of the glass
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TABLE 1

WT% COMPOSITIONS, SOFTENING PoINTS, AND ExpANSION COEFFICIENTS OF THE
ALKALL-OXIDE GrASSES USED

Special Special C9 glass
Li,O glass Pyrex glass Cs,0 glass (see Ref. (8))
Components/wt%
Li,0 4t — - —
Na,O — 4.2 — 4
Cs,0 — — 5.0 —
K.0 — — — 2
Si0, 66 80.6 61.8 75
Ca0 14 0.1 [4.2 -—
MgO* 6 0.05 9.5 —
B,0, — 12.6 — 17
Al O, (1] 2.2 9.5 2
Softening 780 820 780 775
point/°C
Thermal expansion 5.5 33 5.0-5.4 4.25

coefficient/ 107K !

¢ BDH Analar MgO, containing 0.3 wt% Na.

® Thimbles Fabricated from 5% Li,O glass developed vacuum failure more frequently.

is in contact with heated alkali salt melt (the
anolyte) and a thermionic cathode is placed
near the other side, which faces a vacuum.
On application of electrical potential across
the heated glass, alkali metal evaporates
freely from the vacuum side of the glass.
Burt (/2) described the Na preparation as a
procedure “*which allows the vacuum to be
electroplated with Na.”” We have developed
a cell for the vacuum preparation of up to
centigram quantities of alkali metals and
used it to prepare pure Li (13}, Na (/4-16),
and Cs (/7) films for a number of years,
The electrolytic cell is shown in Fig. | and
its characteristics are given in Table II. An
alkali glass thimble, 5 to 8 ¢cm long and 1.4
cm o.d., is joined to Pyrex glass tubing and
mounted in a vacuum vessel on a reentrant
seal. The thiinble is extensively outgassed
at 480°C by running the immersion heater in
the empty thimble. Nitrate of the same alkali
as in the glass is now added to the thimble
and is maintained molten with the immer-
sion heater. The quantity of nitrate melt is
sufficient to fill the bottom third to half of the

thimble. All the alkali nitrates decompose to
nitrites above their melting points. As the
temperature is further raised, the nitrites de-
compose to oxide with evolution of NO,. A

+
.]
o.C. 17
potential l
I
Il graded
loss seal
A 9
‘.]:‘, alkall glass
anode thimble
silica heater
sheath
moiten atkall
nitrate
Nichreme heoter
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FI1G. 1. Electrolytic preparation of alkali metal films.
The reentrant alkali glass thimble (wall thickpess 1 mm)
is mounted in an ulirahigh vacuum apparatus with the
W filament cathode 2-3 cm away.
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TABLE Il
CHARACTERISTICS OF ELECTROLYTIC CELLS FOR PREPARING ALKALI METAL FrLms

Usual
Typical dimensions Measured temperature Usual
in ¢m of thimble conductivity Fused alkali of thimble DC potential
Alkali section filled of alkali salt in (imble during atkali  applied across
film with alkali salt glass/Q"'m™! with M.P./°C preparation/°C  alkali glass/V
Li 4 fong 9.4 x 1078 LiNO, 264 350 1000
1.4 0.d. at 350°C; decomposed with
0.03 wall passing Coutombs NOG; 1
thickness can change by
a factor 10
Na 3 long 8.6 x 107° NaNQ, 307 350 300
1.4 o.d. at 350°C solid works too
0.15 wall or
thickness NaNO, 271
decomposes with
NO, t
Cs 2 long 1.2 x 1078 CsNO, 414 420 600
1.4 0.d. a1 350°C best
0.10 wali (CsOH 272
thickness 1.8 x 1077 melt attacks glass)
at 420°C (MeOOC.Cs 194

decomposes to give
carbon deposits)

{CsCl 646
solid works too)

(NaNO; 307
solid works too)

stabilized DC voltage supply is connected
between an Au wire dipped into the melt
and a W filament cathode situated in the
vacuum vessel 2 or 3 cm from the thimble.

During operation, alkali metal evaporates
trom the alkali glass thimble and deposits on
the walls of the swrrounding vessel main-
tained at 0°C. The alkali ion current is deter-
mined by the thimble temperature, the volt-
age applied, and the filament emission
current, i.e., the cathode temperature. The
effect of varying voltage and emission cur-
rent is shown in Fig. 2 for a Li source at
365°C. For each filament current there exists
a saturation voltage beyond which no fur-
ther current ¢an be passed through the alkali

glass. The maximum current probably ob-
tains when all the electrons from the cathode
arriving at the glass—vacuum interface serve
to neutralize alkali ions, The best way to
control the evaporating alkali flux up to this
maximum is via filament temperature. Up
to the saturation voltage, Li,O glass behaves
approximately as an Ohmic conductor. Fig.
3 shows closer Ohmic behavior of a Cs,0
glass thimble at 480°C. The saturation cur-
rent passed through the alkali glass also de-
pends exponentially on temperature. Either
the thimble temperature or the filament
emission current ¢an limit the alkali flux so
that altering one of these parameters may
only be capable of lowering, not raising the
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TABLE [I—Continued

Typical
alkali films
Largest that were
currenl we drew produced in a
Alkali from thimble/ Current 500 cm’ glass
film mA cm™? stability reaction vessel Thimble life
Li 0.028 =5% fall 54C Yacuum failure and occasional implosion
over thimble (0.39 mg} occurred due to hair-line cracks which
life not visible developed in over half of 28 thimbles
used; mainly after passing several C;
No thimble survived with more than 3%
of the Li* electrolysed. Thimbles of 5%
Li,O glass were more likely to fail.
Na 1.5 falls off slowly 6C It was established over the course of 37
(1.4 mg) runs that glass etched and developed
visible hair-line cracks after passing about 70
C; replacement desirable after 50 C.
6 C
(8.6 mg)
heavily opaque
Cs 0.50 =50% fall 7.5C It was established over the course of 42
over thimble (10 mg) runs that thimbles slowly deteriorated
life visible in strength and shattered after roughly
15 C has been passed. 7.5 C was the
safe limit. Only 0.6% of Cs electrolysed
out was replaced from CsNO; melt.
Pressure during Cs preparation never
>8 x 107° Torr.
Alkali
film Notes
Li —
Na Thimbles can be used several times if NaNO, is washed out prior to outgassing—this avoids glass
etching and breakage.
Cs Ref.({7) gives a detailed description.

alkali flux. The thickness of the glass thim-
ble wall is an important parameter too. Typi-
cal operating conditions for Li, Na, and Cs
sources are given in Table II. Negligible
electric current passes to the vessel wall,
showing that alkali ions do not evaporate
from the glass thimble. Thus the filament
emission current never neutralized less than
98.5% of the Cs ions leaving a Cs,0 glass
thimble. The electrolytic process accurately
obeys Faraday’s Laws so0 that precise

amounts of alkali metal can be metered into
the vacuum vessel. The Na introduced has
been shown to be very pure (12, 18, 19). A
quadrupole mass spectrum was run for Cs
introduced when the background pressure
was 8 x 107 Torr, No Na, O,, or other
unusual gases were detected. The com-
ments column in Table II shows that the
structural strength or tolerance to alkali ion
removal during electrolysis is in the order
Pyrex glass > Cs,0 glass > Li,0 glass. It
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Fic. 2. Li* ion current as a function of the voltage applied to a Li,O glass thimble for various filament
currents. Thimble temperature 365°C, thimble wall thickness 0.3 mm.

was established that Cs continued to evapo-
rate from a Cs,O glass thimble if solid CsCl
or molten NaNO, was used as the anolyte
instead of molten CsNO,, By fusing an Au
or Pt anode directly onto the inside of the
glass we were able to show that very small
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FiG. 3. Varation of Cs* ion current with voltage
applied to a Cs,0 glass thimble at 480°C, Thimble wall
thickness 1.0 mm.

currents passed in the absence of any salt,
but this current rapidly decayed.

4. Electrochemical Pressure Gauge for
Alkali Metal Pressures

The need to construct an alkali-metal
pressure gauge capable of measuring very
tow alkali partial pressures arises in both
fusion and fission nuclear reactor technol-
ogy. A Li pressure gauge could find applica-
tionin the evolving fusion reactor but a more
immediate need exists for a Cs pressure
gauge in the design of gas-cooled nuclear
fission reactors. The thrust in gas-cooled re-
actor design has been toward ever higher
temperatures so that the release of fission
products from the fuel into the coolant be-
comes progressively more of a problem. In
the CO,-cooled Magnox reactors fission
product contamination is not a serious prob-
lem but in the high temperature gas-cooled
reactor (20, 21) He replaces CO, and the
core runs at 850°C to achieve high thermo-
dynamic efficiency. At the same time the
whole spectrum of U-235 fission products is
picked up by the He coolant and transported
around the coolant loop, where plate-out,
i.e., deposition can occur, especially in the
cooler parts.

The most serious fission product to be
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F1G. 4. Electrochemical pressure gauge for measuring Cs pressures down to 107'7 Torr. The gauge
is constiructed entirely of Pyrex glass because the glass electrolyte need not contain Cs ions.

deposited is Cs-137. It is a hard y-cmitter
with a half-life of 30 years and presents seri-
ous problems for the maintenance and de-
contamination of loops. A need therefore
exists to predict so-called plate-out levels of
Cs under the working conditions and during
the working life of a reactor. This can be
done by measuring the adsorption isotherm
for Cs on the material used for loop con-
struction (usually stainless steel) and pre-
paring a look-up table of plate-out levels
as a function of temperature, time, and Cs
pressure in the loop.

Our electrochemical pressure gauge for
Cs pressure measurement follows the work
of Kansky (22) who constructed electro-
chemical pressure gauges using special
glasses of unstated composition. The basic
idea is very simple but, as Kansky com-
ments, difficuities arise which are entirely
of an experimental nature. The gauge, Fig.
4,1is an electrode concentration cell in which
the clectrodes display the activity. differ-
ences. The reference electrode contains Cs,
which sets up its vapor pressure at the tem-
perature of the gauge. The measuring clec-
trode is exposed te the unknown, low Cs
pressure to be measured (the analyte). The

electrolyte is Pyrex glass rather than Cs,0
glass (see below). The EMF E that is set up
across the glass electrolyte is given by the
Nernst equation and is a measure of the
unknown Cs pressure Pp,.,.:

= 'RiFl-(ln Pp—In Pmeas)

2.303RT
= —F— (pcsmeas - pcsref)'

P, Is the vapor pressure of Cs in the refer-
ence electrode of the gauge, pCs,,,, and
pCs,s are defined in an analogous manner
to pH, and R, T, and F have their usual
meanings. The positive electrode is on the
side of the gauge containing the lower Cs
pressure  which is to be measured.
EMF_pressure plots calculated from the
Nernst equation at 100°C to 200°C are shown
in Fig. 5. The plots predict that E should
rise to 1 to 2 V (depending on temperature)
as P falls to extremely low values. Al-
though we found it difficult to make gauges
that keep working, the predicted behavior
has been obtained during gauge life (Sec-
tion 3),
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F1c. 5. Predicted EMF vs. Cs pressure for the electrochemical pressure gauge.

We first constructed Cs pressure gauges
by sealing a Cs,O glass disc into a Cs,O glass
tube and attaching each end of the Cs,0
glass tube to a Pyrex glass tube via a graded
glass seal. Electrical contacts to each side of
the Cs,0 glass disc were made with various
combinations of thin Pt wire, thin Pt foil,
and Pt paint. Most gauges broke after a few
heating/cooling cycles. The more durable
design shown in Fig. 4 was eventually
adopted. A Cs,0 glass thimble (wall thick-
ness about 1 mm) is joined to a Pyrex glass
tube via a graded glass seal. Pieces of 0.05
mm Pt foil are flame welded to Pt wires and
the foil is stuck to each side of the Cs glass
thimble while the glass is soft. The Pyrex
tube is then sealed into a wider Pyrex tube
and the W glass seals are added. The W seal
on the open or measuring electrode of the
gauge (exposed 10 low Cs pressures) is the
usual oxide seal but the W seal on the closed
or reference electrode of the gauge (con-
taining a few centigrams of Cs) is an oxide-
free bright seal (23); this is because Cs at-
tacks oxide seals above room temperature,
causing them to leak.

Cs ampoules or Cs chemical dispensers
were used to charge the reference electrode

of gauges with Cs. Each gauge was first
baked out to obtain ultrahigh vacuum, Cs
was then flame-chased into the reference
electrode and the reference electrode was
secaled off. Gauges were mounted outside
the main bake-out oven because Cs attacks
bright W glass seals at our bake-out temper-
ature of 320°C., Pyrex glass is eventually at-
tacked too—all alkalis except Li are com-
patible with glass only below 250°C (24).
Gauges were normally run at 180°C, chiefly
to shorten response time (below), For this
purpose the gauges were contained in a sep-
arate, small oven capable of maintaining
gauges at up to 200°C. The equilibrium EMF
developed by gauges was measured with a
vibrating reed electrometer (Cary Instru-
ments Inc., Model 401), with the preampli-
fier connected directly to the gauge. Gauges
were carefully screened against electrical in-
terference. Even so, EMF outputs were dis-
turbed by electrical switching in the vicinity
and by static electricity generated by man-
uval or flame contact with adjacent, con-
nected glassware,

After experimenting with gauges based on
a Cs;0 glass thimble we discovered that
Cs,0 glass was not necessary as the electro-
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lyte. A gauge constructed entirely of Pyrex
glass worked just as well. Indeed, all-Pyrex
glass gauges are capable of measuring much
lower Cs pressures than Cs,0 glass gauges
(see Section 3}, they are easier to make (no
graded glass seal), and they last longer (the
glass structure is more stable). All-Pyrex
glass gauges were therefore adopted after
the initial work with Cs,0 glass gauges.
However, one gauge was constructed with
a C9 glass (Table 1I) electrolyte so that the
effect of electrolyte composition could be
further investigated.

The measuring electrode of the gauges
was attached to a 500 cm? Pyrex reaction
vessel which formed part of a glass ultrahigh
vacuum system. Cs was introduced to this
vessel from Cs ampoules or Cs chemical
dispensers and maintained at a set tempera-
ture for gauge calibration purposes. The va-
por pressure of Cs was calculated from the
formulae of Taylor and Langmuir (25),
whose data still appear to be the best avail-
able and agree with later compilations (24,
26). For measuring Cs isotherms on Ni, the
reaction vessel bore three side arms. One
enabled Ni fiims to be evaporated onto the
inside wall of the vessel. The second en-
abled Cs to be admitted electrolyticaily (see
Section 3). And the third arm bore a W
thermionic cathode which served both to
admit Cs (Fig. 1) and to measure surface
potentials by the diode method (/5) for Cs
adsorbed on Ni. For this purpose there was
an electrical contact on the inner vessel
wall. Prior to the admission of Cs, a Ni film
was evaporated onto the inside wall of the
reaction vessel to cover the glass (and simu-
late the inner surface of a nuclear reactor
coolant loop). Cs pressure measurements
therefore refer to equilibrium Cs pressures
over a Ni adsorbent.

§. Cs Pressure Gauge Performance

All Cs pressure gauges developed an equi-
librium base EMF E, when the pressure of

Cs in the gauge reference clectrode was
zero. Characteristic E, values were mea-
sured for each gauge, both with the gauge
Jjoined to the ultrahigh vacuum system, and
removed from it and open to air—no differ-
ence was noted. E, was also recorded at
once during Cs pressure measurements if a
leak occurred in the apparatus to which the
gauge was attached. The variation of E; with
temperature is shown for Pyrex glass, Cs,0
glass, and C9 glass gauges in Fig. 6. Below
about 125°C the equlibrium time to reach a
stable E; value increased, rising to about
20 min at room temperature. Above 125°C
equilibrium E; values were rapidly attained.
E, reached a maximum value for each gauge
above about 125°C and E; values at 180°C
are given in Table 111. All £, values tended
to be higher after heating cycles and this is
reflected in the uncertainty limits. Gauges
were maintained at 180°C for Cs pressure
measurements to shorten the response time,
to stabilize E,, and to choose a convenient
compromise between large EMF and low
pressure.

Pyrex glass and Cs,0 glass gauges main-
tained at 180°C were calibrated by exposing
the measuring electrode to Cs maintained at
77 K (V.P. zero), 195 K (V.P. 9.4 x 107
Torr), 273 K (V.P. 8.1 x 107® Torr), and
296 K (V.P. 1.1 x 107* Torr). The V.P. of
Cs in the reference electrode was taken as
0.0352 Torr. With Cs at 77 K exposed to
the measuring electrode E; was recorded.
EMFs for both Pyrex glass and Cs,0O glass

TABLE IIL

Base EMF RECORDED FOR GAUGES AT 180°C WITH
No Cs IN THE MEASURING ELECTRODE

Gauge No. of
electrolyte E, at 180°C/V measuremenis
Cs,0 glass 0.69 = 0.09 8
Pyrex glass 215 = 0.01 7
C9 glass 0.52 = 0.02 2
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Fi1G. 6. Variation of base EMF with temperature for Cs,0 glass, Pyrex glass, and C9 glass Cs pressure
gauges. There is no Cs in the measuring electrode throughout,

gauges agreed with theoretically predicted
values (Fig. 5) to within 0.15 V at 195 K and
to within 0.01 V at 273 K and 296 K. No
correction was made for thermal transpira-
tion because it only alters the EMF by tens
of mV for Cs pressures below room temper-
ature. Negative EMFs were temporarily re-
corded when Cs in the reaction vessel was
gently flamed, raising the temperature to
above 180°C. Although our Pyrex glass
gauges were capable of measuring Cs pres-
sures down to about 107" Torr, they often
failed due to loss of satisfactory electrical
contact with each side of the glass elec-
trolyte.

Fig. 7 shows a successful low pressure Cs
isotherm run on Ni at 0°C. A 35 mg Ni film
was first evaporated in ultrahigh vacuum
onto the inside wall of the reaction vessel
maintained at 0°C. The film was then an-
nealed for 1 h at 140°C to stabilize its struc-
ture. The film area was about 5 times the
geometric area of the underlying glass. (This
was established by Xe physisorption on sim-
ilar films (3/).} Cs was then dosed into the
reaction vessel at 0°C using the electrolytic

preparation method {see Section 3). At the
same time the equilibrium Cs pressure was
measured with a Pyrex glass gauge main-
tained at 180°C. Base EMF was recorded
until about 5 x 10" Cs atoms ¢cm™2 of film
substrate area had been admitted, when Cs
pressures between 107" and 1077 Torr
started to be recorded. Gauge EMF then fell
linearly with amount of Cs admitted while
the calculated Cs pressure rose through 5
decades to 1.6 x 107" Torr. At this stage
electrical contact with the gauge was lost.
To establish the coverage of Cs on Ni, the
surface potential of Ni (negative change in
work function) was also measured during Cs
admission. We adopt the point at which the
maximum surface potential is reached as
that corresponding to monolayer coverage.
Accordingly, all the Ni was covered when
about 4 x 10" Cs atoms cm™ had been
admitted. In Fig. 8 the EMF data are replot-
ted as pCs (—log Cs pressure) versus num-
ber of Cs atoms admitted. Even at the high-
est pressure recorded when all the Ni is
covered with Cs, the Cs equilibrium pres-
sure is 107* of the vapor pressure of bulk Cs
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FiG. 7. Isotherms for Cs sorbed on evaporated Ni film at 0°C. Curve {a) EMF recorded on a Pyrex
glass electrochemical pressure gauge maintained at 180°C as Cs is admitted. Curve (b) surface potential
(negative change in work function) of Ni film as Cs is admitted.

at 0°C and only 10™" parts of the Cs admit-
ted remain in the vapor phase, The amount
of Cs admitted may therefore be taken as
the amount adsorbed and the data in Fig. 8
conform to a Temkin isotherm over a wide
range of coverage.

6. Discussion of the Cs Pressure Gauge

Kansky (22) found that the Nernst equa-
tion was valid for his alkali pressure gauges

o(Cs pressure /Torr)

A
-]
T

pCs m=log
]
T

R L 1 1

upto EMFs of 1.5 V and Cs pressures in the
range 107 to 107" Torr were measured. We
also found that the Nernst equation cor-
rectly predicts gauge EMFs up to 1.5 V but
10717 Torr Cs (5 cm? per Cs atom at 200°C)
is a more realistic lower limit to the measur-
able pressure range.

The Cs pressure gauge we have described
is a solid-electrolyte potentiometric sensor
with Nernstian response. It represents one
of a rapidly developing class of sensors

1 L 1 i 1

Q 0.5 1.0Q 1.5

2.0

2.5 3.0 is 4.0

Cs atoms admitted cm<of film substrate area X Io-

F1G. 8. Cs pressure over an evaporated Ni film at 0°C as Cs is admitted. Cs pressures were calculated

from EMF readings using the Nernst equation,
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which are capable of measuring gas pres-
sures or concentrations (2, 5). Among these
a Na pressure gauge has been described. It is
capable of measuring Na pressures between
107'% and 107> atm with a 10-min lag using
B-Al,04(Na), i.e., NaAl,,0; at 200-360°C,
as the electrolyte. Na,Zr,PSiO,, called
NASICON, is another suitable fast Na* ion
conductor. Candidate electrolytes for a Li
pressure gauge are LiZr(Ge0,), and Li;N.
O, pressure gauges (2, 27, 28) reached com-
mercial maturity many years ago. The solid
electrolyte is CaO- or Y,05-stabilized ZrQ,
{called CSZ and YSZ, respectively) held at
100-400°C and the reference electrode is ei-
ther a metal/metal oxide mixture or Pt/air
(oxygen pressure 0.21 atm). These gauges
will measure oxygen pressures in the range
10" to 1 atm. Oxygen concentration gauges
for monitoring the oxygen level in liquid Na
are also well established (28—30). Based on
Y,0,-doped ThO; solid electrolyte, they run
at 500-600°C and are effective in the range
0.1-100 ppm. Solid electrolyte based sen-
sors for many other common gases have
been tabulated by Madou and Morrison (5).
As we have found for the Cs pressure gauge,
the solid electrolytes are not restricted to
those which are conductors for the ions of
the species to be monitored. For instance,
Cl~ in 8rCl, and F~ in PbSnF, have both
been used-for O, sensing in air and YSZ is
a good pH sensor at 100°C. The only im-
portant factor appears to be the ability to
sustain ionic conductivity with little corre-
sponding electronic component at the op-
erating temperature, which is invariably
hundreds of °C to achieve practical response
times.

Both Pyrex glass and C9 glass work as the
electrolyte for a Cs pressure gauge although
neither glass contains Cs* ions. Relevantly,
we recall that Cs may be prepared from
Cs,0 glass thimbles containing NaNO, as
the anolyte. It therefore seems likely that
any ionic conductor in which current is car-
ried by alkali ions will work in an electro-

chemical Cs pressure gauge. Ideally such a
conductor should possess good conductiv-
ity, stand high temperatures, be more dura-
ble, and be less likely to fail than glass. The
conductor should also possess good vacuum
qualities, resist Cs attack, and be capable of
being shaped. A high-alumina silicate mate-
rial such as sillimanite or mullite would fulfi{
these conditions if a high level of alkali ions
could be built in. Alternatively, a more con-
ventional fast ion conductor might be con-
tained in a thin Mo or W alloy membrane
which would resist all alkalis up to 1000°C.
A nonalkali cationic conductor might also
work as the electrolyte because Pyrex glass
and C9 glass appear to function electrolyti-
cally in much the same manner as a salt
bridge in a liquid concentration cell; it would
only be necessary for Cs* ions to diffuse
into the surface of such a conductor. As we
tave mentioned, the concentration of the
most surprising analytes can be measured
using chemically diverse electrolytes.

All our Cs pressure gauges produced a
base EMF E;, when there was no Cs present
in the measuring clectrode. E; rose with
temperature, reaching a maximum value
above about 125°C. This E, value tended to
alter as the glass was aged by heating cycles.
Glass coefficients of expansion are known
to change in the same way, suggesting that
E, variations are due to structural changes
in the glass. For a Pyrex glass gauge the
maximum E, (which would correspond to
6 > 107% Torr Cs) is probably due to elec-
troni¢c conductivity in the glass, electrons
possessing a different chemical potential on
each side of the glass electrolyte. In Section
7 we also conclude from other evidence that
a small degree of electronic conduction oc-
curs in our glasses.

The maximum E, for Cs,0 glass gauges
was much lower than that for Pyrex glass
gauges and corresponded to about 7 x 10710
Torr Cs in the measuring electrode. Never-
theless we do not believe that E, is generated
by Cs atoms drawn from the glass to set up
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a local pressure of Cs vapor. There are
four pieces of evidence to oppose such a
theory.

(1) The maximum E; for a C9 glass gauge
corresponded to 6 x 107* Torr Cs even
though C9 glass contains no Cs.

(ii) The maximum E, was unchanged on
breaking the vacuum on the measuring side
of Pyrex glass and Cs,0 glass gauges alike.

(iii} The amount by which £, falls for all
gauges as the temperature is lowered to
100°C is only a small fraction of the EMF
fal] predicted by the Nernst equation.

{iv) E, for Cs,0 glass gauges did not rise
continually, as might be expected if the sur-
face Cs content of the glass slowly became
exhausted. The rapid attainment of steady
EMFs for all gauges above about 125°C also
makes slow inevitable loss of alkali ions dur-
ing operation unlikely.

Nevertheless we note that the Cs glass
gauges gave the largest variation in maxi-
mum E, values and attribute this to varia-
tions 1n the glass composition at the measur-
ing side occasioned during fabrication. We
conclude that £;is due to electronic conduc-
tion in all gauges. Interplay between Cs
pressure in the reference electrode, alkali
ion mobility in the glass, and electronic con-
duction must account for the fact that elec-
tronic conduction does not increase expo-
nentially with temperature.

Turning to the Cs isotherm on Ni, it is
well known that an evaporated Ni film an-
nealed at 140°C contains internal space be-
tween the crystallites. Thus the film area
determined by Xe physisorption is many
times greater than the geometric area of the
underlying glass substrate onto which the
Ni film is evaporated. In a study of Cs depo-
sition on transition metal films (3/) we have
shown that Cs behaves in a liquid-like man-
ner at 0°C and is imbibed by evaporated
Ni films, filling up the internal space before
completing the coverage of the film exterior.
The surface potential initially rises (work
function falls) when each dose of Cs is ad-

mitted to a Ni film but then falls again spon-
taneously. This recovery can take the sur-
face potential back to zero for small initial
admissions (and even to negative values on
Fe films), only showing a cumulative rise for
later Cs admissions.

These surface potential changes have a
parallel in the thermal regeneration phenom-
enon (32} that occurs when oxygen is admit-
ted to atomically clean Ni (or Fe) films, ex-
cept that oxygen lowers the surface
potential (work function rises) followed by
a spontaneous rise. Such changes undoubt-
edly correspond to the oxygen penetrating
into the lattice of the transition metal crys-
tallites. The transition metals have very lit-
tle solubility in alkali metals (24, 33) so that
the spontaneous recovery effect in surface
potential in the case of Cs must correspond
to Cs flow into the film spaces and away
form the exterior film surface which is
“*seen’” in the diode method of measuring
surface potential. About 4 X 10" Cs atoms
cm™? are needed to form a monolayer on
the geometric area of our Ni film substrate,
whereas the surface potential technique in-
dicated that monelayer coverage was not
reached until about 4 x 10' Cs atoms cm ™2
had been admitted to the reaction vessel. At
this stage Cs has *‘filled in”’ the film and the
Xe physisorption area is measured to be the
same as the geometric area of the film sub-
strate (roughness factor unity). This is in
contrast to the adsorption of Na (/4) and Li
(13) on transition metal films. Both Na and
Li cover the transition metal crystallites
evenly, so that monolayer coverage is
achieved at 0°C after relatively smali quanti-
ties of alkali metal have been admitted and
transition metal films bearing adsorbed al-
kali retain a high area. Na is known, how-
ever, to penetrate the grain boundaries of
stainless steel pipes (34) and pure Fe (24)
above the melting point of Na and both
heated Li and Na etch and leach stainless
steel (24, 35). It therefore seems likely that
Cs penetrates the grain boundaries of stain-
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less steel at as low a temperature as 0°C
and that an evaporated Ni film is not an
unrealistic model for the wall of a nuclear
reactor coolant loop at higher temperatures.

Cs plate-out levels have been measured
on unclean stainless steel and carbon steels
subjected to both static and flowing Cs pres-
sures of 107> to 107® Torr at temperatures
ranging from 343° to 735°C (36). A very high
level of plate-out was noted and deposition
of Cs, as measured by y-counts, was still
rising after many days. Sticking probability
for Cs therefore appears to remain high well
into the multilayer adsorption region, As we
have found at lower pressures and tempera-
tures, the log of Cs pressure was linear with
amount of Cs taken up (Temkin isotherm).
- The long-term stability of photoemissive
surfaces containing Cs in highly evacuated
alkali-frece environments may be assessed
by measuring the equilibrium Cs pressure
over the photoemissive surfaces. Kansky
(22, 38) and Kansky and Jeri¢ (37) have ap-
plied their electrochemical pressure gauge
to the measurement of Cs pressures over
Cs,Sb photocathodes from 107'* Torr up-
wards and used the data to construct a phase
diagram for the Cs—Sb system. The limiting
sensitivity of their gauge was assessed at
107® Torr. Langmuir and Kingdon’s sur-
face ionization method (39) has also been
used to measure extremely low Cs equilib-
rium pressures over photocathodes. A pres-
sure of 107 Torr Cs has been measured
over Cs,;Sb at room temperature (40), 10~'6
Torr over Ag-O-Cs (40}, and 107 Torr
over a trialkali photocathode (41). The latter
corresponds to a rate loss of ~2 x 10° Cs
atoms ¢cm™? s”! so that it would take thou-
sands of years to lose a Cs monolayer. These
results show that the surface ionization
method of measuring Cs pressures is as sen-
sitive as the electrochemical pressure
gauge. It is, however, an intrusive method
and is also subject to interference from other
nonalkali species in the ambient being sam-
pled, especially at high pressures.

7. Mechanism of Electrical Conduction in
Alkali Glasses

During the electrolytic preparation of Cs,
most of the Cs flux produced is elecirotyzed
out of the glass without being replaced. Thus
we have shown elsewhere (/7) that less than
1% of the Cs ions removed from Cs,0 glass
arereplaced and the observation that Cs can
be produced with solid or liquid NaNO, in
the thimble supports this, We also recall that
ion currents tend to fall slowly, indicating a
depletion of current carriers in the conduc-
tor (as well as the formation of silica, see
below). This loss of alkaliions leads to struc-
tural weakness in the glass and eventual col-
lapse (Tabie II). A similar situation obtains
for Li,O glass during the preparation of Li
despite the small size of the Li* ion. Pyrex
glass, however, is longer lasting in the Na
process (Table II) and stands higher current
densities for longer periods. Anderson and
Clark (42), for instance, using an external
Pyrex thimble surrounded by NaNQO, at
500°C were able to prepare 22 mg Na films
in half an hour.

In the well-known crowding or ion-
stuffing process to toughen glass, alkali ions
in the glass surface are replaced. We find,
however, that alkali ions may not be reintro-
duced to any appreciable depth after they
have been electrolyzed out and no ions pass
right through the glass. By the same token
alkali glasses that do not contain Cs wili
work as the solid electrolyte across which
EMF is developed in Cs pressure gauges.
Negligible current is drawn from the gauge
so there is little diffusion of alkali ions due
to the electric field.

The question now arises as to how appre-
ciable currents can be passed through our
glasses during the electrolytic preparation
of alkali metals. One way for this to happen
(17) consistent with the difficulty of diffus-
ing alkali ions into the glass is for negative
charges on bound oxygen ions to transfer
to the glass/anolyte interface as alkali ions
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within the glass diffuse away:

! !
AN e T INT
00y OO-M" 0 40

This mechanism, which reduces the trans-
port number of M™ ions to a little below
unity, is tantamount to some electronic con-
duction within the glass. It may account for
the base EMFs observed in alkali glass pres-
sure gauges with no alkali present at all in
the measuring electrode; viz., there is
charge separation under influence of the
M/M™ electrode potential, the other elec-
trode effectively being O/O~,

Again, when appreciable current flows as
in the electrolytic preparation of alkalis,
negative charges on O~ ions will accumulate
in the glass near the glass—anolyte interface.
In this region the charges ¢n O~ meet and
are balanced (but not, in the main, dis-
charged) by alkali or other ions from the salt
in the thimble to an extent that varies with
the nature of the salt.

In the absence of a salt, a back potential
due to unbalanced charges rapidly develops
as electrolysis proceeds and the conductiv-
ity of the glass is observed to fall quickly. On
the other hand, a slow fall in conductivity
observed when anolyte is present may be
caused by the decomposition of some sili-
cate groups resulting in the build-up of
silica:

O

|
Si. >8I0, + 0, +e.

VAN
0" o O

The negative charges released in this reac-
tion are discharged at the glass—anolyte in-
terface.

If the mechanism of ion transport we have
proposed is correct, then an accumulation

of alkali should occur at the positive glass
surface in contact with anolyte during elec-
trolytic preparation of alkalis. There may
also be some loss of oxygen. At the same
time the negative, vacuum-facing surface of
the glass should undergo alkali depletion.
These concentration changes have been
confirmed by depth compositional profiles
of electrolysed Cs;O glass using X-ray pho-
toelectron spectroscopy.

8. Depth Compositional Profiles by X-Ray
Photoelectron Spectroscopy

A number of problems and restrictions
arise In recording XPS spectra for alkali-
containing glasses. Any tendency for alkali
to diffuse out of the glass when placed in
vacuum was avoided by cooling the glass to
about —150°C. This precaution also obvi-
ates alkali migration due to Ar ion bombard-
ment, X-irradiation, or electrical charge-up.
The problem of charge-up was met by set-
ting the electron flood gun current onto the
binding energy plateau for Si (Fig. 9} where
presurnaply the glass sample is electrically
neutral, cp. (43), and the correcl peak area/
height will obtain. Another problem is pre-
sented by the low sensitivity in XPS of the
lighter alkali metals.

In Table IV we collect some atomic sensi-
tivity factors § for alkali metals, where

Height of alkati
_ XPS§ peak/mol% of alkali
Height of O s peak/mol% of O°

S for the Li 1s peak is so low that we were
unable to detect Li in our 5 wt% Li,O glass
(6.5 mol% of Li). The Li peak could just
be seen in the spectrum for 13.7 wt% Li,O
Lindemann glass (12.1 mol% of Li) which
we mixed according to Ref. (44). Na also
has low § and the Na 2s and 2p peaks could
not readily be identified in Pyrex glass for
which the Na content (2.6 mol%) is near to
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our detection limit in the 0 to 1000 eV bind-
ing energy range. On the other hand, § for
Cs is high and our 5 wt% Cs,0 glass (0.78
mol% of Cs) gave large Cs 3d; and 34, peaks.
Cs.O glass was therefore the only one that
could be investigated by XPS. All spectra
were recorded using a Vacuum Generators
ESCALAB Mark II spectrometer.

A Cs,0 glass thimble was electrolyzed in
a Pt crucible with molten CsNO, on each
side of the glass. The 5.5 C passed were
equivalent to about 8% of the indigenous
Cs ions in the glass. The thimble was then
smashed and a suitable fragment was briefly
washed with water to remove CsNO,, intro-
duced into UHV, and cooled by passing lig-

TABLE IV

XPS AtoMic SENSITIVITY FACTORS FOR ALKALI METALS AS PEAK HEIGHTS RELATIVE TO O 15 = 1.00

Atomic sensitivity

XPS peak Material factor Reference
Lils Lindemann glass 0.027 {5
BDH Analar Li,CQ, 0.045 s
Koch-Light Pure LiNG, 0.090 un
Empirical 0.030 (46)
Not given 0.3 (45)
Na 25 Pyrex glass 0.025 3
Soda glass 0.16 (13
BDH Technical Na,SiO, 0.11 un
Empirical 0.18 46)
Not given 0.093 45)
K 2p Soda glass 7.0 (13)
doublet Lead glass <0.09 (¢E)]
Empirical 1.88 (46)
Not given 2.1 435}
Cs 3d; 5 wt% Cs,0 glass 54 (13)
Empirical 10.6 (46)
Not given _ 1.6 (45)
Cs3d, 5 wt% Cs,0 glass 37 i3
Not given 1.2 5
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uid nitrogen through the specimen manipu-
lator. Each side of the glass was then depth
profiled with the results shown in Fig. 10.
The XPS peak areas that were followed for
Cs, O, and Si are indicated. The etching time
with 10 kV Ar ions was converted to depth
etched away by measuring the weight loss
after leaving the Ar ion gun on for 15.5 hr.
During this time, 1.9 mg were etched from
the glass specimen of density 3.0 g cm™.
Peak areas taken directly from the spectra
have been plotted in Fig. 10, rather than
their conversion to atomic proportions. This
procedure was adopted because atomic sen-
sitivity factors are poorly known and vari-
abie, especially for glasses (Table IV}, Fur-
thermore, atomic proportions are not
necessary for the present reasoning. A com-
parison of the profiles on the positive and the

»r
O

w
o]

counts /10%s

2.0

Si 2p & Si 25 +&-—sides
(o]
B 12 16 20 24 28
siching time {mins
L L A i I |
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FiG. 10. Compositional depth profiles for Cs,0 glass
after about 8% of the indigenous Cs* ions were electro-
Iyzed out. Continuous line: positive side of glass. Bro-
ken line: negative side of glass. XPS atomic sensitivity
factors have not been applied.

negative sides of the glass for each element
demonstrates in a simple and direct fashion
that:

(i) Washing with water depletes Cs and O
to a depth of about 500 A.

(i) Between 500 and 2500 A depth the Cs
concentration on the negative side of the
glass is about 20%% less than on the positive
side. This confirms that Cs is electrolyzed
out of the glass without being replaced (and
that Cs ions are current carriers).

(iii) Between 500 and 2500 A depth the O
concentration on the positive side of the
glass is about 20% less than on the negative
side. This confirms that silicate decomposi-
tion occurs on the positive side with evolu-
tion of O,. There is also evidence that some
quasi-free O ions have diffused from the
negative side inwards during electrolysis.

The binding energy of the Si 2p electron
is generally ca. 0.5 eV higher in free SiO,
than in an jonic network such as glass (47).
This is less than the line width of the Al
X-ray source and no peak splitting could
be discerned. X-irradiation photolyzed glass
samples, turning them brown, but no XPS
evidence for the formation of free Si was
obtained.

Heating Cs,0-glass in air to 500°C for 15
hr greatly depressed all Cs XPS peaks to
2500 A depth. Evidently Cs is readily lost
by thermal diffusion.

Conclusions

I. Up to centigram quantities of pure Li,
Na, and Cs may be prepared in ultrahigh
vacuum apparatus by electrolyzing alkali-
oxide glasses as elevated temperature.

2. Although alkali ions carry electric cur-
rent through alkali-oxide glasses, the ions
are not replaceable and the glass becomes
structurally weak. There is also a limited
degree of electronic conduction.

3. Anelectrochemical pressure gauge that
uses Pyrex glass as the electrolyte is capable
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of measuring Cs pressures down to 1077
Torr. The EMFs produced accord with the
Nernst eguation.

4, The chemical nature of the alkali-oxide
glass electrotyte doesnot affect the Cs pres-
sure measured but it has considerable effect
on the base EMF recorded for zero Cs
pressure. '

5. The adsorption of Cs on ¢lean Niat 0°C
follows a Temkin isotherm up to at least
10~ Torr. The Ni surface is an effective Cs
getter, leaving little Cs in the vapor phase.
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