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ABSTRACT

In response to the premature failure of Rb lamps used
in Rb atomic clocks onboard Navstar GPS satellites The
Aerospace Corporation  has initiated experimental and
theoretical investigations into their failure mechanism. The
primary goal of these studies is the development of an
accelerated life test for future GPS lamps.

At this time the primary failure mechanism has been
identified as consumption of the lamp's Rb charge via direct
interaction between Rb and the lamp's glass surface. The
most effective parameters to accelerate the interaction
between the Rb and the glass are felt to be rf excitation
power and lamp temperature. Differential scanning
calorimetry is used to monitor the consumption of Rb within a
lamp as a function of operation time. This technique has
already yielded base line Rb consumption data for GPS lamps
operating under normal conditions.

In order to insure acceleration methods do not alter
the mechanism of the Rb—glass interaction detailed surface
studies yielding information about the mechanism of
interaction are 1in progress. It has been found that
penetration profiles of Rb into pyrex surfaces can be
analyzed in terms of one-dimensional diffusion models.
Diffusion coefficients may be extracted via these models.
The surface studies also indicate that Rb exists in at least
two forms in pyrex, a thin colored surface layer and the
major colorless penetration component. Further experiments
are in progress to extend these results to a wide variety of
glasses.

INTRODUCTION

Rubidium (Rb) atomic frequency standards are currently in use
onboard Navstar Global Positioning System (GPS) satellites. The
premature failure of several of the satellite—borne devices has been
attributed to the failure of the Rb lamps used for optical pumping in
the Rb clocks. The Aerospace Corporation has responded to these
events by initiating investigations into Rb lamp failure
mechanisms. The primary goal of these studies is to develop an acce-
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lerated life test to insure the reliability of future GPS Rb lamps.
The test must be such that its application for a reasonable period of
time will indicate that under normal operating conditions the Rb lamp
will function for the required GPS mission lifetime.

There are several steps involved in developing such an accele-
rated life test:

i) Identify the primary lamp failure mechanism

ii) Determine the factors which accelerate this mechanism and
quantify their effects

iii) Insure that the acceleration procedure does not alter the
failure mechanism.

In the body of this paper our results in each of these areas are
discussed.

II. FAILURE MECHANISM IDENTIFICATION

The GPS Rb lamps are of the standard Bell, Bloom, and Lynch [1]
electrodeless discharge design. The current envelopes, composed of
Corning 1720 glass, are cylindrical, approximately 1 cm in diameter
and 2 cm in length. They contain both rare gas buffer, xenon (Xe),
and an excess Rb metal charge which has a current GPS specification
of from 300 to 500ug. During operation, the base of the lamp, which
is its coldest point', is thermostated to the desired temperature to
maintain constant Rb vapor pressures.

Several possible failure mechanisms may be proposed. It can be
suggested that the electronically excited Rb is being quenched by
vapor phase impurities prior to radiative emission. These impurities
result from glass envelope outgassing. Another possibility is that
outgassed impurities, for example water‘(HZO) or oxygen (02), react
directly with atomic Rb converting the lamp's Rb charge to nonvola-
tile compounds. The consumption of Rb charge through either reaction
with or diffusion into the lamp envelope is also possible. Finally,
the actual failure process may be some combination of the above mech-
anisms.

A. Quenching of Excited Rubidium

A number of experimental results indicate that quenching
of the excited atomic Rb is not significant. Emission spectra from
both good and failed lamps have been obtained with a 3/4 m spectro-
meter and analyzed over the spectral range from 400 nm to 800 nm.
Literally hundreds of lines are assigned to either atomic transitions
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of Xe, Rb, or trace amounts of potassium and cesium normally found as
impurities in the Rb. In the failed lamps only emission lines pre-
sent in good lamps were observed. No emission lines from possibly
outgassed impurities such as hydrogen (H,), nitrogen (N,), or 0, were
detected. These results are consistent with and absence of quenching
speciese.

Comparisons of emission intensities of the Rb 780.0 nm line and
the Xe 823.2 nm line as functions of lamp base temperature for both
good and failed lamps are shown in Figure 1. In addition, the Rb
vapor pressure curve is plotted on Figure la. At low base temper-
ature (< 100°C) Xe emissicn intensities are the same for both good
and failed lamps. This indicates that the rf discharge has not chan—
ged due to the failure of the lamp. The most obvious difference
between the good and failed lamps is that the Rb emission intensity
is less in the failed lamp. The magnitude of the intensity reduction
varies among failed lamps, depending on how far the failure process
has proceeded. 1In Figure 1b the failed lamp's Rb intensity is nearly
three orders of magnitude lower than that of a typical good lamp.

A reduction in emission intensity could result from quenching,
however, careful examination of these curves shows conclusively that
quenching is not significant in failed lamps. If quenching were the
only process occurring, the entire Rb emission versus temperature
curve would be expected to shift to lower magnitudes. [This is not
observed. While the Rb emission intensity of the good lamp increases
monotonically (for temperatures less 140°C) as the lamp base temper-
ature is increased, the failed lamp displays nearly constant Rb in-
tensity over the 20°C to 70°C range. This constant intensity portion
of the curve implies the existence, in failed lamps, of a mechanism
yielding vapor phase Rb which is essentially temperature indepen—
dent. If rather than quenching, a reduced vapor phase density causes
the diminished Rb intensity in failed lamps, the relative magnitude
of Rb released by the temperature independent mechanism would be
small compared to normal vaporization. It is speculated that the
temperature independent mechanism may involve release of Rb imbedded
in the glass via a plasma sputtering process.

At temperatures where the Rb vapor density is low enough so that
self-absorption is not significant, (£ 100°C), the emission intensity
of a good lamp follows the vapor pressure curve closely., As the
temperature, T, increases (above 100°C) the emission intensity begins
to drop below the vapor pressure curve due to increasing self-
absorption. However, Rb emission from the failed lamp (110° <
T< 150°) displays no slope change due to self-absorption. Since
self-absorption should not be affected by quenching it appears that
the vapor density of Rb in a failed lamp is significantly lower than
in a good lamp. At approximately 145°C the emission intensities on
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Figure la change dramatically. This happens as the plasma changes
from a mixed mode in which both Rb and Xe are excited to a Rb only
mode in which Rb is primarily excited. This mode change is found to
be dependent on the Rb vapor demsity. At a specified rf excitation
power the plasma will change to a Rb only mode when the Rb wvapor
pressure has reached a sufficient level. Looking at Figure 1b no
mode change 1is observed to occur. This is again comsistent with a
reduced Rb vapor density in a failed lamp.

Finally, applying the integrated form of the Clausius-Clapeyron
equation [2] to data of the type found on Figure 1 allows determin-
ation of the heat of wvaporization of Rb in both good and failed
lamps. For good lamps the experimental heat of vaporization is found
to be 18.1 + 0.3 kcals per mole. The reported value for elemental Rb
is 18.11 kcals per mole [3]. However, for failed lamps the heat of
vaporization is found to be 23.9 + 0.2 kcals per mole. This implies
that a liquid reservoir of Rb 1is not present in the failed lamp.
Quenching, if it occurred, would not affect the heat of wvaporiza-
tion. Consequently, lamp failure results from a lack of Rb rather
than its quenching.

B. Rubidium Reaction with Impurities

The second postulated mechanism for the failure of Rb
lamps in the GPS Rb frequency standard is the loss of Rb by reaction
with species outgassed from the glass envelope to form nonvolatile
rubidium oxide (Rby0). The most likely reactioms are,

2Rb + HZO > RbZO + H2 and (1)

4Rb + O2 > 2Rb20. (2)
Experiments which tested for the presence of H, in failed lamps prove
that reaction with Hy0 is not significant. Rf-induced emission
spectra from a series of standard lamps containing Hy, and Xe were
analyzed to obtain a detection limit of Hy in the presence of the Xe
buffer. Comparison of these spectra with those of failed lamps indi-
cates that the pressure of H, in a failed lamp is less than 1 torr.
A subsequent removal of the evolved H, through either formation of
rubidium hydride, RbH, or permeation through the* glass envelope has
been ruled out. RbH is known to photodissociate when exposed to UV
radiation [4], such as found in abundance within the lamp due to
numerous Xe transitions. The permeation velocity constant for Hy [5,
6] is too low to allow for a significant loss of Hy through the
glass. Thus less than 10ug of rubidium could be consumed by the
postulated mechanism.
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The fact that the amount of water desorbed from the glass enve-
lope does not consume a significant amount of Rb has a bearing on the
importance of reaction 2. Todd [7] states that the gas evolved from
glasses of temperatures below their softening points is primarily
water. Todd's studies covered a wide range of glasses including
Corning 1720. His results are also consistent with data presented by
Dushman [8] which indicate H,0 outgassing is greater than that of
0o« A question arises whether Oy outgassing might be preferentially
accelerated by the rf discharge present in the lamp. Studies of
electron bombardment of glass surfaces indicate this bombardment can
release 0, [9, 10]. However, keV electrons were required to induce
significant outgassing. From spectroscopic measurements the average
kinetic energy of the electrons in the GPS lamp discharge is estimat-~
ed to be less than 1 eV. In light of this information it is strongly
believed that insufficient O, is released by the lamp envelope to
consume any significant amount of Rb.

C. Interaction of Rubidium with Glass

It has long been reported in the literature that alkali
vapors react directly with glass surfaces [11-13]. Glasses exposed
to alkali wvapors are known to discolor as the interaction processes
proceed. Failed GPS lamps display this discoloration implying reac-
tion of Rb with the glass envelope. In light of this, surface analy-
sis techniques have been applied to lamp envelopes. They indicate
that Rb penetrates many micrometers into the glass. On the wvapor-
exposed surface the Rb's chemical form is found to be similar te that
of an oxide or silicate, again implying reaction with the glass. In
light of these results, it is believed that the primary failure mech-
anism in GPS lamps is the consumption of Rb wvia its direct interac-
tion with the lamp's glass envelope. The mechanisms of this interac-
tion are discussed in terms of the surface analysis studies in Sec—
tion 1IV.

ITT. ACCELERATION PARAMETERS AND QUANTIFICATION OF RUBIDIUM CONSUMP-
TION

A. Acceleration Parameters

With the identification of the primary failure mechanism
it 1is possible to suggest parameters to accelerate the mechanism.
Two such parameters under current investigation are lamp temperature
and rf excitation power. Whether the interaction is a simple reac-
tion whose rate is dependent on a rate comnstant, k, or a more compli-
cated process involving diffusion effects characterized by a diffu-
sion coefficient, D, the temperature would be expected to play an
important role. :
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In the simplest approximation, rate constants, in general,
obey the following proportionality,

k a exp (-AE/RT) (3)
where AE is the activation energy for the reaction of interest, R is
the gas constant, and T is the absolute temperature. Over limited

temperature ranges (several hundred °C) diffusion coefflcients have
been found to obey a similar proportionality,

D a exp (-Q/RT) (4)

where Q 1is an effective activation energy for the diffusion
process. For both k and D, increasing temperature increases their
magnitudes and due to their exponential relation to temperature this
increase may be rapid. An increase in temperature may increase the
interaction between Rb and glass in an additional manner. A higher
reservoir temperature will cause a higher Rb vapor density resulting
in the more rapid consumption of Rb via either a reactive or diffu-
sive mechanism.

To aid in understanding the effects of rf excitation power and
the plasma itself on the interactions of Rb vapor with the lamp enve-
lope theoretical modeling of the plasma has been carried out. This
model assumes electron production takes place in the lamp plasma by
electron impact with Rb atoms. Electron loss is assumed to occur via
ambipolar diffusion to the wall and subsequent recombination of elec—
trons and ions. With' these assumptions rate equations for the popul-
ations of the atomic and ionic Rb species may be set up. Solution of
those equations in a cylindrical geometry yields atomic Rb and elec-
tron densities as a function of radial position. The salient results
of these calculations are shown in Figure 2 [14].

In Figure 2a and b the left—hand ordinate describes the elec-
tron density while the right—-hand ordinate gives the Rb density. The
glass wall occurs at r = 4 mm.  In the absence of the Rb discharge
the distribution of Rb atoms is given by the dashed lines. In Figure
2a, for 0.3 W/ em rf power the calculatlon yields a Rb atom density at
the wall of approximately 3.5 x 10l atoms/cc. This is 3.5 times the
nonplasma density of 1 x 1014 atoms/cc. The results for an rf excit-
ation power of 3 W/cm are shown in Figure 2b. In this case the pre~—
sence of the plasma increases the wall Rb atom density by more than a
factor of nine over the mnonplasma density. It is seen that with
increasing rf power into the plasma the concentration of Rb at the
lamp wall also increases. This higher density will accelerate the
consumption of Rb whether the interaction mechanism is reaction,
diffusion or a combination of both.
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B. Experimental Determination of Rubidium Consumption

It is expected that both temperature and rf power will be
useful in accelerating the interaction of Rb with the glass enve-
lope. To establish these acceleration effects the baseline Rb con-
sumption rate for GPS lamps operating in normal environments must be
determined. However, in order to obtain this rate it is first neces-
sary to develop a technique to monitor Rb consumption within a lampe..

In the current experiments the technique of differential scann—
ing calorimetry (DSC) has been used to determine the amount of Rb
contained within GPS lamps. This technique to measure the Rb content
in a lamp was first proposed by workers at EG & G, Inc. [15]. 1In
DSC, sample and reference objects are both heated such that their
temperatures increase at the same rate. Heating rates are measured
in °C/min. The instrument measures the heat flow, in calories per
minute, required to maintain this heating rate for both sample and
reference. The difference between these two heat flows is the in-
strument output, which is typically plotted versus time.

The sample object is a GPS lamp while the reference is a GPS
lamp envelope containing no Rb. When the melting point of Rb
(38.9°C) is reached, the excess heat required to melt the Rb contain-
ed in the sample lamp appears as a peak on the heat difference versus
temperature plot. The area of this peak can be equated to the heat
required to melt the Rb and division of this heat by Rb's heat of
fusion, 6.14 cal/gram, yields the lamp's Rb content. Figure 3 is a
typical DSC curve for a Rb lamp. Rb content is typically determined
to £ 10% at 100 pg and * 50% at 10 pg.

The DSC technique has been applied to GPS lamps operating in
both vacuum and normal atmospheric pressure under standard temper-
ature and rf power conditions. No significant difference in rate of
Rb consumption between vacuum and atmospheric operation has yet been
observed. Consequently in Figure 4, consumption data as a function
of running time for lamps operating in both environments have been
combined.

In Figure 4, the data span operating times from several hundred
hours to 5,000 hours. The amount of Rb consumption can be fit to a
power relation of the form,

M, = 1.1 934 (5)

where t is the operation time in hours and My, is the amount of Rb
consumed in micrograms.
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Currently, Rb consumption is being monitored for lamps under
normal conditions, elevated temperatures, and high rf powers to as-
certain whether accelerated consumption can indeed be induced. At
this point the result of these studies are still preliminary and will
not be discussed.

Iv. MECHANISMS OF THE RUBIDIUM-GLASS INTERACTION

A. Results of Previous Investigations

As Rb lamps are subjected to a wider variety of operating
conditions in an attempt to accelerate the Rb-glass interaction, care
must be taken to insure the interaction mechanism occurring under
normal operating conditions is not altered. To accomplish this a
detailed knowledge of this mechanism must be obtained. Prior to our
investigations very little work had been aimed at understanding the
Rb—-glass interaction. The majority of alkali-glass studies have
focused on the sodium (Na)-glass interaction which occurrs much more
rapidly than Rb—glass processes. It is interesting to note that a
major rationale of the prior investigations has been the possible
improvement of alkali vapor lamps. However, virtually none of the
previous studies has been conducted with an electrical discharge
present .

In the case of Na, the concensus is that no single mechanism
explains its interaction with glass [16-18]. Typically, one of two
effects is observed. The first effect often occurs in glasses with
high Si0, content. Exposure to Na results in the formation of a
brown crystalline layer containing nearly 20%Z Na by weight [16]. The
edge of this layer is found to advance into the glass at a rate pro-
portional to the square root of the time of exposure [16], which is
consistent with a Na~glass reaction limited by a diffusion—controlled
step [19-20]. Elyard and Rawson [12] have suggested several reac-
tions which are thermodynamically favored resulting in a variety of
sodium silicates. Using x—ray diffraction, Brinker and Klein [16]
have shown the crystalline phase was sodium metasilicate (Na,SiO;).
Consequently, they suggest that the most probable of Elyard and
Rawson's proposed reactions is the following,

4Na + 3Na20 + 65102 > 5N’azSiO3 + Si (6)

AGAOOOC = 1583 Kj/mole.

The second effect, typically observed in glasses containing
less than 70% (mole) S$i0, [16], is characterized by a brownish dis-
coloration of the glass. The discolored glass has apparently not
undergone any devitrification and the crystalline material observed
in the first effect is not present. The discoloration is described
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as advancing into the glass with a sharp boundary [16]. This bound-
ary has also been observed to advance into the glass at a rate pro-
portional to the square root of time, again indicating a diffusion—
controlled process. Brinker and Klein [16] believe that this process
is the result of atomic Ma diffusing into the glass.

What information may be drawn from the previous studies of the
Na-glass interactions and applied to Rb's interactions with Corning
17207 Corning 1720 is a calcium aluminosilicate glass [21] contain-
ing less than 70%Z (mole) 5i0,. While this seems to imply the second
effect would be most likely, care must be exercised. Corning 1720
also contains aluminum and boron oxides (A1203 and 3203). The pre—-
sence of these modifiers can significantly affect how a glass reacts
when exposed to Na and most likely to Rb. Further, the parameters of
greatest interest, the rates of Rb consumption, are mnot obtainable
from the previous Na studies. Consequently, investigations specific-
ally aimed at understanding Rb-glass interactions are required.

B. Current Surface Analysis Studies

In Figure 5, a "typical" Na penetration profile is compar-
ed to a Rb penetration profile representative of those currently
being analyzed. Na—-glass studies generally immersed glass samples in
liquid Na at elevated temperatures. A profile similar to Figure 5a
results when a glass sample is placed in 400°C Na for about 100
hours. Due to the rapidity of its progress into the glass, the Na
profile can be followed using absorption spectroscopy, magnified
examination of a glass cross section, or wet chemical etching techni-
ques. The rate of progress of this penetration front yields the MNa
diffusion coefficient. In contrast, the reaction of Rb with glass
under the conditions of current interest is orders of magnitude slow-
er than that of Na. Exposure of glass to Rb wvapor, whose density is
specified by the Rb vapor pressure at temperatures near 200°C, for
several thousand hours will yield a Rb profile similar to that in
Figure 5b. In this case it is necessary to analyze the functional
form of the profile rather than the penetration depth to determine
the diffusion coefficient.

1. Secondary Ion Mass Spectrometry (SIMS) Studies

To obtain the highly accurate penetration profiles needed
to analyze Rb permeation of glass the technique of SIMS has been
applied to cross—-sectional pieces of Rb-exposed lamp walls. In the
SIMS technique a 1.5 um diameter beam of oxygen ions is aimed at the
sample. Secondary ions sputtered from the surface are mass spectro-
metrically analyzed allowing determination of elemental composi-~
tion. Our initial tests were performed on Rb lamp with pyrex enve-
lopes under plasma and nonplasma conditions. In both cases lamps
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were thermostated in o0il baths to wmaintain constant wvapor
pressures. Pyrex was selected for those studies because it is known
to react with alkali vapors.

Figure 6 shows the raw SIMS profiles of silicon (Si) and Rb for
a lamp exposed to a plasma discharge. Zero micrometers is the inner
surface of the lamp wall. The gradual increase of Si and Rb concen-
trations near zero is due to the finite width of the SIMS beanm.
Treating these data as simple one~dimensional diffusion allows fitt-
ing them to the form [20]

C()C(,t) = erfe X , (7)
o /YA Dt

where X is the penetration dépth, t is the exposure time, C, is Rb
concentration at the wall, and D the diffusion coefficient resulting
from the fitting process.

" Experimental Rb data along with fit curves for pyrex lamps with
and without plasma present are given in Figure 7. _In both cases the
diffusion coefficient is approximately 3 x 10-14 cmzlsec. This is in
good agreement with high temperature diffusion coefficient data [22]
extrapolated into the low temperature regime (about 140°C).

The SIMS Rb penetration profiles indicate that Rb has penetrat—
ed many micrometers imto the glass. This 1is particularly clear in
Figure 7b whose sample was exposed to Rb vapor for a longer period of
time than that of Figure 7a. The depth of Rb penetration cannot be
attributed to a smearing of the true profile resulting from the
finite width of SIMS ion beam. This beam, which is only approxim—
ately 1.5 micrometers in diameter, would smear a surface layer to a
depth of at most 2 micrometers. In fact, in Figure 7b the amount of
Rb which has diffused beyond 2 micrometers is greater than the amount
found in this surface region.

Analysis of the SIMS data yields support for the theoretical
plasma model. Using only vapor pressure/temperature considerations
results in a ratio of the vapor density at the glas surface with
plasma present, P_, to the vapor density at the glass surface for the
nonplasma sample, P, ., equal to approximately 0O.1. However, if the
plasma model is correct, the vapor density at the glass surface in
the plasma case should be higher than expected from vapor pressure
considerations. This could result in a larger P /P,  value. Inte-
grating the SIMS curves allows determination of the %otal amount of
Rb which has penetrated the glass. Combining these amounts with the
extracted diffusion coefficients, the known exposure times, and the
one—~dimensional diffusion model allows calculation of the relative
vapor densities exposed to the glass surfaces with and without plasma
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present. The experimental P /Pn ratio is found to be approximately
1. The fact that this ratio is larger than would be predicted by
only vapor pressure/temperature considerations is consistent with the
plasma model predictions.

2. Electron Spectroscopy for Chemical Analysis (ESCA) Experi-
ments

The chemical form of the Rb within the glass has been
investigated using ESCA. In this method the surface of the sample is
exposed to monochromatic X-rays and the photoejected electrons are
energy analyzed. The resulting core electron binding (ionization)
energies are characteristic of both a given element and its chemical
form.

Table 1 summarizes the current ESCA results. Pure rubidium
hydroxide (RbOH) and Rb,0 were analyzed as standards. Pyrex samples
exposed to Rb were also analyzed. These pyrex samples had a yellow-
brown discoloration as long as they were kept in dry atmospheres.
However, upon exposure to moist air they became colorless in a matter
of seconds. The rapidity of this discoloration indicates Rb exists
in a colored form on a thin surface layer, probably less than 0.1 um
thick. However, from the SIMS data it was seen that most of the Rb
has diffused into the glass many micrometers. Consequently, Rb
exists in at least two forms in pyrex. The mincr form is a colored
surface layer, while the major form extending more deeply into the
glass is not significantly colored. The ESCA studies have thus far
yielded information about the surface layer. Prior to water vapor
exposure the Rb in the surface layer of pyrex is similar in form to a
rubidium oxide or possibly a rubidium silicate. However, on exposure
to moist air it becomes RbOH.

Currently, it appears the interaction mechanism between Rb and
a glass surface 1is not dependent on whether a plasma is present or
not. From this it may be inferred that varying the rf power into the
plasma will not significantly affect the nature of the Rb—glass in-
teraction. This will be important if increased rf power does indeed
accelerate the interaction. Further, the nature of the diffusive
mechanism apparent in these glass samples should not be significantly
affected by temperature changes over several hundred degrees
Celsius. Consequently, temperature should also be a reasonable acce-
leration parameter. Additional experiments on different glasses
including Corning 1720 at elevated temperatures and rf powers are
currently underway to further substantiate these statements.

777



Table I. ESCA Results

Rb (3d5/, 3d3/5)
Binding Energy (eV)

RbOH 109.8 + 0.2
Rb,0 110.3
Non-plasma Plasma
Rb + Pyrex 110.7 110.5
Rb + Pyrex (Air Exposed) . 109.8

V. DISCUSSION

The studies described in this paper represent a systematic in-
vestigation into the failure mechanisms of one portion of the Rb
atomic frequency standard's physies package. The current investiga-
tions have resulted in the identification of the primary lamp failure
mechanism along with obtaining baseline Rb consumption data for GPS
type lamps. Additionally, dinsights into the mechanisms of the Rb
consumption process have been gained. These studies will not only
yield an accelerated life test for the GPS program but also allow
reliability estimates to be made for Rb lamps. We consider the cur-
rent investigations to be the first step in understanding the failure
mechanisms of, and obtaining reliability estimates for, the entire
physics package of the frequency standard.
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Figure 2. Theoretical calculations of Rb and electron densities as

a function of radial position in a plasma discharge for a) 0.3W/cm
and b) 3.0 W/cm excitation power
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Figure 5. Schematic representation of a) Na and b) Rb penetra-
tion profiles into glass
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Figure 7. Experimental SIMS data (@) and fit curve (—)
for pyrex glass samples a) with discharge
present and b) without discharge
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