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We report NMR measurements of metallic 133Cs in glass cells. The solid-liquid phase transition was
studied by observing the NMR peaks arising from these two phases; surprisingly, many cells yielded two
additional NMR peaks below the melting point. We attribute these signals to two distinct impurities which
can dissolve in the liquid alkali metal and affect its chemical shift. Intentional contamination of cesium
cells with O2 confirms this hypothesis for one peak. The other contaminant remains unknown but can
appear in evacuated cells. Similar effects have been seen in 87Rb cells.
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Glass alkali-vapor cells have found widespread use in
research, being crucial for spin-exchange optical pumping
[1], atomic magnetometry [2,3], and precision frequency
standards [4]. Typically these cells are loaded with alkali
metal under high vacuum before being filled with any
buffer gases and then permanently sealed. Despite the
simplicity of this procedure, considerable variation in per-
formance (e.g., noble-gas relaxation times or alkali-metal
vapor densities) is often seen from one cell to the next. In
this Letter, we present 133Cs nuclear magnetic resonance
(NMR) data which demonstrate that the alkali metal is
often contaminated during cell fabrication. We conclu-
sively identify one contaminant as oxygen and show that
another unknown impurity can result solely from glass–-
alkali-metal interactions.

It is well-known [5] that newly-manufactured spin-
exchange optical pumping cells exhibit noble-gas nuclear
relaxation times which gradually stabilize to their equilib-
rium values over several days. Similarly, atomic clock cells
often experience a slow change in alkali-metal vapor den-
sity over many months, even after initial equilibration of
the vapor signal [6]. Such changes in alkali-metal density
can cause systematic shifts in the time base and ultimately
limit clock precision [7].

This curing process can be attributed to interactions
between the alkali metal and the cell walls. NMR can be
used to analyze these interactions—this is demonstrated in
Fig. 1, which shows 133Cs NMR data taken as a vapor cell
was warmed above the cesium melting temperature Tm �
28:52 �C and then cooled. The measured NMR frequency
is plotted vs temperature, with an example spectrum in-
cluded (inset). Below Tm, the NMR peak of solid cesium
can be seen. This signal disappears upon melting and is
replaced by the lower-frequency NMR signal of the liquid.
Both the solid and the liquid show a decrease in Larmor
frequency with increasing temperature; this is due to ther-
mal expansion of the metal and agrees well with prior data
[8].

Other features of this graph are quite surprising. The
liquid NMR signal does not vanish when the cell is cooled

below Tm. This phenomenon is observed no matter how
slowly the temperature of the cell is decreased, so it is not
due to delayed thermal equilibration of the sample. Most
intriguing, this graph reveals the existence of a third peak
(labeled [�]) whose frequency increases with increasing
temperature, merging with the liquid signal at Tm. This
peak is clearly visible in the raw spectrum. It is this unusual
NMR signal which constitutes the focus of the present
Letter.

Alkali-metal NMR frequencies can be sensitive to
chemical impurities through changes in the Knight shift,
a frequency shift which arises from conduction-band elec-
trons in the metal [9]. Each nucleus sees on average one
free electron with which it is coupled through the hyperfine
interaction AI � S. The conduction-band electrons are par-
tially polarized by the external magnetic field; this results
in an upward shift of the metal’s NMR frequency (on the
order of a percent) with respect to that of the same nucleus
in a nonmetallic compound (e.g., CsCl). The Knight shift is
typically reported [10] as the dimensionless number
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FIG. 1 (color online). (a) 133Cs NMR frequency plotted as the
cell temperature is increased (open squares) past the melting
point Tm and then decreased (filled squares). (b) Sample Fourier
transform spectrum taken at 23:5 �C (dashed line). Three NMR
peaks are clearly visible. (c) Schematic of the cell and NMR coil.
For these data, the cell was a 1=2-inch diameter Pyrex cylinder
filled with Cs and 400 Torr N2.
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 K � ��m � �r�=�r; (1)

where �m is the metallic NMR frequency, and �r is the
frequency of the nonmetallic reference compound. Any
trace impurity dissolved in the alkali metal can affect K
by changing the density of free electrons.

For this experiment, cells made of either Pyrex or GE
214 (fused silica) were sealed to a Pyrex string attached to
a vacuum manifold. Either a Pyrex retort filled with cesium
chloride and calcium chips or a breakseal ampoule of
cesium (UMC Corp., Chemetall GmbH) was attached to
the string. An oven was placed around the cells and set to
350 �C while the manifold was evacuated with a turbo-
pump. The cells were baked at this temperature for several
days until the residual pressure fell below�5� 10�8 Torr
(measured by a cold cathode gauge near the pump); then,
the oven was turned off. The cesium was moved into the
string either by heating the retort with a flame (thus lib-
erating Cs vapor through the reaction 2CsCl	 Ca!
2Cs	 CaCl2) or by breaking the seal on the cesium am-
poule with a glass-coated magnetic hammer. The cesium
was then loaded into each cell by heating the string with a
low flame, which moved the alkali metal through the string
by a combination of fluid flow and condensation. Once all
the cells had been filled with a Cs film, the manifold was
filled with any buffer gases, and the stem of each cell was
softened with a torch and pulled off to make a permanent
seal. The buffer gases flowed through a chemical getter
(NuPure Corp.) to remove impurities. The above procedure
was designed to minimize chemical contamination and
is the standard method used to make high-purity alkali-
vapor cells. 87Rb cells were filled in an identical fashion,
with enriched 87RbCl and calcium chips providing the
rubidium.

NMR was performed in a 9.4 T (53.15 MHz 133Cs,
131.5 MHz 87Rb) superconducting magnet (Oxford
Instruments) on a custom-made spectrometer. Because of
the short longitudinal relaxation times T1 of alkali metals
(< 1 ms for both 87Rb and 133Cs), free induction decays
(FIDs) could be averaged on a Yokogawa DL708E oscillo-
scope at a rate of 4000=min. Extensive averaging was
necessary because the RF skin depth in cesium is roughly
30 �m at this frequency, so only a small fraction of the Cs
was excited by the NMR pulse. Generally, 4000 to 40 000
traces were averaged for each FID, which was then Fourier
transformed on a PC and fit to one or more Lorentzians.
The center frequency of each Lorentzian fit was used as
that peak’s NMR frequency. Temperature data were taken
by a resistive thermal device (RTD) placed near the cell
and were recorded concurrently with the FIDs. The probe
was heated with a counter-wrapped resistive wire which
produced a magnetic field of less than 0.05 ppm at the
NMR coil. Sufficient time was allowed between tempera-
ture points to ensure thermal equilibration of the cell. We
also performed NMR measurements on sealed Cs am-
poules before using them to fill cells.

Figure 2 contains thermal cycle data from many cesium
cells. The most striking feature of this plot is that there are
two distinct peaks which may occur in the 133Cs NMR
spectrum in addition to the solid and liquid signals. We
shall refer to the peak with the shallower (steeper) slope as
the � (�) peak. These two signals seem to be mutually
exclusive, as no cell has yielded both; moreover, neither
peak’s presence correlates with the method used to fill the
cells with cesium (i.e., CsCl or Cs ampoule). The two cells
which exhibited strong � peaks also had the strongest
evidence of chemical contamination—one was a
decades-old cesium ampoule (UMC Corp.), and the other
was an evacuated cell whose cesium remained liquid at
room temperature. Based upon this observation, we hy-
pothesize that the additional NMR signals are caused by
chemical impurities which dissolve in the liquid alkali
metal and reduce the free electron density and thus the
133Cs Knight shift.

If a sample of liquid cesium is exposed to a soluble
impurity X at a concentration [X], the cesium will become
uniformly contaminated and produce a single NMR peak
(Fig. 3). The chemical shift of this peak will depend on [X]
and will tend toward lower frequencies if X is electro-
negative, since the cesium atoms will act more like Cs	

ions. Upon cooling, the impure liquid cesium will exhibit
depression of its freezing point; below this temperature,
nearly-pure solid cesium will begin to crystallize out of the
solution and a solid NMR peak will appear. As the cell is
cooled further, cesium atoms will be transferred from the
liquid phase to the solid, increasing [X] in the remaining
Cs-X solution. The effect on the NMR spectrum will be
twofold: the amplitude of the remaining liquid peak will
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FIG. 2 (color online). NMR data from many Cs cells. Color
indicates the type of buffer gas (legend). Cells include those
filled with N2 gas, H2 gas, H2=O2 mixtures, evacuated cells
suspected of contamination (Vac*), and vacuum cells with no
sign of impurities (Vac). Filled data points are Pyrex cells; open
data points are GE 214 cells.
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drop as cesium atoms condense into the solid phase, and its
frequency will rapidly decrease as the mixture approaches
a compoundlike ratio of Cs and X. Though this hypothesis
only predicts two NMR signals, the observed spectra can
be explained if some of the alkali metal undergoes super-
cooling down to room temperature. This is plausible given
that the cesium ‘‘film’’ actually consists of a spray of small,
randomly-sized droplets; and it is known that the degree of
supercooling depends acutely on particle size [11].
Additional evidence of supercooling is that cells with a
single large drop of cesium never demonstrate a liquid
peak below Tm.

It is possible to test this hypothesis with oxygen as
impurity X since the binary phase diagram has been mea-
sured for the Cs-O system [12]. Cesium can form several
stable suboxides, starting with Cs7O. At lower oxygen
fraction [O], the melting point of the metallic Cs-O mixture
decreases in a nearly linear fashion from 28:52 �C (pure
cesium) to �0:36 �C at the eutectic point (
O� � 0:09).
Cells with accidental oxygen contamination will likely
occupy this region of the phase diagram. As a Cs-O sample
is cooled, a vertical path of decreasing temperature on the
phase diagram intersects the coexistence curve at the de-
pressed freezing point and then follows the curve as illus-
trated in Fig. 3. At any temperature below the freezing
point, the ratio of pure solid to contaminated liquid cesium
will be uniquely determined by the phase diagram. This in
turn fixes the oxygen percentage in the liquid and thus the
133Cs Knight shift of the � peak. Thus all cells, regardless
of their oxygen content, will exhibit the same frequency vs
temperature curve for their � peaks. Cells with different
values of [O], however, will have different frequency shifts
in the homogeneous liquid above Tm and will display
different degrees of freezing point depression. By examin-
ing the temperature dependence of the � peak frequency
and comparing it to the Cs-O phase diagram, it should be
possible to determine K as a function of [O]. Then, we can

determine [O] for a given cell by measuring the NMR
frequency shift of the homogeneous liquid above Tm.

For this experiment, we created cells which had small
amounts of oxygen as a contaminant. The procedure of
making the cells was the same as before, except O2 gas was
allowed to flow into the vacuum system at pressures of
�10�6 Torr during the cesium filling process. The pres-
sure (as measured by the cold cathode gauge near the
turbopump) fluctuated as O2 was absorbed by the cesium,
making it difficult to quantify the Cs-O ratio by pressure
data alone. Nonetheless, since the cells were pulled off
sequentially, they represent a range of oxygen contamina-
tions. Indeed, the last two cells to be sealed contain Cs
which remains liquid at room temperature.

Figure 4 shows data taken from thermal cycles of two
such cells, along with the earlier � peak cells. A small
temperature shift was applied to each group to account for
changes in the RTD position. The size of this offset was
determined by taking concurrent NMR spectra of very pure
Cs samples (not shown in Fig. 4) and setting their melting
point to 28:52 �C in accordance with Ref. [12]. The slopes
of the � peaks match up exactly, and their amplitudes
correlate with the amount of O2 in the intentionally con-
taminated cells, proving that oxygen is responsible for the
� peak. From the pure Cs ampoules, the Knight shift of
liquid Cs at Tm was measured to be 1.4759% with respect
to a dilute aqueous solution of CsCl at room temperature.
This is in excellent agreement with prior data [10].
Because the � peak’s temperature dependence should be
the same for all cells, all of the � peak data points were
grouped together to calculate the dependence of the Knight
shift on [O]. The temperature of each data point was
compared to the Cs-O phase diagram to extract a value
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FIG. 4 (color online). Data from five cells which exhibited the
� peak. The two lowest curves correspond to cells which were
intentionally contaminated with O2. Solid lines show the pre-
diction of Eq. (2) assuming the best-fit oxygen concentration for
each cell.

FIG. 3 (color online). Proposed freezing mechanism for con-
taminated liquid Cs. (a) A typical binary phase diagram for Cs
and an impurity X. (b) Some droplets reach thermal equilibrium
(left), whereas some exhibit supercooling (right). (c) Simulated
NMR spectrum which reflects this scenario.
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for [O] at that temperature, and then the oxygen depen-
dence ofK was varied to optimize the fit to the � peak data
set. This gave
 

K � 1:4759�4� � 10�2 � 2:80�2� � 10�2 � 
O�

� 2:70�2� � 10�6 � �T � 28:52 �C�: (2)

The temperature dependence of K was measured indepen-
dently. Equation (2) is valid both above and below the
freezing point—above it, [O] is constant for a given cell;
but below it, [O] is related to the temperature through the
binary phase diagram. Finally, we extracted [O] for each
cell by fitting its liquid peak frequency shift to Eq. (2)
above the melting point. Figure 4 includes the predicted
NMR frequency for each cell (solid lines) calculated by
inserting this best-fit oxygen percentage into Eq. (2)—the
agreement with experiment is excellent.

Our measurement of the Knight shift yields a stronger
dependence on [O] (roughly 20% larger) than previously
reported in the literature [13]. Nonetheless, our value is
plausible in view of a very simple model of the Knight
shift. For a fixed total number of atoms in a Cs-O mixture,
the number of oxygen atoms will scale as the atomic
percentage [O] and the number of cesium atoms as (1�

O�). Assuming that each Cs atom contributes one electron
to the mixture and each oxygen atom removes two elec-
trons, the number of free electrons in the metallic Cs will
scale as (1� 3
O�). The Knight shift is proportional to the
number of free electrons per Cs atom:

 K � K0
1� 3
O�

1� 
O�
���!

O��1

K0�1� 2
O��; (3)

where K0 represents the Knight shift for pure cesium. With
this semiquantitative picture of homogeneous electron de-
pletion, we would predict that the oxygen-dependent term
in Eq. (2) should be twice as large as the pure Cs Knight
shift—quite nearly what we measured. The discrepancy
with Ref. [13] could be due to the experimental tech-
nique—in previous works a different cell was made for
each oxygen concentration studied, increasing the chances
of error in oxygen measurement or the possibility of in-
homogeneous mixtures of oxygen-rich stable suboxides
and cesium-rich liquid [14]. Our data have the advantage
that a range of [O] can be explored with a single cell simply
by lowering the temperature below the nominal freezing
point.

The � peak exhibits the same characteristics as the �
peak except with a shallower slope. This leads us to con-
clude that it too is the result of an impurity, though one with
a lower electronegativity or Cs solubility than oxygen.
Significantly, this peak is evident even in evacuated cells
which were prepared very carefully so as to eliminate all
impurities—this leads us to conclude that its only possible
source is the glass used for the cells. So far we have been
unable to reproduce the � peak by intentional contamina-

tion of cells with elemental silicon, SiO2 powder, or H2 or
N2 gas. An analogous peak has also been observed in 87Rb
cells filled with N2 gas and made from different glasses.

If the � and � peaks are due to an intrinsic and ongoing
reaction between the alkali metal and the cell walls, these
contaminants could pose a serious problem for hot vapor
atomic clocks since they could produce a frequency shift
by reducing the alkali-metal-vapor density [7]. Further
studies are warranted to determine the effect of these
impurities on long-term equilibration in atomic frequency
standards. On the other hand, the � peak may actually
prove beneficial in spin-exchange optical pumping cells
because of the decreased 3He wall relaxation rates in cells
coated with alkali-metal suboxides [15].

In conclusion, we have used 133Cs NMR to detect two
impurities in alkali-vapor cells and identify one of them as
oxygen. The other impurity can arise in pristine glass cells,
raising the concern that chemical reactions in these cells
may introduce impurities throughout their lifetimes.
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