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Using laser optical pumping, widths and frequency shifts are determined for microwave transitions between
ground-state hyperfine components of85Rb and87Rb atoms contained in vapor cells with alkane antirelaxation
coatings. The results are compared with data on Zeeman relaxation obtained in nonlinear magneto-optical
rotation experiments, a comparison important for quantitative understanding of spin-relaxation mechanisms in
coated cells. By comparing cells manufactured over a 40-year period we demonstrate the long-term stability of
coated cells, an important property for atomic clocks and magnetometers.
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I. INTRODUCTION

Alkali-metal vapor cells with paraffin antirelaxation coat-
ings, first introduced by Robinsonet al. in the 1950sf1g and
subsequently studied in great detail by Bouchiat and Brossel
f2,3g and other authorsssee, for example, Ref.f4g and refer-
ences thereind, are presently at the heart of some of the most
sensitive optical-pumping magnetometersf5g. Recently,
paraffin-coated cells have also been used in investigations of
nonlinear optics such as nonlinear magneto- and electro-
optical effectsssee Refs.f6,7g for detailed reviewsd. Using
coated cells and Zeeman and nonlinear-optical resonance
widths of less than 1 Hz and microwave resonance widths of
several hertz have been achieved. Although the use of
paraffin-coated cells in atomic clocks has also been exten-
sively investigatedssee, for example, Refs.f8–10gd, up until
now such cells have not been commonly used in commercial
clocks despite of their potential advantages, including excel-
lent short-term stability and sensitivity of the resonance fre-
quency to temperature variations comparable to that of
buffer-gas cellsswhen the gas composition in the case of
buffer-gas cells is chosen to minimize the temperature de-
pendenced.

The ongoing work aimed at developing highly miniatur-
ized atomic frequency referencesf11,12g and magnetometers
f13g has created renewed interest in wall coatings. These
devices will likely take advantage of miniature atomic vapor
cells with physical dimensions on the order of 1 mm or
smallerf14g. Because of the larger surface-to-volume ratio,
atoms confined in such a small cell spend a larger fraction of
their time interacting with the cell wall than they would in a
larger cell. Linewidth broadening and frequency shifts asso-
ciated with the cell walls can significantly affect the perfor-
mance of the frequency reference even when a buffer gas of
moderate pressure is usedssee Ref.f15g, Sec. 3.5d. Thus the

quality and efficiency of coatings applied to the walls of such
small cells is an important factor in determining the feasibil-
ity of highly miniaturized frequency references, particularly
those with cell volumes significantly below 1 mm3.

Collisions of alkali-metal atoms with cell walls can affect
the atomic state in a number of ways. In addition to optical
resonance broadening, the atomic ground states can undergo
Zeeman and hyperfine decoherence and population transfer.
Typically, the hyperfine decoherence rate is found to be
about one order of magnitude larger than the Zeeman deco-
herence ratef9,16g. For atomic frequency references, the
properties of the atomic transition between hyperfine levels
determine the short-term stability, while for most magneto-
meters, transitions between Zeeman levels within a single
hyperfine level are important. Thus, investigation of different
wall-relaxation effects, particularly a comparison of Zeeman
and hyperfine decoherence, is of interest both from the view-
point of understanding the basic physics and with regard to
practical applications.

In this paper, we present measurements of intrinsic line-
widths and shifts performed with several alkane-coated
alkali-vapor cells manufactured in different laboratories over
a period of about 40 years. We compare the results to those
of the nonlinear magneto-optical rotationsNMOR f6gd ex-
periments and draw conclusions pertaining to the applica-
tions of the coated cells to atomic clocks. Specifically, we
find that wall coatings can remain effective for at least sev-
eral decades after the cell is fabricated and that for high-
quality alkane coatings neither the molecular weight distri-
bution of the alkane chains nor the method by which the wall
coating is deposited has much bearing on the effectiveness of
the coating. In addition, the NMOR linewidth is found to be
up to 10 times smaller than the hyperfine coherence line-
width when the two are measured in the same cell at similar
temperatures. This can be explained by the way in which
electron-spin randomization contributes to the decoherence
in each of these cases.
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II. CELLS

The antirelaxation-coated buffer-gas-free cells used in the
present work are listed in Table I. The inner-wall coating of
each of these spherical cells is an alkane filmsgeneral chemi-
cal formula CnH2n+2d. None of these cells were “re-cured” or
heat treated before testingsa procedure that may be used, if
necessary, to reduce the relaxation due to alkali metal that
has collected on the coated wallsd.

The cell identified in Table I as Gib, containing a natural
mixture of Rb isotopes, was manufactured at Berkeley
around 1964 for the Ph.D. thesis work of Gibbs.sReference
f17g gives a detailed description of the cell manufacturing
process.d The coating material is Paraflint, which consists of
alkane chains with a wide range of molecular weights. The
coating was applied by melting Paraflint wax and running it
over the cell surface. This cell has obvious Rb crystalline
deposits on the wall, and there are several glass tubulations
on the spherical surfacesi.e., imperfections that originate
from glass tubes that were attached to the cell during the
manufacturing processd. Regions of the cell have heavy pool-
ing of wax and the coating thickness is very nonuniform.

The 85Rb cell referred to as Ale-10 was made by E. B.
Alexandrov and M. V. Balabas according to the procedure
described, for example, in Ref.f18g. The material of the
coating is a mixture of alkane chains of different lengths
sn,50d fractionated from polyethylene at 220 °C. The coat-
ing was applied by vapor deposition, where a piece of the
paraffin was placed in a side-arm and the whole cell was
heated to fill it with the paraffin vapor, and then cooled. The
resulting coating has an estimated thickness of,10 mm and
can be barely seen by eye.

The 87Rb cells referred to as TT11 and H2 were made by
Robinsonf19g. The material of the coating is tetracontane
sn=40d distilled at about 200 °C. The purified tetracontane
wax was evaporatively coated onto the cell surface from a
hot needle. The resulting coating is thinsand so not visible
by eyed and has a melting temperature of,80 °C.

Each cell with the exception of Gib was made with an
uncoated stem containing rubidium metalssee also Sec. VId.

III. MICROWAVE-TRANSITION MEASUREMENTS

A schematic of the apparatus is shown in Fig. 1. We used
a distributed-Bragg-reflectorsDBRd diode laserf20g with a
measured linewidth of<2 MHz, whose frequency was tuned
near the RbD1 resonancesl=795 nmd. The light beam
passes through a variable attenuator, an optical isolator used
to avoid optical feedback into the laser, and a linear polar-
izer. It is then directed through a vapor cellsat room tem-
peratured enclosed in a single-layer cylindrical magnetic
shield. The laser beam diameter at the location of the cell is
,7 mm. The intensity of the transmitted light is detected
with a photodiode. A dc magnetic field is applied to the cell
parallel to the direction of light propagation by passing cur-
rent through a coil wound on the surface of a cylindrical
acrylic insertsnot shownd that fits into the magnetic shield. A
microwave field is applied with a single-wire loop terminat-
ing a coaxial cable. The microwave synthesizer is referenced
to a hydrogen masersdn /n<2310−13t−1/2, wheret is mea-
sured in secondsd.

TABLE I. Vapor cells used for the measurements and the experimentally determined values of microwave linewidthssgexpt
m d and shifts.

T: the temperature of the cellswhich was higher than that for the stem for some of the measurementsd. n: the total number density of Rb
vapor. The quantityf is the average phase shift per wall collision. The uncertainty inf includes an estimate of the effect of nonideal cell
shape. For87Rb, the phase shiftf8 scaled to85Rb ssee textd is also given. The last two columns list the deduced contributions to the
microwave linewidths from the spin-exchange collisions and the adiabatic collisions, respectivelyssee textd.

Cell Year made Ref. Diam.scmd T s°Cd n scm−3d Isotope
gexpt

m

2p
sHzd Shift sHzd ufu sradd uf8u sradd

gse
m

2p
sHzd

ga
m

2p
sHzd

Ale-10 1997 f18g 10 25 83109 85Rb 8.7s5d −24s4d 0.037s7d 1.3 2

Gib 1964 f17g 10 25 83109 85Rb 11s2d −14s4d 0.022s6d 1.3 0.6
87Rb 16s4d −42s2d 0.065s6d 0.029s3d 1.2 5

H2 1985 f19g 3.5 21 73109 87Rb 22s3d −93s1d 0.050s5d 0.022s2d 1.2 9

TT11 1985 f19g 3.4 22 6.53109 87Rb 23s2d −80s1d 0.043s4d 0.019s2d 1.0 7

42 1.431010 17.5s10d 2.2

43 3.431010 21.5s10d −70.5s3d 0.036s4d 0.016s2d 5.2 5

FIG. 1. Experimental setup for measuring microwave
transitions.
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For one cellsTT11,1 see Table Id, a slightly different ap-
paratus was used. The magnetic shield consisted of two lay-
ers, and a low-Q sof several thousandd cylindrical microwave
cavity operating in the TE011 mode was employed instead of
the wire loop. In this apparatus, it was possible to heat the
cell while keeping the stem at a lower temperature. This was
useful for evaluating the effect of the temperature on the
widths and shifts of the microwave transition.

In the experiment, the laser frequency was tuned to a
particular location on the optical absorption profile, and the
microwave frequency was swept around the nominal fre-
quency of the field-free separation of the ground-state hyper-
fine components of85Rb: 3,035,732,440 Hzf21g or 87Rb:
6,834,682,610.9 Hzf22g, while the transmitted light inten-
sity was recorded. An applied dc magnetic field gave rise to
the splittings as shown in the microwave spectra of Figs. 2
and 3.

IV. NONLINEAR MAGNETO-OPTICAL MEASUREMENTS
OF ZEEMAN RELAXATION

For all cells except TT11, in addition to studying micro-
wave transitions, we also measured Zeeman relaxation rates
using nonlinear magneto-optical rotation. The general idea of
the method is the followingssee the review inf6g for a de-
tailed discussiond. The interaction of the atoms with a near-
resonant laser field results in polarization of the atomic me-
dium. The induced polarization evolves in the presence of a
magnetic field; the resulting change of the medium’s polar-
ization is detected by measuring optical rotation of the lin-
early polarized lightswhich, in this case, plays the part of
both the pump and the probed. In this work, we used a ver-
sion of the NMOR technique in which the frequency of the
laser is modulated and optical rotation varying at the modu-
lation frequency is detectedsFM NMOR f23–25g, Fig. 4d.

The vapor cell under study was placed inside a multilayer
magnetic shielding systemsnot shownd equipped with coils
for compensating residual magnetic fields and gradients and
for applying well controlled fields to the cell. The time-
dependent optical rotation was detected with a balanced po-
larimeter after the vapor cell. In this work, the laser was
tuned to the RbD1 line; the laser beam diameter was
,2 mm, and the light power was&15 mW. A static mag-
netic field was applied along the light propagation direction.
Narrow resonances in modulation frequency appear in the
synchronously detected optical-rotation signal when the fre-
quency is equal to twice the Larmor frequencysFig. 5d. The
factor of 2 is related to the two-fold spatial symmetry of the
induced atomic alignment. The widths of the resonances are
determined by the ground-state Zeeman relaxation rate.

An advantage of the FM NMOR technique for measuring
the Zeeman relaxation rate is that when a bias field is applied
sas in the present cased, the resonance curves are, to first
order, insensitive to small transverse magnetic fields; this
eliminates a possible source of systematic error.

V. PROCEDURE: RESULTS AND DISCUSSION

The total electronic angular momentum in the ground
electronic state of rubidium isJ=1/2. For85Rb, the nuclear
spin is I =5/2. In a low dcmagnetic field where nonlinear
Zeeman shifts resulting from decoupling of hyperfine struc-
ture can be neglected, one generally expects to see 11 distinct
resonance hyperfine transition frequencies between various
linear-Zeeman-split sublevels of the upper and lower ground-
state hyperfine levels.sFor 87Rb, an atom withI =3/2, there
are seven transition frequencies.d The experimental observa-

1This cell was kindly loaned to us by Symmetricom, TRC. This
does not imply an endorsement by NIST; cells from other compa-
nies may work equally well.

FIG. 2. Examples of the microwave spectra recorded with the
Ale-10 85Rb cell ssee Table Id. The signal corresponds to the inten-
sity of the laser light transmitted through the cell. The common
parameters for the three scans are dc magnetic field=29 mG, linear
light polarization, laser tuned to the center of theF=3→F8 transi-
tion, total scan ratessawtooth sweepd =0.02 Hz. Each plot repre-
sents an average of approximately five scans. Upper and middle
plots: input light power 0.25mW. Lower plot: input light power
13 mW, microwave power reduced by a factor<63. The lower plot
also shows a fit by a Lorentzian superimposed on a linear back-
ground. The fit Lorentzian linewidthffull width at half maximum
sFWHMdg is 10.9s3d Hz, slightly larger than the “intrinsic” width of
about 8.7 HzsTable Id due to residual light broadeningssee textd.
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tion of this is shown in the upper plot of Fig. 2. The relative
intensities of various components depend on the power, po-
larization, and tuning of the pump light, the geometry and
orientation of the microwave loop, and the microwave
power. Under typical conditions in this experiment, the peaks
of the resonances correspond to an increase in absorption by
several percentsthe optical depth on resonance of the room-
temperature cells is of order unityd.

The width of the peaks on the upper plot in Fig. 2 is about
4 kHz sFWHMd and is dominated by the Doppler width of
the microwave transition. There is also a significant contri-
bution due to the phase variation of the microwave field over
the cell volume resulting from the use of a simple loop for
generation of the microwave field. A zoom-in with higher
frequency resolutionsthe middle plot in Fig. 2d reveals addi-
tional sharp features superimposed on top of the Doppler-
broadened lines. These are the Dicke-narrowed linesf9,26g
of primary interest in the present work.

While all the sharp features are of comparable widths, in
the following we concentrate on the central resonance corre-
sponding to the “clock transition” between theM =0 Zeeman
componentssthe 0-0 transitiond, which is to first order insen-
sitive to dc magnetic fields and gradients. An example of a

high-resolution recording of the narrow feature is shown in
the lower plot in Fig. 2. The line shape is well described by
a Lorentzian as seen from the fitting curve also shown in the
plot.

We have measured the widths and shifts of the central
narrow resonance for each of the cells. In order to eliminate
the effects of power broadening and shifts, we performed
double extrapolation of the widths and central frequencies of
the resonances to zero optical and microwave power, using
their observed linear dependence on power at low powers.
sThe effects of light broadening can also be minimized by
judicious choice of light tuning; for example, the high-
frequency slope of the85Rb F=3→F8 optical transition pro-
vides relatively large signals with greatly reduced light
broadening. The signal deteriorates on the low-frequency
slope, presumably because Zeeman optical pumping domi-
nates over hyperfine pumping. Similar “tricks” are also used
in optical pumping magnetometryf27g and in NMOR
f28,29g.d The results, which were found to be independent of
laser tuning and polarization, are summarized in Table I. For
85Rb, uncertainties in the shifts include both the errors of the
present measurement and 3 Hz uncertainty in the knowledge
of the absolute transition frequency for free atomsf15g; for
87Rb, the latter uncertainty is negligiblef22g.

An example of the data taken with the microwave cavity
is shown in Fig. 3. The TE011 cavity has important advan-
tages over a simple loop, as can be seen from the comparison
of Fig. 3 with the middle plot in Fig. 2. In particular, strong
suppression of the broad pedestal and theDMFÞ0 micro-
wave transitions is apparent.sIn Ref. f10g, microwave tran-
sition lineshapes obtained using TE011 and TE111 cavities
were compared to each other. Narrow lines appeared only
when the TE011 cavity was used. Referencef10g also con-
tains references to calculations of the line shape in the re-
gime in which the dimensions of the cell are comparable
with the wavelength and, correspondingly, with the micro-
wave cavity mode size.d

FIG. 3. An example of a microwave spectrum recorded with the
TT11 87Rb cell ssee Table Id. The parameters for the scan are dc
magnetic field=2.7 mG, linear light polarization, laser tuned to the
center of the F=2→F8 transition, total scan ratessaw-
tooth sweepd=0.2 Hz. The plot represents a single scan. Input light
power=6mW. The comparison of this plot with the middle plot in
Fig. 2 illustrates the advantages of using a TE011 microwave cavity
as opposed to a current loop: almost complete suppression of the
broad pedestal and theDMFÞ0 microwave transitions.

FIG. 4. Simplified schematic of the experimental setup for mea-
suring Zeeman relaxation rate with the FM NMOR technique
f23–25g.

FIG. 5. An example of the FM NMOR datasthe lock-in detector
output; see Fig. 4d taken with the Ale-10 cell. The central frequency
of the laser is tuned<400 MHz lower than the center of theF=3
→F8 absorption peak of theD1 line sthis point corresponds to a
maximum of the FM NMOR signald. The laser frequency is modu-
lated with an amplitude of 290 MHz. A bias magnetic field of
156 mG is applied along the light-propagation direction. The data
are shown along with a fit by a dispersive Lorentzianssee Ref.
f25gd. The width of the resonance corresponds togexpt

NMOR=2p
30.7 Hz, the narrowest magneto-optical resonance width observed
with alkali-metal atoms to date.
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As an additional cross-check of the results given in Table
I, a set of room-temperature data for the H2 cell was also
taken using the 780 nmD2 resonancesa different diode laser
system was used for this measurementd. The results—the in-
trinsic width of 20.3s9d Hz and shift of −89.5s11d Hz—are
consistent with the data obtained withD1 resonancessee
Table Id, as expected.

The data taken at different temperatures in the TT11 cell
provide some insight into the adsorption process of the alkali
atoms onto the walls. The adsorption time of the atom on the
wall, under simplifying assumptions such as a uniform ad-
sorption energy on all sites on the surface, is usually as-
sumed to bef30g

t̄a = t0e
Ea/kT, s1d

wheret0 is the period of vibration of the adsorbed atom in
the wall potential,Ea is the adsorption energy,k is the Bolt-
zmann constant, andT is the absolute temperature. At higher
temperatures, therefore, an atom spends less time on the wall
and should experience a smaller frequency shift and broad-
ening. The frequency shiftsdiscussed in the following sec-
tiond in particular should be reduced by a factor equal to the
fractional change in adsorption time due to the change in cell
temperature:

dDn

Dn
= −

Ea

kT

dT

T
. s2d

For the TT11 cell, the frequency shift measured at two tem-
peratures allows one to calculatefunder the assumptions of
Eq. s1dg the adsorption energy, givingEa=0.06 eV. This is
consistent with previous values found in similar cells but
smaller than the 0.1 eV reported by some researchersssee
Ref. f31g and references thereind.

In interpreting the observed microwave frequency shifts
we have assumed that these shifts originate in collisions of
rubidium atoms with the cell walls because the cells studied
here are nominally free from buffer gas. However, due to
high mobility of helium atoms in glass, it is possible that
atmospheric helium has diffused into the cells through the
glasssparticularly in the case of the oldest Gib celld. Assum-
ing that the helium inside the cells is in equilibrium with that
in the atmospheresfor which the partial He concentration is
5.2310−6d and using the literature datase.g., Ref.f32gd for
the frequency shifts of the rubidium 0-0 microwave transi-

tions, we find that the microwave resonance is shifted by
+1.3 Hz and +2.9 Hz for85Rb and87Rb, respectively. Since
these shifts are relatively small, and since we do not know
the actual pressure of helium in the cells, we ignore these
shifts in the rest of the paper, noting them as a possible
source of a small systematic error. Broadening due to colli-
sions with helium is negligibly small.

The procedure for obtaining the Zeeman relaxation data is
described in Refs.f23,25g. Care was exercised to minimize
the possible contributions to resonance linewidths due to
magnetic-field gradientsswhich were compensated to a level
,1 mG/cmd. The contribution of gradient broadening to the
FM NMOR linewidth supon compensation of the gradientsd
is found to be negligible at the level of present uncertainties
f33g. Similar to the procedure used for the microwave tran-
sitions, the observed resonance widthsssee Fig. 5d were ex-
trapolated to zero light power.

Atomic number densities listed in Tables I and II were
determined by fitting linear absorption spectra taken at low
light power s,1 mWd.

VI. INTERPRETATION

There are several known relaxation mechanisms at work
in the vapor cells studied here, including spin-exchange re-
laxation, loss of polarized atoms due to collisions with un-
coated surfacessprimarily in the cell’s stemd, and relaxation
due to collisions with the wall coating.

The contribution of spin-exchange relaxation to the mi-
crowave width can be estimated using the formulae given in
Refs.f34,35g. When only one isotope with nuclear spinI is
present in the cell, the spin-exchange contribution to the line-
width of the 0-0 microwave transition is given by

gse
m

2p
=

RsIdnv̄relsse

p
, s3d

where sse is the spin-exchange-collision cross sectionssse
=2310−14 cm2 for all cases relevant heref35gd, n is the
atomic number density,

v̄rel = Î8kT/pmred s4d

is the average relative speed,mred is the reduced mass of the
colliding atoms, and

TABLE II. Experimentally determined values for FM NMOR linewidths.T: the temperature of the cell
sthe stem and the cell body are at the same temperatured. n: the total number density of Rb vapor.gse

NMOR:
calculated spin-exchange contribution to the NMOR linewidth. The last column lists the deduced contribu-
tions to the microwave linewidths from electron-spin-randomization collisionsssee textd.

Cell T s°Cd n scm−3d Isotope gexpt
NMOR/ s2pd sHzd gse

NMOR/ s2pd sHzd ger
m / s2pd sHzd

Ale-10 19 43109 85Rb 0.7s1d 0.15 3

25 63109 1.2s1d 0.24 5

Gib 21 43109 85Rb 2.9s1d 0.15 13
87Rb 2.9s1d 0.24 9

H2 21 43109 87Rb 3.5s1d 0.24 11
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RsId =
6I + 1

8I + 4
s5d

is the so-called nuclear slow-down factorssee Refs.f34,35gd
for the 0-0 transition. For the Gib cell, where two isotopes
are present, the considerations are similar. The values of the
contribution of the spin-exchange collisions to the micro-
wave linewidths deduced from the measured number density
are listed in the next-to-last column of Table I. In all cases,
this contribution is less than 25% of the overall observed
linewidth gexpt

m .
The relaxation due to the stem can be estimated from the

geometrysexcept for the Gib cell which does not have a
stem, and whose deposits of solid rubidium are apparently
covered with paraffind and is found to contribute to the mi-
crowave linewidth less than a fraction of a hertz in the case
of the Ale-10 cell and less than 1 Hz in the case of the TT11
and H2 cells. Effects related to the cell stems therefore con-
tribute to the hyperfine decoherence at a level somewhat less
than the measurement errors given in Table I. We ignore this
contribution in the following discussion.

Collisions of alkali-metal atoms with the wall coating can
be separated into three categories. The most “gentle” or adia-
batic collisions, while causing hyperfine transition frequency
shift and decoherencesas discussed belowd, generally do not
result in population transfer or Zeeman decoherence. The
stronger collisions, for example, collisions with paramag-
netic impurities or “dangling bonds” randomize the electron
spin. However, they do not affect the nuclear spin, so a po-
larized atom retains a certain degree of polarization after the
collision. Finally, an atom can be absorbed into the coating
for a sufficiently long time that all polarization is destroyed.
First, we analyze the contribution of the adiabatic collisions.

While the adiabatic collisions do not cause atoms to jump
between quantum states, the interaction with the wall during
a collision causes a phase shiftf between hyperfine states
f30g. The hyperfine transition frequency shift due to this
phase shift can be estimated as follows. Consider an atom in
the cell that we will track for a timet much longer than the
typical interval between its wall collisions. The distance trav-
eled by the atomsalong some complicated reticulated trajec-
toryd is v̄t, where

v̄ = Î8kT/pM s6d

is the mean speed andM is the mass of the atom. The next
question is, how many times did this atom collide with the
wall? The answer for a spherical cellsfor which the mean
distance between wall collisions assuming the usual cosine
angular distribution of atoms bouncing off the wall is 4R/3d
is

v̄t

4R/3
=

t

tc
, s7d

wheretc is the characteristic time between wall collisions. If
the phase shift per collision isf, the overall phase increment
in time t is

f
v̄t

4R/3
. s8d

On the other hand, the phase increment is also equal to

2pDnt, s9d

whereDn is the frequency shift. Equating Eqs.s8d and s9d
and cancelingt, we get

Dn =
f

2p

3v̄
4R

. s10d

The values of the phase shiftf for various cells, experi-
mental conditions, and Rb isotopes, deduced from the ex-
perimental values of the microwave transition frequency
shifts using Eq.s10d, are listed in Table I. The results are
consistent with the available earlier data for Rb in alkane-
coated cellssRef. f9g and references thereind within the
spread between different cells under similar conditions and
with the same Rb isotope.

In order to compare the coating properties for cells con-
taining different isotopes, one can scale the phase shift to one
and the same isotopese.g.,85Rbd using the expected propor-
tionality of the phase shift and the hyperfine transition
frequency.2 The scaled valuessf8d for the 87Rb data are
listed in Table I. The results indicate that all the different
coatings studied in this work produce roughly the same
phase shifts in wall collisions. We also note that the phase
shifts per collision measured here in Rb are roughly consis-
tent with those measured for Cs on paraffin coatingsff
=0.09s1d rad f30gg, when scaled to the corresponding hyper-
fine frequency.

Because of the statistical character of the collisions, there
is a spread in the amount of phase shift acquired by the
atoms, which contributes to the resonance widthf30,36g sa
derivation of the broadening and shift due to this mechanism
is given in the Appendixd:

ga
m

2p
=

f2

ptc
. s11d

For the parameters and the frequency shifts measured in the
present experiment, these contributions to the width com-
prise fromga

m / s2pd<0.6 Hz to,10 Hz. As seen from Table
I, the sums ofga

m andgse
m are insufficient to explain the ob-

served overall intrinsic widthsgexpt
m in any of the cases.

A possible contribution to the linewidth that may explain
this is from electron-spin randomizing collisions with the
wall or, possibly, gaseous impurities other than heliumf2g.
The magnitude of this contribution to the width of the mi-
crowave transitions can be estimated from the assumption

2This neglects possible effects of the different mass of the two
isotopes. The proportionality of the phase shift and the hyperfine
frequency arises from the fact that the mechanism through which
the phase shift occurs is the change of the valence-electron density
near the nucleus during a collisionf30,39g. This scaling is con-
firmed, at least approximately, by the present workssee the data for
the two Rb isotopes simultaneously present in the Gib cell listed in
Table Id, and the earlier work of Ref.f32g.
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that the measured NMOR linewidthssgexpt
NMORd are also domi-

nated by electron-spin randomization collisionsf37g. The
measured NMOR linewidths are broader than what is ex-
pected given the known spin-exchange cross sectionsssee
Table IId. The relaxation rate of the 0-0 microwave coher-
ence due to spin randomization should be 3/4 of the electron
randomization ratef35g, while the intrinsic NMOR linewidth
due to electron-spin randomization is smaller, due to the
nuclear slow-down effectssee, for example, Ref.f35gd, and
is calculated to be<1/3 of the spin-randomization rate for
85Rb and<1/2 for 87Rb f37g.

Using this information, the contribution of the electron-
spin randomization collisions to the microwave linewidth
can be estimatedsger

m , Table IId. For example, for the Ale-10
cell at 25 °C, assuming that the Zeeman relaxation is domi-
nated by spin-randomization collisions, we have

ger
m

2p
< 2 3 s1.2 Hzd 3 3 3

3

4
< 5 Hz. s12d

In expressions12d, the factor of two accounts for the relation
between the relaxation rate for the 0-0 coherence and the
Lorentzian width of the microwave transition.sUnder the
conditions of our experiments, in which linearly polarized
low-intensity light is used, the effect of spin-exchange colli-
sions is nearly identical to that of electron-randomization
collisions f35g, and we do not separate spin exchange from
the additional electron-randomization processes in this esti-
mate and those presented in Tables II and III.d Adding up all
the contributions and estimating the associated uncertainties,
we find that for the Ale-10 cell we can account for about
7s1d Hz out of the observed 8.7s5d Hz, which is satisfactory,
particularly, in view of a number of simplifying assumptions
in our modelsfor example, the assumption that the disper-
sion of f is equal tof2 in the adiabatic collisions; see the
Appendixd. The microwave linewidth budgets for the cells
where both the microwave and NMOR data are available are
summarized in Table III.

The fact that both Rb isotopes are simultaneously present
in the Gib cell allows a check of our model for consistency
and provides further evidence that the dispersion of phase
shifts in adiabatic collisions is not the dominant source of the
microwave linewidth. For the values off sTable Id for the
two isotopes extracted from the measured frequency shifts
using Eq.s10d, Eq.s11d predicts about an order of magnitude
larger contribution to the width from phase-shift dispersion

in adiabatic collisions for87Rb compared to that for85Rb.
This is clearly inconsistent with a relatively small difference
in the width observed experimentally, but does correspond to
the prediction of our model.

So far, we have considered adiabatic and electron-spin
randomization collisions. Collisions that completely depolar-
ize atoms would also contribute to both the hyperfine and
Zeeman relaxation. However, if one assumes that relaxation
is dominated by collisions of this type rather than electron-
randomization collisions, carrying out an analysis similar to
the one above, one does not achieve satisfactory agreement
between the microwave and NMOR linewidths.

The present experimental data for the widths and shifts of
the microwave transitions appear inconsistent with a hypoth-
esis that the linewidth is dominated by dispersion of the
phase shifts in adiabatic wall collisions. On the other hand,
comparing the microwave data and the Zeeman relaxation
data measured with nonlinear magneto-optical rotation, we
have proposed that the dominant source of the linewidth is
electron-spin randomizing collisions. This hypothesis consis-
tently accounts for the linewidth-budget deficits for both mi-
crowave transitions and NMOR resonances. The rate of the
electron-randomization collisions necessary to explain the
observed microwave and NMOR linewidths is too large to be
accounted for by spin-exchange collisionssTables I and IId.
Thus it is necessary to assume electron randomization pro-
cesses occurring either in collisions of the alkali atoms with
cell walls or, possibly, in collisions with gaseous impurities.
These two scenarios may be distinguished by comparing re-
laxation rates for otherwise similar cells having vastly differ-
ent diameters.

It is interesting to compare the present results with those
of Ref. f32g. In that work, the rates of the hyperfine coher-
ence and population relaxation in wall collisions in a
Paraflint-coated cell were measured, and the latter was found
to be an order of magnitude lower than the former. In the
present experiment, since we have found that electron-
randomization collisions dominate relaxation at room tem-
perature, one would expect that the two rates should be simi-
lar. This apparent contradiction may be attributable to an
important difference of the experimental procedure of Ref.
f32g compared to that of this work: namely, that the data
were obtained in the limit of zero rubidium density in the cell
swhich was achieved by maintaining the stem at a tempera-
ture lower than that of the cell wallsd. This may suggest that
the electron randomization in our case is due to a modifica-
tion of the coating surface due to the presence of rubidium

TABLE III. Linewidth budget for the microwave transitions.ga
m / s2pd and ger

m / s2pd are the deduced
contributions to the microwave linewidth from adiabatic and electron-randomization collisionssfrom Tables
I and IId, respectively. The last two columns list the total expected width based on the sum of these deduced
contributions and the experimentally observed microwave linewidthssfrom Table Id.

Cell Isotope ga
m / s2pd sHzd ger

m / s2pd sHzd Total sHzd gexpt
m / s2pd sHzd

Ale-10 85Rb 2 5 7 8.7s5d
Gib 85Rb 0.6 13 14 11s2d

87Rb 5 9 14 16s4d
H2 87Rb 9 11 20 22s3d
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atoms. These issues will be addressed in future work.

VII. CONCLUSION

It appears that the vapor-cell coatings studied in this
work, manufactured using three rather different technologies,
all show comparable performance in terms of the parameters
slinewidth and shiftd relevant to their use in magnetometers
and atomic clocks. Moreover, the fact that a cellsGibd manu-
factured 40 years ago shows comparable performance to that
of more recently manufactured cells is evidence of the sta-
bility of the coating properties3 and suitability of such cells
for extremely-long-term measurements, for example, as
frequency-reference and magnetic-sensor elements for deep-
space missions.

The durability of the wall coatings and the lack of depen-
dence of the coating properties on the exact molecular-
weight composition and the method of coating deposition are
encouraging with regard to the application of such coatings
to miniature atomic frequency references. Wall coatings
might play an important role in improving the performance
of compact atomic clocks if a way of integrating the appli-
cation of the coating with the cell fabrication process is
found. This integration will likely be an important future step
in the development of atomic clocks based on submillimeter
alkali-metal-atom vapor cells.

In general, in a fully optimized, shot-noise-limited sys-
tem, the precision of atomic clocks and sensitivity of atomic
magnetometers both scale assg /Nd1/2, whereg is the line-
width of the working transition andN is the total number of
atoms available for the measurement. This would suggest a
relatively simple way to scale the performance of clocks and
magnetometers with the cell size; however, the scaling may
not be as straightforward in practice. First, the scaling refers
to the fundamental limit on the sensitivity and precision and
many device implementations do not actually achieve this
limit. For example, in most clocks based on coherent popu-
lation trapping, the atomic resonance is excited optically and
only a small fraction of atoms participate in the excitation
due to the thermal distribution of atoms amongst the range of
spin orientations. The atom density, and therefore the total
number of atoms in a given volume, may be limited by the
optical density of the sample, which can prevent optical ex-
citation of atoms near the center of the cell. Second, as dis-
cussed earlier in this paper and is also addressed in more
detail in a subsequent studyf38g, the coating properties ap-
pear to be dependent on the alkali-metal vapor density, and
the method with which the density is variedsi.e., cell heating
versus light-induced atomic desorptionf18,38gd. Therefore,
while this work provides an important input for designing
future devices, we postpone presenting specific scaling sce-
narios to future publications. For an example of clock-
resolution scaling under a number of simplifying assump-
tions, see Ref.f11g.
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APPENDIX

Here we give a derivation of line broadening and shift
arising from the collisional phase shifts acquired by atoms.

Suppose a collection of atomic oscillators are all in phase
initially, and in the absence of collisions, they all oscillate at
a frequencyv0. Let f be the average phase shift per colli-
sion, and 1/tc the average collision rate. There are two fac-
tors that lead to a dispersion in different atoms’ phase shifts
acquired after a timet@ tc. First, there is a statistical distri-
bution of the number of collisionsn experienced by atoms
over a timet which we will assume to be Poissonian:

psn,td =
e−t/tcst/tcdn

n!
, sA1d

where psn,td is the probability that an atom experiencesn
collisions in time t fthe mean number of collisions corre-
sponding to the distributionsA1d is knl= t / tcg. Second, the
phase shifts per collision are not the same. We will assume a
normal distribution with a mean valuefsufu!1d and a dis-
persionf2. sThe latter property follows from a distribution
of wall-sticking times with a universal binding energy ex-
ceedingkT; see, for example, Ref.f30g.d

Let us consider atoms that have experienced some fixed
number of collisionsn@1. Let fn be the overall phase ac-
cumulated by an atom overn collisions. Because of the nor-
mal distribution of phase shifts in individual collisionssre-
sulting in a random walk in phased, we have a Gaussian
distribution of accumulated phases:

psfn,nd =
1

Î2pnf2
e−sfn − nfd2/2nf2

, sA2d

wherenf is the average phase accumulated inn collisions,
andnf2 is the dispersion.

Taking into account the distributionssA1d and sA2d, the
oscillation amplitude averaged over the atomic ensemble is
found as a weighted sum of the contributions from individual
atomss~eisv0t+f jd, wheref j is the phase accumulated by this
individual atomd:

3For example, assuming that the intrinsic coating properties at a
certain time after manufacturing were identical for the Ale-10 and
the Gib cell, we can roughly estimate the temporal drift of the
microwave frequency shift as beingø10 Hz/30 years.
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Astd ~ o
n=0

`
e−t/tcst/tcdn

n!
E

−`

` eisv0t+fnd

Î2pnf2
e−sfn − nfd2/2nf2

dfn

sA3d

=eiv0t−t/tcs1−e−if−f2/2d, sA4d

where in the last step we have explicitly evaluated the inte-
gral and the sum. Next, we use the fact thatufu!1, and,
expanding the exponential factor to second order inf, we
obtain

Astd ~ eisv0−f/tcdt−f2t/tc, sA5d

which says that the frequency of the oscillation is shifted by
f / tc and the amplitude decays at a ratef2/ tc, leading to line
broadening.sIt is interesting to note that neglecting either
one of the random factors—the number of collisions experi-
enced by an atom or the dispersion in phase shift per
collision—leads to a two times slower decay rate in either
case.d In order to obtain the line width of the absorption
resonance, the decay rate of the amplitude has to be multi-
plied by a factor of 2. Therefore, Eq.sA5d gives the formulas
s10d and s11d.
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