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Light-induced desorption of alkali-metal atoms from paraffin coating
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Observation of nonthermal, light-induced desorption of Cs and Rb atoms from paraffin coating is reported.
Buffer-gas-free paraffin-coated cells containing Cs and Rb were exposed to laser light of various intensities and
frequencies, and the change of the vapor densities as a function of time was investigated. Because atomic
polarization relaxes very slowly in paraffin-coated cells~spin-relaxation times can be*1 s), they are applied
in a variety of precision measurements~e.g., magnetometry, discrete symmetry tests, etc.!. Light-induced
desorption may be useful in such measurements as a method to control atomic density without changing the
temperature of the cell.
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I. INTRODUCTION

Coating the walls of an alkali-metal vapor cell with pa
affin wax can reduce the spin-relaxation rate due to w
collisions by four orders of magnitude@1–4#. The narrow
resonances (;1 Hz) that result can be applied in, for ex
ample, sensitive magnetometry@3–6#, discrete symmetry
tests in atomic systems@7–9#, the study of light propagation
dynamics @10,11#, and the generation of atomic spin
squeezed states@12#.

Recently, while investigating nonlinear magneto- a
electro-optical effects in Rb and Cs@6,8,9,13#, we observed a
significant increase~roughly by a factor of 2! in both Rb and
Cs vapor densities when a paraffin-coated cell was expo
to the ambient room light. Since exposure to the light cau
no measurable change in the cell temperature (,0.1 °C), the
increase in atomic density did not result from heating of
vapor cell. When the lights were turned off, the atomic de
sity in the cell returned to its original value after a few mi
utes. These preliminary observations were briefly discus
in Ref. @9#.

Nonthermal, light-induced desorption of a number of d
ferent atoms has previously been observed from a wide
riety of materials. In Ref.@14#, desorption of Na, Ni, Zn, and
Sn atoms from a sapphire plate was observed when vis
laser light of moderate intensity (1 –1000 mW/cm2) illumi-
nated the surface. However, no effect was observed for
frared light (wavelength51.15mm), indicating a threshold
in light frequency~more detailed studies of these phenome
are described in Refs.@15,16#!. In work more closely related
to the present study, there have been several investigatio
light-induced atomic desorption~LIAD ! of alkali-metal at-
oms and molecules~Na, Na2, Rb, and Cs! from silane coat-
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ings ~in particular, polydimethylsiloxane! @17–21#. Refer-
ences@17,20# propose a physical mechanism of LIAD~a
charge-transfer reaction! involving the particular chemistry
of the silane coating. This mechanism, however, would
account for the observation of LIAD from paraffin, and
fact there have been some statements in the literature
LIAD does not occur from paraffin@20#. References@21,22#
emphasize that, in addition to desorption from the coat
surface, light-assisted diffusion of atoms inside the sila
coating can play an important role in LIAD. Light-induce
desorption of Rb atoms from a superfluid4He film has been
observed in Refs.@23,24#. LIAD has proved useful as a rela
tively low-temperature atomic source@25#, which has been
employed to load a magneto-optic trap@26#. Very recently,
LIAD was part of the process used to achieve Bose-Eins
condensation on a microelectronic chip@27#.

In this paper we describe the first detailed investigation
light-induced desorption of Rb and Cs atoms from a para
coating. We have studied the time dependence of LIAD
various paraffin-coated, alkali-metal vapor cells as a funct
of cw desorbing light intensity and frequency. We have a
investigated how LIAD from paraffin depends on the amou
of time between exposures to cw desorbing light, and h
studied LIAD with pulsed desorbing light. From these e
periments, we develop a qualitative understanding of
physical processes involved in the effect, and estimate
values of relevant parameters describing LIAD from paraf
coatings.

II. APPARATUS

A. Paraffin-coated cells

Three different types of evacuated~buffer-gas-free!, cy-
lindrical paraffin-coated vapor cells~shown in Fig. 1! were
used in our present experiments. Cell~a! had a single stem
which contained a solid sample of85Rb. Cell ~b! had two
©2002 The American Physical Society03-1
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stems, one of which contained a sample of85Rb and the
other contained Cs. We used three different cells of type~c!,
one with two stems, one containing85Rb and the other stem
containing Cs, another with two stems, one containing87Rb
and the other Cs, and a third cell with a single stem conta
ing only Cs. Note that cells of type~a! and type~b! have
approximately the same inner surface area and volume.

As has been commonly observed in paraffin-coated al
vapor cells~see, for example, Refs.@2,28,30,31#!, the equi-
librium Cs and Rb vapor densities~in the dark! in each of the
cells at room temperature (20 °C) were 10–70 % lower~de-
pending on the cell! than the saturated vapor densities
'3.031010 cm23 for Cs and'4.53109 cm23 for Rb @29#.
This suppression of the alkali vapor densities has gener
been attributed to the continuous adsorption of atoms into
paraffin coating@2,28,30,31#. As discussed in Sec. IV, we
find that in our case, there appears to be some additi
suppression of the alkali-metal vapor pressure in the ste
which may occur because the metal samples in the st
become coated with, for example, paraffin. Also, in the c
of two-stemmed cells containing Rb and Cs, there may
migration of alkali-metal atoms between the stems leadin
the formation of a Rb-Cs amalgam, for which the equil
rium vapor pressure of a given element is given roughly
the fraction of that element making up the amalgam tim
the element’s saturated vapor pressure@32#.

The technique for preparing the paraffin-coated cells
discussed in detail in Ref.@33# ~a similar procedure is de
scribed in Ref.@34#!. Because of the possibility that LIAD
from paraffin may be dependent on the cell preparation p
cedure, for completeness we summarize the technique h
To produce a cell, the assembly shown in Fig. 2 is prepa

FIG. 1. Geometries of different paraffin-coated vapor cells e
ployed in the present experiments.
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First, the inner surface of the cell is cleaned with a 10
solution of hydrochloric acid and then repeatedly flush
with distilled water. The assembly is vacuum pumped a
baked at 400 °C to outgas the glass~Russian glass type
C1-51 is used for the cylindrical parts of the cells and ty
LK-4 is used for the flat, circular windows!. Next, the cell is
cooled and a drop of the coating material~polyethylene wax
fractionated at 220 °C, a mixture of molecules with chemi
formula CnH2n12 with various n’s where n;50 @33#! is
placed in the sidearm. Then the assembly is pumped
(residual pressure5231025 Torr) and sealed off at pointA
in Fig. 2. Next, the assembly is baked in an oven at 230 °C
fill the cell with paraffin vapor. To ensure uniform heatin
the air in the oven is circulated to eliminate temperature g
dients~DT,1 °C over the size of the cell!. After 1 h of bak-
ing, the cell assembly is cooled back to room temperatu
Containers of distilled alkali metals are attached to the v
tical arms of the assembly~before the breakable joints!, and
the vertical arms are vacuum pumped to 1025 Torr. Wax is
now removed from the stems of the cell by heating th
with a flame. The sidearm where the paraffin was contai
is then sealed off at pointB in Fig. 2. Next, the breakable
joints are opened~one at a time! and the alkali metal is
deposited on the uncoated glass of the stem. The cell is
sealed off at pointsC andD in Fig. 2.

Initially, the alkali-metal vapor density in the cell is ex
tremely small, so that no absorption of resonant light can
observed. Since the alkali vapor pressure in the cel
strongly suppressed compared to the saturated vapor p
sure, the rate at which atoms are adsorbed into the par
coating must greatly exceed the rate at which atoms
evaporated from the metal samples in the stems. After
cell is baked at 80 °C for'10 h, a significant alkali vapor
density is produced. When this stage of the cell preparat
known as ‘‘ripening,’’ is complete, the coating absorbs ato
at a much slower rate, so that the flux of atoms from
stems can support an equilibrium vapor pressure relativ
close to the saturated vapor pressure. A similar ripening p

-

FIG. 2. Diagram of the assembly used to produce a paraf
coated cell of type~b!. A, B, C, and D denote various points a
which the assembly is sealed off during cell preparation, as
scribed in the text. All the cells are prepared in essentially the sa
manner.
3-2
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cess occurs in silane-coated cells@35#, and is attributable to a
chemical reaction between the alkali atoms and the coa
~or impurities in the coating!. Additionally, in paraffin-coated
cells containing199Hg @36#, measurements of nuclear dep
larization rates indicate the presence of paramagnetic im
rities on the coating, which may be free radicals or ‘‘da
gling bonds’’ @37#. Since there are no chemically activ
compounds present in the Hg cells to react with the f
radicals, they remain indefinitely. Perhaps the ripening p
cess in paraffin-coated cells containing alkali atoms can
attributed to the reaction of alkali atoms with such free ra
cals in the coating. This would explain why studies of ele
tronic depolarization rates in paraffin-coated alkali vap
cells show no evidence of paramagnetic impurities@2#, since
they would be eliminated during the ripening process@38#.

B. Experimental setup

The setup for the present experiment is shown in Fig
The densities of Rb and Cs are monitored by measuring
transmission of weak light beams resonant with the RbD1
~795 nm! and CsD2 ~852 nm! lines. The light is generated
by external-cavity diode lasers and the light frequency
scanned over several gigahertz to cover the entire hype
structure for each resonance. The transmission spectra a
to Voigt profiles to extract the densities of Rb and Cs. Alt
natively, the probe light is tuned to the center of one of
hyperfine components of the transition, and the time dep
dence of transmission is measured. In this case, the dens
extracted by comparing the transmission of the probe li
through the paraffin-coated cell when probe beam is tu
on-resonance to when the probe beam is off-resonance~this
ratio 5e2a,, where, is the path length and the absorptio
coefficienta is proportional to the density!. The probe light

FIG. 3. Setup for light-induced desorption measurements. N
tral density filters~NDF! attenuate the light intensity in the prob
beams to'10 mW/cm2 ~well below saturation!. Interference filters
~IF! at 850 nm and 790 nm (bandwidth510 nm) are placed in fron
of the photodiodes~PD! that monitor transmission. Desorption ligh
is generated by an Ar1 laser, an Ar1-pumped dye laser, externa
cavity diode lasers, or a pulsed Nd:YAG~yttrium aluminum garnet!
laser depending on the experiment. The intensity of the desor
light was measured to be uniform~to within ;20%) over the illu-
minated area using a beam profiler.
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power and transmission through an uncoated reference
~in which the density is known! are also measured.

The sequence of events in the experiment is as follo
The desorbing light is initially blocked by a shutter. Th
shutter is then opened for a period of time after which it
closed. The vapor density in the cell is monitored contin
ously. The opening and closing of the shutter is very fa
(&1 ms) with respect to the characteristic LIAD dynamic
The stems of the cell~which contain the alkali-meta
samples! are not illuminated by the desorbing light.

In many of our experiments we evenly illuminate the e
tire cell with desorbing light by placing a corner reflect
behind the cell~in place of the power meter shown in Fig. 3
the power meter is placed to the side of the cell in this c
and the light beam is expanded to cover both the cell and
power meter!. We also conducted several experiments
which we cooled the stem of a type~a! cell ~Fig. 1! in order
to investigate its role in the LIAD dynamics. In these expe
ments, the stems are placed in an insulated reservoir fi
with ethanol chilled toT'210 °C by adding dry ice.

III. RESULTS

A. Time dependence of alkali vapor density

Figure 4 shows characteristic time dependences of the
vapor density in a cell of type~a! ~Fig. 1! when the cell is
exposed to 514-nm desorbing light. For these measurem

u-

g

FIG. 4. Rb vapor density in a paraffin-coated cell of type~a!
~Fig. 1! as a function of time when the cell is exposed to 514-n
light from an Ar1 laser. The shutter blocking the desorbing light
opened at timet50 and closed after 180 s. The cell is complete
illuminated by the desorbing light for the data shown in these plo
I D is the desorbing light intensity.
3-3
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the corner reflector was used to uniformly illuminate the c
~see Sec. II B!. The entire cell was at room temperatu
('20 °C). As discussed in Sec. III B, depending on the lig
intensity and duration of exposure to desorbing light, it
necessary to wait for 45 min or longer between exposure
order to obtain repeatable measurements.

We identify several properties~illustrated in Fig. 4! of the
time dependence of the vapor densityn(t) that can be used
to characterize the LIAD dynamics: the initial density befo
the desorbing light is unblocked (n0), the maximum increase
in density (Dnmax) when the cell is exposed to desorbin
light, and the time (tmax) for the density to reach its maxi
mum value. In addition, we define the relative rate of
crease of the vapor density in the cell att510,

g05
1

n0
S dn

dt D
t510

. ~1!

We choose this particular set of parameters because they
be determined directly from the data in a model-independ
way.

One of the features of the Rb-density time dependence
described by the chosen parameters is the decrease in th
density after it has reached its maximum value. The decre
in density while the cell is exposed to desorbing light in
cates that LIAD depletes the paraffin of adsorbed atoms
the flux of atoms desorbed from the paraffin were const
the density of atoms in the cell would increase until reach
a new equilibrium value, then remain constant. Since
density falls after reaching a maximum, the flux of atom
desorbed from the paraffin must decrease as the cell co
ues to be exposed to desorbing light. Furthermore, there m
be a sink for the desorbed atoms, which, presumably, is
stem of the cell, where the metal sample attempts to main
a constant density through evaporation and condensatio
Rb.

Another observation is that, for the case of higher lig
intensity~the lower plot of Fig. 4!, the Rb density in the cel
after the desorbing light is blocked reaches a value slig
lower than the initial densityn0. This, too, we believe is a
result of LIAD depleting the paraffin of adsorbed atoms~see
Sec. IV!.

B. Repeated exposures to desorbing light

When a paraffin-coated cell is exposed to desorbing lig
some of the alkali-metal atoms that have been adsorbed
the coating are released. As we have seen in Sec. III A, a
a period of exposure to the desorbing light, the flux of ato
from the coating decreases due to depletion. If the desor
light is blocked, then subsequently unblocked after a b
time (;10 min), we find thatDnmax is smaller than for the
first exposure~see Fig. 5!. However, for a cell at room tem
perature, if one waits;45 min between exposures, repea
able results forDnmax are obtained.

To study the effect of repeated exposures to desorb
light, we measured LIAD in the type~a! cell containing
85Rb, and employed 514-nm desorbing light with intens
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'5 mW/cm2. The corner reflector is used to illuminate th
entire cell.

The first set of data~upper plot in Fig. 5! is obtained with
the cell and stem at room temperature. The dashed horizo
lines designate the values ofn01Dnmax for each of the ex-
posures, and the lowest dashed horizontal line designaten0
prior to the first exposure. Note thatn0 for each of the ex-
posures is approximately the same, so the vapor densit
the cell returns to its initial value in between exposur
However,Dnmax becomes successively smaller for each e
posure, suggesting that there are fewer atoms available t
desorbed from the coating. It is also interesting to note t
LIAD can cause the alkali-metal density to greatly exce
the saturated vapor density at room temperature ('5
3109 atoms/cm3). This shows that the light does not mere
prevent adsorption of atoms into the coating, but rat
causes atoms inside the coating to be released into the

The lower plot of Fig. 5 shows the Rb vapor density du
ing repeated exposures to desorbing light while the stem
kept at a temperature ofTs'210 °C. The dry-ice-chilled
ethanol was added to the insulated reservoir in which
stem was placed'5 min prior to the first exposure to des
orbing light. In this casen0 is much smaller, since the R
vapor density in the stem is'50 times smaller than at room
temperature. The average temperature of the outer surfac

FIG. 5. Rb vapor density in a paraffin-coated cell of type~a!
~see Fig. 1! as a function of time when the cell is repeatedly e
posed to 514-nm light with intensity'5 mW/cm2. The cell is com-
pletely illuminated by the desorbing light for these files. The upp
plot shows data taken while the entire cell was at room tempera
(Ts'20 °C), the lower plot shows data taken when stem of the
was immersed in dry-ice-chilled ethanol (Ts'210 °C). Note that
the vertical scale of the lower plot is four times smaller.
3-4
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the rest of the cell remained constant within;2 °C ~mea-
sured with a thermocouple!. It should be noted that the sligh
change of coating temperature could affect the mobility
atoms trapped inside the paraffin.

The observation of LIAD when the stem of the cell
cooled confirms that the effect of the light is not to mere
prevent the adsorption of atoms into the coating, since s
an effect would cause no significant change in the va
density in the cell in this case. Therefore we conclude t
the primary mechanism causing the increase in the va
density is indeed the desorption of atoms from the para
coating.

Another important feature of the data shown in Fig. 5
that for the room-temperature case,n01Dnmax always ex-
ceeds the vapor density in the cell just prior to blocking
desorbing light for the previous exposure, while in the ca
of the cold stem,Dnmax is always about the same as th
vapor density in the cell just prior to blocking the desorbi
light for the previous exposure. This is clear evidence tha
the room-temperature case, the coating is replenished by
sorbing atoms evaporated from the metal samples in
stem.

Note that Dnmax for each of the exposures forTs'
210 °C is considerably less than that obtained when
stem was at room temperature. This difference is prima
due to the fact that the light-induced atomic fluxF(t) from
the coating is smaller whenTs'210 °C @39#. We can esti-
mate the atomic flux from the coating att50 using the re-
lation @see Eq.~1!#

F~0!5n0Vg05VS dn

dt D
t510

, ~2!

whereV is the volume of the cell. This relation holds sinc
just prior to t50, the system is in equilibrium, so tha
dn/dt50. Thus the sudden change indn/dt can be attrib-
uted entirely to the light-induced flux. We find that for th
initial exposure taken with the stem held at room tempe
ture,

F~0!'473109 atoms/s, ~3!

while for the cooled stem,

F~0!'93109 atoms/s. ~4!

This shows that the reduction in the number of atoms av
able to be desorbed by light happens before the cell is
minated.

We have also taken data~not shown! where we vary the
length of time ~from a few minutes to over an hour! for
which the stem is chilled before the cell is exposed to d
orbing light. After the initial reduction inF(0) @compared to
when the stem is at room temperature, see Eqs.~3! and ~4!#
over the first few minutes, the initial flux becomes relative
independent~to within about 10%! of the length of time for
which the stem has been chilled. Thus a certain fraction
the atoms inside the paraffin remain available to be desor
i.e., they are not depleted when the influx of new atoms i
the coating ceases. As discussed in Secs. III F and IV,
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haps a certain fraction of the adsorbed atoms are ‘‘mob
within the paraffin only in the presence of light~i.e., some of
the atoms are more tightly bound inside the paraffin th
others!. Such an effect may also explain why in the low
plot of Fig. 5,Dnmax levels off at a nonzero value.

C. LIAD as a function of desorbing light intensity

Figure 6 showsg0 , tmax
21, and Dnmax/n0 ~defined in

Sec. III A, see Fig. 4! as a function of desorbing light inten
sity. The measurements were taken for two different types
cells @types ~a! and ~b!, Fig. 1#, and Fig. 6 compiles data
taken on three different days. Recall that the type~a! cell
contains only85Rb, while the type~b! cell contains Cs in one
stem and85Rb in another stem. The desorbing light is ge
erated by an Ar1-laser at 514 nm, and the beam is expand
so that each cell is entirely illuminated. Each cell is at roo
temperature ('20 °C). There is a delay of at least 45 m

FIG. 6. Results of measurements ofg0 , tmax
21, andDnmax/n0

as a function of 514-nm desorbing light intensity for alkali-me
vapor contained in type~a! and type~b! cells ~see Fig. 1!. Cells are
kept at room temperature ('20 °C). The type~a! cell contains only
Rb, while the type~b! cell contains both Rb and Cs. Uncertainty
the determination ofg0 , tmax

21, or Dnmax/n0 for a given measure-
ment is about the size of the data point on the plot. An estimate
the reproducibility of the data can be inferred from the spread
points at a given desorbing light intensity. Measurements for
and Cs in the type~b! cell were performed simultaneously. Fo
these measurements, the initial densityn0 for Cs was '13
3109 atoms/cm3 and it was'23109 atoms/cm3 for Rb.
3-5
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between each exposure to desorbing light, during which
cells are kept in the dark, allowing the paraffin coating to
replenished. In order to further minimize the possibility
systematic errors due to depletion of the coating, data
different light intensities is acquired in a nonsequential m
ner.

The measurements of LIAD in the type~b! cell for Rb and
Cs were taken simultaneously using the setup shown in
3. Despite their substantially different geometries and
fact that the type~b! cell contains both Rb and Cs, the da
for the two different types of cells is relatively similar. More
over, the values ofg0 , tmax

21, andDnmax/n0 are very simi-
lar for both Rb and Cs~Fig. 6!. This suggests that LIAD is
generally defined by the properties of the coating.

The close correspondence ofDnmax/n0 at each light
power for Rb and Cs suggests that the difference betw
Dnmax for Rb and Cs is related to the difference inn0 for the
two species.

Furthermore, we find that for the range of light intensiti
for which we have investigated LIAD of both Cs and R
(&3 mW/cm2; Fig. 6! the ratio of the initial light-induced
fluxes for the two species approximately equals the ratio
their initial densities:

F~0!Rb

F~0!Cs
'

n0~Rb!

n0~Cs!
. ~5!

If one supposes that the light-induced desorption rate
both species is the same~as our data suggests!, then Eq.~5!
implies that the majority of the initial number of atoms ava
able for desorption from the coating at room temperatur
proportional ton0. However, as previously discussed in Se
III B, a certain fraction of atoms remain in the coating ev
when n0'0 for a few hours ~observed with the stem
chilled!.

Note that g0→0 as the desorbing light intensity ap
proaches zero. However,tmax

21→0.02 s21 as the light in-
tensity approaches zero, suggesting that for sufficiently
light intensities (&3 mW/cm2), other factors~such as the
exchange of atoms between the volume of the cell and
stems and/or light-independent atomic adsorption by
coating! determinetmax.

At present, we do not have a conclusive explanation
the nontrivial dependence ofg0 , tmax

21, andDnmax on light
power, but we suspect that it may be related to the differ
ways in which atoms can be bound inside the paraffin co
ing and/or the onset of the regime where light-assisted di
sion becomes important~discussed in Secs. III B and IV!.

D. LIAD as a function of desorbing light frequency

As has been observed in studies of LIAD from other m
terials @14–18,20,23#, we found thatg0 andDnmax for both
Rb and Cs increase with desorbing photon energy~Fig. 7!.
The data in Fig. 7 were taken at low light powers to min
mize the depletion of adsorbed atoms from the coating d
ing the measurements, and there was at least 45 min d
between each exposure to desorbing light.
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Also, as is the case for LIAD from sapphire surfac
@14,15# and from silane coatings@20#, there is a threshold in
photon energy for the desorbing light—we do not obse
LIAD using light at 1285 nm, while LIAD is observed at th
other wavelengths we employed.

E. Comparison of LIAD in different cells

Figure 8 shows the time dependences of Cs vapor den
in four available paraffin-coated cells@three type~c! cells,
and one type~b! cell# when they were exposed to a beam
514-nm desorbing light with intensity'100 mW/cm2 gen-
erated by an Ar1 laser. The light beam had a cross-section
area of'8 cm2, so it did not fully illuminate any of the
cells. The measurements were all performed with the sa
setup by merely swapping the cells. Some relevant par
eters are listed in Table I.

Even though the same technique is used for preparatio
each of the cells, there is a wide variation of the initial vap
densityn0 among the cells. The cell with the largest initi
density is the one containing only Cs, which suggests t
there may be additional suppression of the alkali-metal va

FIG. 7. Dnmax/n0 and g0 as a function of desorbing photo
energy for Cs and Rb. The data were taken at the same light in
sity (0.56 mW/cm2) and cross-sectional beam area ('18 cm2), ex-
cept for the data at 650 nm (15 400 cm21), which was taken at
0.28 mW/cm2 and rescaled~Fig. 6 gives the intensity dependences!.
The data at the four highest photon energies were obtained with
Ar1 laser, while data at 650 nm, 833 nm (12 000 cm21), and 1285
nm (780 cm21) were obtained with external-cavity diode lasers. A
data were taken with the type~b! cell.
3-6
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FIG. 8. Cs vapor density as a function of time in four different cells. Each cell is exposed to a beam of 514-nm desorbing lig
intensity'100 mW/cm2 and cross-sectional area'8 cm2. The desorbing light is turned on att50 in each case. Note that the vertical sca
on each of the plots is different.
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densities in cells containing both Rb and Cs. As mention
earlier, a possible explanation for this would be migration
atoms between the stems, leading to the formation o
Rb-Cs amalgam.

In spite of the great variation ofn0 between the cells, the
ratio Dnmax/n0 for each of the type~c! cells is quite similar.
We have already seen that the same result holds for Rb
Cs contained in the type~b! cell at significantly lower light
intensity ~Fig. 6!. The observed difference betwee
Dnmax/n0 for the type~c! cells and that obtained for the typ
~b! cell suggests that, for a given cell temperature, desorb
light beam area, intensity, and frequency,Dnmax/n0 is prima-
rily a function of the cell geometry~its volume, surface area
number of stems, etc.!.
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The decline in density aftertmax differs for each of the
cells. For the type~c! cells, those with two stems have fast
rates of decline than the cell with only one stem. Since
stems act as sinks for the Cs atoms when the density in
volume of the cell exceeds that in the stems, the differe
can be explained by the differences in the cell volumes
numbers of stems.

The variation inF(0) between the cells could be due t
for example, differences in the coating thicknesses or
histories of the cells@at the time of the measurement the ty
~b! cell was about 1 yr old and the type~c! cells were 6
months old, and the type~b! cell had electric fields of up to
5 kV/cm applied to it during the investigation of nonline
electro-optic effects@9,13##.
ith

TABLE I. Initial density n0 of Cs, maximum change in density over the initial densityDnmax/n0 , g0 ,

tmax
21, and initial flux F(0) for four different paraffin-coated cells illuminated by light at 514 nm w

intensity'100 mW/cm2. The cross-sectional area of the light beam is'8 cm2. Also listed are the volumes
V of the cells and the ratio of the cells’ inner surface area to the illuminated areaAi'16 cm2 ~twice the
cross-sectional area of the beam since the light illuminates the front and back faces!.

Cell type Stems n0 (cm23) Dnmax/n0 g0 (s21) 1/tmax (s21) F(0) ~atoms/s! V(cm3) A/Ai

~c! 1, Cs 23.13109 0.22 0.008 0.011 731010 360 17.5
~c! 2, 87Rb and Cs 10.53109 0.17 0.019 0.062 731010 370 18.1
~c! 2, 85Rb and Cs 3.73109 0.20 0.019 0.059 331010 370 18.1
~b! 2, 85Rb and Cs 5.93109 12.2 1.34 0.059 2431010 30 3.9
3-7
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Finally, it is interesting thattmax
21 is similar for all cells

with two stems containing Cs and Rb, while the on
stemmed cell with only Cs reaches the maximum den
much more slowly.

F. LIAD with pulsed desorbing light

The light-induced desorption of atoms from paraffin co
ing by 532-nm pulsed light from a Nd:YAG~yttrium alumi-
num garnet! laser were investigated with the type~b! cell
containing 85Rb and Cs. The Nd:YAG laser operated at
repetition rate of 10 Hz, the light pulses directed at the c
had energy '2 mJ and duration'10 ns. The cross-
sectional area of the beam was'2.3 cm2. We found that
Dnmax/n0'0.3 for both Rb and Cs. This result can be co
pared to the cw case with equivalent average power~20
mW!, beam area, and wavelength, for which we have de
mined Dnmax/n0'3.0 from measurements. The order-o
magnitude difference betweenDnmax/n0 for the cw and
pulsed cases demonstrates that the desorption of atoms
the paraffin depends not only on the total light power b
also on the length of time for which the light interacts wi
the coating. This suggests that diffusion of atoms inside
coating plays an important role in LIAD. These observatio
support the view that a certain fraction of the adsorbed ato
are mobile inside the paraffin only when the coating is
posed to light, as suggested in Sec. III B.

IV. INTERPRETATION

A. Overview of observations

Based on the experimental observations discussed in
preceding section, in this section we develop a simple pic
of the physical processes involved in the light-induced
sorption of alkali-metal atoms from paraffin coatings.

We have found that the increase in the alkali-metal va
densities when paraffin-coated cells are exposed to ligh
primarily due to light-induced desorption of atoms from t
coating ~see Secs. III A and III B!. For example, the light-
induced increase in vapor density when the stem was
mersed in dry-ice-chilled ethanol can only be explained b
flux of atoms from the coating~Fig. 5!. Therefore, we sup-
pose that there is a population of alkali atomsNc within the
coating~near the surface!, which are released at a rateg into
the volume of the cell when it is exposed to light.

As can be seen from the data in Secs. III C and III D,g
depends on the light intensity~Fig. 6! and frequency~Fig. 7!.
There are several proposals to explain the dependenc
LIAD on the frequency of the desorbing light. Referenc
@15,16# suggest that the frequency dependence is relate
the absorbtion spectrum of adsorbed atoms. It is possible
if an atom in the coating absorbs a photon, its mobility
increased via superelastic collisions@40#. Another idea is that
the alkali-metal atoms form quasimolecular bonds with
paraffin, and the photon energy must exceed some thres
binding energy. In spite of the fact that we have observe
threshold for the necessary photon energy for LIAD, it is s
difficult to distinguish between these various possibilit
with our present data.
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The decrease inDnmax after repeated exposures to deso
ing light ~Sec. III B, Fig. 5! shows that the coating is de
pleted of atoms by the light. When the stem of the cell is
room temperature, the coating is replenished after abou
min. However, when the stem is immersed in dry-ice-chill
ethanol, we observe no recovery of the coating. Thus
conclude that the coating is replenished by atoms evapor
from the stems. Hence, the coating must adsorb atoms:
when an atom collides with the wall, there is some proba
ity r for an atom to become trapped inside the paraffin.

Furthermore, the vapor density~in the dark! in the cell
volume does not change appreciably between exposure
desorbing light~Fig. 5!, even thoughNc has changed consid
erably ~as evidenced by the successively smaller values
Dnmax for repeated exposures to desorbing light of the sa
frequency and intensity!. This indicates that the number o
alkali atoms in the coatingNc only weakly affects the flux of
atoms into the coating in the absence of light. This agr
with previous observations that the coating continuously
sorbs atoms at a relatively constant rate@2,28,30,31#. There-
fore, we assume that the adsorption probabilityr is light
independent. The slight depression of the equilibrium va
density after the desorbing light has been turned off, evid
in the lower plot of Fig. 4, can be explained by the existen
of a small rate of light-independent desorption of atoms fr
the coatinggd ~leading to some small flux of atoms from th
coating,gdNc , even in the absence of light!.

How can it be that the coating always adsorbs atoms
relatively constant rate, yet it seems to ‘‘fill up’’;45 min
after being depleted? There must be a sink for atoms
have been adsorbed into the coating. Perhaps atoms
irreversibly to the glass surface, or they diffuse inside
coating until they encounter an ‘‘impurity’’ in the paraffi
~for example, dangling bonds buried beneath the surfac
the coating!. In either case, the criterion for replenishment
the coating is that the flux of atoms adsorbed into the coa
(rnv̄A/4) must be balanced by the flux of atoms to the sin
wheren is the vapor density of atoms in the volume of th
cell, v̄'23104 cm/s is the average atomic velocity in th
volume of the cell, andA is the inner surface area of the ce
Then the overall system~stem, cell volume, coating! is in
equilibrium. This explains the observation that the flux fro
the coating always seems to be proportional to the equ
rium densityn0 of the atomic species in the cell in the a
sence of light~Sec. III C!. We assume that the flux of atom
into the sink is given byGNc , so when this flux balance
rn0v̄A/4, the system is in equilibrium and we find thatNc
}n0.

The idea that there is a mechanism causing ‘‘free’’~mo-
bile! atoms diffusing in the coating to be irreversibly lost
supported by the fact that the initial light-induced flux fro
the coating is suppressed by a factor of;5 when the stem
has been immersed in dry-ice-chilled ethanol for a few m
utes before being exposed to light~Sec. III B!. This indicates
that Nc decreases when the flow of atoms into the coating
stopped. Light-independent desorption from the coating a
contributes to this depletion. But, as we discussed in S
III B, neither of these processes is capable of fully deplet
3-8
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the coating of atoms which can be desorbed by light.
Finally, we find from the data taken with the cell’s ste

immersed in dry-ice-chilled ethanol that there appears to b
certain fraction of atoms inside the coating that are neit
noticeably depleted by LIAD nor by other mechanism
Therefore, we also suppose there is a light-dependent flu
atoms Fc from this seemingly inexhaustable source. Th
flux could result from light-induced diffusion of atoms whic
are deep inside the coating.Fc is independent ofNc , and,
for most of our data~the exception being the data shown
the lower plot of Fig. 5!, the contribution ofFc to LIAD is
small. In principle, if the ‘‘free’’ alkali-metal atoms are
trapped in potential wells with random depthsDE, which in
disordered systems are often distributed according to an
ponential law, such behavior~where some of the trappe
atoms are desorbed quickly while others are desorbed
slowly! may be expected. In such cases it is necessar
invoke Lévy statistics~see, for example, Ref.@41–43#! to
describe the system dynamics. In general, this analysis l
to a continuous distribution of rates, but for simplicity w
assume two discrete subsamples of atoms.

B. Model

The basic set of ideas discussed above can be collect
a simple model based on rate equations which describe
time-dependent number of atoms in three regions: the s
the volume of the cell, and the paraffin coating. We assu
that the vapor density in the stem of the cell,ns , is constant,
and that there is an exchange rate between the stem an
volume of the cell described by a constantj ~which has units
of cm3/s). The flux of atoms adsorbed into the coating
given by rn(t) v̄A/4. The number of ‘‘free’’ atoms in the
coating isNc(t), and the atoms in the coating are irreversib
lost at a rate ofG to the glass or impurities. There is also
relatively small, light-independent flux of atoms from th
coatinggdNc(t).

Our data have indicated that the ‘‘free’’ atoms diffu
through the coating, and in fact the diffusion rates in t
presence of light and in the absence of light are proba
different. A more accurate description of LIAD should b
possible by solving the diffusion equation for the alka
metal atoms in the coating, as is done in Ref.@21#.

Using these approximations, the rate equations in the
sence of light are given by

V
d

dt
n~ t !52r

v̄A

4
n~ t !1j@ns2n~ t !#1gdNc~ t !,

d

dt
Nc~ t !51r

v̄A

4
n~ t !2GNc~ t !2gdNc~ t !. ~6!

When the desorbing light is turned on, there is an additio
flux of atoms from the coating into the volume of the ce
F(t)5gNc(t)1Fc , whereFc is a term describing a time
independent light-induced flux~relatively small compared to
gNc(t) for the data taken with the cell and stem at roo
temperature!. So with the desorbing light on, the rate equ
tions are
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V
d

dt
n~ t !52

r v̄A

4
n~ t !1j@ns2n~ t !#

1~g1gd!Nc~ t !1Fc ,

d

dt
Nc~ t !5

r v̄A

4
n~ t !2GNc~ t !2~g1gd!Nc~ t !. ~7!

According to Eq.~6!, in equilibrium prior to exposure to
the desorbing light, the initial density in the celln0[n(0) is
given by

n05
~G1gd!j

~r v̄AG!/41~G1gd!j
ns , ~8!

and the initial number of atoms in the coating near the s
face is

Nc~0!5
r v̄A

4~G1gd!
n0 . ~9!

From Eq.~7!, we find that the initial light-induced flux from
the coatingF(0) @Eq. ~2!# is given by

F~0!5gNc~0!1Fc5
g

G1gd

r v̄A

4
n01Fc , ~10!

and the relative rate of increase of the vapor density in
cell at t50 @Eq. ~1!# is given by

g05
g

G1gd

r v̄A

4V
1

Fc

n0V
. ~11!

Equation ~10! shows a linear dependence ofF(0) on n0,
which @recalling thatFc!F(0)], is consistent with observa
tions described in Sec. III C@Eq. ~5!#. Also, we see thatg0 is
inversely proportional to the volume, which accounts f
some of the difference betweeng0 for the type~b! and type
~c! cells ~Sec. III E!. The rest of the difference is most likel
attributable to the difference between the ratio of the to
surface area to the illuminated surface areaA/Ai ~see Table
I! @44#.

Figures 9 and 10 show the model’s predictions for t
density of atoms in the vapor cell and the number of atom
the coating as a function of time when the cell is repeate
exposed to desorbing light. The data from Sec. III B~Fig. 5!
is also shown for comparison. The parameters listed in
captions of Figs. 9 and 10 are chosen to obtain best ag
ment with the data. We have also used the model to fit ot
relevant data@45#, and the average values of some of t
fitted parameters for the type~a! and ~b! cells are listed in
Table II. In spite of the simplicity of the model and diffe
ences between the coatings and geometries of the cells
values of light-independent parameters (G,gd ,r,j) are in
general agreement for the two cells.

We find a roughly linear dependence ofg on light inten-
sity ~Fig. 11!. Knowledge of the light-induced desorptio
rateg allows one to estimate a cross sections for LIAD:
3-9
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s'
g\v

I
, ~12!

whereI is the desorbing light intensity andv is the desorb-
ing light angular frequency. We find thats;10218 cm2,
similar to cross sections for LIAD from other materials~for
example, for Na atoms on sapphire it was also found t
s;10218 cm2 @14#!.

We can also estimate the vapor density in the stemsns
from our fits @Eq. ~8!#, which we find to be'25–50 % less
than the saturated vapor density@29#, varying from cell to
cell. This suppression may be due to the metal stems bec
ing coated with paraffin or the products of chemical reactio
occurring during the ripening process.

From the prediction of the model forNc(t) ~shown in the
lower plot of Fig. 9! it is clear why the coating takes aroun
45 min to recover after being exposed to light. The vap
density in the cell recovers relatively quickly to its initia
valuen0. From then on, according to Eq.~6!, the density in
the coating is governed by the differential equation

d

dt
Nc~ t !5r

v̄A

4
n02~G1gd!Nc~ t !, ~13!

FIG. 9. Upper plot shows Rb vapor density in a paraffin-coa
cell of type ~a! ~see Fig. 1! as a function of time when the cell i
repeatedly exposed to 514-nm light with intensity'5 mW/cm2,
with the stem of the cell at room temperature—this is the same
shown in the upper plot of Fig. 5. The middle plot shows the p
dictions of the model for the time-dependent vapor density in
cell n(t) for the following parameters~see text for definitions!: g
'0.01 s21, G'531024 s21, gd'231024 s21, r'0.1431026,
j'0.15 cm3/s, andFc'109 atoms/s. The lower plot shows th
number of atoms in the coatingNc(t) as a function of time.
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whose solution is

Nc~ t !5Nc~0!2DNce
2(G1gd)(t2t0), ~14!

whereDNc describes the initial depletion of the coating a
t0 is the time at which the desorbing light is blocked. Fro
our data (G1gd)21'24 min, which gives the scale for th
coating recovery time. ForNc(t) shown in Fig. 9,Nc(0)
'1.831011 atoms andDNc'1.431011 atoms after the first
exposure. In this case, after 48 min of recovery in the da
Nc would be'90% of its initial value.

The probability for adsorption of atoms by the coating p
wall collision @46#, r50.15(4)31026 @average of data from

d

ta
-
e

FIG. 10. Upper plot shows Rb vapor density in a paraffin-coa
cell of type ~a! as a function of time when the cell is repeated
exposed to 514-nm light with intensity'5 mW/cm2, with the stem
of the cell immersed in dry-ice-chilled ethanol—this is the sa
data shown in the lower plot of Fig. 5. The middle plot shows t
predictions of the model for the time-dependent vapor density in
cell n(t) for the same parameters as in Fig. 9. The lower plot sho
the number of atoms in the coatingNc(t) as a function of time.

TABLE II. Average values of various light-independent param
eters from the model extracted from fits to the data from Secs. II
III C, and III D.

Parameter Type~a! cell Type ~b! cell

G 5(2)31024 s21 7(4)31024 s21

gd 2(1)31024 s21 2(1)31024 s21

r 1.7(1)31027 1.4(6)31027

j 0.151(5) cm3/s 0.045(1) cm3/s
3-10
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both type~a! and ~b! cells#, is in good agreement with th
results of Refs.@2,28,30,31#, in which r was determined by
completely different means.

If one assumes that the alkali-metal atoms within the co
ing are trapped inside potential wells created by the para
molecules, one can perform a crude estimate of the ave
depthDE of the potential wells from the fitted value ofgd
'231024 s21. Supposing thatgd'vve2DE/kT, wherevv
;1011 s21 is a rough estimate of the vibrational frequen
for the alkali-metal–paraffin quasimolecule~see, for ex-
ample, Refs.@2,47#!, we find thatDE;1 eV. It is interesting
that this is approximately equal to the measured threshol
desorbing photon energy~Fig. 7!.

Finally, we note that the initial number of atoms in th
coating, Nc(0);231011, is very small compared to th
number of atoms absorbed by the coating during the
ripening process~discussed in Sec. II A!. During the ripening
process, since the vapor density in the volume of the ce
negligible, we can assume that the coating is absorbing
oms as fast as the stems release them:jns;1011 atoms/s~for
a cell temperature of 80 °C, wherej is obtained from the
results of our fitting!. The cell is generally kept at this tem
perature for 10 h, which means that the coating abso
;431015 atoms during the ripening process. The number

FIG. 11. Fitted value ofg as a function of 514-nm desorbin
light intensity for Rb vapor contained in a type~a! cell. The cell and
stem are at room temperature ('20 °C).
m

r-

y
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tt.
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atomsNc available for desorption is very small compared
this number, which suggests that the atoms which ‘‘ripe
the coating are absorbed irreversibly. This would agree w
the hypothesis that ripening consists of a chemical reac
between the alkali atoms and impurities in the coating~or
perhaps gaseous impurities!. This large amount of atoms in
side the coating can also provide the ‘‘inexhaustable’’ sou
for Fc .

V. CONCLUSION

In conclusion, we have made an observation of nonth
mal, light-induced desorption of Cs and Rb from paraf
coatings. We have measured the properties of the effect
function of desorbing light frequency and intensity, observ
the effect in several different cells~with the same type of
paraffin coating!, and compared the effect for cw and puls
desorbing light.

In combination with previous observations@14–26#, our
work confirms that this effect is rather general in nature a
not restricted to a specific type of wall coating. Ligh
induced atomic desorption from paraffin is of particular i
terest because of the very long spin-relaxation times obt
able in paraffin-coated cells, which makes them useful fo
wide variety of applications@1–13#.

There are a number of interesting topics to be addres
in future studies, such as the effect of nonresonant desor
light on relaxation of atomic polarization in wall collisions
and light-induced desorption of other alkali atoms from p
affin, in particular, potassium, which has a low vapor pre
sure at room temperature and is widely used in magnet
etry @3,4#.
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