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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 cédipin-relaxation times can be 1 s), they are applied
in a variety of precision measuremer(es.g., magnetometry, discrete symmetry tests,).etéght-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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[. INTRODUCTION ings (in particular, polydimethylsiloxane[17—-21. Refer-
ences[17,20 propose a physical mechanism of LIAR
Coating the walls of an alkali-metal vapor cell with par- charge-transfer reactiprinvolving the particular chemistry
affin wax can reduce the spin-relaxation rate due to walPf the silane coating. This mechanism, however, would not
collisions by four orders of magnitudd—4]. The narrow account for the observation of LIAD from paraffin, and in
resonances~1 Hz) that result can be applied in, for ex- fact there have been some statements in the literature that
ample, sensitive magnetometfg—6], discrete symmetry LIAD does not occur from paraffifi20]. Reference$21,22
tests in atomic systenjg—9], the study of light propagation €mphasize that, in addition to desorption from the coating
dynamics [10,1j;]' and the genera’[ion of atomic Spin- surface, Iight-assisted diffusion of atoms inside the silane
squeezed statd42]. coating can play an important role in LIAD. Light-induced
Recently, while investigating nonlinear magneto- anddesorption of Rb atoms from a superfluitie film has been
electro-optical effects in Rb and (8,8,9,13, we observed a 0observed in Refd23,24. LIAD has proved useful as a rela-
significant increaséroughly by a factor of 2in both Rb and ~ tively low-temperature atomic sour¢@5], which has been
Cs vapor densities when a paraffin-coated cell was expose@mployed to load a magneto-optic trgp6]. Very recently,
to the ambient room light. Since exposure to the light cause#!AD was part of the process used to achieve Bose-Einstein
no measurable change in the cell temperatar@.(L °C), the ~ condensation on a microelectronic chigy].
increase in atomic density did not result from heating of the  In this paper we describe the first detailed investigation of
vapor cell. When the lights were turned off, the atomic dendight-induced desorption of Rb and Cs atoms from a paraffin
sity in the cell returned to its original value after a few min- coating. We have studied the time dependence of LIAD in
utes. These preliminary observations were briefly discussedarious paraffin-coated, alkali-metal vapor cells as a function
in Ref.[9]. of cw desorbing light intensity and frequency. We have also
Nonthermal, light-induced desorption of a number of dif- investigated how LIAD from paraffin depends on the amount
ferent atoms has previously been observed from a wide vé2f time between exposures to cw desorbing light, and have
riety of materials. In Reff14], desorption of Na, Ni, Zn, and studied LIAD with pulsed desorbing light. From these ex-
Sn atoms from a sapphire plate was observed when visibleeriments, we develop a qualitative understanding of the
laser light of moderate intensity (1—1000 mWAnillumi- physical processes involved in the effect, and estimate the
nated the surface. However, no effect was observed for in\lalues of relevant parameters describing LIAD from paraffin
frared light (wavelength 1.15 um), indicating a threshold coatings.
in light frequency(more detailed studies of these phenomena
are described in Ref§15,1€]). In work more closely related Il. APPARATUS
to the present study, there have been several investigations of
light-induced atomic desorptiofLIAD ) of alkali-metal at-
oms and molecule§Na, Ng, Rb, and Csfrom silane coat- Three different types of evacuatéduffer-gas-freg cy-
lindrical paraffin-coated vapor cellshown in Fig. 1 were
used in our present experiments. C@ll had a single stem
*Electronic address: budker@socrates.berkeley.edu which contained a solid sample PRb. Cell (b) had two

A. Paraffin-coated cells
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FIG. 2. Diagram of the assembly used to produce a paraffin-
(c) 7cm coated cell of type(b). A, B, C, and D denote various points at
which the assembly is sealed off during cell preparation, as de-
scribed in the text. All the cells are prepared in essentially the same
manner.

U First, the inner surface of the cell is cleaned with a 10%
10 cm solution of hydrochloric acid and then repeatedly flushed
with distilled water. The assembly is vacuum pumped and
FIG. 1. Geometries of different paraffin-coated vapor cells em-baked at 400°C to outgas the glag8ussian glass type
ployed in the present experiments. C1-51 is used for the cylindrical parts of the cells and type
LK-4 is used for the flat, circular windowsNext, the cell is
stems, one of which contained a sample®Rb and the cooled and a drop of the coating mateiipblyethylene wax
other contained Cs. We used three different cells of fgpe  fractionated at 220 °C, a mixture of molecules with chemical
one with two stems, one containiffigRb and the other stem formula GH,,,, with various n’s where n~50 [33)]) is
containing Cs, another with two stems, one contairfifigb ~ placed in the sidearm. Then the assembly is pumped out
and the other Cs, and a third cell with a single stem contain¢residual pressure2x 10" ° Torr) and sealed off at poirk
ing only Cs. Note that cells of typé) and type(b) have in Fig. 2. Next, the assembly is baked in an oven at 230 °C to
approximately the same inner surface area and volume. fill the cell with paraffin vapor. To ensure uniform heating,
As has been commonly observed in paraffin-coated alkalihe air in the oven is circulated to eliminate temperature gra-
vapor cells(see, for example, Ref$2,28,30,3]), the equi- dients(AT<1 °C over the size of the céllAfter 1 h of bak-
librium Cs and Rb vapor densiti¢im the dark in each of the ing, the cell assembly is cooled back to room temperature.
cells at room temperature (20 °C) were 10—-70% loge-  Containers of distilled alkali metals are attached to the ver-
pending on the cellthan the saturated vapor densities oftical arms of the assembljpefore the breakable jointsand
~3.0x 10* cm™2 for Cs and~4.5x 10° cm™3 for Rb[29].  the vertical arms are vacuum pumped to 1Torr. Wax is
This suppression of the alkali vapor densities has generallpow removed from the stems of the cell by heating them
been attributed to the continuous adsorption of atoms into thwith a flame. The sidearm where the paraffin was contained
paraffin coating[2,28,30,3]. As discussed in Sec. IV, we is then sealed off at poirB in Fig. 2. Next, the breakable
find that in our case, there appears to be some additiongdints are openedone at a timg and the alkali metal is
suppression of the alkali-metal vapor pressure in the stemsleposited on the uncoated glass of the stem. The cell is then
which may occur because the metal samples in the stengealed off at point€ andD in Fig. 2.
become coated with, for example, paraffin. Also, in the case Initially, the alkali-metal vapor density in the cell is ex-
of two-stemmed cells containing Rb and Cs, there may bé&emely small, so that no absorption of resonant light can be
migration of alkali-metal atoms between the stems leading t@bserved. Since the alkali vapor pressure in the cell is
the formation of a Rb-Cs amalgam, for which the equilib-strongly suppressed compared to the saturated vapor pres-
rium vapor pressure of a given element is given roughly bysure, the rate at which atoms are adsorbed into the paraffin
the fraction of that element making up the amalgam timesoating must greatly exceed the rate at which atoms are
the element’s saturated vapor pressig2]. evaporated from the metal samples in the stems. After the
The technique for preparing the paraffin-coated cells iscell is baked at 80 °C for=10 h, a significant alkali vapor
discussed in detail in Ref33] (a similar procedure is de- density is produced. When this stage of the cell preparation,
scribed in Ref[34]). Because of the possibility that LIAD known as “ripening,” is complete, the coating absorbs atoms
from paraffin may be dependent on the cell preparation proat a much slower rate, so that the flux of atoms from the
cedure, for completeness we summarize the technique hergtems can support an equilibrium vapor pressure relatively
To produce a cell, the assembly shown in Fig. 2 is preparec:lose to the saturated vapor pressure. A similar ripening pro-
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FIG. 3. Setup for light-induced desorption measurements. Neu-
tral density filters(NDF) attenuate the light intensity in the probe
beams to~10 uW/cn? (well below saturation Interference filters
(IF) at 850 nm and 790 nm (bandwidti10 nm) are placed in front
of the photodiode$PD) that monitor transmission. Desorption light
is generated by an Arlaser, an Af-pumped dye laser, external-
cavity diode lasers, or a pulsed Nd:YA@trium aluminum garnet o
laser depending on the experiment. The intensity of the desorbing ! —— H—tmax Mo
light was measured to be unifor(to within ~20%) over the illu- P
minated area using a beam profiler. -50 0 50 100 150 200 250 300 350 400

Rb Density (10° cm™)

cess occurs in silane-coated c¢B$], and is attributable to a
chemical reaction between the alkali atoms and the coatin

(or |mpur|t|_es_ mltg]e coating Additionally, in paraffin-coated light from an Ar* laser. The shutter blocking the desorbing light is
cells containing'**Hg [36], measurements of nuclear depo- opened at timé=0 and closed after 180 s. The cell is completely
larization rates indicate the presence of paramagnetic impUjuminated by the desorbing light for the data shown in these plots.
rities on the coating, which may be free radicals or “dan-| is the desorbing light intensity.

gling bonds” [37]. Since there are no chemically active o

compounds present in the Hg cells to react with the frefPower and transmission through an uncoated reference cell
radicals, they remain indefinitely. Perhaps the ripening pro{in Which the density is knownare also measured.

cess in paraffin-coated cells containing alkali atoms can be 1h€ sequence of events in the experiment is as follows.

attributed to the reaction of alkali atoms with such free radi-' "€ desorbing light is initially b.IOCked. by a shuttgr. T.h.e
shutter is then opened for a period of time after which it is

cals in the coating. This would explain why studies of elec- losed. Th density in th i itored i
tronic depolarization rates in paraffin-coated alkali vaporC osed. 1he vapor density in the Cell IS monitored continu-

. L . : ly. The opening and closing of the shutter is very fast
cells show no evidence of paramagnetic impurif@s since ous ) . .

o : . F23 (=1 ms) with respect to the characteristic LIAD dynamics.
they would be eliminated during the ripening procgss]. The stems of the celllwhich contain the alkali-metal

sampleg are not illuminated by the desorbing light.

In many of our experiments we evenly illuminate the en-

The setup for the present experiment is shown in Fig. 3tire cell with desorbing light by placing a corner reflector
The densities of Rb and Cs are monitored by measuring thiehind the cellin place of the power meter shown in Fig. 3;
transmission of weak light beams resonant with thelRb  the power meter is placed to the side of the cell in this case
(795 nm and CsD2 (852 nm lines. The light is generated and the light beam is expanded to cover both the cell and the
by external-cavity diode lasers and the light frequency ispower meter. We also conducted several experiments in
scanned over several gigahertz to cover the entire hyperfinghich we cooled the stem of a tyga) cell (Fig. 1) in order
structure for each resonance. The transmission spectra are tfit investigate its role in the LIAD dynamics. In these experi-
to Voigt profiles to extract the densities of Rb and Cs. Alter-ments, the stems are placed in an insulated reservoir filled
natively, the probe light is tuned to the center of one of thewith ethanol chilled tor~ —10 °C by adding dry ice.
hyperfine components of the transition, and the time depen-
dence of transmission is measured. In this case, the density is IIl. RESULTS
extracted by comparing the transmission of the probe light
through the paraffin-coated cell when probe beam is tuned
on-resonance to when the probe beam is off-resonéhe Figure 4 shows characteristic time dependences of the Rb
ratio =e~ %, where( is the path length and the absorption vapor density in a cell of typéa) (Fig. 1) when the cell is
coefficientw is proportional to the densityThe probe light exposed to 514-nm desorbing light. For these measurements,

FIG. 4. Rb vapor density in a paraffin-coated cell of ty(ae
gzig. 1 as a function of time when the cell is exposed to 514-nm

B. Experimental setup

A. Time dependence of alkali vapor density

042903-3



E. B. ALEXANDROV et al. PHYSICAL REVIEW A 66, 042903 (2002

the corner reflector was used to uniformly illuminate the cell 12
(see Sec. IIB The entire cell was at room temperature
(~20°C). As discussed in Sec. lll B, depending on the light _
intensity and duration of exposure to desorbing light, it is %
necessary to wait for 45 min or longer between exposures irz
order to obtain repeatable measurements.

We identify several propertigdlustrated in Fig. 4 of the
time dependence of the vapor dengitft) that can be used
to characterize the LIAD dynamics: the initial density before
the desorbing light is unblockeah§), the maximum increase
in density Ans) When the cell is exposed to desorbing

T, =20°C

ol

-]
T

Rb Density (10° cm
»

light, and the time 5 for the density to reach its maxi- 3

mum value. In addition, we define the relative rate of in- -

crease of the vapor density in the celltat + 0, o
& IL=10C

1 (dn) @ °§ 2
70 No\dt/,__, ré
We choose this particular set of parameters because they ce :
be determined directly from the data in a model-independent S

One of the features of the Rb-density time dependence no
described by the chosen parameters is the decrease in the F
density after it has reached its maximum value. The decrease
in density while the cell is exposed to desorbing light indi- FIG. 5. Rb vapor density in a paraffin-coated cell of tyjag
cates that LIAD depletes the paraffin of adsorbed atoms. Ifsee Fig. 1 as a function of time when the cell is repeatedly ex-
the flux of atoms desorbed from the paraffin were constaniposed to 514-nm light with intensity 5 mWi/cn?. The cell is com-
the density of atoms in the cell would increase until reachingpletely illuminated by the desorbing light for these files. The upper
a new equilibrium value, then remain constant. Since theplot shows data taken while the entire cell was at room temperature
density falls after reaching a maximum, the flux of atoms(Ts~20°C), the lower plot shows data taken when stem of the cell
desorbed from the paraffin must decrease as the cell contiias immersed in dry-ice-chilled ethandl¢~—10°C). Note that
ues to be exposed to desorbing light. Furthermore, there mu8te vertical scale of the lower plot is four times smaller.
be a sink for the desorbed atoms, which, presumably, is the
stem of the cell, where the metal sample attempts to maintais-5 mw/cn?. The corner reflector is used to illuminate the
a constant density through evaporation and condensation ehtire cell.

Rb. The first set of dat@upper plot in Fig. % is obtained with

Another observation is that, for the case of higher lightthe cell and stem at room temperature. The dashed horizontal
intensity (the lower plot of Fig. 4, the Rb density in the cell |ines designate the values D§+ An,,, for each of the ex-
after the desorbing light is blocked reaches a value slightlyyosures, and the lowest dashed horizontal line designgtes
lower than the initial density,. This, too, we believe is a prior to the first exposure. Note that, for each of the ex-
result of LIAD depleting the paraffin of adsorbed atofsse  posures is approximately the same, so the vapor density in
Sec. V). the cell returns to its initial value in between exposures.
However,An,,.x becomes successively smaller for each ex-
posure, suggesting that there are fewer atoms available to be
desorbed from the coating. It is also interesting to note that

When a paraffin-coated cell is exposed to desorbing lightLIAD can cause the alkali-metal density to greatly exceed
some of the alkali-metal atoms that have been adsorbed inthe saturated vapor density at room temperature5 (
the coating are released. As we have seen in Sec. Ill A, aftex 10° atoms/cm). This shows that the light does not merely
a period of exposure to the desorbing light, the flux of atomgprevent adsorption of atoms into the coating, but rather
from the coating decreases due to depletion. If the desorbingauses atoms inside the coating to be released into the cell.
light is blocked, then subsequently unblocked after a brief The lower plot of Fig. 5 shows the Rb vapor density dur-
time (~10 min), we find thatAn,,, is smaller than for the ing repeated exposures to desorbing light while the stem is
first exposurgsee Fig. . However, for a cell at room tem- kept at a temperature of;~—10°C. The dry-ice-chilled
perature, if one waits-45 min between exposures, repeat-ethanol was added to the insulated reservoir in which the
able results forAn,,,, are obtained. stem was placee=5 min prior to the first exposure to des-

To study the effect of repeated exposures to desorbingrbing light. In this caseng is much smaller, since the Rb
light, we measured LIAD in the typéa) cell containing vapor density in the stem s 50 times smaller than at room
8Rb, and employed 514-nm desorbing light with intensitytemperature. The average temperature of the outer surface of

0 ‘
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
Time (s)

B. Repeated exposures to desorbing light
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the rest of the cell remained constant withir2 °C (mea- 06 °
sured with a thermocouplelt should be noted that the slight 05 [ ®  Rb-Cel()
change of coating temperature could affect the mobility of al s 2:3::.'((3 L
atoms trapped inside the paraffin. =
The observation of LIAD when the stem of the cell is "é 0.3
cooled confirms that the effect of the light is not to merely 02| o
prevent the adsorption of atoms into the coating, since suct oA o x:

an effect would cause no significant change in the vapor
density in the cell in this case. Therefore we conclude that 0.0
the primary mechanism causing the increase in the vapo %1
density is indeed the desorption of atoms from the paraffin .|
coating. o®

Another important feature of the data shown in Fig. 5 is "= 0.06 |
that for the room-temperature casg,+ An,,,, always ex-

QR e? "%

B!

'max (s

ceeds the vapor density in the cell just prior to blocking the = %94 [ 25:
desorbing light for the previous exposure, while in the case 44, | goen @ S
of the cold stemAn,,, is always about the same as the
vapor density in the cell just prior to blocking the desorbing  0.00
light for the previous exposure. This is clear evidence that in 6 .
the room-temperature case, the coating is replenished by at 5
sorbing atoms evaporated from the metal samples in the s
stem. < .|

Note that An.,, for each of the exposures fofs~ EE o®
—10°C is considerably less than that obtained when the 2r y
stem was at room temperature. This difference is primarily 1 ¥ B ‘o
due to the fact that the light-induced atomic fldxt) from oLef ® o s . .
the coating is smaller whefig~— 10 °C[39]. We can esti- 0 1 2 3 4 5 6
mate the atomic flux from the coating &t 0 using the re- Desarbing Light Intensity (mW/cm?)

lation Eq(l
ation [see Eq/(1)] FIG. 6. Results of measurements gf, Tmax +» andAnma/Ng

dn as a function of 514-nm desorbing light intensity for alkali-metal
d(0)= nOVyOZV(—) , (2) vapor contained in typéa) and type(b) cells (see Fig. 1 Cells are
dt t=+0 kept at room temperature<{20 °C). The typda) cell contains only

. ) . . Rb, while the typgb) cell contains both Rb and Cs. Uncertainty in
whereV is the volume of the cell. This relation holds since ¢ getermination OFos Tma L OF AN, /N for a given measure-

just prior to t=0, the system is in equilibrium, so that ment is about the size of the data point on the plot. An estimate of
dn/dt=0. Thus the sudden change dm/dt can be attrib-  the reproducibility of the data can be inferred from the spread of
uted entirely to the light-induced flux. We find that for the points at a given desorbing light intensity. Measurements for Rb
initial exposure taken with the stem held at room temperaand Cs in the typgb) cell were performed simultaneously. For
ture, these measurements, the initial density for Cs was ~13

x 10° atoms/cm and it was~2x 10° atoms/cm for Rb.
®(0)~47x10° atoms/s, (3)

haps a certain fraction of the adsorbed atoms are “mobile”
within the paraffin only in the presence of liglite., some of
®(0)~9%x10° atoms/s. (4) the atoms are more tightly bound inside the paraffin than
otherg. Such an effect may also explain why in the lower
This shows that the reduction in the number of atoms availplot of Fig. 5, An,, levels off at a nonzero value.
able to be desorbed by light happens before the cell is illu-

while for the cooled stem,

minated. ) L .
We have also taken dataot shown where we vary the C. LIAD as a function of desorbing light intensity
length of time (from a few minutes to over an hogufor Figure 6 showsyg, Tmax ©» and Anga/no (defined in

which the stem is chilled before the cell is exposed to desSec. Il A, see Fig. #as a function of desorbing light inten-
orbing light. After the initial reduction ib(0) [compared to  sity. The measurements were taken for two different types of
when the stem is at room temperature, see R)sand(4)]  cells [types (a) and (b), Fig. 1], and Fig. 6 compiles data
over the first few minutes, the initial flux becomes relatively taken on three different days. Recall that the typecell
independentto within about 10% of the length of time for  contains only®>Rb, while the typdb) cell contains Cs in one
which the stem has been chilled. Thus a certain fraction ostem and®Rb in another stem. The desorbing light is gen-
the atoms inside the paraffin remain available to be desorbeeérated by an Af-laser at 514 nm, and the beam is expanded
i.e., they are not depleted when the influx of new atoms intaso that each cell is entirely illuminated. Each cell is at room
the coating ceases. As discussed in Secs. lll F and IV, petemperature £20°C). There is a delay of at least 45 min
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between each exposure to desorbing light, during which the Desorbing light wavelength (nm)
cells are kept in the dark, allowing the paraffin coating to be 4000 2000 1250 1000 800 700 600 500
replenished. In order to further minimize the possibility of 10 I l 1 - I l
systematic errors due to depletion of the coating, data for 09
different light intensities is acquired in a nonsequential man- 08 e Cs
ner. 07| o Rb o
The measurements of LIAD in the typle) cell for Rb and o 08
Cs were taken simultaneously using the setup shown in Fig\g 051 %5
3. Despite their substantially different geometries and the§ 04|
fact that the typdb) cell contains both Rb and Cs, the data 03[ o
for the two different types of cells is relatively similar. More- 02 ° ®
over, the values oy, Tmax *» @andAN./Ng are very simi- 011 ¢
lar for both Rb and CsgFig. 6). This suggests that LIAD is 0.0 e .
generally defined by the properties of the coating. 0.08 T T 1 |
The close correspondence dfn,./Nny at each light 0.05 -
power for Rb and Cs suggests that the difference betweel %
An,.for Rb and Cs is related to the differencenipfor the 0.04 [ ;
two species. P ?
Furthermore, we find that for the range of light intensities = 003 %
for which we have investigated LIAD of both Cs and Rb < s
(=3 mWicn?; Fig. 6) the ratio of the initial light-induced 0.02 1 ¢
fluxes for the two species approximately equals the ratio of 001 -
their initial densities: ' g ¢
®(0)ry No(Rb) 00T, 4 6 8 10 12 14 16 18 20 2
d(0) Cs = n O(CS) ’ ) Desorbing photon energy (1000 cm™)

FIG. 7. Any/Ng and y, as a function of desorbing photon

If one supposes that the light-induced desorption rate fofnergy for Cs and Rb. The data were taken at the same light inten-

both species is the santas our data suggestshen Eq.(5) sity (0.56 mW/cm) and cross-sectional beam areai8 cnf), ex-

oo P A . cept for the data at 650 nm (15400 ch), which was taken at
implies that the majority of the initial number of atoms avalil 0.28 mWicr? and rescaledFig. 6 gives the intensity dependentes

i 't H - v di din s %’he data at the four highest photon energies were obtained with the
proportional ton,. MOWEVET, as Previously dISCUSSEd In Sec. -+ laser, while data at 650 nm, 833 nm (12 000¢in and 1285

lll B, a certain fraction of atoms remain in the coating evenp ., (780 cnvl) were obtained with external-cavity diode lasers. Al
when ng~0 for a few hours(observed with the stem 5i4 were taken with the typ®) cell.

chilled).
Note that y,—0 as the desorbing light intensity ap- ) .
proaches zero. However, ., '—0.02 s* as the light in- Also, as is the case for LIAD from sapphire surfaces

tensity approaches zero, suggesting that for sufficiently low14.19 and from silane coating=0], there is a threshold in
light intensities €3 mW/cn?), other factors(such as the Photon energy for the desorbing light—we do not observe
exchange of atoms between the volume of the cell and thk!AD using light at 1285 nm, while LIAD is observed at the
stems and/or light-independent atomic adsorption by th@ther wavelengths we employed.
coating determiner .

At pre;gnt, we do not have a conclusive explanz_ation for E. Comparison of LIAD in different cells
the nontrivial dependence ok, Tmax +» andAn,,on light
power, but we suspect that it may be related to the different Figure 8 shows the time dependences of Cs vapor density
ways in which atoms can be bound inside the paraffin coaty four available paraffin-coated celfthree type(c) cells,
ing and/or the onset of the regime where light-assisted diffuzng one typdb) cell] when they were exposed to a beam of
sion becomes importaritliscussed in Secs. lll B and )V 514-nm desorbing light with intensityz 100 mW/cn? gen-
erated by an Af laser. The light beam had a cross-sectional
area of~8 cn?, so it did not fully illuminate any of the
cells. The measurements were all performed with the same

As has been observed in studies of LIAD from other ma-setup by merely swapping the cells. Some relevant param-
terials[14-18,20,28 we found thaty, and An,,,, for both  eters are listed in Table I.
Rb and Cs increase with desorbing photon enéfjy. 7). Even though the same technique is used for preparation of
The data in Fig. 7 were taken at low light powers to mini- each of the cells, there is a wide variation of the initial vapor
mize the depletion of adsorbed atoms from the coating durdensityn, among the cells. The cell with the largest initial
ing the measurements, and there was at least 45 min delaensity is the one containing only Cs, which suggests that
between each exposure to desorbing light. there may be additional suppression of the alkali-metal vapor

D. LIAD as a function of desorbing light frequency
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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 light with
intensity~100 mW/cn? and cross-sectional area8 cn?. The desorbing light is turned on &t 0 in each case. Note that the vertical scale
on each of the plots is different.

densities in cells containing both Rb and Cs. As mentioned The decline in density after,,, differs for each of the
earlier, a possible explanation for this would be migration ofcells. For the typéc) cells, those with two stems have faster
atoms between the stems, leading to the formation of aates of decline than the cell with only one stem. Since the
Rb-Cs amalgam. stems act as sinks for the Cs atoms when the density in the
In spite of the great variation afy between the cells, the volume of the cell exceeds that in the stems, the difference
ratio An,a/Ng for each of the typéc) cells is quite similar.  can be explained by the differences in the cell volumes and
We have already seen that the same result holds for Rb andimbers of stems.
Cs contained in the typéo) cell at significantly lower light The variation in®(0) between the cells could be due to,
intensity (Fig. 6). The observed difference between for example, differences in the coating thicknesses or the
Anpmax/No for the type(c) cells and that obtained for the type histories of the cell§at the time of the measurement the type
(b) cell suggests that, for a given cell temperature, desorbin¢p) cell was about 1 yr old and the type) cells were 6
light beam area, intensity, and frequensy),.,/Ng is prima-  months old, and the typé) cell had electric fields of up to
rily a function of the cell geometrtits volume, surface area, 5 kV/cm applied to it during the investigation of nonlinear
number of stems, etc. electro-optic effect$9,13]].

TABLE . Initial density ny of Cs, maximum change in density over the initial dengity,./Ng, Vo,
Tmax +» and initial flux ®(0) for four different paraffin-coated cells illuminated by light at 514 nm with
intensity~100 mW/cn?. The cross-sectional area of the light beam=i8 cn. Also listed are the volumes
V of the cells and the ratio of the cells’ inner surface area to the illuminated/grea6 cn? (twice the
cross-sectional area of the beam since the light illuminates the front and back faces

Cell type Stems  Ng (M %) Anpad/No Yo (SY) Lrma (s ®(0) (atoms/s V(cn?) A/A

(©) 1, Cs 23.x10° 0.22 0.008 0.011 % 1010 360 175
(© 2,%RbandCs 10510° 0.17 0.019 0.062 % 1010 370 18.1
(¢ 2,%RbandCs 3.%10° 0.20 0.019 0.059 810° 370 18.1
() 2,%RbandCs 5.810° 12.2 1.34 0.059 2410° 30 3.9
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Finally, it is interesting that,, * is similar for all cells The decrease ihn,,,, after repeated exposures to desorb-
with two stems containing Cs and Rb, while the one-ing light (Sec. Il B, Fig. 5 shows that the coating is de-
stemmed cell with only Cs reaches the maximum densityleted of atoms by the light. When the stem of the cell is at

much more slowly. room temperature, the coating is replenished after about 45
min. However, when the stem is immersed in dry-ice-chilled
F. LIAD with pulsed desorbing light ethanol, we observe no recovery of the coating. Thus we

conclude that the coating is replenished by atoms evaporated
from the stems. Hence, the coating must adsorb atoms: i.e.,
when an atom collides with the wall, there is some probabil-

containing 8Rb and Cs. The Nd:YAG laser operated at a'ty p for an atom to become trapped inside the paraffin.

repetition rate of 10 Hz, the light pulses directed at the Celk/oIElrJr:;hZ:)rggr?w’o:h:h{:\/r?pgrade?scl:(ilgbrhebssc gelz g;(e ocseljlres o
had energy~2 mJ and duration~10 ns. The cross- ge app y P

. desorbing lightFig. 5), even thoughiN. has changed consid-
sectional area of the beam was2.3 cnf. We found that - c.
| h | Il | f
Anga/Ne~0.3 for both Rb and Cs. This result can be Com_eraby(as evidenced by the successively smaller values o

. . An,,.x fOr repeated exposures to desorbing light of the same
pared to the cw case with equivalent average poyér max b b g1

. frequency and intensijy This indicates that the number of
mW)’ beam area, and wavelength, for which we have deterélka” atoms in the coatintyl. only weakly affects the flux of
mined An,,,/nNg~3.0 from measurements. The order-of-

. . atoms into the coating in the absence of light. This agrees
magnitude difference betweefin,,,/n, for the cw and v g g

Ised d hat the d . f f with previous observations that the coating continuously ad-
puised cases emonstrates that the esorptlpn of atoms "%Brbs atoms at a relatively constant rg2e28,30,31. There-
the paraffin depends not only on the total light power bu

also on the length of time for which the light interacts withtfore’ we assume that the adsorption probabifitys light

. . I o independent. The slight depression of the equilibrium vapor
the coating. This suggests that diffusion of atoms inside th%Iensity after the desorbing light has been turned off, evident

coating plays. an important rc_)Ie in L.lAD' These observationgn the lower plot of Fig. 4, can be explained by the existence
support the view that a certain fraction of the adsorbed atoms¢ 4 small rate of light-independent desorption of atoms from

are mob|Ie_ inside the paraffm only when the coating is Xihe coatingyy (leading to some small flux of atoms from the
posed to light, as suggested in Sec. Il B. coating, yaN., even in the absence of light
How can it be that the coating always adsorbs atoms at a
IV INTERPRETATION relatively constant rate, yet it seems to “fill up*45 min
A. Overview of observations after being depleted? There must be a sink for atoms that

Based h . | ob . di qi have been adsorbed into the coating. Perhaps atoms stick
ased on the experimental observations discussed in thge,ersibly to the glass surface, or they diffuse inside the

preceding s_ection, in this se_ction we .de"e'OP a si_mple piCtur‘cJ:oating until they encounter an “impurity” in the paraffin

of the physical processes involved in the light-induced de{sq, example, dangling bonds buried beneath the surface of

sorptlog of a:(lkallamﬁtal ";]“OF“S from par:;ffm Icko?tlngs.l the coating. In either case, the criterion for replenishment of
We have found that the increase in the alkali-metal vapog,e coating is that the flux of atoms adsorbed into the coating

densities when paraffin-coated cells are exposed to light is — .
primarily due to light-induced desorption of atoms from the pnvA/4_) must be balancgd by the qux_ of atoms to the sink,
wheren is the vapor density of atoms in the volume of the

coating (see Secs. Il A and Ill B For example, the light- = ) ) o
induced increase in vapor density when the stem was imcell, v~2x10" cm/s is the average atomic velocity in the
mersed in dry-ice-chilled ethanol can only be explained by &olume of the cell, andis the inner surface area of the cell.
flux of atoms from the coatingFig. 5. Therefore, we sup- Then the overall systentstem, cell volume, coatings in
pose that there is a popu|ati0n of a|ka|| atoN]LSth'n the eqUIllbI’Ium Th|S eXplainS the Obsel’vatior.'l that the ﬂUX from
coating(near the surfadewhich are released at a rajeinto ~ the coating always seems to be proportional to the equilib-
the volume of the cell when it is exposed to light. rium densityn, of the atomic species in the cell in the ab-
As can be seen from the data in Secs. Ill C and IIhD, Sence of light(Sec. lll §. We assume that the flux of atoms
depends on the light intensitfig. 6) and frequencyFig. 7).  into the sink is given by'N;, so when this flux balances
There are several proposals to explain the dependence phguvA/4, the system is in equilibrium and we find tHdt
LIAD on the frequency of the desorbing light. Referencesxn,.
[15,16 suggest that the frequency dependence is related to The idea that there is a mechanism causing “fréeib-
the absorbtion spectrum of adsorbed atoms. It is possible thaile) atoms diffusing in the coating to be irreversibly lost is
if an atom in the coating absorbs a photon, its mobility issupported by the fact that the initial light-induced flux from
increased via superelastic collisid@€]. Another idea is that the coating is suppressed by a factor-e5 when the stem
the alkali-metal atoms form quasimolecular bonds with thehas been immersed in dry-ice-chilled ethanol for a few min-
paraffin, and the photon energy must exceed some thresholdes before being exposed to ligigec. 11l B). This indicates
binding energy. In spite of the fact that we have observed ghatN. decreases when the flow of atoms into the coating is
threshold for the necessary photon energy for LIAD, it is still stopped. Light-independent desorption from the coating also
difficult to distinguish between these various possibilitiescontributes to this depletion. But, as we discussed in Sec.
with our present data. Il B, neither of these processes is capable of fully depleting

The light-induced desorption of atoms from paraffin coat-
ing by 532-nm pulsed light from a Nd:YAGyttrium alumi-
num garnet laser were investigated with the tygb) cell
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the coating of atoms which can be desorbed by light.

d vA
Finally, we find from the data taken with the cell's stem Vd—n(t)= - % n(t)+¢&ng—n(t)]
immersed in dry-ice-chilled ethanol that there appears to be a t
certain fraction of atoms inside the coating that are neither +(y+ ygN(t) + Dy,

noticeably depleted by LIAD nor by other mechanisms.

Therefore, we also suppose there is a light-dependent flux of d pv_A

atoms @, from this seemingly inexhaustable source. This ﬁNC(t):T n(t)—TNg(t)— (y+ yg)Ne(t). (7
flux could result from light-induced diffusion of atoms which
are deep inside the coating.. is independent oN., and,
for most of our datdthe exception being the data shown in
the lower plot of Fig. 5, the contribution ofd. to LIAD is
small. In principle, if the “free” alkali-metal atoms are
trapped in potential wells with random depth&, which in (T + yg) €
disordered systems are often distributed according to an ex- Ny=—— d <
ponential law, such behavigwhere some of the trapped (pv A4+ (T + yy) €
atoms are desorbed quickly while others are desorbed very o ] ]
slowly) may be expected. In such cases it is necessary tghd t_he initial number of atoms in the coating near the sur-
invoke Levy statistics(see, for example, Ref41-43) to ~ face s

describe the system dynamics. In general, this analysis leads —

to a continuous distribution of rates, but for simplicity we Ny(0)= puA n 9)
assume two discrete subsamples of atoms. € 4T+ yy) 0

According to Eq.(6), in equilibrium prior to exposure to
the desorbing light, the initial density in the calj=n(0) is
given by

®

B. Model From Eq.(7), we find that the initial light-induced flux from

the coatin 0) [Eq.(2)] is given b
The basic set of ideas discussed above can be collected in gp(0) [Eq. 2] is g y

a simple model based on rate equations which describe the y  puA

time-dependent number of atoms in three regions: the stem, d(0)= yNC(0)+<Dc=F+ 7 ng+®., (10

the volume of the cell, and the paraffin coating. We assume Yd

that the vapor density in the stem of the cel, is constant, o the relative rate of increase of the vapor density in the
and that there is an exchange rate between the stem and tEg” att=0 [Eq. (1)] is given by

volume of the cell described by a constgrtvhich has units ’
of cm®/s). The flux of atoms adsorbed into the coating is

given by pn(t)v_A/4. The number of “free” atoms in the
coating isN¢(t), and the atoms in the coating are irreversibly

lost at a rate ol to thg glass or impurities. There is also a Equation(10) shows a linear dependence ®f(0) on n,

reIat_lver small, light-independent flux of atoms from the \yhich [recalling that® .<®(0)], is consistent with observa-

coatingygN(t). _ tions described in Sec. Ill {Eq. (5)]. Also, we see thay, is
Our data have indicated that the “free” atoms diffuse jyersely proportional to the volume, which accounts for

through the coating, and in fact the diffusion rates in thegyme of the difference between for the type(b) and type

presence of light and in the absence of light are probablyq) cejis(Sec. 11l B. The rest of the difference is most likely
different. A more accurate description of LIAD should be 4iyrinytable to the difference between the ratio of the total

possible by _solving the_ diffusi_on equa_ltion for the alkali- g, itace area to the illuminated surface akdd,; (see Table
metal atoms in the coating, as is done in Ref]. 1) [44].

Using these approximations, the rate equations in the ab- Figures 9 and 10 show the model's predictions for the

sence of light are given by density of atoms in the vapor cell and the number of atoms in
d A the coating as a function of time when the cell is repeatedly
V—n(t)= _pv_ n(t)+ & ng—n(t)]+ ygNg(t) exposed to desorbing light. The data from Sec. I([F8y. 5)
dt 4 s e is also shown for comparison. The parameters listed in the
captions of Figs. 9 and 10 are chosen to obtain best agree-
vA ment with the data. We have also used the model to fit other
giNe(®=+p—= n() =I'Ne(t) = yaNe(D). 6)  relevant datd45], and the average values of some of the
fitted parameters for the typ@ and (b) cells are listed in
When the desorbing light is turned on, there is an additionallable II. In spite of the simplicity of the model and differ-
flux of atoms from the coating into the volume of the cell, ences between the coatings and geometries of the cells, the
@ (t) = yNg(t)+ P, whered, is a term describing a time- values of light-independent parametets, {4,p,£) are in
independent light-induced flukelatively small compared to general agreement for the two cells.
yN(t) for the data taken with the cell and stem at room We find a roughly linear dependence pfon light inten-
temperaturg So with the desorbing light on, the rate equa-sity (Fig. 11). Knowledge of the light-induced desorption
tions are rate y allows one to estimate a cross sectiorior LIAD:

Y pv—A D,
Yoo v o -
I'+vyq 4V ngV

11
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FIG. 9. Upper plot shows Rb vapor density in a paraffin-coated F|G. 10. Upper plot shows Rb vapor density in a paraffin-coated
cell of type (a) (see Fig. 1 as a function of time when the cell is ce|l of type (a) as a function of time when the cell is repeatedly
repeatedly exposed to 514-nm light with intensiss mW/cn?,  exposed to 514-nm light with intensity5 mwi/cn®, with the stem
with the stem of the cell at room temperature—this is the same datgf the cell immersed in dry-ice-chilled ethanol—this is the same
shown in the upper plot of Fig. 5. The middle plot shows the pre-gata shown in the lower plot of Fig. 5. The middle plot shows the
dictions of the model for the time-dependent vapor density in theyredictions of the model for the time-dependent vapor density in the
cell n(t) for the following parameter¢see text for definitions ¥ cell n(t) for the same parameters as in Fig. 9. The lower plot shows
~0.01s*, I'~5x10*s%, y4~2X10*s7%, p~0.14<10"°  the number of atoms in the coatiM(t) as a function of time.
£~0.15 cni/s, and®.~10° atoms/s. The lower plot shows the
number of atoms in the coating.(t) as a function of time. whose solution is

h
iy (12) Ne(t) = Ng(0) — ANge~ (T 70)(t=t0) (14)

whereAN, describes the initial depletion of the coating and

U . . -1__ H H H
similar to cross sections for LIAD from other materigfer ~ our data {'+yg) ~~~24 min, which gives the scale for the

example, for Na atoms on sapphire it was also found thagoating recovery time. FoN(t) shown in Fig. 9,N¢(0)
o~10"8 cr? [14)). ~1.8x 10" atoms andAN.~1.4x 10'! atoms after the first

We can also estimate the vapor density in the stemjs €xposure. In this case, after 48 min of recovery in the dark,

from our fits[Eq. (8)], which we find to be~25-50% less Nc Would be~90% of its initial value. _
than the saturated vapor densf89], varying from cell to The probability for adsorption of atoms by the coating per
cell. This suppression may be due to the metal stems becore@ll collision [46], p=0.15(4)x 10" ° [average of data from
ing coated with paraffin or the products of chemical reactions
occurring during the ripening process.

From the prediction of the model fdt.(t) (shown in the
lower plot of Fig. 9 it is clear why the coating takes around !l G, and Il D.
45 min to recover after being exposed to light. The vapor

wherel is the desorbing light intensity and is the desorb-

TABLE Il. Average values of various light-independent param-
eters from the model extracted from fits to the data from Secs. Il B,

density in the cell recovers relatively quickly to its initial __Parameter Typéa) cell Type (b) cell

valuen,. From then on, according to E¢), the density in r 5(2)x10°% 57! 7(4)x 1074 s

the coating is governed by the differential equation 4 2(1)x10°4s ! 2(1)x10°4 s !
p 1.7(1)x 1077 1.4(6)x10°7
£ 0.151(5) cri/s 0.045(1) crivs

d - vA
aNc(t)_PT No— (I' + yq)N(1), (13
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0.018 atomsN, available for desorption is very small compared to
this number, which suggests that the atoms which “ripen”
the coating are absorbed irreversibly. This would agree with
the hypothesis that ripening consists of a chemical reaction
between the alkali atoms and impurities in the coatiog
perhaps gaseous impuritjeJhis large amount of atoms in-
side the coating can also provide the “inexhaustable” source

for &..
0.005 | J [}

0.010

y(s™

V. CONCLUSION

In conclusion, we have made an observation of nonther-

0.000 : . " . - . mal, light-induced desorption of Cs and Rb from paraffin
Desorbing Light Intensity (mWicm?) coati_ngs. We have_ me_asured the properti_es of 'ghe effect as a
function of desorbing light frequency and intensity, observed
FIG. 11. Fitted value ofy as a function of 514-nm desorbing the effect in several different cellsvith the same type of

light intensity for Rb vapor contained in a tyg® cell. The celland  paraffin coating, and compared the effect for cw and pulsed

stem are at room temperature 20 °C). desorbing light.

In combination with previous observatioh$4—2§, our

both type(a) and (b) cells], is in good agreement with the work confirms that this effect is rather general in nature and
results of Refs[2,28,30,3], in which p was determined by NOt restricted to a specific type of wall coating. Light-
completely different means. induced atomic desorption from paraffin is of particular in-

If one assumes that the alkali-metal atoms within the coat€rest because of the very long spin-relaxation times obtain-
ing are trapped inside potential wells created by the paraffi@Ple in paraffin-coated cells, which makes them useful for a
molecules, one can perform a crude estimate of the averagéde variety of application§l—-13).

depthAE of the potential wells from the fitted value of; _ There are a number of interesting topics to be address_ed
~2x10* 571, Supposing thatyy~w,e *ET, where » in future studies, such as the effect of nonresonant desorbing
: v ' v

~10" s is a rough estimate of the vibrational frequency"ght on r(_elaxation of atomic polarization ir_1 wall collisions,
for the alkali-metal—paraffin quasimoleculsee, for ex- anq Ilght—lndpced desorpt[on of other alkali atoms from par-
ample, Refs[2,47]), we find thatAE~ 1 eV. It is interesting affin, in particular, potassium, vyhlch has a Iow vapor pres-
that this is approximately equal to the measured threshold if!"® at room temperature and is widely used in magnetom-
desorbing photon enerdyig. 7). etry [3,4].
Finally, we note that the initial number of atoms in the
coating, N.(0)~2x 10", is very small compared to the
number of atoms absorbed by the coating during the cell The authors wish to thank A.-T. Nguyen, S. M. Rochester,
ripening proces&discussed in Sec. Il ADuring the ripening  and L. Zimmerman for help with the experiments, and M.
process, since the vapor density in the volume of the cell igolotorev for invaluable discussions. We are also very grate-
negligible, we can assume that the coating is absorbing aful to S. Atutov for his careful reading of the manuscript and
oms as fast as the stems release thgmg:- 10 atoms/sfor  helpful suggestions. This research was supported by the Of-
a cell temperature of 80°C, whetigis obtained from the fice of Naval Research Grant No. N00014-97-1-0214 and
results of our fitting. The cell is generally kept at this tem- National Science Foundation Career Grant No. PHY-
perature for 10 h, which means that the coating absorb9733479. E.B.A. would like to acknowledge the support of
~ 4% 10" atoms during the ripening process. The number othe Miller Institute for Basic Research in Science.
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