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ACCURATE MEASUREMENT OF THE STICKING TIMEAND STICKING PROBABILITY OF Rb ATOMSON A POLYDIMETHYLSILOXANE COATINGS. N. Atutov *, A. I. PlekhanovInstitute of Automation and Eletrometry, Siberian Branh, Russian Aademy of Sienes630090, Novosibirsk, RussiaNovosibirsk State University630090, Novosibirsk, RussiaReeived June 14, 2014We present the results of a systemati study of Knudsen's �ow of Rb atoms in ylindrial apillary ells oatedwith a polydimethylsiloxane (PDMS) ompound. The purpose of the investigation is to determine the hara-terization of the oating in terms of the stiking probability and stiking time of Rb on the two types of oatingof high and medium visosities. We report the measurement of the stiking probability of an Rb atom to theoating equal to 4:3 � 10�5, whih orresponds to the number of bounes 2:3 � 104 at room temperature. Theseparameters are the same for the two kinds of PDMS used. We �nd that at room temperature, the respetivestiking times for high-visosity and medium-visosity PDMS are 22 � 3 �s and 49 � 6 �s. These stikingtimes are about million times larger than the stiking time derived from the surfae Rb atom adsorption energyand temperature of the oating. A tentative explanation of this surprising result is proposed based on thebulk di�usion of the atoms that ollide with the surfae and penetrate inside the oating. The results an beimportant in many resonane ell experiments, suh as the e�ient magneto-optial trapping of rare elementsor radioative isotopes and in experiments on the light-indued drift e�et.DOI: 10.7868/S00444510150100101. INTRODUCTIONThe major tehnial di�ulty in many resonaneell experiments, suh as ooling and trapping short-lived radioative isotopes using a magneto-optial trap(MOT) [1�10℄ or experiments on light-indued drift(LID) [11�19℄, lies in the atomi vapor interation withthe inner wall of the resonane ell.Sine short-lived radioative isotopes are availableonly in limited quantities, an e�ient optial trappingproess is of great importane to the possibility to re-ate large samples of these elements. In this kind of ex-periment, atoms that are injeted into the ell stik tothe wall of the ell due to physial adsorption for a pe-riod of a harateristi stiking (dwell) time and returnto the vapor. Obviously, to ensure e�ient trappingof these short-lived radioative isotopes, the stikingtime of the atoms to the ell wall must be shorter than*E-mail: atutovsn�mail.ru

their radioative lifetime. Low trapping e�ieny analso be attributed to a large loss through high hemi-al sorption, when the atoms reat hemially with thewall and are irreversibly removed from the vapor.The interation of the vapor with a ell wall is alsoa serious problem in experiments on the LID e�et.In this kind of experiment, resonane atoms an bepushed or pulled either inside or outside a apillaryell by light. When the atoms inside the apillary arepushed by light, they stik to the wall as soon they ar-rive. When the dwell time is long, the fration of theinoming atoms absorbed to the wall is muh higherthan in the vapor phase. As a result, it takes far toolong time to saturate the wall with a relatively weak�ux of inoming atoms that are pushed by light. Theopposite is also true: when the atoms are pulled out ofthe saturated apillary by light, it takes a rather longtime to lean the adsorbed atoms o� the wall by pullingthem out of the apillary using LID. Thus, the longstiking time leads to long time to ahieve a steady-state distribution of atoms in the ell. This masks themanifestation of the LID e�et to a onsiderable extent.5



S. N. Atutov, A. I. Plekhanov ÆÝÒÔ, òîì 147, âûï. 1, 2015Table 1. The results of the measurements of the adsorption energy and stiking time for RbSurfae materials E, eV �s, s ReferenePara�n oated pyrex 0.1 4 � 10�10 [22℄Para�n oated pyrex � (1:8� 0:2) � 10�6 [26℄Tetraontane oated glass 0.06 10�11 [23℄Tetraontane oated pyrex 0.062 10�11 [24℄Otadeyltrihlorosilaneoated pyrex (T = 103 ÆC) 0:19� 0:03 (0:53� 0:03) � 10�6 [25℄Otadeyltrihlorosilaneoated pyrex (T = 72 ÆC) � (0:9� 0:1) � 10�6 [26℄It is known that as atoms ollide with the surfae,they undergo an attrative potential whose range de-pends on the eletroni and atomi strutures of boththe surfae and the atoms. Therefore, a fration of theatoms is physadsorbed in the attrative potential wellat the surfae. It is generally assumed that physialadsorption is haraterized by an adsorption energy Ethat determines the stiking time�s = �0eE=kT ; (1)where �0 � 10�12 s is the period of vibration of the ad-sorbed atom in the wall potential, k is the Boltzmannonstant, and T is the absolute temperature [20℄.Presently, many publiations are dealing with stud-ies of di�erent sorts of nonstik oatings with a view tominimize the stiking time. Wieman et al. performedthe �rst diret measurement of the stiking time of Cswith a dry-�lm oating on Pyrex to make an e�ientatom olletion in vapor ell magneto-optial traps. Inthe experiment, adsorption energy of (0:40� 0:03 eV)and stiking time with the upper limit of 35 �s weremeasured [21℄. The results of the measurements of theadsorption energy and stiking time for Rb ahieved byother authors are summarized in Table 1.The work desribed in this artile is foused onmeasuring the stiking probability and stiking timeof Rb atoms on a �lm made of a polydimethylsilox-ane (PDMS) ompound. We measured these quan-tities using Knudsen's �ow of Rb atoms in apillaryells. We demonstrate in what follows that the pro-posed method is simple and allows aurately measur-ing both the stiking probability and the stiking time.We use ells with a apillary oated with two di�erenttypes of PDMS oatings of di�erent visosities. Theexperimental studies are preeded by a disussion of a

model of atoms in Knudsen's �ow in a apillary and bya de�nition of the relevant parameters. We note thatthe developed method an be e�etively used for thestudy of many others atoms and moleules on a widelass of oatings.2. EXPERIMENTAL SETUPA sketh of the setup is shown in Fig. 1.The Rb vapor density was measured through thedetetion of the intensity of atomi �uoresene by afast, movable photodiode onneted to a data aquisi-tion (DAQ) system. The �uoresene was exited bya free-running diode laser with the frequeny tuned toan Rb atom resonant transition of 780 nm. The �uo-resent signals were proessed by a digital osillosopeonneted to a omputer. The DAQ system allows ol-leting data with a 0.1 ms resolution in time as well asmeasuring the variation in the Rb vapor over a widerange. The temperature of the ell walls was measuredby a digital thermometer. The absolute Rb vapor den-sity at the origin of the apillary and the Rb soureis estimated from the temperature of the of Rb metaldrop [27℄.In the experiment, we used two groups of three glassapillaries with diameters of 16 mm, 5 mm, and 2 mmin eah group. The inner surfae of the ell area loseto the Rb soure and one group of three apillarieswere overed by a nonstik oating prepared from a 3%solution of ommerial polydimethylsiloxane (PDMS,Mw.92.400, 11000 mm�2 �s�1 visosity) in ether. Threemore apillaries were oated with a di�erent ompound(PDMS, Mw.182.600, 410000 mm�2 �s�1 visosity). Weall the �rst type of PDMS with a medium visosity, themvPDMS, and the seond type with a higher visosity,the hvPDMS. Both types of PDMS were bought from6
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Fig. 1. Experimental setup: 1 � laser; 2 � turbo pump; 3 � ell; 4 � soure of Rb vapor; 5 � glass apillary; 6 �photodiode; 7 � data aquisition system (DAQ); 8, 9 � gauges; 10 � photographi �ash lamp; 11 � soure of Na vaporthe Aldrih Chemial Company In. The ell prepara-tion is desribed, for example, in Ref. [28℄. The hosenapillary is held inside the ell by two aluminum per-forated disks, whih allow the whole ell to be easilypumped but, beause of the absene of the oating be-tween these disks, prevent any penetration of the des-orbed atoms around the apillary.The turbo pump provides a vauum of up to10�7 mbar in the ell. The rest gas pressure is mea-sured by two vauum gauges: one attahed to the ellarea lose to the Rb soure and the vauum pump, andthe other attahed to the entrane of the ell wherethe probe laser beam enters the ell. We assume that asteady-state vauum is obtained when both gauge read-ings are stable and the gauge that is kept away fromthe pump shows a bit less vauum than that near theRb soure and the vauum pump. The steady-statelevel of the vauum in a ell with any apillaries insideis usually reahed after one week of ontinuous pump-ing. This was veri�ed by an RF disharge swithed oninside the apillary. The RF voltage is then applied totwo gauges that are disonneted from their monitors.The indiator that the steady-state vauum is ahievedis that the disharge luminesene is weak, stable, anduniform along the length of the apillary.3. THEORETICAL CONSIDERATIONSWe onsider the di�usion of atoms in the evauatedapillary in detail and assume that the atoms ollide

with the wall only. These atoms move from the initialposition along the distanez(t) =X zi (2)(a one-dimensional shift along the apillary axis). Themean quadrati shift ishz2i = �X zi�2 = Nhz2i i = t� a2; (3)where t is time, and a2 and � are the mean quadrati el-ementary shift and the mean elementary time betweentwo ollisions. On the other hand, we know thathz2i = 2Dt; (4)where D is the di�usion oe�ient, and we an writeD = a22� : (5)The time � between two ollisions onsists of the timeneeded by the atoms to �y between the walls (the meanpass time �f ) and the stiking time �s:� = �f + �s: (6)Therefore, the di�usion oe�ient D an be written asD = �fD0�f + �s ; (7)where D0 is the di�usion oe�ient in the ase �s = 0.In Knudsen's �ow in a ylindrial tube with a diameterd [29℄, D0 = dv3 (8)7



S. N. Atutov, A. I. Plekhanov ÆÝÒÔ, òîì 147, âûï. 1, 2015and �f = dv ; (9)where v = p8kT=�m is the average atomi ther-mal veloity at a temperature T , and m is the massof the atom. For the natural Rb average mass85:493 �10�27 kg and room temperature 298 K, we havev � 2:7 � 104 m/s. For the three apillaries used, withdiameters of 16 mm, 5 mm, and 2 mm, the respetivemean pass times �f are 59 �s, 18.5 �s, and 7.4 �s.The di�usion �ow of Rb atoms in a apillary with-out a bu�er gas is governed by the one-dimension dif-fusion equation �n�t = D�2n�x2 � n�N ; (10)where n is the density of the atomi vapor and D is thedi�usion oe�ient of the atomi �ow in the apillary,�N = N(�f + �s) (11)is the lifetime of the atoms before they are absorbedinto the inner surfae of the apillary by hemial ad-sorption, and N is the number of bounes (ollisions)of the Rb atoms in the apillary before their hemialreation to the PDMS oating ommenes. The stik-ing probability of an Rb atom to the oating is a 1=N .It ranges from zero to one.The steady-state solution (�n=�t = 0, no �ashlight) an be written in the simple formn(x) = n0e�x=l; (12)where n0 is the vapor density at the origin of the ap-illary (x = 0) and l =pD�N (13)is the harateristi length of the deay in density alongthe apillary. Using Eqs. (3), (4), and (11) we an writeN = 3l22d2 : (14)Then, given the harateristi length l measured inthe experiment and the diameter d, we an alulatethe number of bounes (ollisions) experiened by anRb atom in the apillary before its adsorption by thePDMS oating and the stiking probability of the Rbatom to the PDMS oating.To obtain the stiking time �s, we have to solvenonsteady-state equation (10) with the initial ondi-tion nt=0 = Æ(0) (15)

and the boundary onditionn! 0 as x!1; (16)where Æ(x) is the delta funtion whih desribes a burstof photodesorbed atoms by the photographi �ash atthe apillary origin x = 0. By using a trivial solution,we �nd a solution n = n(x; t) that satis�es both theinitial and the boundary onditions:n(x; t) = A2p�Dt exp�� x24Dt � ; (17)where A is some onstant. There are two ways to �ndthe stiking time �s. Using Eq. (17), it is possible to�nd tm when the density n of the atomi vapor ap-proahes its maximum,tm = x22D : (18)Then we an write�s = �f �D0D � 1� ; (19)where D an be found from Eq. (18) using the experi-mental values of tm and D0 given in Eq. (8). Anotherway to obtain the stiking time �s is to measure thedelay time td � the time at the �ex point, i. e., wherethe seond derivative of the �uoresene urve is equalto zero. Using Eq. (17), we an evaluate D asD = 0:0459x2td ; (20)and using the experimental value of td and x andEqs. (8) and (19), we obtain the stiking time �s. Inthe measurements and alulations of the stiking timein what follows, we use the seond possibility only. Wenote that in these alulations we ignore the term n=�Nin Eq. (10). This omission is possible beause the life-time �N of Rb atoms in the ell is muh longer thaneither tm or td. 4. RESULTSWe found that a freshly oated ell did not showany �uoresene from the Rb atoms, meaning that thelifetime and the number of bounes of the atoms in theell were both very small. This an be attributed tothe fat that the fresh oating in the ell has a hem-ially ative surfae and volume, probably beause oftraes of a gas like oxygen or of water adsorbed andmixed with the moleules in the oating. To minimize8



ÆÝÒÔ, òîì 147, âûï. 1, 2015 Aurate measurement of the stiking time : : :the residual hemial ativity of the oating, we ar-ried out a uring (or passivation) proedure [3; 30; 31℄.Maintaining ontinuous pumping of the ell, we heatedthe soure of the Rb atoms suh that the pressure of thealkaline vapor in the ell was about 10�7 mbar. Aftera few days of this uring, �uoresene appeared; �rstnear the soure and the origin, then slowly spreadingas far as the entrane of the apillary. After one weekof the uring proess at a higher temperature, the pres-sure of the Rb vapor was redued by keeping the soureat room temperature. After the uring, the �uores-ene beame more or less uniform along the lengthof the ell. The steady-state distribution of the Rbvapor along the apillary ould be typially ahievedafter one or two weeks of exposure to the Rb vapor,but it never reahed a uniform distribution along theapillary. We believe that the observed deay in the Rbvapor density in the ompletely passivized apillary isdetermined both by the irreversible hemial reationof the atoms with the PDMS oating and by the slowdi�usion of the Rb atoms into the oating toward theglass substrate. We found that leaning moleular im-purities from the area lose to the Rb soure and theorigin of the apillary by the illumination of this areaby a powerful halogen lamp an improve the vauumand the reproduibility of �uoresene dynamis [32℄.Beause we measure the density of Rb atoms bythe detetion of the atomi �uoresene intensity, anoptial pumping through the hyper�ne atomi levels ofthe atoms an deform the �uoresene signal and henedistort the dynamis of the photodesorbed atoms. Toavoid the in�uene of the optial pumping before anyexperiment begins, we re�et a small amount of laserradiation bak to the laser. In reation to this feed-bak, the laser starts to generate a spetrum onsistingof a large entral peak with two small sidebands sep-arated by about 3 GHz from the entral peak. Thisspetrum is generated by the so-alled �osillation re-laxation e�et� in diode lasers (additional informationan be found in [33℄). Then we tune the entral peakto the maximum of the 5S1=2, F = 3 ! 5P3=2, F 0 = 485Rb transition, while one of the side bands automati-ally tunes to the 5S1=2, F = 2 ! 5P3=2, F 0 = 3 85Rbrepumping transition. This simple method allows illu-minating the optial pumping e�et in our experimentompletely without having to use a repumping laser.It was veri�ed that the signal produed by suddenlyopening the laser beam demonstrates a perfetly ret-angular form.The measurement of the number N of ollisions isas follows: keeping the ell pumped at a onstant tem-perature, we heat the Rb vapor soure to a temperature
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Fig. 2. Steady-state �uoresene intensity of Rb atomsas a funtion of the distane from the apillary origin.The graph has been derived from a apillary 2 mm indiameter oated with hvPDMSof 30 ÆC. This reates the density 1:6 �1010 m�3 in theRb vapor, whih is high enough to allow a lear dete-tion of a steady-state distribution of the vapor alongthe apillary, but low enough not to ause the deteri-oration of the vauum in the ell. Then we detet thedistribution of the Rb density along the apillary andmeasure the harateristi length l. A typial result ofthe steady-state �uoresene intensity as a funtion ofthe distane x is shown in Fig. 2. The plot is takenfrom a 2-mm diameter apillary oated with hvPDMSafter two months of pumping.In Fig. 2, we see that the density of the Rb va-por reahes the 1=e level at the distane l from theapillary origin equal to 25 m. From Eq. (13) andwith l = 25 m and d = 2 mm, it is possible to al-ulate N . It was found that it takes 2:3 � 104 olli-sions (stiking probability 4:3 � 10�5) for the Rb atomsto be irreversibly absorbed into the hvPDMS oating.This result is onsistent with the values published inthe literature for various alkalis, preponderantly Na onpara�n passivized by Na atoms [11℄ and Rb on PDMSpassivized by either Na or Rb atoms [31℄. Results ofthe measurements of N as a funtion of the pumpingtime are reported in Table 2 for apillaries 2 mm indiameter oated with hvPDMS.In priniple, the fairly long vapor distribution andlarge number of bounes observed an be attributed tothe ollision of the Rb atoms with the �lm surfae atthe detetion point that are released by sputtering ofother Rb atoms previously stored at this point. This9



S. N. Atutov, A. I. Plekhanov ÆÝÒÔ, òîì 147, âûï. 1, 2015Table 2. Number N of ollisions as a funtion ofpumping time for 2 mm in diameter apillaries oatedwith hvPDMSPumping time N1 week � 1041 month 2 � 1042 months 2:3 � 104
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Fig. 3. Stiking probability 1=N for the adhesion ofRb atoms to hvPDMS as a funtion of the PDMS �lmtemperatureexhange proess was found by Gukert et al. [34℄ tobe important for radioative atoms, whereas it is notobserved in stable atom experiments. We heked thenegligibility of this possible systemati e�et by uringthe apillary using Na atoms that annot be detetedby the probe laser light used. We found that the �u-oresene behavior and the number of bounes wereexatly the same as for an Rb passivized ell.We perform the measurement of the stiking prob-ability as a funtion of the PDMS �lm temperature.To do this, we ool the part of the ell ontaining theapillary using liquid nitrogen and then leave the ellto heat itself until room temperature is reahed, thenmeasure l and alulate the stiking probability. Totake measurements above room temperature, we heatthe same ell area with the apillary using a heater.Measurements of the stiking probability P of the Rbatoms to hvPDMS as a funtion of temperature arepresented in Fig. 3, taken after 2 months of pumping.It is evident that in the temperature range from �100to 160 ÆC, the stiking probability does not hange to
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Fig. 4. Fluoresene intensity of Rb atoms as a fun-tion of the time triggered by a �ash of light in the 2 mmapillary ell oated with mvPDMS. The time sale is10 ms/div, and the intensity sale is 5 mV/divany great extent, but it does sharply inrease at a tem-perature lower than �100 ÆC. This temperature orre-sponds to the surfae adsorption energy E = 0:026 eV,whih, aording to Eq. (1), implies the stiking time�s = 2 � 10�11 s.To measure the stiking time of Rb atoms to thePDMS �lm diretly, we ool the Rb vapor soure tobelow the steady-state density of the vapor. Then weilluminate the area of the ell (as shown in Fig. 1.) loseto the Rb soure and the origin of the apillary by aphotographi �ash lamp. Next, we detet the dynam-is of the �uoresene signal of the burst of desorbedatoms and measure the delay in the arrival of the atomsat the detetion point. We measure the delay time asa funtion of the distane between the detetor andthe origin. Under this ultra-high vauum ondition,the delay in the arrival of the atoms at the detetionpoint is prinipally attributable to the many ollisionsof the atoms with the apillary wall, and this delay anbe inreased by a nonzero stik time in every ollision.Beause the mean path time in a narrow apillary isrelatively small, even a very short stiking time wouldhave a signi�ant e�et on the delay.Figure 4 shows a typial example of a reording ofthe Rb �uoresene intensity as a funtion of the timetaken in a ell with a apillary of 2 mm oated withmvPDMS ompound. This urve was taken at a dis-tane of 20 m from the origin. It an be seen that10
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Fig. 5. Fluoresene intensity of Rb atoms as a fun-tion of time triggered by �ash light. In urve A, theapillary diameter is 16 mm, while in urve B the ap-illary diameter is 2 mm. In both ases the oating ishvPDMS and the signals are taken at a 23 m distanefrom the apillary originthe intensity of the �uoresene of the Rb atoms as afuntion of the time immediately after the �ash (sharppeak at t = 0) is lose to the low steady-state intensityat a seleted distane of the detetor from the apillaryorigin. After some delay, it inreases and then, afterapproahing a maximum, the intensity slowly delines.We note that the form of this urve is in omplete a-ordane with the predition of Eq. (17).Figure 5 shows two �uoresene urves taken at adistane of 23 m from the origin of two apillaries: one16 mm (urve A) and the other 2 mm (urve B) in di-ameter. In both ases, the oating is hvPDMS. It anbe seen that the ratio of tBd =tAd and tBm=tAm is also near8, in aordane with Eqs. (18) and (20), whih predita dependene on the apillary diameter d. This resultan be onsidered a hek on the agreement betweenthe theory and the experiment.Measurements of td as a funtion of the distane xare reported in Fig. 6 for apillaries 5 mm in diame-ter oated with two sorts of PDMS. For hvPDMS, thedata were olleted in three periods: one week afterinstallation, after one month, and after two months ofpumping. The data for mvPDMS were taken after twomonths of pumping. The theoretial urve for �s = 0alulated above for the Rb atoms is also shown. Itan be seen from these measurements that td is pro-portional to x2, as predited by Eq. (20).
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Fig. 6. Measurements of the delay td as a funtionof the distane x between the apillary origin and thedetetor. The apillary diameter is 5 mm. Data formvPDMS after two months of pumping (�) and forhvPDMS at di�erent times (one week after installation(�), one month (4), and two months (Æ) of pumping).The solid line is the theoretial urve for �s = 0. Errorbars are omitted for larityTable 3. Stiking time and its unertainty alulatedby �tting the data in Fig. 6 aording to the theoretialmodelCoating �s, �s Æ�s, �shvPDMS 111 10hvPDMS (1 month) 38 4hvPDMS (2 months) 22 3mvPDMS (2 months) 49 6To alulate the stiking time �s, we derived ourdata from Eq. (20). We evaluated the unertainty Æ�susing the standard deviation given by the �t for thevalues of D. The alulated stiking times are reportedin Table 3.It an be seen that the experimental results tendto approah the theoretial ones only after a long-termpumping of the oated ell. For example, the resultsshown in Fig. 6 demonstrate that the deviation betweenthe experimental and the theoretial td dereases if thesort of oating is hanged from mvPDMS to hvPDMSand/or if the ell is pumped for a longer time. Forexample, after two months of pumping, the di�erenebetween the experimental and theoretial urves for11



S. N. Atutov, A. I. Plekhanov ÆÝÒÔ, òîì 147, âûï. 1, 2015hvPDMS grows smaller, and this is important, but isnot zero.We note that the measured times for both types ofPDMS are about million times larger than the stikingtime 2 � 10�11 s derived above from the surfae adsorp-tion energy of Rb atom and temperature of the oating.These times are onsistent with those measured in [21℄for Cs atom on a dry-�lm oating on Pyrex (less than35 ms), and are larger than in [25; 26℄ for Rb atom forotadeyltrihlorosilane and para�n-oated surfaes.It is lear that this surprisingly large di�erene be-tween the stiking time estimated from Eq. (1) and thestiking time measured diretly in the nonsteady-stateexperiment annot be attributed to a slowing-down ofthe Rb atoms as a result of their ollisions with therest gas moleules. At a working vauum pressure of10�7�10�6 mbar, n is of the order of 109�1010 m�3.With this estimated n and the typial ross setion fora ollision of the order of 10�15 m2, we �nd that themean free path lpath is of the order of 105�106 m.Hene, the estimated mean free path of the Rb atomsin the ell is muh larger than the diameters and lengthsof all the apillaries used in our experiments. There-fore, the in�uene of the ollision of Rb atoms with therest gas moleules on the results of the measurementsis surely negligible.A possible interpretation of the di�erene an beas follows. When an atom ollides with a surfae itan be linked there for some period of time beauseof the van der Waals attrative fore. We believe thatone trapped, the atom an di�use inside a PDMS �lm,then di�use bak to the surfae, and then in turn bedesorbed bak to the vapor. Hene, a long stikingtime has to depend on how deep the atoms an di�useinside the oating. This is suggested by the fat thatthe stiking time for mvPDMS that has a higher di�u-sion rate has a longer stiking time than hvPDMS, inwhih the di�usion is less pronouned. It is known thatPDMS �lms exhibit slow dereasing permeability anddi�usion rate with a long aging time [35℄. This an ex-plain the slow derease in the stiking time during twomonths that was observed in the experiment. We notethat the adsorbed atoms an be attrated inside the�lm by the oating onvetive �ow. Choosing a surfaethat has a low di�usion rate (or, in other words, has ahigh visosity) would make it less likely that the atomswould remain inside the oating for a too long periodof time. We believe that Eq. (1) is valid for partileollisions with a solid surfae only.

5. CONCLUSIONSWe present the results of a systemati study ofKnudsen's �ow of Rb atoms in ylindrial ells (tubesand apillaries) oated with two types of PDMSompounds of di�erent visosities. We have developeda one-dimensional model that agrees with our observa-tions of the di�usion �ow of Rb atoms in a apillary.Our model inludes the deay of the density of theRb vapor along a apillary beause of the hemialadsorption of atoms into the PDMS �lm surfae, andthe dependene of the delay of the desorbed atoms atthe detetion point on both the mean free path timeand the stiking time. We have shown that beause ofthe many ollisions of the Rb atoms with the apillaryunder ultra-high vauum onditions, it is possible toaurately estimate both the stiking probability andthe stiking time. We have desribed the results ofthe measurements of these parameters for two typesof PDMS of di�erent visosities and as a funtion ofthe physial aging of the organi �lm. We observeda fairly long stiking time and proposed a tentativeexplanation for this surprising result.We thank Z. Peshev for the help in the experi-ment, N. V. Surovtzev for the fruitful disussions, andV. A. Sorokin for the areful reading of the manusript.REFERENCES1. J. E. Simsarian, A. Ghosh, G. Gwinner et al., Phys.Rev. Lett. 76, 3522 (1996).2. E. Gomez, L. A. Orozo, and G. D. Sprouse, Rep.Progr. Phys. 69, 79 (2006).3. Z. T. Lu, K. L. Corwin, K. R. Vogel et al., Phys. Rev.Lett. 79, 994 (1997).4. S. G. Crane, S. J. Brie, A. Goldshmidt et al., Phys.Rev. Lett. 86, 2967 (2001).5. E. Traykov, U. Dammalapati, S. De et al., Nul. Instr.Meth. Phys. Res. B 266, 4532 (2008).6. G. Gwinner, E. Gomez, L. A. Orozo et al., Hyperf.Interat. 172, 45 (2006).7. J. R. Guest, N. D. Sielzo, I. Ahmad et al., Phys. Rev.Lett. 98, 093001 (2007).8. S. De, U. Dammalapati, K. Jungmann, and L. Will-mann, arXiv:0807.4100.9. H. Kawamura, H. Arikawa, S. Ezure et al., in 16thInt. Conf. on Eletromagneti Isotope Separators andTehniques Related to their Appliations (2012).12



ÆÝÒÔ, òîì 147, âûï. 1, 2015 Aurate measurement of the stiking time : : :10. M. Tandeki, J. Zhang, R. Collister et al., J. Instru-mentation 8, P12006 (2013).11. S. N. Atutov, I. M. Ermolaev, and A. M. Shalagin, Zh.Eksp. Teor. Fiz. 92, 1215 (1987).12. H. G. C. Werij, J. E. M. Haverkort, P. C. M. Plankenet al., Phys. Rev. Lett. 58, 2660 (1987).13. H. G. C. Werij, J. E. M. Haverkort, and J. P. Woerd-man, Phys. Rev. A 33, 3270 (1986).14. H. G. C. Werij and J. P. Woerdman, Phys. Rep. 169,145 (1988).15. W. A. Hamel, A. D. Streater, and J. P. Woerdman,Opt. Comm. 63, 32 (1987).16. S. Gozzini, G. Nienhuis, E. Mariotti et al., Opt. Comm.88, 341 (1992).17. S. Gozzini, J. H. Xu, C. Gabbanini et al., Phys. Rev.A 40, 6349 (1989).18. Masaya Okamoto, Takahiro Nakamura, and Shu-nihi Sato, Materials Trans. 49, 2632 (2008).19. A. I. Parkhomenko and A. M. Shalagin, AstronomyRep. 57, 110 (2013).20. H. de Boer, The Dynamial Charater of Adsorption,Clarendon, Oxford (1978).21. M. Stephens, R. Rhodes, and C. Wieman, J. Appl.Phys. 76, 3479 (1994).22. M. A. Bouhiat and J. Brossel, Phys. Rev. 147, 1(1966).

23. D. Budker, L. Hollberg, D. F. Kimball et al., Phys.Rev. A 71, 012903 (2005).24. C. Rahman and H. Robinson, IEEE J. Quant. Ele-tron. 23, 452 (1987).25. K. F. Zhao, M. Shaden, and Z. Wu, Phys. Rev. Lett.103, 073201 (2009).26. Emily Ulanski and Zhen Wu, Appl. Phys. Lett. 98,201115 (2011).27. A. N. Nesmeyanov, Vapor Pressure of the ChemialElements, Elsevier, Amsterdam (1963).28. S. N. Atutov, V. Bianalana, P. Bihi et al., Phys.Rev. A 60, 4693 (1999).29. A. E. Fik, Ann. der Phys. 94, 59 (1955).30. E. B. Alexandrov, M. V. Balabas, D. Budker et al.,Phys. Rev. A 66, 042903 (2002).31. S. N. Atutov, R. Calabrese, A. Fahini et al., Eur.Phys. J. D 53, 89 (2009).32. S. N. Atutov, R. Calabrese, A. I. Plekhanov, and L. To-massetti, Eur. Phys. J. D 68, 6 (2014).33. M. P. van Exter, W. A. Hamel, J. P. Woerdman, andB. R. P. Zeijlmans, IEEE J. Quant. Eletron. 28, 1470(1992).34. R. Gukert et al., Nul. Instr. Meth. Phys. Res. B 1261 (1997); in Int. Conf. on Eletromagneti Isotope Sep-arators and Tehniques Related to Their Appliations,p. 383.35. W. B. Rowe, B. D. Freeman, and D. R. Paul, Polymer50, 5565 (2009).

13


