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In rctrospcctivc radon measuremcnts the 22 year half life of 210Pb is used as an advantage. The 210Ph is often considcred to 
he rclatively immohilc in thc glass after alpha rccoil implantcd hy 222Rn progenics. The diffusion of 210Ph could howevcr 
lead to uncertain wrong retrospective radon exposure cstimations if 210Ph is mohile and can cscape from glass, or lost as 
a rcsulting of clcaning- induced surface modification. This ditTusion was studied hy radiotracer technique where 209 Ph 
was used as a tracer in a glass matrix för whicb the elemental composition is known. Using the IGISOL technique the 
209Pb atoms were implantcd into the glass with an energy of 39 keV. The diffusion profilcs and the diffusion cocfficients 
wcrc dctermincd aftcr annealing at 470 - 620 °C and serial sectioning hy ion sputtcring. In addition the etTect of surface 
clcaning on ditTusion was tcstcd. From the Arrhenius fit the activation enthalpy was detcrmincd to he H = (3.2 ± 0.2) eV 
and thc pre-cxponential factor Do in thc order of 20 m2s-1• This rcsult confirms the assumption thai over time period of 50 
ycars the 209Ph (and 210Ph) is etTectivcly immohile in the glass. The houndary condition ohtained from the measurements 
had characteristic of a sink implying loss of 209Ph in the very surface at high tcmpcraturcs. 

INTRODUCTION 
It is estimated that radon in dwellings accounts up to 2% 
of ali deaths from cancer in Europe [I]. This number is 
higher in the areas where higher concentrations of the 
natural uranium exists in the bedrock. To make accurate 
conclusions of radon induced fatalities it is important 
to have reliable method for measuring radon concentra­
tions for a sufficient long time period. Starting from the 
238 U the radium decay series acts as a constant source 
of radioactive decay products. The half life of 1112 = 
3.8 d of the radon(222) gas allows 222 Rn to diffuse out 
from the ground and to the dwellings. It is however not 
the radon itself that causes most of the exposure but the 
short lived alfa-emitting solid progenies of the inhaled 
radon [I]. 

Epidemiological surveys where radon retrospective 
measurements are used are based on surface traps such 
as glass [2 , 3, 4 ,  5, 6] for determining the alpha re­
coil implanted radon progenies. Also substrates like 
CR-39 or other polymers is widely used for retrospec­
tive radon measurements, progeny detection and in 
epidemiolo�ical studies; see [7, 8, 9, 10] for example. 

When 22 Rn decays the radium decay series quickly 
evolves but builds up after about an hour to in 210Pb. 
The long half life of t112 = 22 a of the 210Pb is what 
enables the retrospective radon measurements when the 
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implanted 210Pb (or it's progenies) concentrations into 
the glass can be determined reliably. 

Most of the retrospective radon measurements based 
on the surface trap method does not however take into 
account the possibility of the diffusion of the 210Pb. Im­
plantation depth of 210Pb from alpha decays of 218Po 
and 214Po is very shallow and :'.S 100 nm at the maxi­
mum [11, 12]. This can lead to erroneous results if the 
210Pb is mobile and diffuses out from the glass. This 
is because most of the implanted 210Pb is concentrated 
very close to the surface [11, 12]. 

In retrospective radon measurements alpha activities 
of 2 Bq m-2 of 210Po can be measured [3]. Cal­
culated from decay constants this polonium activity 
corresponds to about 4 x 107 210Pb at. cm 2. The dif­
fusion processes where only very small concentration ( 
107 - 10 10 at. cm-2) of implanted atoms exists can only 
be studied by the radiotracer technique [13]. To measure 
the diffusion of 210Pb we used 209Pb as a radiotracer to 
mimic 210Pb as from the diffusion perspective they only 
differ by their mass which can be safely disregarded. 
This study further investigates the surface escape of the 
Pb and expands the reliability of the initial study [14] of 
the low concentration diffusion of Pb in glass. 

METHOD 
To measure diffusion by radiotracers at low concentra­
tions the implanted isotopes need to have a half life 
between �30 min and few tens of hours so that enough 
statistics from (3 -decays can be collected in short period 
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M. LAITINEN ET Al of time. At Jyvaskylii a primary energetic beam from the K-130 cyclotron is guided to a solid target at the ion guide isotope separator on-line (IGISOL) [15, 16, 17) where the radioactive products are isotope separated and accelerated to a maximum energy of 40 keV for implan- E tation. After the implantation the sample is thermally o annealed in vacuum to induce diffusion. Subsequently, the concentration profile of implanted 209Pb was serially sectioned onto thin mylar foils by a sputtering method [18). After sputtering the activity on each section was mea­sured and the total crater depth of the sputtered sample determined. For different temperatures the diffusion profiles are determined from the crater depth, number of foils and from the measured activity on each foil. The mathematical form of the diffusion profiles can be deduced from Fick's law [19, 20, 21) (see Eq. 1). Prior to fitting, the measured profiles were corrected for radioactive decay during the measurement. Diffusion equation 
loo [ ( (x _ x')2) Cpb(x, t) = N O exp - 4>.2 

( (x + x')2)] , , +R · exp - 4>.2 Cpb(x , t = 0) dx. 
(I) 

relates the evolution of the concentration profile Cpb(x, t) with depth x and time t to the initial, as­implanted profile Cpb(x, t = 0). >. is the diffusion length. In eq. (I) the shallow implantation depth from the sur­face has been taken account by R ( -1 :S R :S + 1) which describes the surface boundary condition. R = -1 for a perfect sink while R = + 1 corresponds to a per­fectly reflecting boundary [21 ]. The as-implanted profile Cpb(x,t=O) was taken to have a Gaussian form where xo is the centroid of the as-implanted profile. Fig. 3 shows this to be a good approximation to our experimen­tal data. When Eq. (I) is integrated it can be represented in the form: 
[ ( XI) 

+ 
X ) Cpb(x, t) = N erfc - � � 

J� + :v::r 

exp (- (x -xo)2 ) + R · erfc ( � - ;& ) 2v2 + 4>.2 V 1 
+ 

1 
� w 

( (x+xo)2 )] exp - 2v2 + 4>,2 + B, 

(2) where v and xo are taken from the as-implanted Gaussian and N, >., R and B are free parameters. 
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Figure 1. A) IGISOL-setup: 1. Primary beam from cyclotron, 
2. Target chamber and ion extraction, 3. Mass separation, 4. 
Experiment setup, 5. Magnet with 2 Penning traps for nu­
clear measurements 6. Beam dump and concrete shielding. B) 

Schematic of the experimental setup at point 4 in Fig. 1 A). 

The diffusion coefficients D, obtained from diffusion len1phs >. are then plotted against inverse temperature T- where the forming line is called Arrhenius fit. By radiotracer method virtually any diffusion in any solid material can be measured when appropriate radio­tracer exists and the annealing oven can reach the right temperature range. 
EXPERIMENT The elemental composition of the soda-lime glass used in the experiment was measured using time of flight­elastic recoil detection (ToF-ERD) [22) analysis to be Ca 3%, Si 26%, Mg 3%, Na 8%, and O 60% respec­tively. The glass samples used were taken from the same batch (Menzel-Glaser 76 x 26 x 1 mm3 sized microscope slides, article number O I 110 I) as our preliminary study [14). To test influence on cleaning on diffusion and loss of Pb from the glass surface two sets of samples were cleaned in different ways. One set of samples were treated in 99.5% acetic acid for >24 h prior to diffusion while another set was treated with a commercial win­dow cleaner (Ajax Tm) and rubbed with cotton wool on 
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sticks for 20 minutes between implantation and thermal 
treatment. 

The 208Pb(d,p)209Pb reaction was used to produce 
tractive 209Pb [23] with t1;2 = 3.253 h. The 14 MeV 
deuterium beam was produced by the Jyvaskyla cy­
clotron. Thin enriched 208Pb was used as a primary 
target material in IGISOL (Fig. I). The 209Pb+ ions 
were implanted in the glass samples with an energy of 
39 keV. According to SRIM-2006 [24] the lateral im­
plantation depth was 23.0 nm with stragling (square root 
of variance) of 4.3 nm when elemental composition was 
as measured with ToF-ERDA and density of 2.5 g cm-3 

was used in the simulation. 
After the implantation the activity in the sample 

was checked using a scintillation monitor to be suffi­
ciently large to give a measurable activity over the whole 
measurement cycle ( �4 h). 

The samples were heat-treated in a quartz vacuum 
tube at 1-5 x I 0-5 Pa mounted in a tube furnace (Gero 
Gmbh, type F) between 470 - 670 °C. The anneal­
ing time was I h except for the lowest temperature 
where this was extended to 4 h to improve measurement 
accuracy. 

Timing was started when sample was slided in the 
oven and stopped when taking out. Temperature satu­
ration was slowest for the lowest temperatures but the 
gradients at the beginning and in the end of the annealing 
were expected to cancel each other out to some degree. 
Next the samples were taken to the serial sectioning 
[18]. The ion source for the sputtering system was ECR 
plasma source "OSPrey" from Oxford Scientific. Gas 
feedstock for the ion gun was air and the acceleration 
voltage of I kV was used for the ion beam (Fig. 2). 
When the serial sectioning by sputtering to the mylar 
foil was completed the foil was taken out for activity 
measurement. 

Activity of each foil section was measured with two 
large silicon detectors. Both detectors facing each other 
had an active area of 50x50 mm2 and a thickness of 
500 µm. Distance between the detectors was about 4-
5 mm. Each detector was segmented to four quadrants. 
Since the sputtered fluence in the foil had diameter of 
;:::::30 mm, detectors formed effectively 47!' detection an­
gle. ,B-decay counts from 209Pb were collected for 200 s 
for each foil section. Maximum count rate was less than 
25 counts/second. Counting electronics had veto pulses 
to discriminate signals too close each other (�I µs). 
By this veto double/multiple counts caused by electron 
scattering from quadrant to quadrant were rejected. 

The depth of the crater formed during the sputtering 
was measured from 4-10 positions around the implan­
tation spot with P-15 stylus profiler from KLA-Tencor. 
The vertical resolution of the profiler is better than 2 nm. 

ANALYSIS AND DISCUSSION 

The implantation depth xo measured from the Gaussian 
fit is 22.6 ± 0.2 nm which is close to SRIM simulation 
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Figure 2. Photographic montage of the sample during serial 
sectioning. Incident l ke V ion beam erodes the sample and 

sputtered flux is collected on a mylar foil. 

result. Figure 4 presents an Arrhenius plot of the diffu­
sion coefficient D = ,\

2 /t. ,\ is obtained from the Eq. 
(2) and t is the annealing time. 

The temperature dependence of D follows the Arrhe­
nius equation: 

(3) 

here Do is the so-called pre-exponential factor, H is the 
activation enthalpy, k is Boltzmann's constant and Tis 
temperature in Kelvin. 

The fitted activation enthalpy was 3.2 ± 0.2 eV 
and Do in the order of 20 m2s- 1 • The largest uncer­
tainty factor in the measurements was the background 
in the foil activity measurement. Background deviation 
of a few percent in the measurements cause noticeable 
changes to the diffusion length and this is the main cause 
of the scatter from a straight line in Fig. 4. Error bars 
for the T 1 and D in Fig. 4 correspond to the de­
lay in temperature I stabilization in the annealing and 

t Temperature is the mean of the measured values 40 minutes 
before the end of annealing and the error-bars represent stan­
dard deviation of these values. 
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Figure 3. Measured as-implanted and annealed profiles. For 
clarity error bars are shown only in the as implanted profile 
as they are similar in size for the others. See text for further 

details. 

to the diffusion data correlation to the fits 2 (Fig. 3), 
respectively. 

The diffusion length at the room temperature for 
209Pb extrapolated over a time period of 50 years is in 
the order of 10 22 - 10-23 m. This result confirms that 
2 10Pb is immobile in glass. This is a critical assumption 
in retrospective radon measurement by Samuclssson's 
method [3]. 

In contrast to our preliminary study the surface was 
found to be characteristic of a near-perfect sink (R � 
-1). This is confirmed by inspection of Fig. 3 where Pb 
is seen to be depicted in the diffused profiles in the 30 
nm closest to the surface. This is not inconsistent with 
the data in our previous study [14, 21]. This means that 
if the 209Pb is diffused to the surface, it will escape from 
the sample under the conditions studied. Even if this 
holds true at the room temperature it affects only the 
very surface l�cr because, as shown above, in the glass 
209pb ( and 21 Pb ) is immobile. 

CONCLUSIONS 

Diffusion coefficients of 209 Pb in glass were measured 
over the temperature range of 470 - 620 °C. The ac­
tivation enthalpy was determined to be 3.2 ± 0.2 eV 
and the pre-exponential factor Do in the order of 20 
m2s-1. Extrapolation of these diffusion parameters to 
room temperature shows that Pb is completely immobile 
in the glass over a time scale of 50 years. We also did not 

2 Diffusion length error is calculated from the error obtained 
for the diffusion constants Eq.(2). 
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Figure 4. Arrhenius fit to the diffusion coefficients. All data 
points are used in the fit. 

find differences in diffusion coefficients between the un­
treated samples, and the samples subjected to cleaning 
treatment by soaking in acid or a combination of com­
mercial window cleaner and abrasion. For retrospective 
radon measurements where long decay time of 210Pb 
is used it can be confirmed that implanted 210Pb con­
centration does not alter due to diffusion mechanism. 
Over the temperature range of the measurements the 
surface behaved as an near-perfect sink, indicative of 
evaporation of the implanted Pb that diffuses to the very 
surface. 
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