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Abstract

In this paper, we propose a method to determine the equilibrium factor using a bare LR 115 detector. The partial

sensitivities ri of the LR 115 detector to
222Rn and its alpha-emitting short-lived progeny, 218Po and 214Po, were

investigated. We first determined the distributions of lengths of major and minor axes of the perforated alpha tracks in

the LR 115 detector produced by 222Rn, 218Po and 214Po through Monte Carlo simulations. The track parameters were

calculated using a track development model with a published V function, by assuming a removed active layer of

6.54mm. The distributions determined for different alpha emitters were found to completely overlap with one another.
This implied equality of partial sensitivities for radon and its progeny, which was also confirmed through analytical

considerations. Equality of partial sensitivities makes possible convenient measurements of the proxy equilibrium factor

Fp; which is defined in the present work as (F1 þ F3) and is equal to the ratio between the sum of concentrations of the

two alpha emitting radon progeny (218Po+214Po) to the concentration of radon gas (222Rn). In particular, we have

found Fp ¼ ðr=ritC0Þ � 1; where r (track/m
2) is the total track density on the detector, ri ¼ 0:288� 10

�2 m, t is the

exposure time and C0 (Bq/m
3) is the concentration of 222Rn. If C0 is known (e.g. from a separate measurement), we can

obtain Fp: The proxy equilibrium factor Fp is also found to be well correlated with the equilibrium factor between radon

gas and its progeny through the Jacobi room model. This leads to a novel method for long-term determination of the

equilibrium factor.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Methods for long-term monitoring of the 222Rn gas

itself are well established. These include the use of solid-

state nuclear track detectors (SSNTDs) (see e.g.

Nikolaev and Ilic (1999) for a survey). However,

methods for long-term monitoring of the concentrations

of radon progeny, or the equilibrium factor (which
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surrogates the ratios of concentrations of radon progeny

to the concentration of the 222Rn gas), are still being

explored.

In this paper, we propose to use the bare LR 115

detector (12 mm red cellulose nitrate on a 100 mm clear
polyester base, from DOSIRAD, Type 2, Non-Strip-

pable), which is a commonly used SSNTD, for

determining the equilibrium factor.
2. Determination of response of LR 115

The first task is to study the partial sensitivities ri of

the detector (i.e. the detector sensitivities to radon and
d.
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Fig. 2. Energy–distance curves for radon and its progeny in air.

The alpha particles emitted from a distance between Rmin and

Rmax will strike the detector with an energy within the energy

window for LR 115 between 1.25 and 3.9MeV.In all cases,

Rmax2RminE1:7 cm (see Table 1).
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its progeny). We first determine the distributions of

lengths of major and minor axes of alpha tracks in the

LR 115 detector produced by 222Rn, 218Po and 214Po.

The Monte Carlo program developed earlier by us

(Nikezic and Yu, 1999) is employed. However, the

concept of effective volume is not used.

A cross section of the sampling volume is shown in

Fig. 1. The initial points of alpha particles in the

simulations have been chosen in such a way that their

distances to the detector are less than the range R of

the alpha particles in air. They are also chosen so

that the incident angle to the detector is larger than the

theoretical critical angle ylim; which is defined as

ylim¼ a sinð1=VmaxÞ where Vmax is the maximal value of

the V function (the ratio of the track etch rate Vt to the

bulk etch rate Vb; i.e., V ¼ Vt=Vb). Particles striking the

detector with an angle smaller than ylim cannot produce

any track.

To determine the incident energy of an alpha particle

when it strikes the detector, we employed the SRIM2000

program (Ziegler, 2001). The stopping-power data were

used to produce energy–distance tables for alpha

particles in air; these are graphically presented in Fig.

2. The energy Ex of the alpha particle incident on the

detector after traveling a distance in air was determined

by linear interpolation between data in the correspond-

ing energy–distance table. The ranges of alpha particles

in the LR 115 detector (cellulose nitrate) were also

determined using the data obtained from SRIM2000.

The lengths of major and minor axes were calculated

by a model, recently developed by the present authors

(Nikezic and Yu, 2003). Additional information, such as

the track etch rate Vt and bulk etch rate Vb; were needed
to simulate track growth and to calculate the track

parameters. The bulk etch rate of the LR 115 detector

was indirectly determined by many authors (Somogyi

et al., 1978; Nakahara et al., 1980; Sanzelle et al., 1986)

through measurements of track radii after irradiation to

fission fragments. Direct measurements of Vb were made

more recently (Nikezic and Janicijevic, 2002; Yip et al.,

2003a, b). In this work, we adopted Vb ¼ 3:27mmh�1,
which corresponded to the standard etching conditions:
Fig. 1. Cross section of the sampling volume of initial points of

alpha particles in the simulation. R is the range of alpha

particles in air, while ylim ¼ a sinð1=VmaxÞ is the critical angle.
The 3D object is obtained by rotation of the curve around the

normal onto the detector.
2.5N aqueous solution of NaOH at 60�C without

stirring (Nikezic and Janicijevic, 2002). Stirring was

found to significantly enhance the bulk etch rate to

VbE7 mmh
�1 (Yip et al., 2003a). Calculations were

performed for a removed active layer of 6.54 mm,
assuming that the etching lasted for 2 h, which is a

common practice for this detector. The initial thickness

of LR 115 was taken as 12 mm, as declared by the
manufacturer, so the residual thickness of the active

layer was 5.46 mm.
Regarding the track etch rate Vt; we adopted the V

function (V ¼ Vt=Vb), published by Durrani and Green

(1984) as

V ¼ 1þ ð100e�0:446R
0
þ 5e�0:107R

0
Þð1� e�R0

Þ: ð1Þ

In order to optimize the calculations and to reduce

the computational time, prior to the simulations, we

produced tables containing data DmajorðE; yÞ on the
major axis and data DminorðE; yÞ on the minor axis by
systematically changing the incident energy from 0.1 up

to 7MeV with steps of 0.1MeV, and incident angle from

20� up to 90� with steps of 1�. Only the tracks which

perforate the active layer of the LR 115 detector are

considered.

In the simulations, the track parameters were

calculated by linear interpolation between the two

nearest data points in the tables. In this way, the

computation time was significantly reduced, which

enabled execution of a large number of simulations,

which was 106 in our case. As a result, the distribu-

tions of track parameters were calculated with small

fluctuations.

In the course of simulations, all the tracks were

selected according to the lengths of their major and

minor axes, with steps of 0.2 mm. When the calculations
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were completed, the number distribution Ni was

obtained: this is the number of tracks with the length

of the major axis between Di and Di þ 0:2 mm. The
number distribution is then divided with the total

number of the tracks to give the probability distribution

pi; which represents the probability of a particle creating
a track with the major axis length between Di and

Di þ 0:2 mm. The ratio pi=0:2 is the probability density
function fi (in m

�1).

The next step was the multiplication of fi and VCet;
where V is the volume (m3) of the space where the initial

points of alpha particles were chosen (Fig. 1), C (Bq/m3)

is the concentration of alpha emitters (radon or radon

progeny in our case) in air, e is the detection efficiency
expressed as the ratio between the number of particles

creating tracks in the detector to the total number of

emitted particles, and t (s) is the time of irradiation.

Since VCt is the number of alpha particles emitted in the

time interval t in the space above the detector, VCet is
the number of the tracks created in the detector.

Therefore, the product fiVCet is the probability density
for the given exposure Ct; i.e., the probability to obtain
a track with the major axis in the range (D;D þ dD)

for the exposure Ct: If we assume that Ct ¼ 1Bq sm�3,

the probability density per unit exposure is obtained.

The same formulations will apply for the cases of the

minor axis.
Fig. 3. Left panel: Geometry of the irradiation volume for

explanation of equality of the partial sensitivities. Right panel:

cross section of the reduced integration volume, with Rmin and

Rmax corresponding to the energy detection limits.
3. Results and discussion

3.1. Equality of partial sensitivities

It is interesting to find out that the distribution of the

major and minor axes of perforated tracks in the LR 115

detector for three alpha energies in the radon chain

overlap completely. The conclusion is that the distribu-

tions are independent of the initial energy of the alpha

particles. In other words, the partial sensitivities ri of the

LR 115 detector to 222Rn, 218Po and 214Po are the same.

The equality among the partial sensitivities is an

interesting result. Similar results have been obtained by

the previous research but the phenomenon has not been

studied in details and has not been explained. For

example, Somogyi et al. (1984) found that partial

sensitivities in diffusion chambers were equal among

themselves if the radius of chamber was larger than

4 cm, and if the progeny was not deposited onto the

chamber wall. Under such conditions, the detector

operated just like a bare one. The value given by

Somogyi et al. (1984) for partial sensitivity was about

0.28� 10�2m (as recalculated by the present authors

using data from the graph in the original work). Nikezic

and Baixeras (1996) calculated partial sensitivities of a

bare detector as a function of the removed layer and

found that they were very close to each other for the
same thickness of removed layer. At that time, they

applied the track growth model of Somogyi and Szalay

(1973) and got the value ri¼ 0:244� 10
�2 m for 6 mm of

removed layer and ri¼ 0:334� 10
�2 for 7 mm of

removed layer. Linear interpolation gives riE0:29�
10�2 m, which is close to the value of 0.288� 10�2m
obtained here with our model of the track growth.

Different models of track growth brought close results

for partial sensitivities.

Equality of partial sensitivities means eV is constant,

i.e. the product does not depend on the initial alpha

particle energy. Let us now calculate the probability dP

that an alpha particle emitted at the point Aðr; y;fÞ hit
the point-like detector at the origin of the coordinate

system with a surface area dS (see Fig. 3, left panel). The

relevant alpha particles are emitted within the hemi-

sphere with radius R; which is the range of these
particles in air. The probability dP is given as

dP ¼
dS cos y
4pr2

: ð2Þ

Then the probability per unit surface area of the

detector is given as

dP

dS
¼
cos y
4pr2

: ð3Þ

If one considers all the relevant alpha particles in the

hemisphere, the average detection efficiency %e per unit
detector surface becomes

%e ¼

R
ðdP=dSÞ dVR

dV

¼

RR

0

R 2p
0

R p=2
0

cos y
4pr2

r2 sin y dr dy dj
4
3
ðpR3=2Þ

ð4Þ

or simply

%e ¼
3

8pR2
: ð5Þ

If the radionuclide concentration in air is C (Bq/m3), a

total of VC of alpha particles will be emitted in 1 s

within the hemispherical volume. The number of hits
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Table 1

The values of Rmin and Rmax calculated for energies of alpha

particles in the radon chain using data for stopping power given

by the SRIM2000 program

Alpha energy

(MeV)

Range

(cm)

Rmin

(cm)

Rmax

(cm)

Rmax � Rmin

(cm)

5.49 3.85 1.5 3.25 1.75

6.00 4.42 2.1 3.82 1.72

7.69 6.55 4.2 5.95 1.75
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per second, N; will be

N ¼ %eVC ¼
3

8pR2
4

3

pR3

2
C ¼

1

4
RC ð6Þ

which is known as Cherry’s formula (Cherry, 1964).

Eq. (5) shows that the average detection efficiency is

inversely proportional to the surface area of the

hemispherical volume. However, as mentioned above,

the equality of partial sensitivities found from our

Monte Carlo simulations implies a constant eV ; so
the efficiency should be inversely proportional to the

effective volume. The discrepancy is caused by the upper

and lower energy detection limits of the LR 115

detector. The above derivation should be modified to

take these into account. Instead of performing the

integration in Eq. (4) from 0 to R; it should be

performed from Rmin up to Rmax; which correspond to
the energy detection limits. If an alpha particle is emitted

beyond Rmax; it will be slowed down too much in the air
and hit the detector with an energy lower than Emin: On
the other hand, if it is emitted at a distance smaller than

Rmin; it cannot be sufficiently slowed down to hit the
detector with an energy smaller than the upper energy

limit Emax: In other words, only particles emitted

between Rmin and Rmax can generate perforated tracks

in the LR 115 detector. In Fig. 3 (right panel), the cross

section of the trimmed integration volume is shown. All

integrations in Eq. (4) remain the same except that the

integration with respect to the variable r is from Rmin to

Rmax; i.e.Z Rmax

Rmin

dr ¼ ðRmax � RminÞ ð7Þ

so the final expression for the average detection

efficiency becomes

%e ¼
3

8pR3
ðRmax � RminÞ: ð8Þ

To calculate Rmin and Rmax for energies of alpha

particles in the radon chain, we used data for stopping

power for alpha particles in air given by the SRIM2000

program and the energy–distance tables mentioned

above. On determining from our calculations the upper

and lower energy limits for the LR 115 detector to be 3.9

and 1.25MeV, respectively, we calculated the values of

Rmin and Rmax as shown in Table 1. These values are also

shown in Fig. 2. In the calculations, we only considered

the tracks with both major and minor axes longer than

1mm. As the difference ðRmax2RminÞE1:7 cm=constant,
the efficiency is inversely proportional to R3; i.e.
eVEconstant.
This is a simplified explanation for the equality of the

partial sensitivities. Here, a point-like detector was

considered and the critical angle has not been consid-

ered, but the results are qualitatively the same in the

realistic case.
3.2. Equilibrium factor determination

Since the distribution of the major and minor axes of

perforated tracks in the LR 115 detector for different

alpha emitters overlap, the partial sensitivities ri are

equal to one other. By integration of the corresponding

curves, we found that the partial sensitivities ri are

ri ¼ r222Rn ¼ r218Po ¼ r214Po ¼ 0:288� 10
�2 m: ð9Þ

Therefore, the total sensitivity in the case of radio-

active equilibrium between radon and its progeny will be

r222Rn þ r218Po þ r214Po ¼ 0:864� 10
�2 m: In case of dis-

equilibrium, the total track density r (in track/m2) on
the detector is

r ¼ ri C0 þ C1 þ C3ð Þ 	 t; ð10Þ

where C0; C1 and C3 are concentrations of
222Rn, 218Po

and 214Bi(Po) in Bq/m3 and t is the exposure time. If the

radon concentration C0 is known (e.g. from a separate

measurement), we can obtain the sum (C1 þ C3) given as

C1 þ C3 ¼
r
rit

� C0: ð11Þ

If one divides by C0; this becomes

Fp ¼ F1 þ F3 ¼
C1

C0
þ

C3

C0
¼

r
ritC0

� 1; ð12Þ

where Fp is a sum of F1 and F3; and is given the name
‘‘proxy equilibrium factor’’.

A similar quantity, called the reduced equilibrium

factor Fred ; introduced recently by Amgarou et al. (2003)
was defined as Fred ¼ 0:105F1 þ 0:380F3: It has been
shown that the equilibrium factor can be determined if

Fred is known. Amgarou et al. (2003) calculated

equilibrium factors through the Jacobi room model

(Jacobi, 1972) by systematically varying all parameters

that influence the concentrations of radon and its

progeny, and plotted them with Fred : We repeat the
procedures here, but replace Fred with Fp; the results are
shown in Fig. 4. One may observe that the proxy

equilibrium factor has a good correlation with the

equilibrium factor F ; so we have effectively found a
convenient method for the determination of F with the

LR 115 detector. The method proposed by Amgarou

et al. (2003), through the reduced equilibrium factor
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Fig. 4. Dependence of the equilibrium factor F on the proxy

equilibrium factor Fpð¼ F1 þ F3Þ:
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Fred; involved measurements of
218Po and 214Po con-

centrations. These relied on particular etching condi-

tions on the Makrofol detector to enable the counting of

alpha tracks in two energy windows, viz., (3–5MeV) for
222Rn and 218Po, and (6:327:5MeV) for 214Po. The
method proposed in the present paper is much simpler

and more convenient.
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