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ABSTRACT

The purpose of this project is to present a sinple and
specific method to assess the radon progeny hazards in the hone
and to apply this method. Equations presently are available to
calculate lung dose for adults using a typical particle size
distribution. Using these equations for children results in an
underestimtion of |ung dose. In order to deternmne the lung
dose for any age individual and particle size distribution, this
research devel oped equations using a lung model by D. Crawford-
Brown. These equations may be used to estimte annual |ung dose
frominformtion concerning the radon progeny concentration
unattached fraction, and aerosol size distribution. Measurenents
of radon and radon progeny were performed in two upstate New York
hones which were identified as having potentially elevated radon
concentrations. Sanpling procedures for unattached fractions
devel oped by A George and a conputer programto determne
working |evels fromgross al pha counts on air filters were
applied to obtain the necessary parameters for the |ung dose
calculations. Estimtes of |ung dose equivalent to the
subsegnental bronchioles for the two famlies were cal cul ated
fromthese specific measurements, with the assumption of a
typical particle size distribution. Therefore, a method both for
sanpling radon progeny and for cal culating lung dose to various
groups under differing particle size distributions and unattached

fractions is presented.
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1 | NTRODUCTI ON

| ndoor Rn-222 (radon) recently has been the focus of
nationw de attention, since it conprises the largest single
source of exposure to ionizing radiation to the genera
popul ation. The average effective whol e body dose equival ent
fromradon, 200 mlliremper year, is larger than all other
natural sources combined, as well as industrial and medi cal
sources (NCRP-93,1987). Radon-222 is the decay product of
radi um 226 which is part of the uraniumseries starting with
urani um 238. The actual hazard is not the radon gas, which does
not readily interact chemcally with other elenents, but the
particulate progeny to which it decays. As shown in Figure 1,
two daughters, polonium 218 and pol oni um 214, decay by al pha
emssion. VWiile all the radon progeny are breathed into the
lung, these two daughters are responsible for nmost of the
radi ati on dose received by the lung. The Environnental
Protection Agency estimtes the annual |ung cancer deaths from
radon in the United States to be in the range of 5,000 to 20,000
(Bodansky et al,|987).

Wi le previous attention to indoor radon has been focused on
hones built above uraniumm || tailings or phosphate deposits and
homes in which construction materials contained uranium it is

now w dely accepted that the nmost comon source of indoor radon

is fromthe natural uraniumin soil and rocks under hones

(personal comunication, Watson). One of the nost publicized of
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Figure 1 Uranium 238 decay scheme (NCRP-77,1984)

such areas is the Reading Prong, an underground granite formation
which is highly permeable and enriched with uranium It extends
under eastern Pennsylvania, northern New Jersey, and southern New
Yor k (Cot hern, 1987).

The primry mechani smthrough which radon enters the home
fromthe ground is through gaps in the building structure.
Lesser amounts often enter frombuilding materials and fromthe
water supply. Weatherization of homes for energy conservation
possibly can lead to el evated radon |evels due to a decreased
rate of air exchange with the outdoors. Radon concentrations
differ greatly among homes due to differing rates of radon entry
and varying locations. It is estimated that the average radon
concentration for a single famly home is 1.5 picocuries per
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liter (pG /1) (Bodansky at al,1987). One extensive study of

annual and normal i zed average concentrations found nost of the
single-famly homes to have a concentration in the range of 0.2
pCG/1to 4 pCG/1, with about 9% having higher concentrations. O
those having higher concentrations, around 2% have |evels greater
than 8 pCi/1. This corresponds roughly to one mllion homes. It
shoul d be noted that the Environnental Protection Agency (EPA)
recommends that action be taken when radon levels exceed 4 pG/1
on an annual average basis (Bodansky et al,1987).

Even within a single home, radon concentrations can differ
greatly. In general, homes denonstrate higher |evels during the
wi nter nmonths when the house is nore tightly closed. In
addi tion, higher concentrations are often observed during the
early norning hours and the [ owest concentrations are found in
the |ate afternoon, with concentrations about one-third the peak
nor ni ng val ues (Ei senbud, 1987).

The concern about radon began in the mning industry when it
was observed that certain mning popul ations were devel oping an
el evat ed nunber of lung cancers (Cothern,1987). However, radon
exposure in the home differs fromthat in mning at mospheres.
General ly, in the hone, a smaller aerosol nedian particle size
(0.1 mcron versus 0.2 to 0.4 mcron) is found (NCRP-78,1984).
Al'so, the fraction of radon progeny not attached to aeroso
particles (unattached fraction) is larger in homes (0.07) than in
mnes (0.04). 1In addition, hone atnmospheres constitute
continuous exposures as opposed to occupational mning exposures.
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Wil e these differences increase the lung dose per unit of radon
concentration, this increase is conpensated by generally | ower
concentrations of radon progeny in the homne.

The primary unit used to describe radon concentration is the
working level (W). AW is defined as "any comnbination of
short-lived radon daughters in one liter of air that wll result
inthe emssion of 1.3 X 10 MeV of potential al pha energy"
(NCRP-78,1984). To describe cunulative exposure, the unit of
working level nmonth (WM is used. A WMis an exposure to one
W. for one working nonth (170 hours). Wrking levels relate to
pC /1 of short-lived radon progeny by the equation:

W. = 0.00103 (RaA) + 0.00507 (RaB) + 0.00373 (RaC)

(Evans, 1969); where (RaA), (RaB), and (RaC) is the concentration
of RaA, RaB, and RaC, respectively, inunits of pG/1l. As shown
in Figure 1, the radionuclides corresponding to RaA, RaB, and RaC
are, respectively, Po-218, Pb-214, and Bi-214. The unit of W is
defined in terns of potential al pha energy which includes the RaB
and RaC beta emtters since they eventually decay to an al pha
emtter. The alpha emtter RaC (Po-214) is in equilibriumwth
the nuch longer-lived RaC. Therefore, with each RaC decay, an

al nost i nstantaneous RaC decay occurs.

Equations presently are available to calculate the bronchia
| ung dose to adults if the unattached fraction and radon
concentration are known. One such equation assumes a typica
particle size distribution and applies only to adults (Maher et
al,1987). Calcul ations have been perfornmed by W Hof mann
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(Hof mann et al,1979) and N. Harley (Harley and Pasternack, 1982)
for the lung doses to children but not as a function of aerosol
size distribution. The age-dependent |ung nmodel by Crawford-
Brown (Crawford-Brown, 1981) predicts |lung dose for differing ages

and aer osol sizes.

The general purpose of this study is to develop a method for
cal cul ating the dose delivered to the lung tissue of various age
groups under any atnospheric conditions. These conditions would
i nclude the unattached fraction and particle size distribution.

At the present, calculations of lung dose are available only
under a single typical particle size distribution. The resulting
equations presented in this report, therefore, may be used to

cal culate lung dose in homes in which the state of radon progeny
has been measured. Since these equations require that the radon
progeny concentration and unattached fraction be known, a nethod
Is also presented to obtain these paraneters using two New York
hones as exanpl es. Conbining the equations with the measurenents
yields an estimation of the annual |ung dose equivalent for the
menbers of two famlies at a radon progeny concentration
specified as the action level by the EPA.  Since no neasurenent
of particle size distribution has been obtained here, only a
singl e example of the application of the general method may be

gi ven.
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2 THEORETI CAL DEVELOPMENT OF AGE- DEPENDENT LUNG DOSE EQUATI ONS
2.1 LUNG ANATOMY AND MODELLI NG

The respiratory systemcan be divided into three parts. The
naso- pharyngeal region consists of the nose, mouth, throat,
pharynx, and larynx, and in these areas air flowis nost |ikely
to be turbulent. The tracheo-bronchial region extends fromthe
trachea through the |obar, segmental, and subsegnental bronchi to
the termnal bronchioles. The third area is the pul nonary region
whi ch consists of the alveoli where carbon dioxi de and oxygen are
exchanged with the bl oodstream The area of interest for radon
progeny deposition is the tracheo-bronchial region. In this
region, the trachea divides into two main bronchi, which divide
into five smaller bronchi to conpose the |obar region of the
lung. Further divisions continue and produce the segmental,
subsegmental, and termnal bronchioles. As shown in Figure 2,
the inner surface wall of the airways in this region is conposed
of a layer of pseudostratified columar epithelial cells above a
| ayer of basal cells. These basal cells divide to replace the
epithelial cell layer. Goblet cells, which function to secrete
nucus, can also be found in the columar layer. Clia lie above
these colinmmar cells and propel nucus upward al ong the
passageways. Since the basal cells are undifferentiated and
rapidly dividing, it is often assumed that they are the critica
cells in radon dosimetry, although this is not certain (Craword-

Brown, 1987) .
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Figure 2 Cross-section of the epithelial layer of the |ung
(Cr awf or d- Br own, 1987)

The lung nodel by Crawford-Brown is conprised of twenty
generations beginning with the mouth and ending in the term nal
bronchioles. The area of interest here is in generation 7, which
I's the subsegmental region. This region is inportant because
many of the lung tumors in uraniummners are assuned to have
devel oped in this area (NCRP-78,1984). This |ung nodel
I ncorporates several important steps. First, it is necessary to
cal cul ate the amount of radon progeny deposited in each
generation of the lung. Deposition nodelling depends on the size
of aerosol particles to which radon progeny attach, the

unattached fraction, the volume of air breathed, and the age of

the individual (which influences airway dianeters and | engths).
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Transport processes in the lung nmust also be described since the
mucoci | i ary bl anket can nove a particle fromits original site of
deposition. Fromcal cul ations of deposition and nucociliary
bl anket movement, the number of disintegrations in the generation
of interest (generation 7) can be estimated. Using this
information on the total nunber of disintegrations in a
generation, it then is possible to calculate the dose to cells in
that generation. This calculation requires the use of depth-
dose curves which describe the dose to cells |ocated at different
di stances fromthe |ung passageway wal | s (Crawf ord- Brown, 1987).
For this research, the nost inportant feature of the nodel
is the calculation of the number of disintegrations per inhaled
atom of radionuclide for various pacticle sizes and ages. The
model yields estimates of the number of disintegrations for a
wi de range of aerosol particle diameters and al so considers the
effects of breathing characteristics. Both [ight and resting
states of physical activity are specified in the nodel, but only
resting states are considered in this report due to the focus on
the hone. This nodel also calculates disintegrations for various
radi ol ogi cal decay constants. The decay constants of RaA (0.227
per mnute), RaB (0.026 per mnute), RaC (0.035 per mnute) were
summed and resulted in an average decay constant of 0.096 per
mnute. The closest value examned by Crawford-Brown is a
radi ol ogi cal decay constant of 0.07 per mnute. Therefore, the
relative values of dose to the lung at various ages cal cul ated

using a decay rate constant of 0.07 per mnute will be used in
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the present report. As long as the decay constant for the radon
progeny is within 50%of that given in the lung nodel, the

rel ative values of dose to the various generations will be the
sane (personal communication, Crawford-Brown). In other words,
the ratio of the dose at age "a" to the dose in an adult will be
correct. The absolute value of the adult is taken from NCRP-78
(NCRP-78,1984). The absolute value at any other age may then be
cal cul ated by nultiplying the adult value by the ratio mentioned

above.

In summary, the model yields estimtes of the nunber of :

disintegrations in the subsegmental bronchioles for any aerosol
dianeter and age. If this nunber is divided by the surface area
of that generation, a measure of the dose to that generation is

obt ai ned.

2.2 STATI STI CAL ANALYSI S OF PARTI CLES

Since the Crawford-Brown |ung nodel considers various
particle diameters, lung dose equations may be formulated for
different particle size distributions. This requires information
on the frnction of particles at any size. Particle size
distribu'*ona generally follow a |og-normal distribution, which
means that the logarithmof the particle sizes is normally
distributed (Crow and Shimzu,1988). In such a distribution, the
geonetric mean, or median diameter, is used to describe the data.
Thi s nedian diameter corresponds to the size at which 50%of the

particles have smaller diameters and 50% have |arger dianeters.
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The arithnetic mean dianeter is not particularly useful in these
distributions since it is influenced greatly by outliers. The
geometric standard deviation is used in |og-normal distributions
to describe the variability or spread in the data. A comon way
to display these paraneters graphically is with a cumul ative plot
on | og-probability paper. This plot displays the particle size
logarithmcally and the probability or percent of particles |ess
than the stated size on a probit scale. [If this cunulative plot
Is a straight line, then the data are truly |og-normal (Crow and
Shi m zu, 1988) .

In the present research, three aerosol median dianeters were
considered: 0.05 mcron, Ol mcron, and 0.5 mcron. These
medi an di ameters shoul d cl osely approxi mate the range of nost
aerosol size distributions found in the home (personal
comuni cation, Crawford-Brown). In addition, geonetric standard
deviations of two, three, and four were applied to each median
dianeter, resulting in a diversity of possible distributions. As
shown in Figure 3, NCRP-78 considers a typical particle size
distribution in the hone as approximtely 0.1 m cron nedian
dieuneter with a geometric standard deviation (GSD) of two.

The nmedi ans and geonetric standard deviations for the nine
aerosol size distributions considered here are displayed on | og-
probit paper as shown by the nine figures in Appendix A The
aerosol dianeters ranged from0.001 micron to 10 mcrons and were
divided into 16 different intervals. Particle sizes greater than

10 mcrons were not considered because the majority of these
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Figure 3 Particle size distribution for a typical hone (NCRP-
78, 1984)

particles are stopped by inpaction in the nose before reaching
the lung (personal communication, Crawford-Brown). Particle
sizes less than 0.001 mcron were assumed to be nostly unattached
to aerosol particles. Since the unattached progeny are deposited
with an efficiency simlar to that of the 0.0001 mcron dianeter
particles, the disintegrations corresponding to the 0.0001 mcron
diameter as predicted by the lung nodel were used to determ ne
the bronchial dose contribution fromthe unattached fraction of
the radon progeny (personal comunication, Craw ord-Brown).

These particle size intervals are shown in Table 1
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Table 1 Particle Size Intervals Used |In This StUdy

| nt er val Range (mi cron) I nterval Range (m cron)
1 0. 001- 0. 005 S 0.8-1.0
2 0. 005- 0. 01 10 1.0-2.0
3 0.01-0. 05 11 2.0-3.0
a 0.05-0.1 12 3.0-4.0
5 0.1-0.2 13 4. 0-5.0
6 0.2-0.4 14 5.0-6.0
1 0.4-0.6 15 6.0-8.0
a 0. 6-0. 8 16 8. 0-10.0

The fraction of particles in each size interval givenin
Table 1 was determ ned for each of the nine assuned aeroso

distributions by the cunulative plot of each aerosol
size distribution (Appendix A). Figure 4 shows an exanple
of a cumulative plot of a particle size distribution,

For each interval shown in Table 1, the percent of particles
less than the lower boundary of each interval was subtracted from
the percent of particles [ess than the upper boundary of each
interval. The difference is the fraction of particles in that
interval. Using the seventh interval as an exanple, the
cunul ative percent corresponding to 0.4 mcron for the particle
distributionin Figure 4 is 37% The cumulative percent for 0.6
mcron in 60% Therefore, the fraction of particles with
diameters between 0.4 mcron and 0.6 mcron in this distribution
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IS 60%- 37%=23% This methodol ogy was used for each size
interval in each distribution such that the fractions in each

di stribution sumed to 100%

10 20 30 40 so M 70 a0 90 95 98
Ptr cant l«mthan suMf ww

9ure 4 Cumul ative ghé? of a art|cle s|ze distribution. The

icle size corres ng to t 09 S I e ned N
|ane er, g mcronp and ghe rat |o o(bpﬁ 4@6 size to the 50%
si ze gi Ves the geometric standard deviation as 2.

2.3 METHODOLOGY FOR FORMULATI NG AGE- DEPENDENT LUNG DOSE EQUATI ONS
In this report, the individual ages of 0 (newborn), 2, 8,
12, 16, and 32 (adult) wll be considered. Fromthe Crawf ord-
Brown lung model, the number of disintegrations in each |ung
generation, D' ¢*, are given at age "a" as a result of particles
insizerange "I". These are the total nunber of disintegrations
per breath and assume a concentration of 1 particle per cc.
Therefore, the nunber of disintegrations per breath at each age
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must be multiplied by the breathing frequency (breaths per year)
for that age in order to estimate the total nunber of

disintegrations per year (Di*). Figure 5 shows the breathing
frequency in breaths per mnute as a function of age. These
val ues are converted into breaths per year for the specific ages
consi dered as shown in Table 2.

Since the particle size endpoints of interest in the present
study (Table 1) occasionally were different fromthe particle

sizes given in the lung nodel, interpolation was necessary to
determ ne the nunber of disintegrations associated with the

particle size intervals considered. The mdpoint of each
interval in Table 1 was calculated. As described above, the |ung
model predicts the total nunber of disintegrations occurring in
generation 7 for each age, "a", and particle size, "I" (D" a*)*
When nultiplied by the breathing frequency, this number becones
Ala with units of disintegrations per year resulting from
exposure at age "a" to an atnosphere of 1 atomper cc. Values of

D" a for the specific particle size intervals used in this study
were obtained by interpolation between the values given by the

lung model. The fraction of particles, f*, in each size inter-
val, i, as determned by the cunulative plot for each assuned

particle size distribution in Appendix A then were nultiplied by
"D a". These values, fi,D"a represent the total numer of

disintegrations in generation 7 fromeach size interval and age,
wei ghted by the fraction of particles in each of these intervals
for each particle size distribution. To obtain the total nunber
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Tabl e 2 Breathing Frequency for Specific Ages

Age Breaths per ninute Mnutes per year  Breaths per year

0 34 5.256 E 5 1.7870 E 7
2 27 5.256 E 5 1.4191 E 7
8 18 5.256 E 5 9. 4608 E 6
12 16 5.256 E 5 8. 4096 £ 6
16 15 5.256 E 5 7.8840 E 6
32 14 5.256 E 5 7.3584 E 6

(Adapt ed from Crawf or d- Brown, 1987)
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of disintegrations corresponding to all size intervals at a given
age, the values of fi»D™ " were sumved over all particle sizes

(i.e. VfifDi*a)- "e total dose fromall size intervals thenis
proportional to this sumdivided by the age-dependent regional

surface area of the lung for generation 7 (SA"). These surface
area val ues are shown in Table 3. This dose, however, pertains
to a radon progeny concentration of 1 atomper cc. Therefore,
VAItAal Ma s nust be multiplied by the radon progeny
concentration, C(in units of W), and an arbitrary conversion
factor, k, to obtain the total |lung dose per year. The units. of
k will be rads per disintegration per square centineter tinmes
atons per cc per W.

The di scussion above has considered only radon progeny
attached to aerosol particles. The contribution of the radon
progeny unattached to aerosol particles was derived in the sane
manner as above with one alteration. For the unattached progeny,
the disintegrations per year and per unit concentration for each
age, Df *, were obtained by using only the disintegrations
corresponding to the particle dianeter of O.000 micron fromthe
| ung model, which is considered smaller than aerosol particles
(personal comunication, Crawford-Brown). Adding the
contributions fromthe attached progeny and unattached progeny

results in the total lung dose per year, Rp,a specific for each
particle size distribution and age. The follow ng genera
equation illustrates the previous discussion:
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Tabl e 3 Age- Dependent Regional Surface Areas of the Lung

Age Surface Area (citi®)
0 2.6

2 4.5

8 11. 4

12 15. 9

16 20. 1

32 28.7

(Adapt ed from Crawf ord- Brown, 1981)

Ap,a - (1f) Ck D Dinal Sha+f Chk DM | Shg (1
where f is the unattached fraction and Cis the total
concentration of the progeny in W, regardless of the state of
attachment. The only termleft to determne is the conversion
factor, k, which is independent of age and particle size
distribution. This factor may be obtained by providing known
val ues of Ro " and C and solving the above equation for k. NCRP-
78 provides a factor for lung dose per unit radon progeny
concentration of 0.5 rad per WM for adults. Additional values
are given corresponding to gender-specific environnental
exposures (wonen =0.6 rad/ WM and men =0.7 rad/\WM and coul d
be used if desired. The conversion of 0.5 rad/ WM was chosen
because it represents a consensus of values used by the NCRP and

EPA (personal comunication, Crawford-Brown). Since this NCRP
conversion factor is expressed in units of rad per WM the radon
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progeny exposure al so nust be expressed in WM However, radon
progeny concentration usually is expressed in W, as is the case
in Equation 1. Therefore, a conversion is needed to equate W
wth WM A WM corresponds to exposure at 1 W for 1 month (170
hours). Since there are 52, 170-hour periods in a year for
continuous exposure, a concentration of 1/52 W will yield 1 WM
Therefore, a concentration, C of 1/52 W was used in Equation 1
to solve for k, with Rp set equal to 0.5 rads.

Anot her factor needed to determne k (see Equation 1) is the
unattached fraction, f, which for a typical home is 0.07 (NCRP-
78,1984). The attached fraction is therefore 1-f or 0.93. Since
0.5 rad/WMis a factor corresponding to adults, the surface area
(SA™) termthat nust be used is 28.7 cnt (Table 3). The only
val ues |eft to be supplied for Equation 1 are MAj"Aj g A"A
Df a. These terns were explained previously and the val ues
used here may be found in Appendix B. For purposes of solving
for k in Equation 1, a typical particle size distribution with a
median of 0.1 mcron and GSD of 2 is used here. Wth the

appropriate values inserted into Equation 1, it is possible to

sol ve for k as foll ows:

0.5 rad/WM = (0.93) (1/52 W) (1.1792 E6) k / 28.7
+(0.07) (1/52 W) (3.7271 E7) k /| 28.7;

k = 2.0137 E-4.

The conversion factor, k, may then be substituted back into
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Equation 1 along with any desired age and/or particle size

specific values for 2 fi*Dj" g, Df g, and SA-", in order to

calculate Rp a* " MM present research, six ages and nine
particle size distributions are considered. This yields a total

of 54 different versions of Equation 1. The follow ng exanple
for adults and a typical particle size distribution illustrates

the nethod used to devel op these equati ons:

(1-f) C (k) (Mi'Dira) | S +f ¢ (k) (Dfi*a) | Sha
(1-f) C(2.0137 E-4) (1.1792 E6) / 28.7 + f C (2.0137 E-4)
(3.7271 E7) /| 28.7 or,

R
R

R=(83+253.2f) C

A simlar calculation can be perforned for each age/particle
di stribution conbination. Each of the resulting 54 equations is

of the form

R = (A + B f) C (2)

The values for A and B, as calculated for this study, are given
in Table 4 and are specific for each age and particle size
distribution. Consider the previous exanple for an adult and a
particle size distribution wth a nedian diameter of 0.1 mcron
and a geometric standard deviation of 2. FromTable 4, it may be
seen that A equals 8.3 and B equal s 253. 2.
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Tabl e 4 Paraneters for Age-Dependent Lung Dose Equati ons
(Ages 0-8)

Age Di stri buti on B
(nmedi an, GSD)

0 0.05, 4 22.5 382. 5
0.10, 4 27. 4 377. 6
0.50, 4 96. 3 308. 7
0.05, 3 16. 7 388. 3
0.10, 3 18.5 386. 5
0.50, 3 84.2 320. 8
0.05, 2 14. 4 390.6
0.10, 2 12.9 392. 1
0.50, 2 62. 3 342.7
2 0.05, 4 37.5 460. 6
0.10, 4 61.0 437. 1
0.50, 4 231.0 267. 1
0.05, 3 25.1 472. 9
0.10, 3 38. 3 459. 8
0.50, 3 214. 6 283. 4
0.05, 2 19. 4 478. 7
0.10, 2 23.0 475. 0
0.50, 2 170. 4 327.7
8 0.05, 4 24. 6 345. 2
0.10, 4 37.8 332.0
0.50, 4 172.0 197. 8
0.05, 3 17. 1 352. 7
0.10, 3 23. 3 346. 5
0.50, 3 145. 1 224.7
0.05, 2 13.8 356. 0
0.10, 2 14. 6 355. 2
0.50, 2 102.5 267. 3
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Tabl e 4,

conti nued

Parameters for Age-Dependent Lung Dose Equations

Age

12

16

32-

(Ages 12 -

32)

Di stri buti on A B
(rmedi an, GSD)

O. 05, 4 20. 5 310. 9

O. 10O, pa B 29. 7 3S01L. 7
O. 50, 44 143. 2 1.88. 2
O. 05, 3 14. 6 31668
O. 1.0, 3 18 5 312. ©
O. 50, 3 115. 2 216. 2
O. 05, 2 12. 1. 319O. 3
O. 1.0, 2 11. © S19O. 5
O. 50, 2 7 7. 8 253. 6
O. 05, 4 18. 7 294. 7

O. 10O, 4 26. 4 287. O
O. 50, 44 133. 3 180. 4
O. 05, 33 13. 5 300. O
O. 10O, 33 16. 3 297. 1
O. 50, 3 104. O 209. 4
O. 05, 2 121. 4 302. O
O. 10O, 2 10. 8 302. 6
O. 50, 2 67. 4 2496. O
0. 05, 4 14.7 246.8

O. 10, 4 19. 2 242. 49
O. 50, 4 9O94. 8 166. 8
O. 05, 3 10. 8 250. 7
O. 10, 3 12. 2 249. 3
O. 50, 3 72. O 189. 5
O. 05, 2 9.2 252. 3
O. 10, 2 8. 3 253. 2
O. 50, 2 46. 7 214. 8

21
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3 DETERM NATI ON OF RADON PROGENY CONCENTRATI ONS I N HOVES

Radon progeny concentrations were determned in two New York
hones. These homes were identified through the New York State
Department of Health. Both homes had el evated charcoal canister
readings in March of 1988. The Department of Health communicated
to the famlies that these extensive measurenents of the radon
progeny concentration and unattached fraction were available to
themif they were interested. These homes were |ocated in \West
Chester County, New York on the edge of the Reading Prong. Radon
progeny measurements were made using a filter technique and radon
gas neasurements were taken for conparison purposes. Unattached
fraction neasurenments were al so nmade using a wire screen
technique. Particle concentration was determned in these hones
to conpare to the unattached fraction measurenents.

3.1 FILTER TECHNI QUE AND COMPUTER PROGRAM

The filter method for determning radon progeny
concentrations was originally developed by E C Tsivoglou
(Tsivoglou et al, 19753) and consists of sanpling the air through
afilter at afairly lowflowrate. This method first was used
in mne atmospheres to determne the amount of radon progeny
activity present in contamnated air. In this nethod, sanples
are collected for 5 mnutes and the filter is then counted by an
al pha scintillation systemat three separate tine intervals (5,

15, and 30 mnutes after the termnation of sanpling). The
I ndi vidual air concentrations of the three short-lived radon
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daughters, RaA, RaB, and RaC, can be estimated fromthe total
activity on the filter at the three measurenent times by solving
a set of differential equations. Three measurenents are required
because three differential equations are used in this technique,
one for each radon progeny, with three unknowns. One subset of
equations accounts for the buildup and decay of activity on the
filter during the sanpling period, while another accounts for the
time period after the termnation of sanpling (when the progeny
are decaying but not being collected). The rate of buildup of
the three radon progeny on the filter depends upon their
concentrations in air, the flow through the filter, and the
radiol ogi cal decay constants of the three progeny. The activity
of each of the radon progeny is described by the sets of
differential equations incorporating these factors. Fromthese
differential equations and the above factors, it is possible to
solve for the activity of each of the progeny on a filter at any
tinme, given the concentration in the air. This situation could
be reversed and the concentration of the progeny in the air my
be inferred fromthe activity on the filter (gross al pha counts).
Therefore, neasurements of the activity on the filter may be used
to calculate the concentrations of the three radon progeny. The
solutions to these differential equations are quite |ong and
cunbersome and are presented in a paper by D. E. Mtz (Mrtz et
al,1969). These equations allow for a variation in counting and
sanpling times and include a theoretical devel opnent of the
associ ated standard errors. However, these equations assune that
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measurenents are available of the instantaneous count rates
during each of the three 1-mnute counting intervals. To inprove
the accuracy of the counting nethod by accounting for the finite
| ength of the measurement intervals, the equations describing
count rate nust be integrated over the three different tine
interval s (personal communication, Crawford-Brown). Wth this

modi fication, total alpha counts over three specified tinme
intervtals are used instead of count rates.

Several studies of different tine intervals were reviewed to
determne the sinplest intervals to use wth the available
equi pment without sacrificing accuracy. J. W Thomas found that
the post-sanpling tine intervals of 2 to 5 nnutes, 6 to 20
mnutes, and 21 to 30 mnutes with a sanmpling period of 5 mnutes
yi el d the highest accuracy (Thomas,1972). However, for
sinplicity, time intervals suggested by A G Scott were chosen
(Scott,1981). The time intervals suggested by Thomas invol ved
irregul ar counting tines which would have required manual contro
of the counting equipnent. Errors mght be introduced due to
manual |y controlling the scaler. Therefore, to reduce possible
error and still retain high accuracy, the Scott method of 5-
mnute counts was used. This procedure involved taking an air
sanple for 5 mnutes, then counting the filter wth an al pha
scintillation systemfrom1 to 6 and 6.25 to 11.25 mnutes after
the termnation of sanpling. The third 5-mnute count is made on
the filter at any time between 40 and 85 mnutes post-sanpling.
The last counting interval was chosen here to be 40 to 45 mnutes
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to reduce total counting and waiting times. Using these
intervals, the filter nust be transported fromthe holder to the
counters within 1 mnute after the end of sanpling. In addition,
the scal er reading nust be noted and the second interval started
within 15 seconds. This requires a careful account of time since
the scaler nust be started manual ly. However, by using the 5-
mnute intervals the scaler will stop automatically since 5-
mnute counting tines can be preset on the scalers, thus renoving
sone possible counting errors. This technique was practiced
using an early 1900's radium"drinking water" source placed in a
wooden box with drilled sanpling ports. This "radon box" was
used to practice sanpling and counting techni ques before hone

neasur enents were nade.

A conputer code designed to relate the activity on the
filter (gross alpha counts) to the concentrations of the three
radon progeny in air has been witten based on the Tsivoglou
technique. This programuses sinplified equations derived by Y.
Fu-Chia and T. Chia-Yong (Fu-Chia and Chia-Yong, 1978) and can be
found in Appendix Cwth a brief explanation of the major steps
involved. This programyields the RaA, RaB, and RaC
concentrations in pC/1 and their standard errors along wth
working |evel conputations. Table 5 illustrates the quantities
required to be input into this conputer code. To test this
conputer program time intervals given by Thomas (2-5, 6-20, 21-
30) and Scott (1-6, 6.25-11.25, 70-75) were entered into the
programalong with the 5-mnute sanpling time used by both
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authors. A conparison then was nmade between the results
cal cul ated by the code and those published by Thomas and Scott.
An exact match was obtained and the conputer code was assuned

correct.
The theoretical devel opment of the standard errors
corresponding to the radon progeny concentrations can be found in
the Martz paper. Errors associated with background subtraction
were not included in the Martz paper but were included in this
program since fewer sanple counts were expected than in the mne
atnospheres that Martz was considering. The standard errors were
determned by error propagation formulas as shown in Appendix D
These standard errors were determned to denonstrate that errors
that could be quantified were at an acceptable level. Al radon
progeny concentration standard errors were less than 10% Error
was not propagated throughout the dose equations since many
uncertainties are present which are difficult to quantify,
al though the lung nmodel itself should be accurate to a factor of

two (personal communication, Craw ord-Brown).
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Table 5 | nputs for Conmputer Code

I NPUT SOURCE
Sanmpling time (m nutes) Preset (5 minutes)
Sanpling flowrate (1pm * Fl ownet er/ Punp (12.2 1pm
Sanpling flowrate std. error * Manuf act ur er
Detector efficiency * Det ect or/ Sour ce
Detector efficiency std. error * Source Cert./Error Prop.
Total al pha counts (3 intervals) Det ect or

Duration of 3 intervals (nmnutes) Preset (5 mnutes)
Total bkg. counts (3 intervals) Detector (5-mnute counts)

Post-sanpling start tines Preset (1,6.25,40 m nutes)

* See Appendix D for measurenents and cal cul ations

3,2 EQU PMENT AND CALI BRATI ONS

3.2.1 Filters

Menbrane filters were used because of their ability to trap

particles on the filter surface rather than within the filter
matrix. This is inportant when sanpling al pha particles due to
sel f-absorption. Menbrane filters also have a high retention
efficiency for respirable particles and are commonly used for
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radi oactive aerosol sanpling (Cember,1987). MIllipore 0.8
mcron, 37-mllimeter dianeter filters were used along wth
backi ng pads to support the filters against vacuum pressure.
Plastic 37-mllineter aerosol analysis nmonitors were used to hold
the filters in place. These holders have a center section
between the top and bottom portions which serves as a retaining
ring to hold the filter in place. This filter apparatus is shown
In Figure 6. \When the top section is renmoved, open aeroso
sanpling can be acconplished with a vacuum punp connected to the
moni tor outlet by tygon tubing. However, air |eaks were observed
on these nonitors during vacuumtesting and bl ack electrical tape
was wrapped securely around the retaining ring seals while

sanpling to elimnate this problem

FI LTER
BACKI NQ

PAD

VACUUM - ToP
PUMP TYGON SECTI ON
TUBI NG J
BOTTOM
SECTI ON

RETAI NI NG RI NG

Figure 6 Filter Apparatus
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3. 2.2 Screens

Two 60-nmesh screens with 3.9 centimeter dianeters were used
to determne the unattached radon progeny. One screen fitted
into a metal nonitoring device with a top retaining ring to hold
the screen in place, simlar to the apparatus shown in Figure 6.
A paper filter followed and prevented the progeny from
contam nating the vacuum punp. Tygon tubing was then tightly
connected to the nonitoring apparatus and to the vacuum punp.
Thi s equi pment and nethod was devel oped by A George at the
Envi ronnental Measurements Laboratory in New York (persona
conmuni cation, George). \Mile other methods are available, wre
screens are inexpensive and sinple to use. However, the
unattached radon progeny nust be collected with high efficiency
and mnimal collection of the attached radon progeny. The wire
screen has an inherently negative charge which attracts the
positively charged unattached radon progeny, especially RaA
Wth the proper conbination of air velocity and nesh size,
experimental evidence has shown that a reasonable collection
efficiency for unattached radon progeny can be obtained (George,
1972). In George's experinent, wire screen nesh sizes from60 to
325 per inch were tested and only the 60-nesh screen denonstrat ed
"zero collection efficiency" for attached radon daughters.
Ceorge determined efficiencies for unattached radon progeny of
0.60 and 0.50 for 60-mesh screens at linear velocities of 12 and
17 centimeters per second respectively. A linear velocity of 17

cn's was used for these measurenents which corresponds to a
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sanpling rate of 12.2 liters per mnute and 50% screen
efficiency. This sanpling rate was determned fromthe fol | ow ng

cal cul ati on:

Q=AXYV

Q=11.95cm X 17 cmis X 60 s/mn X 1 1/1000 cc

Q=12.2 1pm

where Q = sanpling rate in liters per mnute, A = area of the
screen incm, v =linear velocity in cmper second, and
conversion factors are included to obtain the units of 1pm

3.2.3 Condensation Nuclei Monitor

An inverse relationship exists between the unattached
fraction of radon progeny and particle concentration as shown in
Figure 7. As the number of particles in the air increases, nore
unattached atons have particles they can attach to, and hence a
smal | er unattached fraction results. This explains why
unattached fractions are larger in the hone than in a mning
at mosphere where nore aerosol particles are present. Therefore,
particle concentration measurements were nade in order to confirm
or explain the unattached fraction results.

An Environnment One Rich 100 Condensation Nuclei Monitor was
used to measure the concentration of aerosol particles.
According to the equi pment manual, this monitor measures
particles 0.0025 mcron and larger wth a range of 300 to [o"
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particles per cubic centineter. This instrument operates on the
principle of a cloud chanber which produces droplets from
condensation of subm croscopic particles. A light beamis
attenuated by the cloud proportional to the concentration of
aerosol particles. The humdifier was filled with distilled
wat er whi ch was removed and replaced each tine the instrument was
moved to prevent flooding of the cloud chanber. Ideally this
monitor is tested wth a known concentration of particles. This
monitor had been calibrated when it was purchased several years
ago and a new calibration could not be obtained. As a rough
check of the ability of the detector to respond to different
particle concentrations, the detector was exposed to two

at nospheres of very different particle concentration. First,
cigarette snoke was used to produce a high concentration of
particles to determne if the nonitor needle would rise rapidly.
Then, the vacuum punp intake was filtered to check if the needle
woul d drop rapidly. The detector readily responded to the
difference in particle concentration. It is assuned, therefore,
that the detector can detect the difference between two

atmospheres of very different particle concentration. Since a
new calibration was not available, only relative val ues of

particle concentration can be obtained.
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Figure 7 Variation of unattached fraction of RaA with aerosol
concentration (NCRP-78, 1984).

3.2.4 Apha Scintillation Detectors

Two al pha scintillation detectors were used since
si mul taneous measurenents of the wire screen and filter were
necessary. Both detectors contained a thin sheet of zinc-sulfide
scintillation material. This scintillation material produces
| i ght photons when al pha particles strike the surface. A
photomul tiplier tube then detects this |ight and converts it into
an electrical signal. Figure 8 shows a diagramof the detector

and associ ated el ectronics.

An Americium241 small circular plane source was used for
al | voltage and efficiency determnations, as well as for the
standard error conputations. This National Bureau of Standards
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PRE LI NEAR COUNTER/

| detector - AP AVPLI FI ER SCALER

HI GH
VOLTAGE

Figure 8 Alpha scintillation detector and associated el ectronics

source was chosen fromthe available sources hecause the alpha
energy emtted nost closely resenbled that of the radon
daughters. The two al phas emtted by Am241 have energies of
5.29 MeV (85% and 5.44 MeV (13% (Radiological Health Handbook
1970). The al pha energy of RaAis 6.00 MeV (100% and that of
RaC is 7.69 MV (100%. Qperating voltages were deteirmned by
vol tage plateaus such as the one shown in Figure 9. This plateau
was generated by increasing the voltage on the detector by snal
increnents and then noting the corresponding 5-mnute source
counts. An operating voltage then was chosen fromthe flat
region (plateau) of the graph. Efficiency determnations were
perforned by obtaining a | O-mnute background count and five 10-
mnute source counts. Background counts were then subtracted
fromeach count and an average of the five counts was cal cul ated.

After correcting for decay, efficiencies then were calcul ated
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fromdetector counts per mnute divided by source disintegrations
per mnute. These calculations are shown in Appendix D.

The first detector used was an Eberline SAC 4 al pha
scintillation counter. This detector was used to count the thick
screens because it had a sanple hol der which adjusted to various
depths. A voltage plateau was obtained using a Sensitive
Research el ectrostatic voltneter and resulted in an operating
voltage of 575 volts. An efficiency of 42.22%was determ ned by
t he cal cul ations shown in Appendix D. Since the source was mnuch
thinner than the wire screen, this efficiency was determ ned by
pl acing pads under the source until the same thickness as the

wire screen was obt ai ned.

The other detector used was fabricated at Brookhaven
Nat i onal Laboratory and was not self-contained. Therefore, the
associ ated el ectronics were placed in a BNC Portanim These
el ectronics consisted of a Canberra Dual Counter/Tiner, a Bertan
Associ ates H gh Vol tage Mdule, and a Canberra Preanplifier/
Anplifier Mdule. The preanplifier/anplifier modul e was adjusted
to the followng settings: coarse gain =4, fine gain =1, and
discrimnation = 0.8 as per Laboratory personnel suggestions.
The voltage plateau was obtained by adjusting the potentioneter
on the high voltage nodul e and the operating voltage was set at
1300 volts. The efficiency calculations resulted in 35.69% as
shown in Appendix D. An additional Brookhaven scintillation
detector was kept for use as a spare in case problems with this

one ar ose.
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Figure 9 Voltage plateau for Eberline detector

3.2.5 Vacuum Punps and Fl ownet er

Air sanpling equi pment consisted of three Cast di aphragm
vacuum punps and a Col e-Parner precision variable area flowneter.
Two of these punps were used for the screen and filter and the
remai ning punp was used to purge the screen and as a spare. The

fl owneter was calibrated by conparing the flowreter reading with

a known air source froma Brooks air flow calibrator on the 0-100

liters per mnute scale. Different flowates were obtained by
adj usting the valves on the air sanmplers. This calibration plot

is shown in Figure 10.
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Figure 10 Flowneter calibration plot.

3.2.6 Pylon AB-5 Radon Gas Monitor

A Pylon AB-5 radon gas nonitor was used to make conparative
radon gas measurenents using an al pha scintillation cell (Lucas
cell size 300). This instrunent operates on the sane principle
as the alpha scintillation detector except that air is punped
directly into a cell coated inside with scintillation material.
This instrtinment was calibrated in the Environmental Measurenents
Laboratory radon chanmber at a humdity of 44%and a tenperature
of 22.4 degrees Celcius. An alpha scintillation cell adapter was
used to secure the cell next to the photomultiplier tube. The
detector was programmed to continuously take 10-mnute counts in
the chanber. A length of tygon tubing was connected fromthe
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punp intake on the rear panel to the alpha scintillation cell
Anot her length of tygon was connected to the al pha scintillation
cell, and to an open-faced (top section renoved) 0.8 mcron
MIlipore filter apparatus which was placed in the chanber
sanpling port. Figure 11 denonstrates this calibration set-up
The filter was attached to prevent radon progeny fromentering
the al pha scintillation cell so that only radon gas entered the
cell. Inthis calibration, 25 radon gas neasurements were nade
corresponding to a radon chamber concentration of approximtely
20 pCGi/1. Acalibration factor of 1.1 cpm/ pC /1 was determ ned
by the plot shown in Figure 12. The first counts were

di sregarded until the gas had equilibrated, then subsequent

counts were used as true nmeasurenents. These 10-m nute counts

and corresponding concentrations were averaged to determne the

above calibration factor.

CHAMBER WALL
| NSI DE RADON CHANMBER QUTSI DE RADON CHANMBER

TO PUMP NTAKE ON BACK

| B TYfin LUa”~ CELL
TUBI NG
PYLON
FI LTER -
APPARATUS

SAMPLI NG PORT

Figure 11  Pylon AB-5 calibration set-up
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Figure 12 Pylon AB-5 calibration plot. The dotted line
rePresents the average 10-m nute counts obtained in the period
foll ow ng equilibration.

3.3 HOVE SAMPLI NG PROCEDURES

Before sanpling in the homes, 5-m nute background and source

counts were taken on the two scintillation detectors. The source
checks were taken to determne if nmoving the detectors had caused
any damage which would result in a poor response. The Pylon was

then programed to take continuous grab sanples and store counts

in 15-mnute intervals. The condensation nuclei nonitor was next
started and allowed to warmup. Since only one flowreter was
avai |l abl e for both punps, flow rates were set up outside where

the radon progeny concentration was assumed to be negligible.
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The screen and filter to be used were placed in their respective
hol ders, which were attached to the vacuum punps by tightly
fitting tygon tubing. The flow was then quickly adjusted on each
punp to the specified amount. Using the graph in Figure 10 and
conducting experinments with the calibrator, this anount was 87.5
on the flowreter which corresponds to 12.2 liters per mnute.
Figure 13 denonstrates the flowreter, filter, and punp set-up

The filter and screen mechani snms were set up at the desired

| ocation in the hone and the scintillation detectors were placed
ina "low background" area. The filter and screen apparati were
placed side by side a few feet off the floor and the punps were
turned on sinultaneously. Exactly 5 mnutes later, the punps
were turned off together. Wthin 1 mnute, the screen and filter
were disassenbled fromtheir holders and transported to the
scintillation detectors. At precisely 1 mnute after sanple
termnation, the two detectors sinmultaneously were started to
count the sanples. Five-mnute counting intervals were preset on
the detectors. The detectors were restarted after 15 seconds for
a second count and after 40 mnutes post-sanpling for a third
count. A new set of neasurements using the screen/filter sanples
were obtained during the delay before the | ast count was made on
the first set of sanples. These times were carefully cal cul ated
and docunented to insure that no errors were nmade. |n addition,
the sane punp and detector conbination was used each tinme for
consi stency. The particle concentration was noted each tine a

new sanple was started and flow rates and background counts were
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t aken before each set of sanples.

Since only two wire screens were available for sanmpling, the
residual radon progeny had to be renoved fromthem before reuse.
An al cohol rinse was applied to these screens with little
success. This was a significant problem since radon progeny in
t he home atnmosphere were attracted to the screens even w thout
being suctioned. After nmaking several attenpts to decontam nate
these screens, two nmethods proved to be the nost effective in
removing the progeny. Following the first two counts, the
screens then were placed in small plastic bags and seal ed
tightly. After the third count was conpleted, the screens were
purged outside with the spare vacuumpunp at a high flowrate and
again placed in a clean, sealed plastic bag until reuse. This

procedure was repeated for every two filter/screen neasurenents.

FI LTER

VALVE
FLOW

FLOWETER

Figure 13 Fl ownet er set-up
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4 RESULTS FOR TWO NEW YORK HOVES

4.1 RADON PROGENY MEASUREMENTS

The first hone sanpled, Home A, had a finished basement that
was only partially underground. The basenent consisted of a
living area, play area, workroom and a bathroom Four

filter/screen measurenents were taken in the living/play area
out si de the workroom whi ch was assumed to be the source of radon

fromcracks in the block wall and concrete floor. Table 6

di spl ays these measurement results along with measurements of the
unattached fractions. The unattached fractions were cal cul ated
by the follow ng equati on:

Cs /| Es

where Cg = the concentration of radon progeny on the screen, Eg =
the collection efficiency of the screen for unattached radon

progeny (0.50), and ' = the concentration of radon progeny on
the filter (personal comunication, George). The values found in
Home A generally were higher than the standard unattached
fraction of 0.07. The particle concentration in Home A varied
from2,000 to 12,000 particles per cubic centineter. George has
conduct ed condensation nuclei concentration studies in hones and
buildings with a range of 15,000 to 100,000 particles per cubic
centimeter, as shown in Figure 14. Figure 7 displays an inverse
rel ationship between particle concentration and unattached
fraction. This helps to explain why the unattached fractions in
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Hone A were higher than average, since the particle concentration

was generally |ower than the average given by NCRP-78.

TABLE 6 HOVE A MEASUREMENT RESULTS

Sanpl e Filter Scr een Unat t af:hed Locati on Aver age
Nunber A WL Fracti on Radon WL

1 2.72 E-2 1. 02 E-3 0. 0752 BASEMENT

2 2. 73 E-2 1.56 E-3 0. 1143 BASEMENT

3 2.37 E-2 3.01 E-3 0. 2548 BASEMENT

4 2.15 E-2 1. 03 E-3 0. 1210 BASENMENT
AVG 2.49 E-2 1.72 E-3 0. 1382 BASENMENT 2.5 E-2

Condmation Nudii Concwtrotion in o Sngli Fomly Houst
(Wing Room, Bay«dt, M.

120 + 8/18/78
0 8/20/78

-2 90
A

00

30 Sunday( liiplunMnQd

< J. J_
0100 0500 1000 1500 2000 2400

Tunt dwun)

Figure 14 Condensation nuclei concentrations in a single famly
home ( NCRP-78, 1984).
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As a rough check of the filter method, 13 radon gas
measurenments were nade with an average nmeasurement of 5 pG /1.
Assum ng 50% equilibrium (1 W = 200 pG /1), this average
corresponds to 0.025 W, approximately the average obtai ned by
the filter measurenents. |f the radon gas and radon progeny

measurenents had been grossly different, the sanpling techniques

coul d have been incorrect since the equilibriumratio does not
vary greatly fromhome to honme (personal communication, Craw ord-
Brown) . These neasurenents were all made at the same |ocation
fromabout 9:00 AM to noon in August of 1988. It was perceived
that the windows and doors woul d be closed in upstate New York
for the majority of the year. Therefore, the wi ndows and doors
were closed for these neasurements in an attenpt to approximte a
year-round average. The al pha counts and ot her necessary
parameters were input into the conputer programto result in the
cal cul ated concentrations found in Table 6. These sanple runs
can be found in Appendix E. Measurenents were also made in the
upstairs living area but were disregarded due to counting
fluctuations and screen probl ens.

The second hone. Home B, also had a finished, partially
under ground basenent. This basement consisted of a living area
and a |aundry/storage room The radon was determned to be
entering into the laundry/storage room In this section, there
was poured concrete over the existing rock and the bl ock wal

f oundati on was visible. This home did not have central air

conditioning and the windows were usually |left open in the
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summer. The windows in the upstairs bedroons had been |eft open
on the day the follow ng measurenments were taken, but the
basenent wi ndows were closed. Again, all neasurenents were taken
i n August of 1988.

Four filter/screen neasurenents and 11 radon gas
measurenments were taken in the basement [aundry roomduring the
morni ng hours. The pylon, condensation nuclei monitor, and both
vacuum punps were set up near the area where clothing would be
handl ed with the detectors placed in a | ower background area.

The filter and gas averages are shown in Table 7. Four
filter/screen neasurenents and ei ght radon gas measurements were
taken in the basement living area in the afternoon. In these
sanples, with the assuned 50% equilibrium the W. conputed from
the radon gas average was |arger than the radon progeny average.
The equilibriumratio can vary slightly and result in |ess
accurate working level calculations fromthe radon gas
measurenents. Therefore, the radon progeny neasurements were
used for the lung dose cal cul ati ons.

Four filter/screen neasurenments and 10 radon gas
measurenments were also taken in the upstairs living area which
adjoins the kitchen. Again, the bedroom w ndows had been |eft
open previous to and during sanpling. The results of the radon
gas average and radon progeny average are conparable. As shown
in Table 7, the averages of the unattached fractions are
approxi mately that of a typical home as defined by the NCRP
In addition, the particle concentrations in Home B were generally
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Sanpl e
Nunmber

AVG

AVG

10
11
12

AVG

TABLE 7

.47

. 07

. 28

. 97

.70

.19

.16

. 06

. 36

. 09

.14

.77

.10

. 39

. 34

HOVE B NMEASUREMENT RESULTS

Scr een

.20 E-3

.67 E-4

.87 E-4

.06 E-4

.40 E-4

.78 E-4

.90 E- 4

.48 E- 4

.33 E-4

.62 E-4

.94 E-4

.09 E-4

.06 E-4

.91 E-4

.75 E-4

Unat t ached

Fracti on

0. 0689

0. 0566

0. 0689

0. 0920

0. 0696

0. 1143

0. 0846

0. 0849

0. 0497

0. 0848

0, 0649

0. 0349

0. 1332

0.1171

0. 0709

Locati on

L AUNDRY

L AUNDRY

L AUNDRY

L AUNDRY

L AUNDRY

L1 VI NG

L1 VI NG

L1 VI NG

L1 VI NG

L1 VI NG

UPSTAI RS

UPSTAI RS

UPSTAI RS

UPSTAI RS

UPSTAI RS

45

Aver age
Radon WL

2.50 E-2

2.31 E-2

1.25 E-2
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higher than in Hone A explaining the |ower unattached fractions.
The majority of these measurenments were in the range specified by
Figure 14. Only one neasurenent was atypical due to cooking
activities using a gas burner which resulted in a particle
concentration of 250,000 particles per cc. The conputer runs for
the Home B neasurenents can be found in Appendix E

As shown in Tables 6 and 7, the neasurenent results for both
homes general |y decrease as tinme progresses. The highest
measurenents were found in the norning hours, indicating that
still higher measurenments can be obtained in the very early
morning hours. A few of the measurements were taken in the
afternoon when |evels were generally the [owest. Therefore, it
I's possible that these measurements are | ower than the average

l evels found in this hone.
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4.2 LUNG DGCSE CALCULATI ONS

In calculating the lung dose equivalents for the two New
York famlies, the present recommended quality factor for al phas,
20, was used (NCRP-93,1987). These |lung dose equivalents are

shown in Table 8. They were cal cul ated using the radon progeny
concentrations and corresponding unattached fractions shown in
Tables 6 and 7 and the equations found in Table 4.

As shown in Table 8, Honme A consists of two adults and a
two-year-old child. Only basenent data were used and a typica
particle size distribution of 0.1 mcron median dianeter with a
geonetric standard deviation of 2 was assuned since the particle
distribution was not neasured. The age-dependency of these |ung
doses is especially obvious in the average |ung dose equival ent
of 44 rem per year for the two-year-old. This value is
approximately twce that of an adult in Hone A (22 rem per year).
The dose equival ents presented for Home A woul d have been nore
representative of an annual average if upstairs and wnter

neasurenents were avail abl e.
Al so shown in Table 8 Hone B consists of two adults and two
preteen children. Again, a typical particle size distribution

was assumed and the age-dependency of these lung doses is
demonstrated in the table. The average lung dose for an adult in

Home B is 9 remper year as conpared to a value of 12 rem per

year for a twelve-year-old and al nost 14 remper year for an
ei ght-year-old in Hone B.
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TART. E 8 AGE- DEPENDENT LUNG DOSES | N TWO NEW YORK HOVES

Hore Age Dose 1 Dose 2 Dose 3 Dose 4 Avg. Dose
A Adul t 14. 87 20. 33 34. 51 16. 74 21. 61
A 2 31. 94 42. 20 68. 27 34. 60 44. 26
B Adul t - L 17. 87 13. 85 11. 74 12. 45 13. 98
B Adul t - B 8. 86 6. 90 6. 32 3. 91 6. 50
B Adul t - U 10. 59 6. 07 5.13 6. 36 7. 04
B Adul t - A 12. 44 8. 94 7.73 7.57 9. 17
B 12-L 23. 54 18. 35 15. 47 16. 27 18. 41
B 12-B 11. 52 9. 03 8. 27 5. 20 8. 51
B 12-U 13. 97 8. 16 6. 64 8. 27 9. 26
B 12- A 16. 34 11. 80 10. 13 9. 91 12. 06
B 8-L 27. 12 21. 24 17. 82 18. 63 21. 20
B 8-B 13. 14 10. 36 9. 49 6. 04 9. 76
B 8-U 16. 12 9. 56 7. 55 9. 42 10. 66
B 8- A 18. 79 13. 72 11. 62 11. 36 13. 87

Note: All doses equivalents are in remper year. For ™™ B
results; L = laundry room B = basenent living area, U = upstairs
living area, and A = average of all areas.
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5 DI SCUSSI ON AND RECOMVENDATI ONS

A specific nethod has been presented to assess the radon
progeny hazards in the home. Lung dose equations for different
aged individual s have been formulated using an age-dependent |ung
model by D. Crawford-Brown. These equations are unique in the
respect that no simlar equations have been devel oped which apply
to a variety of ages and particle size distributions. These
equations have been sinplified and require only three paraneters:
the unattached fraction, the radon progeny concentration in
working levels, and the particle size distribution.

A nethod for neasuring the radon progeny concentration and
unattached fraction also has been applied to two New York hones.
The gross al pha counts detected froma wire screen and a menbrane
filter were input into a conputer program which inplenents the
nodi fied Tsivoglou technique to obtain radon progeny
concentrations and working |evels. The concentrations found in
these homes were approximately at the EPA action |evel of 4 pC/1
(0.02 W). Home A had a slightly higher concentration than 4
pG/1 and Hone B had a slightly |ower concentration. The
unattached fraction neasurenents were determned by a wire screen
method fromA George. The mgjority of the unattached fraction
measurements were conparable to 0.07, considered typical by the
NCRP. Sone unattached fraction neasurements were larger due to

| ower particle concentrations in one home. Using these
measurements in the Equation 1 yields estimtes of annual |ung
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dose equivalent for the two New York famlies, under the
assunption of a typical particle size distribution. Doses under
any other particle size distribution could be cal culated using
Equation 2 and the values for Aand B found in Table 4. The nost
obvious increase in these lung dose results due to age-dependency
was for a two-year-old in Hone A receiving 44 remper year to the

lung. This value is approximtely twce that of an adult in Hone
A, Thi s age-dependency al so is denonstrated in Home B where the
| ung doses of the children (ages eight and twelve) are

approximately 1.5 and 1.3 tines, respectively, that of an adult

in this hone.

Home A al so consists of a snoker, who according to the
Conmittee on the Biological Effects of lonizing Radiation (BEIR
|V, 1988) experiences even higher lung cancer risks. A female
adult nonsmoker experiences a |ifetime excess risk of |ung-cancer
mortality of approximately 0.00427 for the annual exposure rate
found in Home A 1.25 WM per year (0.025 W for 1 year). By
conparison, an adult male smoker at this exposure rate has a
correspondi ng excess risk of 0.073. Home B consists of two
nonsnoking adults with lifetime excess risks of |ung-cancer
mortality of approximately 0.0052 (nmale) and 0.00292 (female) for
the annual exposure rate found in Home B, 0.85 WM per year
(0.017 W for 1 year). These risks were obtained fromTable 2-4
in BEIRIV. This table gives the exposure rate in WM per year
with the corresponding |ifetime risk of lung-cancer nortality
specific to gender and snoking status. The excess risks were
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derived by subtracting the lifetime risks at an exposure rate of
0 WM per year fromthe |ifetinme risks corresponding to the
exposure rate of interest. Since the table only gave specific
exposure rates, interpolation was necessary to obtain the
lifetime risks corresponding to the exposure rates of interest.
In summary, lung dose equations were formulated in this
report and apply to any radon progeny concentration and
unattached fraction for a variety of ages and particle size
distributions. A method also has been presented to obtain the
radon progeny concentration and unattached fraction measurenents
in the home. Annual lung doses were calculated for two New York
famlies as an exanple of this nmethod. Recommendations for
| mproving measurenments and dose cal cul ations include:

1. Make winter or long-termneasurements in addition to summer
measurenents to determne a nore accurate average radon progeny

concentration.
2. Use several wire screens for the unattached fraction
measurenments due to the difficulty in remving the radon progeny

fromthe oesh.

3. Measure the particle size distribution wth an instrunment
such as a cascade inpactor or a diffusion battery to determne
whi ch of the values for Aand B in Table 4 are nost
representative of the environment sanpled. If these measurenents
are not available, use the equations corresponding to 0.1 mcron
medi an diameter and a geonetric standard deviation of 2.
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4. \Men the unattached fraction is not neasured, use the NCRP
recomended val ue of 0.07 which was al so closely approximted in

the Hone B results.

5. If possible, use easily portable instruments for measuring
gross al pha counts to avoid the awkwardness of ninbin

el ectronics.

6. Use al pha spectroscopy instrunentation if available to
determne al pha counts, since this gives a separate determnation
of the rate of decay for RaA and RaC, yielding a more accurate
detection of the activity of each progeny.

7. To use the NCRP-78 factors for lung dose per unit radon
progeny concentration corresponding to gender-specific
environment exposures (see page 17), multiply the lung doses
obtained by the equations in this report by 1.2 for women and 1.4

for nmen.
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APPENDI X A

CUMULATI VE PLOTS OF PARTI CLE
SI ZE DI STRI BUTI ONS
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ZZ) D iU i . A‘A N g et aLfrdy A -ji-a", |- e L@ L ga i L ATt

= —RERN1 - » -

"+ RE: M * PCPEVWVWNG. , BAS *
= —E=N1 - - —
S Rl r L ar —=- >
—— —E 1 —= —=

3 RE] rl FATAAT TAT A EA TR A A TATIEAT TkA ‘A,i,a[_l\ ¥a'|‘ H M /\”_ai_H"E.AagH M It ” Haﬂa»_a,. Mf - AM Ham

9 REM

10 DMF : 1B ,FF(9 ,hMWM) '~

15 PF; INT "Enter sanpling tinme in mnute-s"

SO | N*~" UT ST

25 PRI NT

75 PRINT "Enter s-anpling flowrate in liters per mnute"
80 | NPUT V

35 PRI NT

90 PRINT "Enter sanpling flow rate standard devi ati on”
95 | NPUT U

a OO — 1 =

105 PRI NT "Enter detector efficiency"

1 Oh | NPUT Y

106 PRI NT

108 PRINT "Enter detector efficiency standard deviation”
110 | NPUT E

111 REM TH S PART DETERM NES ERROR DUE TO BKG SUBTRACTI ON
l'i e PRI NT

11 if FOR 171 TO 3

116 PRI NT "Enter total counts ";|I

113 | NPUT TC(I >

I SO PRI NT

125 PRI NT "Enter duration of count in m nutes”

124 | NPUT D(1)

126 CE(l1) = SQR(TC<I) )/D(I)

135 PRINT "Enter total background counts ";I

134 INPUT BC «; | )

136 BE(I> = SQR(BC(1))/D<l)

140 B( 1) = SR(BE(l) ee®24CE( 1) "'-2)

142 Q) = TC) - Bl )

146 NEXT |

147 REM

148 REM TH S PART DETERM NES THE START AND STOP TI MES FOR
149 REM DI FFERENT COUNTI NG | NTERVALS-

150 PRINT "Enter count start tine "mn. after end of
sanp ling) "

15S PRINT "for counts 1, 2, and 3"

154 | NPUT T1, T3, T5

160 T2 = Tl + D(1)

162 T4 = T3 + D(2)

164 T6 = T5 + 0(3)

168 REM

169 REM

170 REM TH S PART OF THE PROGRAM DEFI NES THE PARAMETERS FOP
171 REM THE CONCENTRATI ON FORMULAS.

172 REM

173 REM
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IR
210 L.2 = LO6(2)/26.3

SSO L3 = L0Gs; 2) /19,7
a30 HI = 1/LlI

5H..' He :== 1/ P

250 H3 ~= 1/L.3

sS70 A = EXP(- ST/ H1l)
230 & == E£XP<- ST/ H2)
290 G3 = EXP(- ST/ H3>
300 G+ = EXP(-T1/ H1)
310 G5 - EXP ;-T1/H2)
320 G6 = EXP(-T1/ H3)
330 G7 = EXP<-T2/ H1l)
340 68 = EXP(-T2/H2)
350 @ = EXP(-T2./H3)
360 A O - E£XP<-T3/H1l)
370 611 - EXP(-T3/H2)
380 612 = EXP<-T3/ H3)
381 bl3 --= EXP (-Tit/H)
38 E 6l'42--- EXP(-T' ~ H2)
383 615 = EXP(-T ~/ H3)
38~ 616 - EXP(-T5/H1)
385 617 = EXP(-T5/ H2)
386 618 = EXP<-T5/ H3)
387 619 = EXP(-T6/H1l)
388 620 = EXP(-T6/ H2)
389 621 = EXP<-T6/ H3>
390 F(l ) ==1-61

<400 F(BE) =1 - &KX

A10 F(3) = 1-63

~A20 F+; " = 64 - 67
~30 F:5) —=65- 68

-An0 F(B6) —66- 69

A"50 Fw) = 610 - 613
r+60 F<8) = 611 - 61 'it
~70 F+ 9) = BIS - 615
-A80 F(10) = 616 - 619
~"90 F<11) = 617 - GEO
500 F( 12) = 618 - 621
550 FF(1) = F(1)*F<' +)
630 FF(2) = Fa)*F(7)
6ifo FF (3) = F(1)*F<10)
650 FF('~) = F{2>*F<5)
660 FF(5) = F(a)*F :8)
670 FF(6) - F(BE)*F(11>
680 FF( 7) = F(3)*F 6)
690 FF(a) = F(3)*F(9)
700 FF '« 9) = F(3) *F<12)
702 k(1) = ii.HFF ( 1) +1610*FF (H--91 1 *FF (+:
70h *2() = 12500*FF(' +)-6770-*FF:7)
©voe k(3> 2= 1790* FFw)
70S I<(H) == it'+*FF(a)+1610*FF(5) -91 I *FF(f
710 K 5> = i a500*FF(5)-6770*FF :8)

71E K(6) = 1790*FF(3)
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74 ko ('7) = MNUEAFFL 3) 410 10FFF (h> 91,1 -s-FF > 9)

716 K(B) = ia500*FF(6)-6770* FF(9)

718 K(9) = 1790* FF<9>

719 PEN

750 REM THE K VARI ABLES ARE MATRI X | NVERTED AND MULTI PLI ED
751 REM I N A LATTER PART OF THE PRO6RAVMh THE DD VARI ABLES
72S REM ARE PART OF THE ERROR PROPAGATI ON FORMULA AND THE
723 REM SS VARI ABLES ARE THE ERROR FORMULAS FOR THE
CONCENTRATI ON

72-+ REM STANDARD DEVI ATI ONS.

725 REM

726 REM

7500 D 1) = C(L)&e2t'; B<1>ed (C(LJB) +-'-B (V- -)+m2/-v2))

760 D0 a) = C(2)ae2* (B(2)282 (0(2) -") +E-al (Y--2) +U-2 (V--a) )

770 DD(3> = C(3) 22 (B)®2 (00) -a) +E2 ( YV--2) Ay-§ (V--2))

790 GOosuB "~000

310 5S(1) =

SR ( IV (1,1)2e26DD (1) +INV (1,2) #2¢DD ( 2) +IW (11, 3)32¢00 ( 3) ) | (*V*V)
820 SS(2) =

SR 1MW (2, 1) -NDD( 1) +1 N (22220 (2) £LW(2,3)--200(3))1(W")
830 SS(3) =

SR(I MW (3, )™ (1) +LW(32)-aD(a)+LW(3,3 &2*D(3))/(Y*
848 REM

849 REM

850 REM THE CN VARI ABLES USE THE | NVERTED MATRI X SOLUTI ONS
851 REM AND DI VI DES THEM BY THE EFFI Cl ENCY AND FLOW RATE.
852 REM WORKI NG LEVELS ARE THEN CALCULATED FROM THESE
CONCENTRATI ONS.

853 REM
354 REM
1570 CN(1) = 03(1,1)/(V*Y)
1580 CN(2) = @B(2, 1)/ (V*Y)
1590 CN(3) = D3(3, 1>/ (V*Y)

1600 W. = . 00.103*CN\N<1) + .00507*CN(2) + 00373*CN(3)
2000 LPRINT " Sanpl i ng time in ninutes = ;ST "

2010 LRRI NT

a020 LPRI NT "Count duration in mnutes for count 1
"50(1) ?""

2030 LPRI NT

2040 LPRI NT "Count duration in mnutes for count 2
"iD(2) Pt

2050 LPRI NT

2060 LPRI NT "Count duration in mnutes for count 3 =

ll;us);llll
2070 LPRI NT

2030 LPRINT "Sanpling flowrate in liters per mnute and i fc<=..

st andar d”

2090 LPRINT "deviation =" |[iV ;"+-"> U " "
2100 LPRI NT

2130 LPRI NT
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3010 LFRINT "Detector efficiency and its standard deviatic

30a0 LPRINT " " ;Y5 " + " jiE ""

=0 =530 L0 T — -
3040 FOR 1. = 1 TO 3 ; J .,
3050 LPRINT "Total counts = ";TC(l)r"'

3060 LPRI NT

3130 NEXT |

3aS0 LPRI NT

3E30 LPRINT "RaA concentration in pG/1 and its standard
devi ati on ="

3240 LPRINT " ";CN<1);" +- ";.SS(1);""

3S50 LPRI NT

32<b0 LPRINT "RaB concentration in pC/1 and its standard
devi ati on="

3a70 LPRINT " ";CN(2);" +- "SS-S)?""

3E8O0 LPRI NT

3HO0 LPRINT "RaC concentration in pG/1 and its standard

devi ati on="

3300 LPRI NT " ";CAK3);” +- "SS(3);HH
3310 LPRI NT
3350 LPRINT "Working levels of radon = ";W;""

3500 GOTO 9900

3690 REM

3695 REM

3700 REM THE K VARI ABLES ARE | NVERTED AND ARE CALLED THE
"AA" MATRI X.
'4000 AA (1, 1)

(1)

4010 AA(1,2) = K(2)
4020 AA <1,3) = K(3 >
4030 AA(2,1) = K<4)
4040 AA(2,2) = K(5)
4050 AA(2,3) = K(6)
4060 AA<3,1) = K(7)
4070 AA(3!.2) = K<8)
4080 AA(3,3) = K<9>

4090 M= 3
9000 REM
S002 REM
8004 REM

3006 REliI This subroutine inverts AAOMM to
a00S REM vyield the inverted matrix, INV(MM

8009 REM

8010 FOR I =1 TO M

S015 INv<l,1) = 1

SCsO NEXT |

8025 FOR I = 1 TO M

8030 TTI = AA 1, 1)

3035 FOR J = 1 TO NMP;
B040 AAdjJ) = AA(I,J) / TTI

8045 INV(1,J) = INv<Il,J) / TTI
8050 NEXT J

S055 FOR J == 1 TO M

8060 IF J =1 THEN GOTO B090
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a065 TT2 = <J, 1)

8070 FOR K = 1 TO M

3075 AA(J,K) = AA(J,K) - <AA :i,K) * TT2)

S<:»aOINV (J, K) =INN(J, K>- (1 NW(I, K)*TT2>

as5 NEXT K

8090 NEXT J

a095 NEXT |

9000 REM

9005 REM This portion of the programmmultiplies the

matri ci es

9010 REM @B<M W = @<M N) >; QL(N, W

9015 REM whi ch equal s CONCENTRATI ONS = K VARI ABLES * NET
COUNTS

9020 M = 3

9030 W- 1

"Q ~"O N = 3

9050 FOR I =>» 1 TO M

9060 FOR J = 1 TO N

9070 Qa<l,J) = | Nvdj Jd)

9080 NEXT J

9090 NEXT |

9100 Q (I,1) c(1)

9110 Q (2,1) Cc( 2>

9120 Q Qul) = C(3)

9500 FOR I = 1 TO M

9502 FOR J = 1 TO M

9503 B (I,. J) =0

9504 NEXT J

9505 NEXT |

9510 FOR K * 1 TO M

9520 FOR | » 1 TO W

9540 FOR J = 1 TO N

9560 B(K, 1) = @B<K, 1) + @(K, J) » QL(JI, | >

9580 NEXT J

9600 NEXT |

9620 NEXT K

9640 RETUW

9700 RBI THI S PROGRAM USES SI MPLI FI ED EQUATI ONS FROM YANG
9702 RBM FU- CHI A AND TANG CHI A YONG MHI CH CAN BE USED FOR
9704 RBf ANY SAMPLI NG AND COUNTI NG TI ME COVBI NATI ONS. THE
9706 REM CCEFFI Cl ENTS FROM THE | NVERTED NMATRI X EQUATI ONS
9708 REM HAVE BEEN VERI FI ED W TH THE COEFFI Cl ENTS FROM J.
9710 R M THOVAS AND A. SCOTT. BOTH OF WHI CH USE A MODI FI ED
9712 REM TSI VOGLOU METHOD. THI S APPROACH | S THE SAME EXCEPT
9714 REM THE EQUATI ONS ARE GENERI C AND SI MPLI FI ED SO THAT ANY
9716 REM CUNTI NG AND SAMPLI NG TI MES CAN BE USED. THE ERROR
9718 REM PROPAGATI ON FORMULAS ARE STANDARD AND WERE TAKEN
9720 REM FROM WORK DCXf E BY D. MARTZ.

9900 END
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D-1

6. 4 APPENDI X D: EFFI CIl ENCY DETERM NATI ON AND ERROR PROPAGATI ON
SOURCE | NFORNMATI ON

Radi onucl i de: Am 2471

Activity: 4.753 E 2 disintegrations per second (07-01-80)
Hal f-1ife: 432. 2 years

SOURCE_ACTI VI TY ON CALI BRATI ON DATE (07-25-88):

Decay Equation: A = Ag e"-/%

where A = activity at tinme "t", Ag = original activity, 1 = decay
constant (0.693/radiological half-life), and t = tine.

*N = 0.9871478

(4.753 E 2 dps) (0.9871478)
(4.6919 E 2 dps) (60 s/ mn)
28, 151 dpm

>>> o

EFFI CIl ENCY OF EBERLI NE DETECTOR:

10- m nut e background count = 13 counts/10 mnutes = 1.3 cpm
10- m nut e source counts - background counts

(1) 119, 157 counts/ 10 mnutes = 11,915.7 1.3 = 11,914 4 cpm
(2) 119,272 counts/ 10 mnutes = 11,927.2 1.3 = 11,925 9 cpm
(3) 118,230 counts/ 10 mnutes = 11,823.0 1.3 = 11,821 7 cpm
(4) 118,371 counts/10 minutes = 11,837.1 1.3 = 11,835 8 cpm
(5) 119, 342 counts/ 10 minutes = 11,934.2 1.3 = 11,932 9 cpm

Aver age corrected cpm = 11,886 cpm
Efficiency = 11,886 cpm 28, 151 dpm = 42.22%

ERROR PROPAGATI ON FOR SOURCE:
Uncertainty fromsource certificate: 1.1%
Usi ng sanme derivation as above for source activity on calibration

dat e:

Error (source) = (4.753 E 2 dps) (0.011) = 5.2283
(5.2283) (0.9871478) = 5.1611
(5.1611) (60) = 309.66 dpm

ERROR PROPAGATI ON FOR DETECTOR COUNTS:
(Al error propagation formulas derived fromKnoll, 1979)

E (counts) = (counts) V2 / mnutes

E(1) = 34.5191
E(2) = 34.5358
E(3) = 34.3846
E(4) = 34. 4051
E(5) = 34.5459

E(background) = 0.3 606
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ERROR PROPAGATI ON FOR BACKGROUND SUBTRACTI ON: D- 2
Egsub) = ((E counts)2 + (e background)®)1/2

E(sub 1) = 34.5210
E(sub 2) = 34.5377
E(sub 3) = 34.3865
E(sub 4) = 34.4070
E(sub 5) = 34.5478

ERROR PROPAGATI ON FOR | NDEPENDENT COUNTS:

E(ind)2.= (E sub 1)2 + (E sub 2)2 + (E sub 3)2 + (E sub 4)2 +

E(ind) = 77.0997 / 5 trials = 15.4199

ERROR PROPAGATI ON FOR DI VI SI ON OF TWD ERRCRS:

Detector count rate 11,886 cpm +/~ 15.42 X +[~ 7
Source Activity 28,151 dpm +/~ 309. 66 Y +/~Y

= (U2 (x)2 + (-Xy2)2 (y)2

E = 0. 0047

Therefore, the Eberline detector efficiency and standard error is
0.4222 +/- 0.0047

The efficiency and standard error of the Brookhaven detector were

obtained in asimlar manner, Only the calculations wll be
shown here. For a nore detalled anhd clear account of error

propagation, the reader is advised to refer to the Knol

t ext book.

EFFI Cl ENCY OF BROOKHAVEN DETECT OR

10-m nute background count = 1 count/10 mnutes =0.1 cpm

10-m nut e source counts - background counts
1) 100, 752 counts/10 mnutes = 10,075.2 - 0.1 = 10,075.1 cpm
2) 101,486 counts/10 mnutes = 10,148.6 - 0.1 = 10,148.5 cpm
3) 99.571 counts/10 mnutes = 9.957.1 - 0.1 = 9,957, 0 cpm
4) 100,405 counts/ 10 nlnutes = 10,040.5 - 0.1 =10, 040.4 cpm
5) 100, 133 counts/ 10 mnutes = 10,013.3 - 0.1 = 10,013.2 cpm

Average corrected cpm = 10,047 cpm

Efficrency = 10,047 cpm 28, 151 dpm = 35. 69%

ERROR PROPAGATI ON FOR SOQURCE:
Sane as before in Eberline cal cul ations
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ERROR PROPAGATI ON FOR DETECTOR COUNTS:

E( | ) — 31 7415
E( 2) — 31 8569
E( 3) — 31 5549
E( 4) — 31 6868
E( 5) — 31. 6438

E( background) = 0.1
ERROR PROPAGATI ON FOR BACKGROUND SUBTRACTI ON:

E(sub 1) = 31.7430
E(sub 2) = 31.8584
E(sub 3) = 31.5565
E(sub 4) = 31.6883
E(sub 5) = 31.6454

ERROR PROPAGATI ON FOR | NDEPENDENT COUNTS:
E(ind) = 70.8800 / 5 trials = 14.1760

ERROR PROPAGATI ON FOR DI VI SI ON OF 2 ERRORS:
14.1760 / 309.66 = 0.0040

Therefore, the efficiency and standard error of the Brookhaven
detector is 0.3569 +/~ 0.0040.

STANDARD ERROR OF FLCMNETER (from manufacturer) =2%
Flow rate: 12.2 Ip
Flow rate standard error (12.2) (0.02) = 0.244
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APPENDI X E

COMPUTER RUNS FOR HOVE A AND
HOVE B MEASUREMENTS
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HOVE A
. o FILTER #1
iur 31 CGLiji i L 1.1 vutril
allon 111 mmlLi tes Tec; r"

flowrate in liter

04
ital

i olLa,i. CO1l.1n"cB& Qq//
;rhal counts - 442

SaA concentration in pC /1 and its standard deviation
3. 128895 +- . 6424943

F-;aB concentration in pG/1 and its standard deviation®
2.913311 +- -1275S452

KAr. C concentration in pCG/1 and its standard devi ati on®
2,470813 +- . 2009811

Working levels of radon = 2.723475E-02
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HOVE A

SCREE3* #1

iT. inLit 53 To

low rate militsr
and carivdarcjiJsviallori
ai D
"otal count. 11

"VaA concentration xr> pG/1 and its standard deviation
.8987'33964 &' — 5 . 121510%7£% 02

":aB concentration in pC/1 and its standard deviati on:
-3, 777494E--02 -i-- 9.634751E--03

an:aC concentration in pG/1 and its standard deviation
2, 1034905 +- 1 . 314254E-02

Working levels of radon - 4.461753E-04
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HOVE A
FILTER  #2

all,jn 1i"i 1Mlnu t. bs

flow rate iri iiter

A (e

licil~al L.ULi 118
iot.al counh-li & 441

RaA concentration in pG /|l and its standard deviation
3-971271 +- , 6400486

RaB concsntfatian in pG/1 and its standard deviati on:
2.927601 +-- . 1274442

RaC concantration in pG/1 and its standard deviation?
2.239091 +-- . 1979405

jOI‘ki ng | evel - ii1r=don Los-i Xonn~O0xl


NEATPAGEINFO:id=691E8109-9C85-489F-A101-B8462423649D


E-4

HOVE A
ount dUf'cstion in ninutes  foi™ coufit. Al A A SCREEN  #2
auiit Ji.ii'-aticn in oiinutes for count 3 =S
amp L ma flow rate in liters per mnute and rard
--viat2.or, = 12.2 +- 2

TXxclencvaod its standard devi ati on

. 0047
Tat;:<l couritB
i Ot>:; luolXnté£
Tot al count s il

RaA concentration in pC/1 and its standard deviation =
. 7916551 +- 5.392004E-02

RaB concentration in pC/1 and its standard deviation=
. 1466674 - i.413a94E-02

RaC coricentration in pC/1 and its standard deviation =
-9.33513SE-02 +- i.604249E- 02

kiorking levels of radon = i.210806E-03
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HOVE A
i:"i i;. durtation in rninutKii To FI LTER #3
ot Ljlirahion in minlites fcj
iplii'g flow rate in liters
Chage i) & 12.2 -i— 2

i dard devi ati ar

PRl A
rotal»:ciunt s 724
Total counts -+ 535
Total count 3 -#2- 784

RaA concentration in pC/1 and its standard devi ation
3.014334 +- .563619

RaB conc-sntration in pC/1 £nd its standard deviation”
2,524601 +- .1123401

RaC concentration mpU /1 and its standard deviation”
2,076822 -1I--- . 1755334

wor ki ng | evels of radon = 2. 365103EE-02
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HOVE A
cour\ t. diL.irat.ion li'i m SCREEN #3
.;ri i:. duration in mnutes to
diinmplrg flow rats in liters 0>s\
tafidard usViallQn
QO aj

ot ;
c. Al counts --23:.83:-.

tai c our its " 49

KaA concentration in gCﬁ/l and its standard deviation
1.332397 +& 6.57363i £--02

FvaB concentration in pG/1 and its standard deviation--
323626 +-- 1 - 340296E-02

Fo-aCcor-lcenti-"ationirpCi/laditsstandarddeviations
-. 2051967 +- . 0189895

Wrking levels of radon = 2.247769h-03
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1Ori - 10 1ML Lil _tis
mnt.ites to

inlits?2r i

iicy ail a

Lj La .1 c oun &

DcalJ. >. oL.UI

oral counts 42

RaA concentration in pG/1 and its standard deviation
4,008715 ~-i-- . 5374224

@RaB concentration in pC/i and its standard deviation®
l--e¢ ,101713-

RaC concentration in pG/1 and its standard deviation”®
1, 775266 i-- -1627236

Working levels of radon == 2.i54209E-02

HOVE A
FI LTER #4
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it in iVilr~ute3 t
n f ni nut ss Tc

do'i o c#ate i litsrs

af'ldai™cidevi.at. .icr

Tot al

<A concentration xn pCi/1 and its standard deviation
vv.-1: lo-an 0743706

RaB concentration in pG/1 and its standard deviation
3.6a9454E-02 +-- 1.370902E~02

.t mcentration in pG/1 and its standard devi ati on”®
.2i B2554 +- 2.2a55i 6b.--0

Wor ki na | evel s of radon ~ 1 -usftifiar AT

HOVE A
SCREEN #4
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HOVE B | JIMINDRY ROOM

'T1:  "JiVfral.l or"i  in  ininu Ces i ov"  counx, FI LTER #1
ni l::il>ation in mut& for count

u. iiic flow r'ate in liters per mi

|. at a. on - 12.2 +- 2

jocy and its standard deviation
>4

Tot al coLsnt s&- o985 =&
iotaic ol nts®e ¢j 16
lolial oounts -- tj/l

RaA concentration in pC/'l and its standard deviation
4.04526 e+++-- 7655856

RaB concentration mpG/1 and its standard deviation?
4.0 05107 +- .i60G 7465

RaC concentration in pG/1 and its standard deviation®
2. 738509 +- . 2411774

Wu rki nq levels ot ra d on 68715E- 02
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juUit J Li rat ion m  nmut B?
rnDling flow rate in liters  Der
A i - A an
e et f 1.c .li-sr'iCv and .i. Ib standard deviation
2 -1 ... .. 0o 47a ; =2
Sl s Licl
ota.i counts

RaAcDncer-itration.inpCi/landllsstandfirddeviation
.B675699 +-- 5. a376i 4E- 02

RaB concentration in pC/1 and its standard devi ati on®
5. 957803E- 02 2i — 1.2961i 2E-02

and its standard devi ati on:
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