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NOTICE
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contractor make no representation that the use of any
product, apparatus, process, method or other information
will not infringe privately owned rights and will assume
no liability for any loss, injury, or damage resulting from,
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contained, described, disclosed or referred to in this
report.



1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

TABLE OF CONTENTS

Page

List of Tables......................................................................................................iii

List of Figures .................................................................................................... iv

Abstract ............................................................................................................... v

Acknowledgements ............................................................................................ vi

Project Background and Summary...................................................................... 1
1.1 Phase 1 ..................................................................................................... 1
1.2 Phase 2..................................................................................................... 1
1.3 Current status of E-PERM technology.................................................... 2

Description of E-PERM System ......................................................................... 4
2.1 Description of E-PERM .......................................................................... 4
2.2 Design features of E-PERM Chambers................................................... 6
2.3 Design features of Electret Voltage Reader ............................................ 7
2.4 Use of the Electret Voltage Reader......................................................... 8
2.5 Electret Design ........................................................................................ 9
2.6 Electret Response .................................................................................. 10
2.7 Electret Stability.................................................................................... 11
2. 8 Reference Electrets................................................................................ 11

Measuring Radon with E—PERMs ................................................................. ..... 1 3
3.1 Calibration of E-PERMs ....................................................................... 13
3.2 Measuring Radon Concentration with E—PERMs .......................... 14

E-PERM Response Characteristics ................................................................... 16 .
4.1 Precision of E-PERM Characteristics ................................................... 16
4.2 Interchangeability of Long and Short-Term E-PERMs ........................ 16
4.3 Signal Integrating Characteristics ......................................................... 17
4.4 Elevation Effect..................................................................................... 17
4.5 Temperature Response .......................................................................... 17
4.6 Humidity Response ............................................................................... 18
4.7 Effect of Air Flow over E-PERMs........................................................ 20
4.8 Radiation Statistical Error ..................................................................... 20

Error Analysis ................................................................................................... 22
5.1 Component Error................................................................................... 22
5.2 Readout Error ........................................................................................ 23
5.3 Gamma Background Error .................................................................... 23
5.4 Overall maximum Error ........................................................................ 24
5.5 The Lower Limit of Detection .............................................................. 25

Cost Comparison With Other Types of Passive Monitors ................................ 26
6.1 E-PERM Measurement Costs................................................................ 26
6.2 Comparative Costs ................................................................................ 27

Blind Test Evaluation of E—PERMs .................................................................. 29
7.1 EPA/RMPP Round 6 E—PERM Blind Test E—PERM ........................... 29

Conclusions ....................................................................................................... 35



9.0

10.0

Page

References ......................................................................................................... 36

Tables -......................................................................................................... 37—64

Figures.......................................................................................................... 65-72

Appendix: Results of E—PERM Evaluations by Others) .................................. 73
10.1 Index of Appendix Evaluations and Figures ......................................... 74
10.2 Initial EPA E-PERM Evaluation........................................................... 75
10.3 EPA Evaluation of Long-Term E-PERMs vs. Alpha Track ................. 75
10.4 Recent EPA Evaluations of Long and Short-Tenn E—PERMs.............. 76
10.5 Pennsylvania DOH Double Blind Test ................................................. 76
10.6 New York State Department of Health Evaluation............................... 77
10.7 Tests of E-PERMs vs. Charcoal Canisters by NYSERDA ................... 77
10.8 Austrian Research Center Short-Term E-PERM Evaluation ................ 78
10.9 University of Iowa Double Blind Test .................................................. 78

Appendix Figures A1 through A8.................................................... 80-87
10.10 Appendix References ............................................................................ 88

ii



LIST OF TABLES

1am Rage
1 Abbreviations and notations used in the tables ..................................... 37

2 Short-Tenn Electret Stability Test ........................................................ 38

3 Calibration Data for Short-Term E-PERMS.......................................... 39

4 Calibration Data for Long-Term E-PERMs.......................................... 40

5 Performance of Randomly Chosen Short-Term E—PERMs.................. 41

6 Intercompan'son of Long-Term and Short-Term E-PERMs ................. 42

7 Effect of 100% RH on Electret Voltage................................................ 43

8 Corrections for Background Gamma Radiation by State...................... 44

9 Lower Limit of Detection for Long and Short-Term E-PERMS .......... 45

10 Round 6 EPA/RMPP Short-Term Blind Test Results........................... 46

11 Round 6 EPA/RMPP Short-Term Blind Test Results........................... 53

12 Summary of Round 6 E-PERM Results................................................ 64

iii



LIST OF FIGURES

Figure No. 13332

1 Photograph of Prototype E-PERM........................................................ 65

2 Photograph of Commercial E—PERM................................................... 66

3 Sectional Drawing of E—PERM in the Off and On Positions ................ 67

4 Photograph of the SPER-l Electret Read-Out Instrument.................... 68

5 Photograph of Electret Holder Components ......................................... 69

6 Photograph of Assembled Electret Holders .......................................... 7O

7 Calibration Line for Short-Term E-PERMs.......................................... 71

8 Calibration Line for Long-Term E—PERMs .......................................... 72

iv



ABSTRACT

The development of an electret ion chamber modi ed for radon measurement is

described and characterized. It was given the name E-PERM for electret passive

environmental radon r_n_onitor. The response characteristics of the two types of electret

sensors developed and the E-PERM itself are reported. The results of 518 units blind

tested in Round 6 of the EPA RMP Program are presented. Costs per measurement are

estimated and compared with other passive monitoring methods. Summary results of

E-PERM evaluations presented in eight recent studies by other researchers are presented

in an Appendix. The results demonstrate that the new monitor is reliable, accurate and

precise.

Key words: Radon, ion chamber, electret, passive.
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E N1

1.0 PROJECT BACKGROUND AND SUMMARY

The overall goal of this two phase project was to develop, characterize and demonstrate a

new type of passive radon monitor which can monitor homes with greater accuracy and lower cost

than comparable existing monitors; i.e., charcoal canisters and alpha track devices.

1.1 PHASE 1

Two promising new methods were pursued during Phase 1, one employing a TLD as the

sensor and the other an electret ion chamber (EIC). After the initial experiments were completed, it

was decided to focus the remainder of Phase 1 work on the EIC approach. That work was

successful and a laboratory prototype EIC monitor was developed which was called an E-PERM*

for electret passive environmental radon monitor. Several prototypes were fabricated, character-

ized, demonstrated and a report (1) and technical paper (2) were published to complete Phase I.

1.2 PHASE 2

It was recognized at the outset of Phase 2 that the cup-in—cup E-PERM design that was

developed during Phase 1 had several limitations that had to be overcome to make a practical,

commercially viable E-PERM. Thus, the principal goals of Phase 2 were to develop a

commercially viable E—PERM design and to produce, characterize and eld test several prototype

units. A satisfactory design was developed and several commercial prototype instruments were

fabricated and submitted to the EPA Las Vegas Laboratory for evaluation. The EPA Report

was very favorable, concluding that ”These results demonstrate that this instrument can measure

radon very accurately under varying conditions with very close agreement between replicate

samples. The E-PERM performs well when exposed to both low and high radon concentrations."

* E-PERM is a trademark assigned to Rad Elec Inc. US. Patent No. 4,853,536 was granted for the E-PERM
methodology in August 1988 (assigned to Rad Elec Inc.).



As a result of these ndings, E-PERMs were accepted by the EPA for entry into the their Radon

Monitoring Pro ciency (RMP)Program. The RMP program is a voluntary evaluation program

which requires participants to submit 5 long-term and 5 short—term E—PERMs to the EPA for a

"blind" radon exposure. The concentration values deported to the EPA by each participant must

come within i25% of the known concentration value.

Fifty radon monitoring companies decided to enter E—PERMS in Round 5 of the RMP

Program which took place in 1988. Some 500 prototype commercial E-PERMs were fabricated

and made available to the fty participants along with a calibrated read-out instrument. Figure 1 is

a photograph of this prototype unit. These units were hand made by coating the inner surfaces of

250 ml. polypropylene jars with a conductive paint. The spring loaded piston mechanism for

turning the units on and off (seen at the top of the unit) was inserted through a hole in the top of the

chamber and the metal screw top section was glued to the top of the jar. In spite of the relatively

poor quality of these prototype E-PERMs, over 90% of them gave concentration values within the

acceptable accuracy limit (1- 25%) in the blind EPA test and thereby passed Round 5.

Later in 1988, Rad Elec developed the injection molded commercial E—PERM model which

is described and characterized in this report. Figure 2 is a photograph of this commercial unit.

Some 165 additional radon monitoring companies entered these commercial units in Round 6 of the

RMP Program in 1989. (Companies which passed Round 5 were not required to submit monitors

again in Round 6) The same :1: 25% accuracy limit applied for Round 6, but the method of

calculating the results was considerably more stringent than previous rounds (see Section 7.0).

The EPA has indicated that 94% of Round 6 E-PERM participants successfully "passed." Some of

the results are analyzed and discussed in Section 7.0 of this report. A paper (3) covering all of the

results of Phase 2 was published in 1990.



1.3 CURRENT STATUS OF E-PERM TECHNOLOGY

The commercial E-PERM system has been well received by the radon industry. Over 400

companies and agencies are now using them in the US. and overseas. Professional radon

monitoring companies have been especially receptive of this new technology because, for the rst

time, it provides a passive type monitor which can be read out in the eld, i.e., the portable read-

out meter eliminates the need to send the monitors to a central laboratory for analysis as usually

required by competitive types of passive monitors. This time saving feature is especially important

in measurements made to support real estate transfers.

Several variations in the electret ion chamber technology have been deve10ped and

commercialized by Rad Elec Inc. beyond the 200 ml. E—PERM model reported on here. Smaller

and larger chambers (75 m1 and 500 ml) which accept the same long or short-term electrets have

extended the range of this new radon monitoring technology substantially. The incorporation of a

calibrated sampling pump and a high ef ciency lter element has resulted in the development of an

electret RPISU(4) which measures progeny very accurately. E-PERMs are alSo now being used to

make accurate measurements of radon in water by sealing them in jars together with a known

volume of the'water being tested(5). Their insensitivity to moisture enables this later application.

Recent work has also demonstrated that E—PERMs can be used to measure gamma

radiation, even at environmental levels, very accurately. This is accomplished by sealing an E-

PERM in a radon-proof bag for a known exposure period(6) None of these extensions of the

electret ion chamber technology are covered in this report



2,!) DESQRIPTIQ 2N QF E—PERM SYSTEM

The general design and operational characteristics of E-PERMs have been described

elsewhere;(2: 3) however, they are summarized here again for those who do not have access to

these earlier papers.

2.1 DESCRIPTION OF E—PERMS

E-PERMs are ion chambers in which a single electret serves as both the ion collecting high

voltage source and the radon sensor. The electret is a permanently charged disk of Te on (TM

Dupont). E-PERMs are passive monitors requiring no power to function, i.e., ambient radon

enters into their sensitive volume by diffusion. They are integrating monitors which measure the

average radon concentration in the room where they are located during the exposure period.

E-PERMs can be employed for either short-term (2 to 7 days) or long-term (1 to 12

months) measurements by simply attaching a short or long-term electret to the same E-PERM

chamber. The charged Te on disks used for long-term electrets are thinner and thereby less

sensitive than short-term electrets (See 2.5 below). The lower sensitivity of long—term E-PERMs

makes them suitable for either long—term monitoring of low radon concentrations or short-term

monitoring of high concentrations.

The ion chambers of the commercial E—PERMS which are 200 cubic centimeters in volume

are made from conductive plastic. The assembled E-PERM has a detachable electret attached on

the bottom and filtered holes in the top. The lter permits entry of radon gas into the chamber

while preventing ambient dust, progeny and ions from entering. The holes are sized to assure a

suf ciently long gaseous diffusion time to minimize the entrance of 220radon (thoron) which

decays rapidly (56 sec. half-life). A picture of an E-PERM is shown in Figure 2 and a cross—

sectional drawing in Figure 3. Both gures show the E-PERM in both Open and closed positions.



As described earlier, the electret collects the ions generated inside the chamber by the radon

and radon decay product radiations. The ions formed by the decaying radon radiations (mostly by

very energetic alpha emissions) are drawn to the surface of the electret by the electrostatic eld

which emanates from the electret surface. When the ions contact the surface of the electret, they

cause a reduction in its surface voltage and the amount of this voltage reduction is a measure of the

time integrated radon concentration during any exposure period. Thus, the electret serves not only

as the source of the electrostatic eld needed to collect the ions, but also as the quantitative ion

sensor.

The same E—PERM with the same electret can usually be used for many separate

measurements, e.g., short-term units can make about 20 measurements at the 4 pCiL'1 level.

Equation 1 below, which was developed in Phase 1, shows the relationship between the electret

voltage drop and the average radon concentration during an exposure.

RnC = w - B Equation 1

Where: M is the radon concentration in pCiL‘1

__T_ is the exposure period in days

V1 and Vf are the initial and nal electret voltages

_C_E is the calibration factor in volts per pCiL'1

B is the radon concentration equivalent of natural gamma radiation background

(BG). B for 1.0 urad h'1 was measured to be equivalent to .087 pCiL'l. The

BG at measurement sites can be measured with a suitable gamma survey meter

or it can be taken from an EPA listing of average State BG values (11) (See

Sec.5.3).



2.2 DESIGN FEATURES OF THE E-PERM CHAMBER

Phase 1 work showed the importance of using low atomic number materials for E-PERM

components in order to minimize interference from natural background gamma radiation (BG).

The chamber material must also be electrically conductive so as to prevent the buildup of

electrostatic charge on its inner surfaces. Accordingly, the commercial E—PERM chambers and

electret holders are made of carbon lled polypropylene. The Phase 1 investigations also

established criteria regarding the volume and shape of the ion chamber needed to optimize the E-

PERM response to radon and the commercial unit re ects these criteria.

A cover is needed for the electret to prevent it from losing voltage when the chamber is not

in use, e.g. during storage or transport. If left uncovered, ions of Opposite polarity in the ambient

air are attracted to the surface of electrets where they neutralize the charge on the electret. A cup—in-

cup cover mechanism was deve10ped during Phase 1 for this purpose. In this con guration, one

cup has the electret xed inside its bottom surface and the bottom of the second cup serves as the

electret cover when it is slid bottom- rst down over the electret. After homeowner trials, it was

decided that this cup-in-cup arrangement was impractical because it required the user to expose. the

electret directly to ambient air when preparing the unit for a measurement. A novel spring—loaded

piston mechanism was developed during Phase 2 for the commercial model which covers and

uncovers the electret without exposing it in this way.

As seen in Figure 3, the electret cover is attached to a screwcap on top of the E—PERM

which can be screwed down to lock the electret cover down close to the electret. This effectively

cuts off the electric eld emanating from the electret. Without the electric eld, the E—PERM is

”off," because no ions are drawn to the electret surface. When the E—PERM is to be used, the

screwcap is unscrewed and a compression spring under it lifts and holds the electret cover up

against the top of the chamber. This permits the electrostatic eld from the electret to emanate into

the chamber, thereby turning the E—PERM "on."



As mentioned earlier, the ltered inlet shown in Figure 3 is necessary to allow radon into

the chamber while excluding radon progeny, dust and ions from outside. Though not apparent on

the drawing, there are six small holes 0.25 cm in diameter in the top of the E-PERM giving a total

hole area of 0.3 cm2. Their recessed position reduces the risk of damage to the lter.

As described the Phase 1 report, the entry hole diameter and the ratio of total hole area to

chamber volume control the time it takes radon to diffuse into the E-PERM. The hole parameters

sited above were chosen to minimize the E-PERM response to short lived (half-life 56 sec.) 220 Rn

(thoron). Experiments canied out during Phase 1 showed that E-PERMs with these particular hole

parameters have less than 10% response to 22ORn relative to 226Rn. The resulting diffusion rate,

which is estimated to be in the order of 10 minutes, still assures suitably fast response to rapid

concentration changes in the longer lived (3.824 day half-life) 226Rn.

Phase I work also quantified E-PERM response as a function of chamber volume and

electret thickness. It also showed that, in general, their dynamic range is inversely proportional to

their sensitivity. Based on this earlier data, design calculations during Phase 2 led to the adoption

of the 200 cc E-PERM chamber for the commercial unit. Two electret thicknesses of 0.23am and

0.0127 cm were chosen for the commercial instrument to serve as short and long-term detectors,

respectively. (The thicker electret is roughly 10 times more sensitive than the thin one.) Field

experience has con rmed that these design choices accommodate the range of radon concentrations

commonly found in homes satisfactorily.

2.3 DESIGN FEATURES OF THE ELECTRET VOLTAGE READER

Figure 4 is a photograph of the SPER—l instrument developed to read out the surface

voltage of electrets (SPER-l stands for urface Potential Electret Reader-1). The instrument (1)

reads out electret voltages directly in volts on a digital display without making contact with the

electret surface; (2) repeats voltage readings from 1 to 1,000 volts to :1: 1V; (3) automatically

zeroes before every reading; (4) its "on" switch is activated by the movement of the shutter; (5) it



holds the voltage reading display for four minutes and then shuts off automatically; (6) it gives a

sound signal if the shutter is not closed or Opened completely to preclude false readings; (7) it is

smaller and more rugged weighing only about 0.5 kg.; and (8) it is powered by a single 9V battery

and has a low battery indicator. A cushioned carrying case is now provided with each reader to

help protect it from droppage, dust and dirt, etc.

2.4 USE OF THE ELECTRET VOLTAGE READER

The user must carry out the following steps in making each electret voltage measurement.

Both the initial and final voltage readings should be carried out as close to the exposure period as

possible to assure maximum accuracy. Qare must be taken to prevent the electret surface from

accumulating dust or lint and from being touchg by anything throughout this procedure.

1. Carefully unscrew and remove the electret assembly from the bottom of the E-

PERM. (The Te on disk seen in the inner center of the assembly is the electret.)

Place the electret face down into the circular electret receptacle on the voltage reader.

Move it a bit to assure that it is well seated and free to move in the receptacle. Care

must be taken to assure that no dirt or foreign material is present in the electret

receptacle which might keep the electret from seating properly. Revolve the electret

assembly until the identi cation number on its bottom is right side up and parallel

with the instrument panel meter.

Opening and closing the metal slide with a lever on the side of the voltage reader

causes the electret voltage reading to appear on the LCD panel. The slide should be

held open for at least 5 seconds to obtain a proper reading and left in the closed

position at least for 5 seconds before taking the next reading. When the same

voltage value appears twice in a row during this sequence, it re ects the true electret

voltage. This takes at least 3 openings because the rst value is often spurious.


































































































































































