
•_-- _-- ;X3mO _" _t- ]£: O0 £n _E: mO (/) --t rrl C.., mO_---¢
or'm --+-m :3 ::3"0 _ ¢1>0 "; m • • • ;;X3"_

--._-.--_ ('_ f'_ *'_ (I) "S r-t-'g3 "S m "g3 rT1 ---I
:::r --,. (I) _ ::3- (-t- ;_-- ul (-t- -0 "r" (sl (_rrl

---'I--h "l _ -- (1) u_ (1) (1) • • (1) r1-1__-..a-_ _-,. • tn =::1:3-:::; _ _ '7
--I- :3 t_ 0 t_ £::: C::::O" 0 _ O" r-- (") CT -.-I 3:,

• "L_I _. 0 • I:_ :3 m'O (1) (1) _< _< r"

i ¢._ "-r" "* Z :3 "¢3 -'1 _ "S :::"S "-" 3='

_ o :a- _ ::a" n w m , _ to u:_ "m,---,--- _ • -'-fl) re .-_.-,,4re :=r --Ira
| c: re ::3_n C:3E_ ¢3" :_- _ m c::--.i

_" --,._ t_2 (=e m t_ +,< t_ ;_- ;0;[3
+. ¢0 0 _¢_ m _I _..m-.+(D m--<-.m :3 3> o r" 3:,r_- 0 _
• -, (n. :::1 m ¢'3 _ _DO "_
• -.4 tn o" oo t_--h 0

- 71 -,- _ID_ *-,4m _ --I
: _ ,=_ ::r'_ (_ r'l- C_ :::3 _ "_ C_ 0

¢_ _ ---, t-t- (.no _3(D --'* • • ;X3- ¢..j

' --4 m ;1:::3 (._ --'. I_ r't"
-=- _ 0 £I. _-_ (::" GO mmlr_J t_ * (1) .--- 0 *-"*

' Z --'" "_ "_p- :::1 _0 .... m
-- uO --,. Z

+ _ ¢-+'n --I

_: D_MMER

g_ :3"..,. This report was prepared as an account of work sponsored-by an agency of the United States r'-

0 't'_ :_ Government. Neither the United States Government nor any agency thereof, nor any of their co
r-t- employees, makes any warranty, expre_ or implied, or assumes any legal liability or responsi- 3=,!

O) _ o bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
_._, process disclosed, or represents that its use would not infringe privately owned fights. Refer- Po

cnce herein to any specific commercial product, process, or service by trade name, trademark, o'_t_
|_ necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the

United States Government or any agency thereof.



INTERNAL DOSIMETRY MONITORING EQUIPMENT

PRESENT AND FUTURE

The successful measurement and assessment of internal exposures is highly dependent on

strong capabilities to measure of radioactive materials directly and/or indirectly in the body.

This capability must be supplemented by comprehensive field measurements to quantify

materials (i.e., surface and airborne contamination) in the work place which become the

source of exposure to the workers.

In the United States (US), the Department of Energy (DOE) established a performance

goal for the internal exposure monitoring program for each radionuclide or mixture of

radionuclides. Such programs should be capable of identifying 1) the occurrence of

exposures during a year that could result in a committed effective dose equivalent in excess

of the limiting value of I mSv (100 mrem); and 2) internal exposures where air monitoring

results project an intake of greater than 0.02 annual limit of intake (ALI) (ICRP 30) in a

year.

Because of current limitations on minimum detectable activities or amounts for in vivo or

in vitro measurements for some radionuclides (e.g., poorly transported alpha emitters), a

routine bioassay program which would maintain the potential minimum detectable dose to

a few miUisieverts committed effective dose equivalent (HF.50)would be prohibitively

expensive to operate and unacceptable to the worker. Thus the operation of a strong field



measuremen_ program to provide warning of possible intakes is extremely i_Jportant to

permit timely special bioassay measurements to be performed.

Assessing absorbed dose from irradiation by internally retained radioactive materials

depends on knowing, inferring, or assuming the quantity of activity retained in each organ

or tissue of interest as a function of time (qr), or "how much activity is where for how long."

In its most basic form, the dose to a target tissue, D. for nuclides emitting non-penetrating

radiation is

D r o_ .[
qr (t) dt

m T

where mr is the mass of the tissue. More complex relationships exist for radionuclides that

emit penetrating radiations, due to the fact that activity in one organ may emit radiation

that is absorbed in a different organ.

Three categories of measurements are made to help assess these three questions:

1. in vivo (direct) counting of radionuclides with photon energies that can be detected

outside the body;

2. in vitro (indirect) assay of radionuclides in excreta samples such as urine or feces;

and



3. u.'_ ._fconcentration measurements of airborne radioactive materials, respiratory

protection factors, aerosol chemical and physical properties and occupancy or stay

time.

Each of these three categories of measurements leads down different inferential pathways

to address the questions of how much, where and how long. Each in vivo measurement

leads to an estimate of retained quantities at one or more locations in the body at a

moment in time. Each in vitro measurement leads to estimates of excretion rates, that is,

the time derivative of the whole body biological retention function. The air concentration

approach provides a means of estimating an initial intake via inhalation. All methods

require inferential leaps of faith, with the air concentration approach requiring the most,

and the in vivo approach requiring the fewest.

In vivo measurements can give a fairly direct assessment of q_ especially for a radionuelide

like 6°(20in the respiratory tract. Seldom is that measurement used to directly calculate

dose. Rather some ealeulational method might use such information to assess the value

of an intake that would lead to the observed value(s) of qr(t). That intake is then

compared to the ALI or multiplied by an appropriate factor to give dose.

In vitro measurements give the rate at which body content is changing due to excretion by

one or more routes. If the mode, time and duration intake are known (or assumed), then

in vitro measurements can be used to estimate an intake that is most consistent with



observed measurements.

The use of airconcentration measurements (which are generally average values over some

sampling period) requires assumed or measured values of particle size distribution, chemical

form solubility (D, W, Y), breathing rate, time during which the aerosol was inhaled,

respiratory protection factor, and a set of biokinetic models and model parameters such as

those of the ICRP. Intake is calculated for the pertinent time period and compared with

the ALI or converted to dose by approp_iate dose conversion factors. In some regulatory

applications the actual conversion to intake is bypassed and results are reported in terms

of DAC - hours exposure.

_BIOASSAYCAPABILITY GOALS

The US DOE has specified in its Radiological Control ManualI that workers must

participate in a bioassay program when they are likely to receive intake resulting in a

committed effective dose equivalent (HF_0) of 1 rosy or more. They must also participate

in follow-up bioassay monitoring if routine bioassay monitoring indicates an intake in the

current year with a H_._0of 1 mSv or more. No specific statement of required minimum

detectable dose for periodic bioassay has been specified, however, the goal is somewhat

controversially argued to be 1 mSv He_0. While readily achievable through in vivo and in

vitro measurement techniques for common fission and activation products, this goal is not

currently attainable for most plutonium and many uranium mixtures encountered at US

DOE facilities. In either case it is also important that workplace indicators be adequate



to identify the need for special bioassay measurements so that worker doses can be

effectively controlled.

It is appropriate to consider as a starting point the type and magnitude of intakes which

could result in a 1 mSv Ha50 for these challenging mixtures. Two specific mixtures are

considered: a class Y plutonium-americium mixture chalacteristic of aged weapons-grade

plutonium and a class Y natural uranium (U-Nat) mixture. The magnitude of intake for

each significant nuclide of each mixture is shown in Table I. Other mixtures, such as mixed

oxides or enriched uranium, tend to be less challenging for bioassay because of the

significantly higher quantities of detectable material present.

Using the Table I intakes, the retained lung activity, urine excretion, or fecal excretion can

be estimated using the method of Lessard et al2or a computer code such as CINDY 3. The

retention or excretion at various times after acute intake can be taken as approximations

of the minimum detectable amount (MDA) for the appropriate bioassay measurement.

The US DOE has not specified that these amounts must be detectable, however, it has

been suggested by auditors and operational health physicists that these should be the design

goals. The results of these calculations are shown in Table 2 for the Pu mixture and Table

3 for U-Nat.

The plutonium bioassay goals of Table 2 show that significant technology improvement is

needed if routine bioassay measurement programs are to be capable of meeting the I mSv



goal. Currently the only way of confidently meeting the goal for Pu mixtures is to obtain

fecal samples within the first ten days following an intake and interpreting these in light of

urine samples and longer term fecal samples. This implies that criteria for initiating special

bioassay must be quite conservative. The present capability of high purity planar

germanium detectors for in vivo lung measurements remains 50 to 100 times short of what

is potentially required if the goal is to be met. Excreta analyses require comparable

improvements. Such improvements will not come easily or cheaply.

Uranium bioassay presents a. different set of problems. Table 3 shows that the technology

is currently available to meet the bioassay goals, however, the issue is how to recognize

excretion from occupational intakes on top of a natural uranium background which is likely

to be as large or much larger than the incremental occupational contr_ution. This is

rendered even more complex by the highly variable nature of the background excretion

depending on such things as individual worker's geographic location, diet and water source.

Again, the conclusion is that workplace monitoring must be sufficiently robust to identify

relatively small magnitude intakes so that special bioassay can be initiated immediately after

the intake. In addition, routine monitoring programs for uranium must be carefully

designed with environmental baselines and the expected "normal" variation carefully

developed.

Similar challenges such as identifying small magnitude intakes face bioassay for Z_SPuoxide

and thorium oxides. In addition, the future decommissioning of formergraphite-moderated
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reactors raises the possibility of relatively insoluble forms of _C. Bioassay for such material

has not been seriously investigated.

INDIRECT RADIOBIOASSAY .-. PRESENT AND FUTURE

In vitro bioassay, or indirect radiobioassay as it will be referenced here, utilizes

radioanalytical techniques to isolate, identify and quantify the amount of radioactive

materials in excreta and biological substances. The results from these measurements

provide the internal dosimetrist with information which may be used to assess radiological

exposure to the worker. Ideal indirect radiobioassay produces unbivsed and precise results,

with detection limits below action levels, expeditiously and at a reasonable price.

INDIRECT RADIOBIOASSAY--- PRESENT

A range of minimum detectable concentrations (MDCs) achieved with current

measurement and analytical techniques for commonly expected analytes is presented in

Table 4 by analyte for the two most common matrices (urine and feces). Also shown in

the table is the general analytical technique and the measurement instrument(s) (including

count time) normally employed for the radionuclide. A brief description of each

measurement system follows the table. The MDCs for other body fluids would be

approximately the same magnitude. The term minimum detectable concentration is used

here to signify that in most cases chemical separations are an essential factor in the

determination of the analyte. The exceptions are direct counting by liquid scintillation or

gamma spectrometry. A laboratory may determine its ability to achieve the MDC goal
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using the equations in the draft _NSI standard "Performance Criteria for Radiobioassay",

N 13.30 (4).

From Table 4 the lower MDC value for 239puis urine is 0.3 mBq. This value is nearly 70

times higher than the measurement goal of 4.54 E-6 Bq/d for 90 days after intake as shown

in Table 2. Method improvement for the same analyte in the fecal matrix may reduce the

MDC from 3 to 0.3 mBq. This is still a factor of 3 higher than the goal MDC for the fecal

matrix at 90 days after in_ke as shown in Table 2. It will be time consuming and difficult

to improve the MDC for routine operations, even for fecal, without extensive effort and

expense.

Radioanalytical techniques range from direct counts of the radioactive materials using

gamma spectrometry to the use of complex chemical separation techniques and

sophisticated measurement systems. Chemical separation techniques which are frequently

used include ion exchange, solvent extraction and precipitation (individually or

sequentially). Measurement systems commonly used are: liquid scintillation spectrometry,

alpha spectrometry, gas proportional counting, gamma spectrometry, fluorometry, kinetic

phosphorimetry (KPA) and alpha scintillation counting. Extraction chromatography using

new resins promises that additional radiochemical analytes can be separated with a single

separation.

The capability of an analytical method to achieve the desired bias and precision and MDC

10



requirements depends on several parameters: counting efficiency, count length, chemical

recovery, background of the detector, background contn_outedby the analytical process and

the degree to which the chemical procedure removes chemical and radiochemical

interferences _matrix interference).

The counting and measurement instruments descried above, with the exception of the

KPAC¢,have been in use for several years. With improvement in computer technology and

associated software many of these instruments are available with advanced data

management techniques including data collection and analysis and calculation of the final

result. Detector systems have also been improved. Examples are the production of low

background (-3 mBq/s) external gas proportional detectors, high purity ;germanium

detectors with improved resolution and the passive implanted planar (PIP) detectors used

for alpha spectrometry. The PIP show a marked increase in counting efficiency over the

surface barrier detector.

A laser fluorimeter for the determination of uranium was introduced about 15 years ago,

followed by the KPA which was commercially produced nearly 5 years ago. These

instruments enhanced the determination of uranium by providing more sensitive and

precise measurements.

INDIRECT RADIOBIOASSAY-- FUTURE

A relatively new technique that holds much promise for indirect radiobioassay is the

11



inductively coupled plasma-mass spectrometer (ICP-MS)(6). The ICP-MS uses an

inductively coupled plasma as an ion source for a mass spectrometer. The basic units of

an ICP-MS system include a sample introduction device, plasma, plasma-mass spectrometer

interface, ion focusing-ion filtering system, detector and the data acquisition-data handling

system. This system has been used for the determination of _Fc, 129I,237Np,Z39puand Z4°pu

in a variety of environmental matrices, uranium in urine and thorium and uranium in

various biological matrices. Radiochemical separations are often required and depending

on the analyte, an electrothermal vaporization unit is essential to achieve low sensitivities.

This system is attractive because the measurement process is much faster than, for example,

the long counts necessary for alpha spectrometry. In addition it can separate 239Puand

_Pu. However, for those radionuclides with half-lives less than 1x 104years, radiological

hazards will become a concern because of the number of atoms necessary for the mass

measurement. Minimum detectable amounts which appear achievable for z39purange from

5-50 fg. Reference (6) quotes a research article which indicates a MDC of approximately

0.02 mBq (9 fg) is achievable for Pu-239 in aqueous samples with ICP-MS. This is an

approximate order of magnitude better than alpha spectrometry, but is still an order of

magnitude higher than the bioassay measurement goal. Much effort is needeQ to even

achieve 0.02 mBq in routine operations.

There is continual effort to improve all areas of laboratory functions. It is hoped these

efforts will help to improve the laboratory's service and, as a direct consequence, the data

it produces. Some work is not always adaptable to routine laboratory operations.

12
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Examples of some of these efforts follow.

The Analytical Chemistry Application Reviews for 1993(7'a)and other recent journals include

references to measurement methods such as accelerator mass spectrometry(9), thermal

ionization mass spectrometryO°), beta spectrometry0_), neutron activationOz) and photon

electron rejecting alpha liquid scintillation spectrometry03'_4).Applications are shown for

radionuclide determinations but not necessarily in excreta or other biological matrices. It

remains to be seen whether these methods will become universally available and cost

effective.

The final measurement system and the required MDC dictate the degree of sample

preparation. As shown in Table 4 above, most determinations require that the analyte be

chemically separated from the sample matrix before counting. Most initial sample

preparation methods still rely on classical furnace muffling, wet ashing and precipitation

techniques. Although total sample dissolution utilizing microwave energy is being widely

used for the analysis of environmental matrices, the sample size most microwave digestion

systems are capable of handling is still too small for most radiobioassay needs of today.

However, new or improved detection systems should allow the use of a smaller sample size

and thus less efforto5).

For existing measurement systems such as those descn_oedabove, separation methods may

be necessary for eliminating chemical and radiochemical interferences (depending on the

13
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final measurement technique) and reducing a large sample to a reasonable size while still

achieving a low MDC. Many indirect radiobioassay chemical separation methods such as

ion exchange, solvent extraction and precipitation are labor intensive and time consuming.

There is continual effort to improve the existing methods and/or develop alternatives that

are more efficient and robust. A robust radioanalytical method would be simple to use,

capable of removing chemical and radiochemical interferences, have few chemical steps,

not be sensitive to small changes in reagent concentrations, not use hazardous chemicals

and have very little chemical and/or radiochemical waste. New separation methods, such

as those using crown ethers(_s),have been developed and are now seeing limited use.

Radioanalytical laboratories are beginning to evaluate the feasibility of using automation

on a much larger scale. Heretofore, automation was utilized on some counting instruments

for changing samples, but now consideration is being given to its use can be employed in

all phases of the analytical process. The US DOE ¢t6)and its contractors along with

interested parties fi'om private industry, such as analytical laboratories and robotics

manufacturers, are pursuing this effort on mixed waste sample analyses through its

Contaminant Analysis Automation program. Currently most attention is directed toward

nonradioactive analyses, however, efforts are being made to examine its usefulness in the

radioanalytical arena as well.

Significant advances have been made with computer systems for data management.

However, because the accumulation of data from sample preparation through counting to

14
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reporting occurs piecemeal, it is more difficult for the software to produce a data package

which includes raw data and other information used to produce the final result. An

increasing number of indirect radiobioassay service customers are beginning to request full

data packages. This service is provided by individual groups but the software programs is

not necessarily available on a commercial basis. Development is needed to produce

commercial software which will produce these packages. At the same time it must remain

flexible enough to adapt to individual customer needs. Standardization of radiobioassay

services would speed this process. Some effort is underway in the US through the

standardization process. For example, preparation of draft ANSI standards on

"Measurement Quality Assurance for Radioassay Laboratories" ANSI N 42.207) and

"Performance Criteria for Radiobioassay" ANSI N 13.30o) will help standardize the

minimum performance requirements. Chemical procedures and guidance for good

laboratory practices being developed by ASTM could promote standardization in processing

and quality assurance requirements. Individuality would be preserved, but quality data at

a reasonable price would also be produced.

DIRECT BIOASSAY MONITORING EQUIPMENT-- PRESENT AND FUTURE

The radiation detection systems used to perform in vivo measurement of radioactive

material in humans are designed to detect photons emanating from the body. The different

systems can be broadly classified according to the type of detectors used, whether they

detect high or low energy photons and how the detector(s) are configured. These systems

provide a direct indication of the presence of radioactive material in the body. The data

15
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interpretation of in vivo measurement results requires fewer assumptions compared to

excreta or workplace estimates for assessing doses. The MDA for each of the following

techniques is presented in Table 5.

HIGH ENERGY PHOTON DETECTION

NaI and intrinsic germanium detectors are the two most commonly employed detectors for

the quantitative measurement of radioactive materials that emit high (E > 200 keV) energy

photons.

The NaI detectors are physically large; typical crystal dimensions for a cylindrical detector

being 23.8 cm diameter by 10 cm thick and for a rectangular detector 10 cm by 10 cm by

40.6 cm long. They offer high detection efficiency for high energy photons and are

extremely durable. The resolution available is much less than the resolution achieved with

solid state detectors.

Intrinsic germanium detectors have essentially replaced lithium-drifted germanium detectors

in the past 5 years. The intrinsic germanium detector can be warmed to ambient

temperature then brought back to liquid nitrogen temperatures for operation. These

detection systems typically have full width half maximum (FWHM) resolution of less than

a few keV at 663 keV. Crystal sizes are small compared to NaI but the technology has

progressed to the point where detection efficiencies for the larger crystals equal or exceed

that of a 7.5 cm by 7.5 cm NaI detector. The detectors require a liquid nitrogen tilling

16



system that can reliably fill the detectors at set frequencies.

In general, the sensitivities for the measurement of radioactive materials that emit high

energy radiations are very good and the detection capabilities represent a small fraction of

the annual limits on intake.

LOW ENERGY PHOTON DETECTION

The detection of low energy photons (E< 200 keV) is commonly done with detectors

containing thin scintillation crystals to optimize the detection efficiency. Phoswich detectors

offer excellent background rejection capabilities utilizing the different decay times of the

CsI and NaI(Tl) phosphors. NaI detectors have high backgrounds but require less complex

electronics since gating is not required as with the phoswich to separate the CsI and NaI

pulses.

Contemporary solid state detectors typically contain small crystals of germanium or silicon

for low energy applications. A 2000 mm2area detector 20 mm thick is a typical crystal size

used in detectors for measuring actinides in the lungs. Crystals up to 4000 mmz in area and

approximately 30 mm thick will soon be commercially available in the US. Testing of

prototypes of the larger detectors have shown that lower detectable activities can be

expected compared to the 2000 mmz area detectors currently being used. Thin intrinsic

german/am crystals offer excellent resolution and relatively low background count rates

over a wide range of energies. Lithium drifted silicon detectors have excellent resolution

17



for low energy x-rays but must be kept at liquid nitrogen temperatures at all times to

prevent diffusion of the lithium. Both the silicon and germanium detectors require a

reliable supply of liquid ,.itrogen to be delivered for operation.

The detector sensitivities for actinides that emit low energy photons (e.g., UtAm and z_gPu)

are significantly higher than for high energy measurements and can represent doses in

excess of the annual occupational limits for actinides such as _39pu.For aged Pu mixtures

the _39puactivity is commonly derived from measurements of the UtAm activity based on

assumptions regarding the Pu to Am ratio of the mixture. The calculated detection level

for 239puis lower based on this method assuming the uncertainty in the ratio is zero.

However, the uncertainty in the ratio is often times not known and not factored into the

determination of the MDA.

SYSTEM DESIGNS

System designs will vary depending on the reason for the measurements. Maximum

sensitivity with minimum count times is desired for routine measurements of large numbers

of subjects. For quantifying the amount of material in the body maximum accuracy is

required and a system that has a small dependence on the activity distribution may be

warranted since this is usually the largest uncertainty in the measurement process. Arrays

of detectors placed in close proximity to the body provide the best sensitivity for detecting

low levels of radioactive material in the body. However, the accuracy of these types of

systems can strongly depend ou the activity distribution in the subject. A single detector

18
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that scans the body can also provide adequate sensitivity at less cost compared to an array.

Arrays of detectors placed a fixed distance from the subject or above and below the subject

will be less dependent on the location of the activity in the person. The standard one and

two meter arc counting geometries can be used effectively to minimize the dependence of

the results on the activity distribution for high energy photons. Due to the inverse square

law and other geometry factors, the sensitivity of the system will limit the applicability for

quantifying low levels of activity.

The design of in vivo counting systems generally includes shielding to reduce the

background count rates and optimize the capability for a system. This can range from

massive shielded cells with 15 cm to 41 cm thick walls, floors and ceilings made of pre-

World War II plate steel with interior graded shields such as are used at many US DOE

facilities to local shielding of the detectors with lead used in commercial systems.
F

For the quantification of actinide materials in the lung it is important to account for the

photon absorption in the tissues overlying the lungs. Estimates of this tissue thickness are

commonly calculated based on weight to height ratios. More accurate tissue thickness

estimates can be obtained using diagnostic ultrasound equipment. The radiation interaction

characteristics of the calibration phantom are assumed to adequately represent each

individual.

The measurement of radioactive material in a source organ or tissue may require

19



adjustments based on the contn_ution to the count rate from activity in other organs or

tissues. Collimating the detector(s) can limit the solid angle subtended by the detector(s)

to discriminate against extraneous counts. But the collimation will decrease the detection

efficiency at the same time. Count rate contributions from other organs and tissues can

be approximated using phantom measurements. For example, the count rate contr_ution

to a lung count from activity in the liver can be estimated from lung measurements of a

phantom containing liver activity and no activity in the lungs.

THE FUTURE

The use of detectors with larger intrinsic germanium crystals, gas scintillation proportional

counters and ambient temperature solid state detectors offer promise for the future

development of in vivo monitoring equipment. As crystal growth technology develops,

larger area planar germanium crystals will improve the detection efficiency for low energy

photons and the larger volume coaxial germanium crystal designs will continue to improve

detection efficiency for high energy photons.

Gas scintillation proportional counters offer large surface areas for low energy photon

detection and do not require liquid nitrogen for operation. At this time it is not clear if

the detector sensitivity will be adequate for in vivo actinide monitoring. It is possible that

the large surface area may allow only one or two detectors to be used for actinide lung

monitoring compared to the six or more germanium detectors frequently used presently.

An ambient temperature solid state detector with resolution capabilities comparable to

20



current intrinsic germanium detectors may be achievable with a crystalmade of a material

such as gallium arsenide. The capability to manufacture high purity gallium arsenide

crystals with adequate dimensions and achieving a uniform electric field remain major

challenges to obtain acceptable resolution. Cadmium telluride is currently used in small

monitors for wound measurements of low energy photons and could someday be developed

into larger detectors. Depending on market forces the development of ambient

temperature solid state detectors could proceed over the next decade to the point where

they could be used for in vivo monitoring.

WORKPLACE MEASUREMENTS

One of the challenges for internal dosimetrists that has been neglected to a great extent

in the past is the establishment of a strong cooperative relationship with the field health

physicist. However, with a combination of changes in internal dosimetry including the

requirement to add external and internal dose to control total lifetime dose the costs of

enhanced bioassay programs and worker cooperation; the use of the field health physicist

as a part of the facility dosimetry team is extremely important.

Workplace measurements that provide the most support for internal dosimetry programs

fall in two categories: 1) those that are a surrogate for bioassay and in vivo measurements

(e.g., air monitoring measurements) and 2) those for which derived investigation levels

(D1Ls) have been established to trigger investigations and perhaps special bioassay

programs.
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In the US, the newly-revised "Standards for Protection Against Radiation" of the Nuclear

Regulatory Commission apply to all power reactors and also to byproduct, special nuclear

and source materials licensees in 29 of the 50 states. Under this regulation, it is permiss_le

to assess internal dose based on representative air monitoring<ts'19).

Thus, workplace air measurements may be used to assess internal doses using

C't
E = • 20 mSv,

P. DACg0.,di.2000 h

where

E denotes effective dose (mSv);

C denotes the average representative radionuclide concentration in air

(Bq.m-3);
m

t denotes the time (h) the worker breathed air at concentration C;

P denotes the protection factor for the respirator used, if any 1 _ P

1000;

DACg0.,dj denotes the appropriate 1990 ICRP derived air concentration for the

radionuclide (Bq.m'3), adjusted for particle size (Note: Currently, the

US uses the 1979 ICRP 30 DACS and 50 mSv in place of the 1990

DACS and 20 mSv adjusted for particle size) and

2000 h is the number of hours in a working year.

While the technology for breathing zone air monitoring has not changed dramatically in
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recent years, recently, it has been shown that very significant gains in apparent detection

capability can be made by optimizing the use of counting data in the computation of C_°'21).

By pooling all data for a year's sampling for one worker, pooled decision levels (DLs) and

minimum detectable average concentrations (MDCs) can be used. These levels can permit

a reduction in the DL and MDC by as much as vfff, where n is the number of

measurements made in a year. In one sample case, a breathing zone air monitoring

program capable of detecting 9.8 mSv without pooled analysis was shown to be capable of

detecting 0.6 mSv when uncensored data were properly pooled. This result is well under

the goal of 1 mSv.

The second, and perhaps more important, use of workplace monitoring is to trigger

investigations and special bioassay programs to minimize detection capability problems due

to technology shortfall in routine bioassay programs. Workplace measurements useful in

this context are air monitoring (both general and breathing zone), surface contamination

measurements, skin contamination surveys of workers, whole or partial-body contamination

monitoring results, self-survey results, counts of nasal swabs and observations by workers

or supervisors of off-normal conditions that may result in loss of containment of radioactive

materials. Alone, or in combination, these techniques lead to prompt detection of intakes

that might not otherwise be detected by routine bioassay measurements. Perhaps the

greatest progress in the last decade has been in the detection of contamination on or in the

worker the new, large-detector area partial body personnel contamination monitors used

at exits of radiologically controlled areas. These have been developed because portable
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survey instruments have proven to be inadequate because of 1) survey time involved, 2) lack

of skill and 3) small number of cases of contamination detected.

The problem of detecting contamination with portable survey instruments was addressed

by Clive Dr_y from NE Technology Limited in a paper presented at a technical meeting

held in the United Kingdom_). He noted that the surface area of the body of the average

person is 18,000 cmz, so if a 100 cm2 detector is used to observe each part for just one

second, monitoring would take 3 minutes not the 3 seconds usually taken. If an alpha

detector is placed 3 cm from a radium source it will detect nothing due to absorption of

the alphas by the air. If a 100 cmz beta detector is moved 5 cm from a spot of 35,

contamination the response will change by a factor of 10. This movement could change the

reading from 5 to 50 counts per second and even three centimeters makes over a factor of

two change. The smaller the probe the worse the effect for a point source. As a result of

this, the NE Technology Limited developed a personnel contamination monitor using gas

flow proportional counter detectors which will cover 50% of the surface of the body at one

time. The limitation for detecting 80 Bq of _°Cois presented in Table 6.

In a paper on performance of personnel contamination monitors prepared by M. Cox, et

aloe3)the capability of several personnel monitors was presented (Table 7). Whether or not

they trigger special bioassay measurements, workplace measurements may provide

information on the time at which an intake occurred or the time course of intake for

protracted intakes. For most intakes, time course of intake is a variable that must be
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known to correctly permit interpretation of bioassay data. Workplace measurements can

also help provide a diagnosis of containment or control problems to manage future intakes.

Particle size measurements made in the workplace may be needed as input to internal dose

assessments as well as particle solubility studies for assignment of transportability classes

D, W and Y.

For measurements of radon progeny in mines and other work places, measurements of

potential alpha energy concentration, equilibrium ratios and the ultra fine or unattached

fraction are needed. These measurements are crucial in determining dose to the various

portions of the respiratory tract under either old or new ICRP respiratory tract models

since in vivo or in vitro bioassay is impractical for these short-lived radionuclides.

SUMMARY

1We have attempted to characterize the current and future status of in vivo and in vitro

measurement programs coupled with the associated radioanalytical methods and workplace

monitoring. Developments in these areas must be carefully integrated by internal

dosimetrists, radiochemists and field health physicists. Their goal should be uniform

improvement rather than to focus on one specific area (e.g., dose modeling) to the neglect

of other areas where the measurement capabilities are substantially less sophisticated and,

therefore, the potential source of error is greatest.
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TABLE 1. Class Y Inhalation Mixtures to Result in 1-mSv HE_0

Nuclide Weapons-Grade Pu Natural U
(Bq) (ng) (Bq) (rag)

239+U°pu 6.5 16 ....

(15 239pu)
( 1 U°Pu)

2°Spu 0.5 0.0008 ....

U_Pu 50 0.01 ....

UlAm 0.6 0.005 ....

Z38U .... 13 1.1

_SU .... 0.6 0.008

_'U .... 13 0.0001

Total Mass -- 16 -- 1.1



TABLE 2. Bioassay Measurelaent Goals for Class Y Inhalation

of Weapons-Grade Plutonium (1 lzm AMAD*) Resulting in 1 mSv Hg_o

Bioassay Measurement
Time After
Intake Urine Feces Lung Burden

(d) Pu(Bqd't)** 239pu(ngdt) Pu(Bqd-t)** 239pu(ngd'_) U_Am(Bq)

1 1.01E-4 2.33E-4 3.39E-1 7.81E-1 1.30E-1

2 6.27E-5 1.45E-4 1.05E 0 2.42E 0 1.10E-1

3 3.96E-5 9.14E-5 8.52E-1 1.97E 0 9.90E-2

7 1.16E-5 2.67E-5 5.28E-2 1.22E-1 9.00E-2

30 5.73E-6 1.32E-5 8.71E-4 2.01E-3 8.80E-2

60 4.73E-6 1.09E-5 8.32E-4 1.92E-3 8.60E-2

90 4.54E-6 1.05E-5 8.00E-4 1.85E-3 8.50E-2

200 4.79E-6 1.11E-5 6.89E-4 1.59E-3 7.90E-2

300 5.07E-6 1.17E-5 5.99E-4 1.38E-3 7.30E-2

400 5.30E-6 1.22E-5 5.22E-4 1.20E-3 6.90E-2

500 5.49E-6 1.27E-5 4.55E-4 1.05E-3 6.40E-2

Current
MDA*** 3.00E-4 5.00E-5 3.00E-3 N/A 5.O0E O

* Activity Median Aerodynamic Diameter
** z39pu+ U°pu
*** Minimum Detectable Amount
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TABLE 3. Bloassay Measurement Goals for a Class Y Natural
Uranium Inhalation Intake (1/_m AMAD*) Resulting in 1 mSv Hrjo

Bioassay Measurement

Days After
Intake Urine Excretion Fecal Excretion Lung Burden

(d) Z3aU(Bqd_) U (/zgdt) 23aU(Bqd't) U (/zgd"t) ZasU(Bq)

I 2.90E-2 2.45E 0 6.76E-1 5.72E 1 1.28E-1

2 7.14E-3 6.04E-1 2.08E 0 1.76E 2 1.08E-1

3 2.99E-3 2.53E-1 1.70E 0 1.44E 2 9.90E-2

7 1.39E-3 1.18E-1 1.05E-1 8.92E 0 8.94E-2

30 4.25E-4 3.60E-2 1.73E-3 1.46E-1 8.70E-2

60 2.85E-4 2.41E-2 1.66E-3 1.41E-1 8.46E-2

90 2.48E-4 2.10E-2 1.59E-3 1.34E-1 8.16E-2

200 2.35E-4 1.99E-2 1.37E-3 1.16E-1 7.32E-2

300 2.38E-4 2.01E-2 1.19E-3 1.00E-1 6.60E-2

400 2.37E-4 2.00E-2 1.03E-3 8.75E-2 5.99E-2

500 2.35E-4 1.99E-2 9.00E-4 7.61E-2 5.44E-2

Natural

Background 6.00E-4 5.00E-4 1.70E-2 1.40E 0 Neglig_le
(ICRP-23)

Current

MDA** 3.00E-4 Bq 6.00E-2 _g 5.00E-3 Bq 3.00E-3 _g 5.00E 0 Bq

* Active Median Aerodynamic Diameter
** Minimum Detectable Amount



TABLE 4. In Vito Bioassay Analysis Capabilities

MDC RANGE Analytical Measurement
Analyte Urine (L"t) Fecal (Per Sample) Techniques Systems* Count Times

H-3 37-570 Bq Not Available Direct and/or LS 6E2-1EA
distillation

i i i ii , , ,,

C-14 37-370 Bq 3.3-33 Bq Direct and/or LS or GPC 1E2-gE3
chemical separation

Co-60 0.25-2.5 Bq 0.25-2,5 Bq Direct Count GS 5E2-6E4

Cs-137 0.25-2.5 Bq 0.25-2.5 Bq Direct Count GS 5E2-6E4
i

Sr-89,.90 0.5-5 Bq 0.74-7.4 Bq Chemical separation GPC 8E2-1E3
i

Ra-226 3.7-37 mBq 25-150 mBq Chemical separation AS or GS 1E2-2E3

Po _.10 3.7-37 mBq 0.2-6 Bq Spontaneous AS 1.2E4-1.5E5
deposition

'1]t-228, 1.5-3.7 mBq 37-180 mBq Chemical separation AS 1.2E4-1.5E5
-230,.232

U-234, 0.3-2.2 mBq 5-37 mBq Chemical separation AS 1.2E4-1.5E5
-235,-238

,,,, ,, ,,,

Np237 0.3-2.2 mBq 1.7-37 mBq Chemical separation AS 1.2E4-1.5E5
,,, , ,

Pu-238 0.3-2.2 mBq 3-37 mBq Chemical separation AS 1.2E4-1.5E5
Pu-239/240

Am-241 0.3-2.2 mBq 13-37 mBq Chemical separation AS 1.2E4-1.5E5

U.Mass 0.025-5 pg 0.3-8 _g Chemical separation KPA, F

" AS - Alpha scintillation counter. This counter consists of a scintillation counting chamber (phosphor coated on the inside)
with a clear silicon window, photomultiplier tube, preamplifier, high voltage supply and scaler.

AS - Alpha Spectrometer. An alpha spectrometer consists of a low background (- 2 counts per 60,000 seconds), high
resolution ( -24-35 keV depending on the detector size), silicon surface barrier or passive implanted planar detector, vacuum
system, bias supply, preamplifier, shaping and stretching amplifier, biased amplifier, discriminator, analog-to-digital converter
(ADC) and multichannel analyzer (MCA).

F - Fluorometer. This instrument measures the fluorescence of a fused disk of sodium fluoride, lithium fluoride, and uranium
compound exposed to ultraviolet light. The intensity of the fluorescence is proportional to the uranium concentration.

GS - Gsmma Spectrometer. This system includes a lithium-drifted germanium (GeLi) or high-purity germanium (HPGe)
detector (p or n-type), generally with a full width at one-half the peak maximum (FWHM) less than 2.2 keV at 1332 keV,
lead shielding, high voltage power/bias supply, preamplifier, ADC and amplifier with a MCA.

GPC - Gas Proportional Counter. The gas proportional counter may utilize an end-window Geiger-Mueller tube or an internal
or external 8as-flow chamber for the detector which is constructed from material free from detectable radioactivity. The
detector is shielded and is associated with a power supply, amplifier and scaler. The system may be equipped with a cosmic
guard to further reduce backgrounds.

KPA - Kinetic Phosphorescence Analyzer (Pulsed Lair Phosphorimetry). This instrument analyzes the phosphorescence
signal produced from laser excitation of complexed uranium (VI). The signal is proportional to the quantity of uranium
present.

LS - Liquid Scintillation Spectrometer. The sample is mixed with a liquid scintillator and the radiation energy is expended
in the ionization and excitation of the solvent. The energy is transferred to the solute and re-emitted as photons, which are
detected with one or more phototubes. The subsequent signal may be routed through one or more amplifiers and recorded
with a counter such as a single channel or muitichannel analyzer.
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TABLE 5. Typical Minimum Detectable Activities (MDA)
for DOE Hanford Site In Vivo Measurement Systems

Whole Body Count Lung Count

Nuclide NaI Detectors (-) Ge Detectors0') Ge Detectors (c)
....MDA (Bq) _.MDA (Bq) ,,_MDA (Bq)

400 300 NA_)

S4Mn 200 40 NA

59Fe 300 70 NA

6°Co 200 40 NA

mI 100 60 NA

137CS 100 40 NA

tSiEu 400 100 NA

2°aTI 100 30 NA

214Bi 400 100 NA

234Th NA NA 100

235U NA NA 7

UtAm NA NA 10

(a) 200-s measurement using five cylindrical detectors in a vertical array.

(b) 1200-s measurement using four coaxial detectors positioned below a supine
subject.

(e) 1200-s measurement using six planar Ge det,:ctors placed over the lungs.

(d) Not applicable.



TABLE 6. Limitation for detection 80 Bq of 6°Co

Detector Area Efficiency Limit Theoretical Maximum
Efficiency

452 cm2 6.3% 14.8%

537 cm2 6.7% 15.2%

628 cmz 7.5% 15.6%

725 cm 2 8.0% 16.0%

829 cm2 8.5% 16.3%



TABLE 7. Summary of Eberline & National Nuclear Personnel Contamination Monitors*

DETECTOR TYP_ER RADIATION DETECTABELATYI
MODEL (dimensions) DETECTED TIME

.JH i , , ,, J, , i, , , , .,

E PCM-1B Gas Flow Proportional/14 a, _ 37 Bq/10 seconds
(503 cm_ each)

' " ' r ' ' ' ' ' ""'""' '"' " "

E PM-6 Gas Flow Proportional/ll a,/_ 1850 Bq/0.4 seconds
(503 cm2each) 520 Bq/5 seconds

E PM-7 Plastic Scintillators/6 7 370 Bq/0.4 seconds
(95 x 28 x 4 cm .4)
(48 x 28 x 4 cm -2)

E PPM-1 Plastic ScintiUators/6 3' 740 Bq/10 seconds
(90 x 4 x 4 cm -4)
(45 x 4 x 4 cm -2)

' " " ' I '" ' " " " ' ' ' ' '" J"'" ' "'

E HFM-6 Gas Flow Proportional/6 of,B 37 Bq/10 seconds
(Hand: 323 cm2 each - 4)
(Foot: 503 cm: each - 2)
,, , , , ,, , ,,,,, ,, , ,, ,

NN Gamma-10 Plastic Scintillators/4 _, 7 5200 Bq/0.4 seconds
(Side: 95 x 28 x 4 x cm - 2)
(Head: 38 x 28 x 4 cm)
(Foot: 50 x 28 x 4 cm)

, .,, ,. ,, , , , , ,, ,a,,,, ,,,, ,, ,, ,,,

NN Gamma.40/60 Plastic ScintiUators/4 & 6 _, _ 31(}0 Bq/0.4 seconds
Gamma 40

(Side: 95 x 28 x 4 cm -2)
(Head & Foot: 50 x 28 x 4 cm)
Gamma 60

(Side: 95 x 28 x 4 cm -4 )
(Head & Foot: 50 x 28 x 4 cm)

, , ,, , , , , ,,, ,

NN FriskaU Plastic Scintillators/8 /_, 3' 74 Bq/10 seconds
(Side: 60 x 31 x 4 cm -3)
(Back: 63 x 53 x 4 cm - 3)
(Head & Foot: 55 x 35 x 4 cm)

NN Betamax IV Plastic Scintillators/10 _/ 81 Bq/20 seconds
(Front & Side: 60 x 30 x 4 cm)
(Legs: 53 x 30 x 4 cm)
(Torso: 45 x 30 x 4 era)
(Head: 30 x 30 x 4 cm)
(Foot: 35 x 20 x 4 cm)

* Adapted from Cox, et al.(z_)






