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Abstract

The United States Department of Energy requires routine bioassay monitoring for workers who may incur intakes of
radioactive materials, that may result in a committed effective dose equivalent of 1 mSv. The radiochemistry/a-spectroscopy
method, historically used for analysis of plutonium in urine, does not provide the level of measurement sensitivity to meet this
monitoring requirement. Los Alamos National Laboratory has an established, ultrasensitive, actinide analysis program.
Application of class-100 clean room radiochemistry and thermal ionization mass spectrometry to the determination of
plutonium concentration in human urine samples yielded an average measurement uncertainty of 3.8mBq 24 h21, a 40-fold
improvement over the measurement uncertainties associated with radiochemistry/a-spectroscopy analytical methods. This
measurement capability corresponds to an ability to detect intakes on the order of 30 Bq of239Pu and240Pu, under conditions
of annual routine monitoring. The resulting minimum detectable committed effective dose equivalent associated with this
intake is 2 mSv. (Int J Mass Spectrom 178 (1998) 113–120) © 1998 Elsevier Science B.V.
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1. Introduction

Current United States Department of Energy
(DOE) regulations require routine bioassay monitor-
ing for all workers who have a reasonable potential
for intakes of radioactive materials in a single year
that may result in a committed effective dose equiv-
alent (CEDE) of 1 mSv. The term “monitoring” is
clearly defined in the Code of Federal Regulations as
“the measurement of quantities . . . ofradioactive ma-
terial and the use of the results . . . toevaluate poten-
tial and actual exposures” [1].

The historically accepted method for detecting
occupational intakes and assessing the dosimetric
consequences of plutonium inhalation is by radio-
chemical evaluation of urine samples collected from
the individual [2–10]. Detection ofa-particle emis-
sions from the decay of plutonium in chemically
prepared urine samples has been the technique of
choice since the early days of the Manhattan District
[11]. Alpha-spectroscopy analysis of urine samples
has a measurement uncertainty on the order of 150
mBq day21 and an associated CEDE in the range of
20 to 100 mSv, for routine biannual sampling in the
year of intake [9,10,12,13].

Relative to currently accepted radiation dose lim-
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its, detection of239Pu by in vivo lung counting is
limited by a measurement uncertainty on the order of
400 Bq for 239Pu. This uncertainty translates into an
intake of approximately 15 kBq and a CEDE of
greater than 1 Sv (if the measurement is made at 180
days after an acute inhalation intake of 1mm activity
median aerodynamic diameter (AMAD), inhalation
classY, 239Pu) [10,14]. Detection by analysis of fecal
samples has shown some theoretical promise; how-
ever, for practical applications, the associated biolog-
ical variability and contributions from ingested pluto-
nium produce intake estimates with unacceptably
large statistical uncertainties [15,16].

In most cases, inhalation of239Pu, from environ-
mental sources, occupational exposures occurring de-
cades earlier, and low-level occupational exposures
are not detectable by using radiochemical techniques
[9]. In addressing this technical shortfall, the DOE has
prescribed the use of “the best practical state-of-the-
art bioassay monitoring methods” [17].

The LANL Nuclear and Radiochemistry group and
the Environmental Systems and Waste Characteriza-
tion group have a well-established ultrasensitive ac-
tinide analysis program. In addition to classical radio-
chemical techniques, this program utilizes class-100
clean room technology, ultratrace actinide chemistry,
and thermal ionization mass spectrometry (TIMS) to
detect ultralow levels of239Pu, 240Pu, and other
actinides in biological and environmental matrices
[18–21].

The thermal ionization mass spectrometry (TIMS)
measurement uncertainty for detecting239Pu and
240Pu in biological samples is on the order of 1
mBq/sample ('106 atoms of239Pu) [20]. A fission
track method (FTM) for urine bioassay developed at
the University of Utah and Brookhaven National
Laboratory (BNL) has a reported measurement uncer-
tainty of approximately 0.6mBq/sample for fission-
able materials in urine [9,22].

2. Methods

Human urine excreta were collected for a 24 h
interval, from a population of individuals who work at
Los Alamos National Laboratory (LANL). Also, syn-

thetic urine samples traced with239Pu (3.7, 9.3, 29.6,
and 55.5mBq/sample) were received from Yankee
Atomic [23,24].

Each 24 h urine sample was traced with ultrapure
242Pu [25]. The plutonium fraction was coprecipitated
with alkaline earth phosphate at room temperature.
The precipitate was dissolved in 8 M HNO3, heated,
and adsorbed onto anion exchange resin. The pluto-
nium was eluted from the anion exchange column
with successive rinses of 0.5 M HCl, HI–HCl reagent
and H2O. The elute was then evaporated to dryness.
The plutonium was dissolved in 12 M HCl containing
a drop of H2O2 and adsorbed onto a second anion
exchange column. The second column was rinsed
with the HI–HCl reagent. The plutonium was then
electroplated onto a platinum disk. The platinum disk
was analyzed, under vacuum, with a 300 mm2 solid
state surface barrier detector for 63 105 s. The
plutonium was removed from the platinum disk with
HF and HNO3. The sample was evaporated to dry-
ness. The plutonium was dissolved in 12 M HCl
containing a drop of H2O2 and adsorbed onto a third
anion exchange column. The sample was rinsed with
8 M HNO3 and the plutonium was eluted with a rinse
of HBr. The sample was electrodeposited with plati-
num onto a rhenium ribbon filament and analyzed for
239Pu and240Pu atom contents by thermal ionization
mass spectrometry. All chemical processing was per-
formed in class-100 clean rooms [26].

The synthetic urine samples were traced with
ultrapure 242Pu [25]. The plutonium fraction was
coprecipitated with alkaline earth phosphate at room
temperature. The precipitate was dissolved in 8 M
HNO3, heated, and adsorbed onto anion exchange
resin. The column was rinsed with 8 M HNO3.
Plutonium was eluted from the anion exchange col-
umn with a 0.36 M HCl2 0.01 M F2 solution. The
solution was evaporated to dryness. The plutonium
was redissolved and then electroplated onto a plati-
num disk. The platinum disk was analyzed, under
vacuum, with a 300 mm2 solid state surface barrier
detector for 73 104 s. The plutonium was removed
from the platinum disk with HF and HNO3. The
sample was evaporated to dryness. The plutonium
was dissolved in 12 M HCl containing a drop of H2O2
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and adsorbed onto a third anion exchange column.
The sample was rinsed with 8 M HNO3 and the
plutonium was eluted with a rinse of HBr. The sample
was electrodeposited with platinum onto a rhenium
ribbon filament and analyzed for239Pu and 240Pu
atom contents by TIMS. All chemical processing was
performed in class-100 clean rooms [26].

3. Results

3.1. Statistical evaluation of TIMS data

LANL participated in the DOE Office of Interna-
tional Health interlaboratory comparison for detecting
ultralow levels of plutonium in human urine [24]. The
a-spectroscopy analysis did not detect239Pu activity
in any of the synthetic urine samples. Figure 1
contains a plot of the measured239Pu activity, by
TIMS analysis, in each synthetic urine sample as a
function of the known sample activity. Figure 2
contains a plot of the uncertainty of the measured
239Pu activity, by TIMS analysis, as a function of the
known sample activity. Detailed results are available
in the NIST report [24].

Table 1 contains measured239Pu and240Pu con-
centrations for a sample of individuals at LANL.
Individuals who work or have worked with239Pu and
240Pu are indicated in Table 1. Table 1 also contains
the collected and analyzed urine volumes. The aver-
age volume of urine collected over a 24 h period was
18016 801 mL.

Figure 3 contains a plot of a convolution of a
Gaussian measurement error distribution and a two
component delta function-uniform prior distribution
uniform in log space [27]. The delta function repre-
sents a nonoccupationally exposed population and the
uniform distribution represents the occupationally
exposed population [13,28]. The estimated TIMS
measurement uncertainty based on this fit is 3.8mBq
24 h21. Table 2 contains a comparison of the LANL
TIMS and a-spectroscopy measurement capabilities
for 239Pu. The distributional analysis revealed an
estimated measurement bias of 3.7mBq 24 h21 for the
TIMS measurement process on human urine.

4. Discussion and conclusions

The current radiochemicala-spectroscopy tech-
nique used at LANL for plutonium urine bioassay has

Fig. 1 Measured239Pu activity as a function of true sample activity.
Results are from the TIMS analysis of synthetic urine samples. The
line indicates a simple linear weighted fit of the data. The linear fit
has an intercept of 3.36 2.2 mBq, a slope of 0.986 0.09, and a
correlation coefficient of 0.92.

Fig. 2 Uncertainty of TIMS measured239Pu activity as a function of
true sample activity. The line indicates a simple linear fit of the
data. The linear fit has an intercept of 4.76 0.6 mBq, a slope of
0.056 0.02, and a correlation coefficient of 0.48.

115W.C. Inkret et al./International Journal of Mass Spectrometry 178 (1998) 113–120



Table 1
Summary TIMS urine assay results for a population of LANL workers. Results from this table are displayed in the histogram in Fig. 3. In
cases where two samples were submitted by one individual the samples are denoted by the lettersa andb. Urine samples were collected
over 24 h period. Individuals who work with plutonium are indicated in the last column by the letterY

ID
TIMS
(mBq 24 h21)

s
(mBq 24 h21)

Analyzed volume
(mL)

Collected volume
(mL)

Plutonium
work?

1 20.7 0.4 1750 1990 Y
2 512.8 7.0 995 995 Y
3 67.0 4.4 1500 1835 Y
5 35.6 4.1 1865 1865 Y
9 20.5 2.6 2395 2395 Y

10 28.4 5.2 1750 3030 Y
14 3.0 3.0 1845 1845 Y
15 36.4 7.0 1500 3270 Y
17 9.1 3.0 1620 1620 Y
20 95.0 5.2 1750 2735 Y
21 62.0 3.7 1750 1995 Y
22 25.5 4.1 1730 1730 Y
23 47.4 5.2 1750 1985 Y
24 5.8 3.0 1530 1530 Y
26 6.8 3.0 535 535 Y
27 12.4 3.7 1142 1142 Y
31 21.2 4.4 1750 2720 Y
32 105.8 3.3 680 680 Y
36 3.7 3.0 1065 1065 Y
37 79.0 4.8 1750 2590 Y
38 146.4 4.8 1070 1070 Y
40 1.6 4.1 1750 2135 Y
41 5.9 5.2 1500 2860 Y
42a 8.0 3.3 1340 1340 Y
42b 4.8 3.0 355 355 Y
43 19.2 5.6 1450 2920 Y
44 0.2 4.4 1750 2430 Y
45 115.1 5.6 1210 1210 Y
46 7.8 3.0 672 672 Y
47 439.9 7.0 1515 1515 Y
49 105.4 13.3 1710 1710 Y
51 47.3 2.6 2465 2465 Y
52 50.8 2.2 2358 2358 Y
53 48.4 3.7 925 925 Y
54 39.1 3.0 3120 3120 Y
56 6.6 2.2 1258 1258 Y
57 13.6 2.2 3155 3155 Y
58a 20.6 2.2 987 987 Y
58b 10.3 2.6 910 910 Y
60 7.0 2.2 2330 2330 Y
61 19 424.6 158.0 1675 700 Y
62 2 563.0 41.1 1430 700 Y
63 41.8 35.2 2460 700 N
64 64.0 51.1 3270 700 N
65 300.8 13.7 775 700 Y
66 770.3 55.1 2715 700 Y
67 1.5 18.1 1340 700 N
68 22.2 29.6 1950 700 N
69 20.4 22.9 1030 500 N
70 58.1 38.1 2235 700 N
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a measurement uncertainty of 150mBq per 24 h urine
sample [13]. This measurement capability corre-
sponds to detecting an intake of 1 kBq, and a CEDE
of 100 mSv (if the measurement is made at 180 days
after an acute inhalation intake of 1mm AMAD,
inhalation classY, 239Pu). Application of the class-
100 clean room radiochemistry and thermal ionization
mass spectrometry to the determination of plutonium

concentration in the collected urine samples yielded
an average measurement uncertainty of 3.8mBq 24
h21 and a measurement bias of 3.7mBq 24 h21. This
measurement capability corresponds to detecting an
intake of 30 Bq for annual routine monitoring and a
CEDE of 2 mSv.

In general, the results from the DOE Office of
International Health interlaboratory comparison were
promising and validated the use of the single stage
TIMS instrument for monitoring plutonium workers.
The estimated measurement uncertainty for the blank
synthetic urine samples was 4.8mBq 6 0.6mBq. This
result is comparable to the estimated synthetic urine
measurement uncertainty of 3.8mBq 24 h21, for
human urine samples. The TIMS measurement bias
for synthetic urine was taken as they intercept in Fig.
1. This measurement bias of 3.3mBq 6 2.2 mBq for
synthetic urine is comparable to the estimated mea-
surement bias of 3.7mBq 24 h21 in human urine.

To test the influence of a lower measurement error
on the interpretation of bioassay samples, the TIMS,
and a-spectroscopy techniques were compared by
using distributions of random urine excretion patterns
generated by a series of Monte Carlo experiments. In
the first case, the assumed intake scenario was an
acute inhalation of 12 Bq, 1mm AMAD, inhalation
classY, 239Pu. It was further assumed in our analysis
that urine samples were collected on days 1, 3, and 5
after the intake for the TIMS analysis protocol. The
samples from the TIMS protocol were generated with
a measurement uncertainty of 3.8mBq per 24 h urine
sample. For thea-spectroscopy analysis, samples
were collected on days 1, 2, 4, 8, 16, 30, 60, 120, and
240 after the intake. The samples from this second
protocol were generated with a measurement uncer-
tainty of 150mBq per 24 h urine sample. A biological
variation of 10% was used for both data sets. The
ICRP Publication 30 lung model and the Jones plu-
tonium urine excretion model were used in the Monte
Carlo calculations to generate two sets of 100 random
realizations of plutonium concentrations in urine due
to the intake scenario [4,5,29].

The two sets of random realizations were analyzed
with a mathematical unfolding technique developed at
Los Alamos [13,16,28,30,31]. The results are dis-

Fig. 3 Histogram of TIMS239Pu urine bioassay measurements from
population of workers at LANL. The solid line represents a
convolution of a Gaussian distribution representing measurement
uncertainties and a delta-uniform prior distribution, (the uniform is
in log space) representing the distribution of true amounts of
plutonium in the samples. The error bars represent the binned data
uncertainty as the square root of the number of events in a bin. The
TIMS measurement error based on the fit is 3.8mBq 24 h21.

Table 2
Summary of LANL bioassay techniques including the average
measurement error, and the minimum detectable dose at 180
days after an acute intake of inhalation classY, 1 mm AMAD
239Pu, for a single annual urine sample

Method

s0

(mBq 24 h21)
[atoms 24 h21]

CEDE
(mSv)

TIMS 3.8 1.5
Human urine [4.23 106

TIMS 4.8 1.7
Synthetic

urine
[5.3 3 106]

a-spec 150 55
Human urine [23 108]
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played in Fig. 4. The intake scenario would be
expected to deliver a CEDE on the order of 1 mSv.
Note the poor performance of thea-spectroscopy
technique at this level. The results indicate a nearly
100% failure rate for detecting an acute intake result-
ing in 1 mSv CEDE, even if immediately followed up
with an intensive nine sample urine assay program.
The TIMS analysis reveals a distribution of CEDE
estimates, with an expectation of 1 mSv and a
population standard deviation of 0.1 mSv.

For the second case, Monte Carlo calculations
were also performed over a range of committed
effective dose equivalents (0.01 to 1000 mSv) for
both the TIMS anda-spectroscopy analyses. In this
case, results are based on the collection of three 24 h
urine samples at days 1, 3, and 5 (for both measure-
ment techniques) immediately after a known inhala-
tion of classY, 1 mm AMAD, 239Pu. The biological
variability used for both data sets was 10% and
measurement bias was not included.

Results presented in Fig. 5 indicate the power of
the TIMS measurement technique overa spectros-
copy for monitoring plutonium workers. The TIMS

results provide accurate estimates of CEDE down to
the 0.2 mSv, compared to 5 mSv fora spectroscopy.
The relative measurement errors provided by TIMS
are also quite low when compared toa spectroscopy,
as seen in Fig. 6. TIMS analysis provides a coefficient
of variation on the order of 10% at 1 mSv CEDE.

An interesting feature of the TIMS technique, is
the capability to obtain information regarding the
presence and concentration of both239Pu and240Pu
[18,20]. The ratio of240Pu atom to239Pu atom content
in a sample reveals some information about the source
of the plutonium [20]. For example, material used in
the fabrication of the World War II nuclear weapons
had a ratio of 0.01, weapons material in current use
has a ratio of 0.06, and environmental material from
open air testing has a ratio of 0.18. This information
is applicable in establishing the approximate era and
source of intake. Preliminary results indicate that this
technique will identify statistically significant ratios
when239Pu urine concentrations exceed 400mBq per
24 h urine sample (approximately 53 108 atoms).

The TIMS analysis was implemented as an integral
part of the LANL routine and special bioassay pro-
grams in January 1997. Individuals who handle plu-

Fig. 4 Distributions from two 100 trial Monte Carlo experiments.
Both distributions are based on an inhalation of 12 Bq, inhalation
classY, 1 mm AMAD, 239Pu. This intake corresponds to a CEDE
of 1 mSv. Results are based on an inhalation intake of classY, 1 mm
AMAD, 239Pu. The biological variability used for both data sets
was 10%.

Fig. 5 Monte Carlo estimated fraction of intakes determined as zero
intake for the indicated true CEDE fora spectroscopy and TIMS.
Results are based on the collection of three 24 h urine samples at
days 1, 3, and 5 after an inhalation intake of classY, 1 mm AMAD,
239Pu. The biological variability used for both data sets was 10%.
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tonium are routinely monitored through the collection
of an annual 24 h urine sample. The sample is
processed through the ultratrace chemistry procedure
in class-100 clean rooms, and then is analyzed by both
a spectroscopy and TIMS. Use of thea spectroscopy
allows for a direct measure of chemical efficiency and
the detection of238Pu in the urine sample. Implemen-
tation provides LANL with the ability to detect an
intake resulting in a CEDE in the range of 1 to 3 mSv
from a single annual routine urine sample, in the year
of intake.

A special sampling program, termedprompt ac-
tion, is required in cases where the CEDE is expected
to exceed 10 mSv. This protocol utilizes three 24 h
urine samples, collected over the five day period
following an identified exposure situation. Additional
samples may be collected at later times if necessary.
For cases where the CEDE is expected to exceed 1 to
10 mSv, a single 24 h urine sample (diagnostic
action) is collected following the exposure situation.
Additional samples may be collected at later times if
necessary. The current turnaround time to assess
intakes from such exposure situations is three to six
weeks. In emergency cases where the CEDE is
expected to exceed 100 to 250 mSv, analysis may be

performed in three to seven days. Detection of intakes
with TIMS in the 10 to 20 Bq range and an associated
CEDE of 0.5 mSv is possible under the special
sampling program.

These analyses affirm the significance of lowering
measurement uncertainties in order to more efficiently
detect intakes of239Pu and240Pu. This capability has
allowed LANL to approach the DOE regulation to
monitor workers who may receive 1 mSv from the
workplace. The combination of ultratrace chemistry
performed in class-100 clean rooms and detection by
thermal ionization mass spectrometry results in a
superior bioassay result. Distributional analysis shows
a relatively small bias. The intercomparison results
verified that the LANL TIMS instrument is appropri-
ate for application in the plutonium bioassay program
for monitoring workers. The availability of a high
quality estimate of the CEDE, in combination with a
shorter turnaround time and fewer samples should
provide the framework for better work place decision
making, optimized monitoring cost benefit, and sig-
nificant improvements in the ability to demonstrate
compliance with DOE regulations.
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