
Hand-held radiation monitors may provide a means for efficient and economical
clearance monitoring of soil materials.

Clearance Monitoring Using
Hand-held Devices: Operational
Implementation and Challenges
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Abstract: Clearance monitoring includes all
measures taken and measurements performed
to ensure that all pertinent regulatory condi-
tions are met for clearance of waste material.
For bulk material, only a limited number of
monitoring techniques are feasible for pro-
viding the necessary proof of compliance in the
time frames and at costs commensurate with
operator and regulator expectations for decom-
missioning projects. Operationally, measurements
using hand-held devices, such as contamina-
tion monitors using scintillator or proportional
counter technology, might provide sufficiently
short response times at acceptable accuracies
to segregate the waste streams according to
their level of contamination and allowing for
a decision on their further processing. Recog-
nizing the various limitations hand-held de-
vices might display in bulk material screening
during clearance monitoring measurements,
the detection limits with respect to material
self-attenuation and non-homogenous activity
distributions have been investigated. Health
Phys. 104(Supplement 2):S76YS82; 2013
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INTRODUCTION

Waste materials generated in fa-
cilities and laboratories utilizing
sources of ionizing radiation may
be subject to regulatory controls

if the operator cannot establish
transparent evidence that these
materials have not been activated
or contaminated. Where ‘‘zon-
ing’’ provides for clear separation
between areas of different radio-
logical risk within a facility (Deregel
et al. 2008; IAEA 2012), this evi-
dence might be derived from the
specific origin of the waste ma-
terial. In general, however, waste
streams generated within licensed
facilities or laboratories will be
subject to the regulatory process
of ‘‘clearance’’, the release from
regulatory control by the Com-
petent Authority (Matting 1997;
Klein and Moers 2000; IAEA
2004; Chen et al. 2005; Linsley
2006; IAEA 2012).

As waste streams from licensed
facilities were expected to increase
over the next few decades due to
the increase in decommissioning
activities at aging nuclear reactor
and research facilities, a harmo-
nized concept for the manage-
ment of large amounts of inactive
or only lightly contaminated ma-
terials which could be processed
differently than through disposal
as radiological waste was war-
ranted (Chen et al. 2005). Inter-
national safety standards include

an internally consistent system
for exemption, exclusion, and
clearance (FAO 1996); additional
guidance on the application of
these principles with respect to
compliance monitoring of mate-
rials was published recently (IAEA
2012). Prior to the publication of
internationally harmonized rec-
ommendation values for exemp-
tion, exclusion, and clearance
(IAEA 2004), national or site-
specific regulations or standards
had established appropriate clear-
ance levels based on de minimis
dose considerations (Matting 1997;
Carchon et al. 2000; Dryak et al.
2000; Chen et al. 2005). For Austria,
national clearance levels were
established in the national legisla-
tion (BMLFUW 2006) using nuclide-
specific clearance limits for the
activity concentration in and sur-
face contamination on small quan-
tities of material, bulk material, and
land. These clearance limits are
derived from the primary, dose-
based regulatory limits using ge-
neric exposure scenarios and are
intended to result in an annual
effective dose to the critical group
(ICRP 2007) of e 10 mSv. The op-
erator can select to provide jus-
tification for more site-specific
clearance considerations, e.g., as
outlined in U.S. regulatory docu-
ments (U.S. NRC 2000), during the
release process by the Competent
Authority. However, compliance
with the generic clearance limits
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may accelerate regulatory approval
in many instances.

Nuclear Engineering Seibersdorf
(NES) is the legal entity responsi-
ble for nuclear and radiological
legacy management and remedi-
ation and for radiological waste
treatment and interim storage at
the site of the Austrian Institute of
Technology. Recently, the Austrian
federal government has invested
in a series of major facility up-
grades and new construction to
establish a state-of-the art radio-
logical waste treatment and stor-
age facility for the foreseeable
future. In the last few years, several
new buildings and facilities were
constructed; and the multi-year
construction of the new Waste
Handling Facility is underway.

The land used for the construc-
tion activities at NES has been part
of the controlled areas at the site
since its inception in the 1950’s.
Historical use data and environ-
mental surveys of the land prior
to any excavation activities indi-
cate a potential for contamination
of the soil and buried materials
such that excavation material dur-
ing construction requires suitable
clearance monitoring. Only mate-
rial that has been shown to comply
with the national clearance levels
is released for recycling or reuse or
for disposition as non-radioactive
material. Depending on future
use, these materials are released
conditionally or through unre-
stricted or general clearance by
the Competent Authority (see also:
Matting 1996; Carchon et al. 2000;
Linsley 2006).

The monitoring strategy adopted
by NES involves an initial soil
sampling program on a square
sampling grid conducted by NES
health physics/radiation protection
staff. Depending on the results of
the laboratory sample analyses, one
or several decontamination steps
are conducted by removal of soil
and material in the immediate
vicinity of the sample location,
until subsequent confirmatory
sampling does not produce any

additional analysis results above
the applicable (conditional or
unrestricted) clearance levels (i.e.,
values for the activity concentra-
tion shown in Table 1, Column 2).
At that time, the NES Radiation
Safety Officer will release the ter-
rain for external contractors and
construction crews.

The sampling grid is established
using statistical as well as eco-
nomic considerations, optimizing
monitoring efforts as multiple mon-
itoring techniques are employed
in series (IAEA 2012). As sampling
on a grid naturally cannot pro-
vide complete monitoring of all
the material and localized contam-
inations (‘‘hot spots’’) might not
be sampled and therefore missed
in the radiological risk assessment
for clearance, two supplemental
screening measurements serve as
additional verification techniques:

1. monitoring of each individual
excavator shovel using hand-
held contamination monitors
(e.g., scintillation detectors
or gas proportional counters)
during soil excavation; and

2. use of portal monitors for gross
gamma counting of the trucks
transporting the excavated ma-
terial off-site.

For the first screening method,
additional operational constraints
are imposed. The distance from
the material surface in the exca-
vator shovel to the hand-held
contamination monitor is to be
fixed at about 5 cm. The material
surface is scanned at such a speed
that the effective detector width

is traversed at the system inte-
gration period of 1 s. For any
measurement exceeding the pre-
determined count rates associated
with particular operational deci-
sion levels, the material in the
excavator shovel fails the clear-
ance monitoring procedure. The
material is returned for further
sampling or additional, detailed
screening to identify and remove
localized contamination.

The sensitivity and the speci-
ficity of the hand-held screening
measurements with respect to the
detection of localized contami-
nation in the volume of the ex-
cavator shovel are investigated. In
particular, the measurement sen-
sitivity is evaluated against the
national clearance levels provided
in Table 1.

As the operational history indi-
cates, potential localized contami-
nation may be due to a variety of
radionuclides associated with the
operation of a nuclear research re-
actor, a radiological waste storage
facility, and radiological research
and source production activities.
In many instances, radionuclide
correlation factors, i.e., known and
fixed radionuclide ratios (IAEA
2012), are indicative of the oper-
ation of the ASTRA research re-
actor from 1963 to 1999 and its
utilization for experimental irra-
diation of samples and radiologi-
cal source material. As many of the
radionuclides for which correla-
tion factors have been established
are not amenable to direct mea-
surement in the field (e.g., Pu-
isotopes, etc.), key radionuclides
were identified through analysis

Table 1. Austrian national clearance levels, suitable radionuclide correlation

factors, and operational decision values.

Radionuclide
National clearance

level (Bq gj1)
Radionuclide correlation

factor (Bq/Bq key radionuclide)
Operational decision

value (Bq gj1)

60Co 0.09 1 0.09
90Sr 2 1 V
137Cs 0.4 1 0.33
238Pu 0.08 0.4 V
239Pu 0.08 0.25 V
240Pu 0.08 0.25 V
241Pu 2 5 V
241Am 0.05 1 0.030
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of series of independent samples
collected on-site. Operational deci-
sion values for the key nuclides
are derived from the national clear-
ance levels and the radionuclide
correlation factors for those ra-
dionuclides that are not directly
measurable in the field. The oper-
ational decision values lower the
effective clearance level for the key
radionuclide but ensure that the
mixture of radionuclides associated
with the key radionuclide meets
the required release criteria. For ac-
tivation products, 60Co was identi-
fied as the key radionuclide. Fission
products are suitably represented
by 137Cs and also include 90Sr; and
241Am serves as the key radio-
nuclide for a series of actinides
(238Y241Pu and 241Am). The oper-
ational decision values for the key
radionuclides are summarized in
Column 4 of Table 1.

Mixtures of radionuclides in the
material monitored for clearance
are evaluated according to the sum
of the fractions rule in eqn (1)
(BMLFUW 2006; IAEA 2012):

~
n

i¼1

Ci
ðclearance activity concentration for specific radionuclideÞi

e1;ð1Þ

where Ci is the activity concen-
tration (Bq gj1) of radionuclide
i in the material, (clearance
activity concentration for spe-
cific radionuclide)i is the value
of the maximum allowable activ-
ity concentration for radionu-
clide i in the material, and n is
thenumberof radionuclides pres-
ent. Release of the material will
be authorized provided the in-
equality in eqn (1) is met.

The decision threshold allows
for a decision at an a priori spec-
ified confidence level whether or
not a physical effect quantified by
the measurand is present in the
sample (ISO 2010). The specified
confidence level bounds the prob-
ability of errors of the first kind,
or ‘‘false positive’’ identification
of a signal where the measured
value should in fact be attributed
to background.

For a given measurement back-
ground, the decision threshold on
the count rate is given by (ONORM
1995; DIN 1999):

Rnðy*Þ¼
1
2t0
ðk2Þ1ja 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4R0t0
ðk2Þ1ja

1þ t0
tm

� �

s
 !

; ð2Þ

where Rn(y*), is the net count
rate at the decision threshold,
R0 is the background count rate,
k is the number of standard devi-
ations spanning the confidence
interval, and t0 and tm are the
background and sample count-
ing times, respectively.

For a = 0.05, corresponding to
a rate of the ‘‘false positive’’
measurements of 5 % or, alterna-
tively, a confidence level of 95 %
and provided that tm = t0, this
expression can be simplified to
(ONORM 1995):

Rnðy*Þ ¼ 2:33

ffiffiffiffiffi

R0

t0

r

: ð3Þ

MATERIALS AND
METHODS

The soil samples collected for
the assessment of instrument sen-
sitivity and specificity for the hand-
held contamination monitors are
obtained by using a hand-held
shovel. This will most likely re-
sult in a slightly lower material

density than expected in an ex-
cavator shovel.

Attenuation factors for the hand-
held measurement are obtained by
inserting layers of soil of differ-
ent thicknesses between a point
calibration source and the active
detector area. Due to the limited
material penetration of its 59.5-keV
gamma rays (Johnson and Birky
2012), the attenuation factors for
241Am are found utilizing a low
plastic container with rectangular
base (Fig. 1). For 60Co and 137Cs, a
plastic bucket allowing for larger
layer thicknesses is used.

Soil layer thicknesses are deter-
mined by dividing the total soil
material mass by the base area of
the container and the soil density.

Laboratory and in-field measure-
ments are conducted using gas-
filled proportional counters, type
LB 124 B by Berthold (Berthold
Technologies, Calmbacher Strasse
22, 75323 Bad Wildbad, Germany).
However, as the variation in count-
ing efficiencies for the key radio-
nuclides under consideration is
relatively small between different
types of gas-filled proportional
counters, the results obtained in
the current study may equally ap-
ply to other hand-held counting
systems. Hand-held scintillator-
based counting systems could uti-
lize these results with only minor

FIG. 1. Determination of the 241Am attenuation factors for a hand-held contamination monitor.
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adaptations for their different
counting efficiencies and after
changing the scanning speeds to
account for their longer integra-
tion periods.

RESULTS AND
DISCUSSION

Attenuation factor results

Attenuation factors for 241Am
and 60Co and 137Cs are measured
as functions of soil layer thick-
ness. The numerical measurement
results are shown in Tables 2 and 3
for 241Am and for 60Co and
137Cs, respectively.

To facilitate interpolation be-
tween individual data points dur-
ing in-field measurements, the
attenuation factor data are fit to
attenuation functions of the form:

I ¼ I0e
jmx; ð4Þ

where I is the measured net
count rate (cps), I0 is the net
count rate of the unshielded
point calibration source, m is the
soil material attenuation factor
for the radionuclides (cmj1), and

x is the soil layer thickness. The
attenuation factor data and the
exponential fits are displayed
in Figs. 2 through 4 for 241Am,
60Co, and 137Cs, respectively.
The corresponding fit parame-
ters are summarized in Table 4.
For translation of the laboratory
data to in-field measurements,
the instrument calibration fac-
tor for the unshielded point cal-
ibration source (cps Bqj1), I0(5),
is determined for 241Am, 60Co,
and 137Cs.

In-field application

The laboratory results for the
attenuation factors for 241Am,
60Co, and 137Cs are applied to the
in-field clearance monitoring rou-
tine for material inside individ-
ual excavator shovel volumes. The
operational conditions for the
measurements are exemplified
in Fig. 5.

To evaluate the decision thresh-
olds according to eqn (3) for 241Am,
60Co, and 137Cs, the attenuation
due to the soil material in the ex-
cavator shovel is estimated by mod-
eling the shovel as a half-sphere
of radius R = 1 m (Fig. 6) and us-
ing the following approximations
or simplifications:

& the activity is distributed homo-
geneously within the shovel;

& the instrument is placed approx-
imately 5 cm above the soil (lo-
cation ‘‘D’’ in Fig. 6);

& the shovel (half-sphere) is
completely filled;

& no additional corrections are in-
troduced for the exact distance
and the angle of the instrument
with respect to the soil in the
excavator shovel; and

& the soil density is approximated
as 1 g cmj3.

For high-energy photons, such
as those emitted by 60Co and
137Cs, these simplifications intro-
duce a negligible bias to the study
results. However, the decision
threshold for 241Am will increase
further when actual values for the
shovel-detector distance, the in-
strument angle, and the soil den-
sity are used. As this clearance
technique is shown to be unsuit-
able for 241Am in the shovel con-
tent even when the more favorable
simplifications are used, the bias
introduced by these will not af-
fect the conclusions drawn from
the results.

The total expected count rate
in the instrument can be calcu-
lated from the integral sum of
the contributions from the ac-
tivity distribution in the excava-
tor shovel:

I ¼ I0ð5ÞAcr X
100

0

2pr2ejmrdr; ð5Þ

where Ac is the activity con-
centration in the soil material
(Bq gj1) and r is the soil density

Table 2. Soil attenuation factors

for 241Am.

Layer thickness (cm)
Net count
rate (cps)

0.28 3,050
0.44 2,850
0.80 2,140
1.3 1,680
1.8 1,670
2.8 1,260
4.0 825

Table 3. Soil attenuation factors for
60Co and 137Cs.

Layer
thickness
(cm)

Net count
rate 60Co

(cps)

Net count
rate 137Cs

(cps)

1.96 15 55
2.79 15 51
3.92 14 48
5.78 14 44
7.81 13 41
10.7 12 38
13.0 10 35

FIG. 2. Soil attenuation factors for 241Am and an exponential fit to the laboratory data.
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(g cmj3). Distances in eqn (5)
are evaluated in units of cm.
The integral expression in eqn
(5) can be solved by integration
by parts, such that:

I ¼ I0ð5ÞAcr 2p j
r2

m
ejmr þ 2

m
j

r

m
ejmrj

1

m2
ejmr

� �� �

; ð6Þ

evaluated between the integra-
tion limits 0 and 100.

Typical background count rates
at the location of the excavator
shovel measurements using hand-
held contamination monitors are
R0 , 25 cps. With an instrument
integration time constant of 1 s,
corresponding to the value of t0

in eqn (3), Rn(y*) is calculated as
11.7 cps above background.

Using the soil attenuation fit
data from Table 4, the expected
instrument count rates for activ-
ity concentrations at the levels
required for regulatory compli-
ance (see Table 1) are 0.0268 cps,

58.6 cps, and 36.2 cps for 241Am,
60Co, and 137Cs, respectively. Con-
versely, the minimum activity
concentrations expected to result
in measurements above the deci-
sion threshold are 12.8 Bq gj1,
0.0179 Bq gj1, and 0.107 Bq gj1 for
241Am, 60Co, and 137Cs, respectively.

The operational decision val-
ues can be achieved for 60Co and
137Cs, using hand-held contami-
nation monitors for screening of
the excavator shovel content. Due
to its low-energy gamma emission,
241Am cannot reasonably be de-
tected if distributed homogeneously
within the material in the excava-
tor shovel. In order to exceed the
decision threshold, the activity con-
centration of 241Am homogeneously
distributed within the material
would have to exceed the opera-
tional decision values by almost
three orders of magnitude. This
clearance technique without fur-
ther confirmatory techniques is not

suitable for the clearance of bulk
material contaminated with 241Am.

For comparison, the instru-
ment response was also modeled
for point source contamination
within the material in the excava-
tor shovel. Assuming a total shovel
volume of È2 m3, corresponding
to a total mass of È2,000 kg, the
maximum allowed activities when
averaged over the excavator shovel
content mass are 6.0 � 104 Bq,
1.8 � 105 Bq, and 6.6 � 105 Bq for
241Am, 60Co, and 137Cs, respec-
tively. The expected instrument
count rates due to a point source
with the maximum allowed ac-
tivity as a function of depth below
the surface of the soil material in
the excavator shovel are shown
in Table 5.

For point source contamination
in the soil material, this clearance
technique is sufficiently sensitive
to detect the maximum allowed
activity of 241Am within the top-
most 7 cm in the excavator con-
tent. A 137Cs point source can be
detected to a depth of 90 cm be-
low the material surface, and 60Co
will generate a count rate above
the decision threshold anywhere
within the excavator shovel. Ef-
fectively, this clearance monitor-
ing routine is sufficiently sensitive
for point sources of both 137Cs
and 60Co in the excavator shovel.

CONCLUSION

Clearance of bulk material from
decommissioning or remediation
activities is intended to minimize
radiological waste streams for dis-
posal, allowing for potentially large
fractions of the material that are

Table 4. Attenuation factor fit

parameters and I0(5) for 241Am, 60Co,

and 137Cs.

241Am 60Co 137Cs

I0 (cps) 3034 56.80 16.44
m (cmj1) 0.33 0.039 0.034
R2 0.96 0.97 0.93
I0(5) 2.62 � 10j3 6.75 � 10j4 3.04 � 10j3

FIG. 3. Soil attenuation factors for 60Co and an exponential fit to the laboratory data.

FIG. 4. Soil attenuation factors for 137Cs and an exponential fit to the laboratory data.
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inactive or only show slight con-
tamination to be processed for
reuse or recycling or as conven-
tional waste. Clearance thus may
provide an opportunity for a more
economical conclusion of these
activities while allowing for con-
scientious resource management.

International recommendations
and national legislature provide
clearance levels below which the
Competent Authority will release
material from regulatory control.
Compliance with these clearance
levels needs to be established
through suitable clearance moni-
toring strategies and techniques.
Where it proves beneficial, mon-
itoring techniques can be used
in series.

A monitoring technique em-
ploying hand-held devices was
investigated for its ability to pro-
vide suitable monitoring results
with respect to Austrian national

clearance levels. For soil material
in an excavator shovel, screening
by hand-held devices is found to
be a suitable tool to identify ho-
mogeneous material contamina-
tion for the radionuclides 60Co
and 137Cs. However, for 241Am
homogeneously distributed within
the excavator shovel content, the
maximum allowed activity con-
centration cannot be measured at
the instrument decision thresh-
old. The measurement geometry
is unsuitable for efficient detec-
tion of low-energy gamma emis-
sion in the bulk material.

In the case of point source con-
tamination, 60Co with the max-
imum allowed activity can be
identified regardless of source lo-
cation in the excavator shovel. A
137Cs point source will be de-
tected for depths below the ma-
terial surface up to approximately
90 cm and, therefore, effectively

also throughout the shovel, while
the maximum source depth for
detection of a 241Am point source
must not exceed about 7 cm.

Operational limitations of the
proposed clearance monitoring
technique have been explored and
identified. In-field deployment of
the technique is confirmed for 60Co
and 137Cs as key nuclides and their
associated radionuclides fractions.
Additional enhancement could be
provided by suitable complemen-
tary techniques for low-energy
gamma emission.
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