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ABSTRACT
EMPIRICAL COMPARISON OF NEUTRON ACTIVATION

SAMPLE ANALYSIS METHODS

The U.S. Geological Survey (USGS) operates a research reactor used mainly for neutron
activation of samples, which are then shipped to industrial customers. Accurate nuclide
identification and activity determination are crucial to remain in compliance with Code of
Federal Regulations guidelines. This facility utilized a Canberra high purity germanium
detector (HPGe) coupled with Canberra Genie™ 2000 (G2K) software for gamma
spectroscopy.

This study analyzed the current method of nuclide identification and activity
determination of neutron activated materials utilized by the USGS reactor staff and made
recommendations to improve the method. Additionally, analysis of attenuators, effect of
detector dead time on nuclide identification, and validity of activity determination
assumptions were investigated.

The current method of activity determination utilized the G2K software to obtain
ratio of activity per nuclide identified. This determination was performed without the use
of geometrically appropriate efficiency calibration curves. The ratio of activity per
nuclide was used in conjunction with an overall exposure rate in mR/h obtained via a

Fluke Biomedical hand-held ion chamber. The overall exposure rate was divided into
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individual nuclide amounts based on the G2K nuclide ratios. A gamma energy of 1 MeV
and a gamma yield of 100% was assumed for all samples. Utilizing the gamma
assumption and nuclide ratios, a calculation was performed to determine total sample
activity in uCi (microCuries).

An alternative method was proposed, which would eliminate the use of exposure
rate and rely solely on the G2K software capabilities. The G2K software was energy and
efficiency calibrated with efficiency curves developed for multiple geometries. The
USGS reactor staff were trained to load appropriate calibration data into the G2K
software prior to sample analysis.

Comparison of the current method and proposed method demonstrated that the
activity value calculated with the 1 MeV assumption could be as much as 3-4 orders of
magnitude higher than the activity value established with the G2K software. The
exposure rate calculation was also performed for each sample using actual gamma
energies and yields to verify accuracy of the G2K software calibration.

Facility specifications for detector dead time during sample analysis were stated
to be 10% or less. Investigation of the effect of detector dead time on nuclide
identification was performed. It was demonstrated that accurate nuclide identification
could be performed with a detector dead time as high as 86.08% and a keV tolerance
range of 1.5. A shielded lead cave was created to allow for greater source-to-detector
distance. Additionally, an attenuator system was developed to aid in the reduction of

detector dead time to meet facility specifications of less than 10%.
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CHAPTER 1

Introduction and Background

1.1 Neutron Activation

Neutron activation is defined as when a stable material is placed into a neutron radi-
ation field, such as that generated by a nuclear reactor for the purpose of activating
atoms. Neutrons are captured by atoms in the irradiated material causing those ma-
terials to become unstable radioactive isotopes, which then emit alpha, beta, and/or
gamma-rays. These materials are analyzed utilizing gamma spectroscopy, which uti-
lizes the measurement of emitted gamma-rays via a semiconductor detector. The rate
of gamma-ray emission as well as the distinct energy of those gamma-rays allows for

identification of individual radionuclides within a sample (USGS, 2005).

1.2 Geological Survey TRIGA Reactor

The U.S. Geological Survey operates a research reactor used for neutron activa-
tion. The GSTR (Geological Survey TRIGA Mark 1 reactor) is a 1 MW (megawatt)
swimming-pool type reactor using uranium/zirconium hydride fuel. The maximum

neutron flux is 3 x 10'3 neutrons per square centimeter-second (USGS, 2005).



1.3 Radioactive Materials Shipment

Neutron activation materials from the GSTR are shipped to industrial customers.
Some examples of the isotopes contained in these activated materials include Ar-41,
Ba-133, Cd-109, Mn-54, Na-24 and Zn-65. These shipments must comply with CFR
(Code of Federal Regulations) guidelines as listed in Tables 1.1, 1.2.

To remain in compliance with the CFR, accurate nuclide identification and activ-
ity determination is crucial. Due to the short lived nature of many of the neutron
activation samples, it is important to ship these samples quickly as well as accurately

assay the contents.

1.4 Dead Time

Neutron identification via gamma spectroscopy can be limited by dead time, which as
defined by Gollnick is the minimum time lapse between two ionizing events occurring
in the counter such that they are individually distinguished. Gollnick’s definition is
based solely on the counter’s ability to record separate events and is independent
of the electronic circuitry associated with the counter setup. Dead time becomes
a problem when the activated samples of high radioactivity are placed close to the
detector. High dead times can cause shifting of the full photopeak, resulting in
misidentification of radioactive isotopes.

The dead time as defined by Canberra for the Genie software (G2K) is ‘The time
that the instrument is busy processing an input signal and is not able to accept another
input; often expressed as a percentage’ (Canberra, 2010). The Canberra definition of
dead time is actually describing resolving time, which is defined by Gollnick as the
minimum time lapse required for the electronics connected to the detector to reset
from the first event and be able to detect the second event. The resolving time is

slightly longer than dead time as the resolving time allows time for the second pulse to



be large enough to cause the electronics to register a second event (Fig. 1.1) (Gollnick,
2004). Resolving time will be referred to as detector dead time for the purpose of
this paper.

Dead time

Fesolving time

Pulse Height

Dizcriminating
line

Timne

Figure 1.1: Graph of dead time vs. resolving time

1.5 Coincidence Summing

Coincidence summing occurs with radionuclides that emit two or more cascading
photons within the resolving time of the detector (Debertin and Schotzig, 1979).
The result of coincidence summing is a loss of counts from the full energy peak
leading to lower detection efficiency. Summing effects depend heavily on the square
of the detector solid angle and can be minimized by reducing the solid angle, i.e.
increasing source-to-detector distance (Knoll, 2000). Geometries closer than 100 mm

(millimeters) (3.94 in.(inches)) can result in an error of 20-40% (Debertin et at., 1979).

1.6 Objective

The objective of this study was multifaceted. The overall objective was to improve

the current method for nuclide identification and activity determination of activated



materials utilized by the GSTR staff. The current method of activity determination
was not using the G2K software to its fullest potential and was also relying on several
assumptions for activity determination. The proposed method removes the reliance
on assumptions, thereby allowing for more accurate identification of shipped materials
and individual radionuclide activity. The goal was met by development of a set of
efficiency curves with the G2K software, giving accurate activity determination for a
full set of sample geometries.

Several other issues underlying the overall objective were also investigated. The
validity of a long-standing health physics rule of thumb was investigated for use in
neutron activation sample analysis. Additionally, the effect of detector dead-time on

accurate nuclide identification by the G2K software was investigated.



Table 1.1: 49 CFR Part 172-173: External radiation standards for all packages

Dose Range Location Shipment Type
0-2mSv/h Any point on external surface Normal conditions
2-10 mSv/h  Any point outer surface of vehicle Exclusive use
0-0.1 mSv/h  Any point 2 meters (80 in.) from outer lateral surface of vehicle Exclusive use

0 - 0.02 mSv/h  Any normally occupied space unless personnel comply with 10 CFR 20.1502 Exclusive use

Table 1.2: 10 CFR Part 71.47: Rules for exclusive use shipments

Shipment must be made in closed transport vehicle

Package must be secured within the vehicle in a fixed position during transportation

No loading or unloading operations between beginning and end of transportation

Shipper must provide specific written instructions for maintenance of the exclusive use shipments controls

mSv/h (milliSievert per hour)



CHAPTER 2

Materials and Methods

2.1 Standards

Eu-152 NIST (National Institute of Standards and Technology) traceable sealed disk
standards were used for energy calibration of the HPGe (high purity germanium)
detector utilized for this study (Fig. A.3). Eu-152 was chosen as the calibration
standard as it produces a wide range of gamma energies, with four photopeaks having
decay probabilities greater than 10% and three photopeaks having decay probabilities
greater than 20%. These seven photopeaks, listed in Table 2.1, cover an energy range
of 121.78 to 1407.95 keV (kiloelectron volt). It also has a relatively long half life of
13.52 years.
A= Age ™M (2.1)
where A = decay corrected activity (Bq (becquerel))
Ap = initial activity (Bq)
A = decay constant (Eq. 2.2)

t = time since initial activity.

Ln(2)

A=
T2

(2.2)




Table 2.1: Ten major photopeaks of Eu-152

Photopeak energy (keV) Probability of Decay

121.78 28.4 %
344.27 26.5 %
367.71 0.9 %
443.98 2.8 %
778.89 12.7 %
867.32 4.2 %
964.01 14.4 %
1085.80 10.0 %
1112.00 13.3 %
1212.80 1.4 %
1407.95 20.7 %

where A = decay constant (¢!)

T, /2 = radionuclide half life(t).

Duplicate Eu-152 standards with three activities of 1.8 x 10* Bq (0.484 uCi (mi-
croCuries)), 3.4 x 10* Bq (0.907 nCi), and 3.6 x 10* Bq (0.961 uCi), were utilized
individually as well as in various combinations. All three standards were created on
5 March 2010 and were decay corrected according to Eq. 2.1. The total decay of the
Eu-152 standards from their creation to the end of this study was less than 2% of the

initial activity.

2.2 HPGe

A high purity germanium closed-end coaxial Canberra detector was utilized for all
gamma spectroscopy procedures (Figs. 2.2, 2.3). The detector and software specifi-
cations available from the manufacturer are outlined in Table 2.2.

The detector was surrounded by 101.6 mm (4 in.) of lead lined with a thin layer
of copper, approximately 2 mm (0.08 in.), on all four sides (Fig. A.1). A rolling
lid identical in structure was used to enclose the detector when sample size allowed

(Fig. A.2). Measurements were made to indicate where the detector axis intersected



Table 2.2: Canberra detector specifications

HPGe Specifications and Components

Detector Model GC1418, Serial Number 9892187

Cryostat Model 7500

Preamplifier Model 2002C

High voltage setting: 4500 VDC

Resolution: 1.8 keV (FWHM) at 1.33 MeV (megaelectron volt)

Active volume: 61.3 cc (cubic centimeter) [Fig. 2.3]

14% relative efficiency

Canberra Genie™ 2000 Gamma Spectroscopy Software, V3.1a

Canberra Model 2026 amplifier, Model 8701 ADC , Multiport II electronics

with the lid with the lid in the fully closed position. This allowed for point source

geometry.

y

multichannel
Analyzer
(Genie™ 2000)

Detector
Endcap

Preamp Amp Electronics

Figure 2.1: Schematic of germanium detector

The lead was removed from the lid in the previously determined location of the
detector axis. This allowed placement of samples into a well directly on the axis of
the detector. A lead “cave” lined with copper was built on the lid to surround the
well, which allows for shielding of any workers in the detector room (Figs. A.2, A.7).
The lead “cave” also contains shelves allowing for attenuators to be placed between
the sample and the detector (Fig. A.7). The lead cave was developed to allow for
increased source-to-detector distance for inverse square reduction of higher activity

samples while maintaining direct alignment with the axis of the detector.



0.5 cm

y
4.75 cm

cin

Figure 2.2: Photograph of detector Figure 2.3: Detector dimensions

2.3 HPGe Calibration

A spectrum was obtained using one of the Eu-152 standard sources allowing for energy

calibration following G2K software specifications (Fig. 2.4) (Canberra, 2009, p.70).

Figure 2.4: Eu-152 spectrum

Eu-152 exhibits coincidence summing and therefore a cascade correction is nec-
essary. Single nuclide spectra were obtained for Cd-109, Cs-137, and Mn-54. These
spectra were utilized to perform a peak-to-total calibration with the G2K software (Can-
berra, 2009, p. 249). Multi-source calibration allows the software to perform a cascade

correction, thereby improving detector efficiency and decreasing activity uncertainty:.



Table 2.3: Efficiency calibration configurations

Position Attenuator Sample Geometry

A Corner 1 Air $ Small type A shipping can
B  Well 2 Water Marinelli % Sealed disk source

C Middle Shelf 3 Lead & Bag

D Top Shelf

E 0.5 cm spacer

F 5.5 cm spacer

G No spacer

Cascade correction was used in conjunction with efficiency calibration curves for
multiple geometries. Each position, attenuator, and sample geometry were given a
reference for identification purposes. Table 2.3 lists the geometry reference identifica-
tion codes. A small type A shipping can (Fig. A.4) placed into the well with a water

Marinelli attenuator would be identified as $B2.

B dpsY;
~ cps

€;

where ¢; = efficiency
dps = decay corrected activity (Bq)
Y; = branching ratio
cps = total counts per time interval.

For each configuration, a Eu-152 standard was utilized to obtain a spectrum for
5400 seconds. The net peak area for each of the 10 main photopeaks of Eu-152
was recorded for each configuration. Using the net peak area and the decay cor-
rected standard activity, an efficiency value for each of the 10 photopeaks in each
configuration was calculated using equation 2.3. The empirically derived photopeak
efficiencies were used to perform an efficiency calibration following G2K software

specifications (Canberra, 2009, p.87).
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2.4 Detector Dead Time

Facility specifications for detector dead time are equal to or less than 10%. Determi-
nation of the importance of detector dead time was performed using a sample of bolts
removed from the reactor room. The sample of bolts was counted sequentially using
three effective geometry ID codes from Table 2.3: $B1 (small shipping can in lead
cave well with air attenuator), $A1 (small shipping can on corner of lead shielding
with air attenuator), and $E1 (small shipping can on 0.5 cm spacer with air attenua-
tor). The detector dead time in these three configurations were respectively: 1.11%,

15.17%, and 86.08% respectively.

2.5 Attenuators

The majority of samples at this facility are neutron activation products, therefore the
presence of a wide range of gamma energies during spectroscopy can be expected.
Samples are typically high activity ranging from pCi to mCi (milliCurie) levels re-
sulting in detector dead time above the facility accepted 10%. Increasing distance
can reduce detector dead time, however the amount of distance required is not always
feasible. The detector room is located directly off of a main corridor and shares walls
with offices and other laboratories. Radiation levels must be kept as low as reasonably
achievable (ALARA) to maintain safety for all workers in the building. Therefore,
an attenuator system was developed and tested. The attenuator system allows the
sample container to be placed at a reasonable, yet still shielded distance from the
detector while reducing detector dead time.

The two attenuators tested were 1) a 9.96 mm (0.38 in.) lead brick encased in
duct tape (Fig. A.5) placed in the well above the detector and 2) a standard Marinelli
beaker containing 1 L (liter) of water (Fig. A.6) placed directly on the detector. Both

attenuators were tested for accuracy. Accuracy testing was performed by placing the

11



lead attenuator in the well while obtaining sample data. The procedure was repeated
by placing the 1 L water Marinelli over the detector during sample acquisition. Next,
the small type A shipping can containing Eu-152 standard was placed in position
C (middle shelf of lead cave) and a spectrum obtained using both lead and water
attenuators in combination. The experimental attenuation coefficient values were

compared to theoretical values from Hubbell and Seltzer (1996).

2.6 Current Method of Activity Determination

The method of activity determination utilized by reactor staff prior to this study in-
volved multiple steps. First, a hand-held ion chamber (Fluke Biomedical Model 451B)
was placed at a distance of one foot (30 cm) from a small type A shipping can and a
value of exposure rate was obtained in units of mR h™! per equation 2.4 (Radiological
Health Handbook, 1970, p.205). This rule of thumb is quoted by Radiological Health
Handbook to be within 20% for point source gamma emitters with energies between
0.07 and 4 MeV at 1 foot. For calculation purposes, the value of F'n was assumed to

be 1 for all samples and equation 2.4 was solved for the value of C.
Rh'=~6CEn (2.4)

where Rh™! = exposure rate
C = activity (Ci)
E = photon energy (MeV)
n = fraction of transformation resulting in photon energy F
Next, the same type A shipping can was placed near the HPGe in a position
resulting in an acceptable amount of detector dead time, which is less than 10%
for this facility. No efficiency calibration was loaded into the G2K software. A
nuclide identification sequence was performed with the G2K software, which provided

a weighted mean activity in uCi for each nuclide identified. The total sample activity
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calculated with equation 2.4 was divided into individual nuclide activities per the

nuclide activity ratio provided by the G2K software.

2.7 Proposed Method of Activity Determination

Following energy and efficiency calibration procedures of the HPGe, the weighted
mean activity from the G2K software can be utilized for activity determination with-
out the use of a hand-held ion chamber or equation 2.4. The proposed method for
nuclide identification and activity determination was to dispense with the hand-held
ion chamber for activity determination and rely solely on the activity values provided
by the G2K software. Calculation of the weighted mean activity in the G2K software

requires multiple internal operations, which utilize equations 2.5, 2.6, and 2.7.

S
A; = VeYTURA (2.5)
where S = net peak area
V' = sample volume/mass
¢ = attenuation corrected efficiency
Y = branching ratio
T; = live time (sec)
U = conversion factor from Bq to Ci
K = correction factor for decay during counting [Eq. 2.6]
A = decay corrected activity (Bq).
Ln(2)te
K = L:(g)ztca —e Ti2) (2.6)

where T ;= radionuclide half life (%)

t. = elapsed real clock time ().

13



<.
I
—
-

M=

s
o
-

CA’U =

M=
q
Q |—

s
I
—_
-

where (4, = decay corrected weighted average activity
N = number of nuclide energies identified
C; = decay corrected activity of the i*' energy

oc; = standard deviation of C;.

14



CHAPTER 3

Results

3.1 Efficiency Curves

HPGe calibration required the development of multiple sets of efficiency curves. The
R-squared value for each curve was used to determine the accuracy of curve fit. All

R-squared values were greater than 0.94.

8.0%

7.0% \ y =5.2146x0388
I 2

6.0% —+ \ R2 = 0.9912
5.0% +

4.0% T+ \

oy \\
0% % M

1.0% I —_—

Efficiency

0.0% -+ T T T T T T T
(0] 200 400 600 800 1000 1200 1400
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Figure 3.1: Efficiency curve for Eu-152 standard centered on 0.5 cm spacer.

3.2 Dead Time Analysis

A sample of bolts from the reactor room was counted in three separate geometries
resulting in three detector dead times. The theoretical keV for the identified radionu-

clides was graphed against the difference between theoretical keV and experimental

15
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Figure 3.2: Efficiency curve for Eu-152 standard centered on 5.5 cm spacer
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Figure 3.3: Efficiency curve for Eu-152 standard in position %A1

keV at each detector dead time (Fig. 3.4).

The dashed line in figure 3.4 at 1 on the y-axis represents the keV tolerance
range typically used by the G2K software. The tolerance range is based on identified
photopeaks which are within one keV of theoretically expected nuclide photopeak
values. The dashed line at 1.5 on the y-axis represents a keV tolerance range that is
just slightly wider than the standard used by the G2K software.

Using the standard 1 keV tolerance range and 1.1% dead time, fifteen photopeaks
were identified. Increasing the dead time to 15.17% reduced the identification to
fourteen photopeaks. A further increase in the dead time to 86.08% further reduced

identification to two photopeaks.

16



—@—1.11% Dead Time/$B1 —815.17% Dead Time/$Al —4—86.08% Dead Time/$E1

A

keV tolerance

200 400 600 800 1000 1200 1400 1600 1800
Theoretical keV

Figure 3.4: Comparison of identified peaks at various dead-times

Repeating this procedure using a wider 1.5 keV tolerance allowed for identification
of all fifteen photopeaks at 1.11% and 15.17%. A total of eleven photopeaks were
identified at 86.08% dead time.

3.3 Attenuation Coeflicients

Accuracy testing of the lead brick and water Marinelli attenuators was performed. A
graph of theoretical attenuation coefficient compared with experimental total atten-
uation coefficient for each attenuator was created (Figs. 3.5, 3.6).

All experimental values were within one standard deviation of the theoretical
value. Variations from theoretical values are likely due to scattering within the de-

tector shielding.

3.4 Comparison Using Various Attenuators

Different attenuator materials have varying effects on the shape of the efficiency curve
for Eu-152 standards. The water attenuator causes a mostly flat response across the
Eu-152 spectrum while a lead attenuator causes a large decrease in efficiency below
600-800 keV. A graph was created using a Eu-152 standard on the middle shelf of the

lead cave. A curve for air attenuator only (%C1), water attenuator only (%C2), and

17
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Figure 3.5: Comparison of lead attenuation coefficients
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Figure 3.6: Comparison of water attenuation coefficients

water and lead attenuator combo (%C23) were graphed (Fig. 3.7).

A second graph (Fig. 3.8) was created using the same standard, position and

attenuators, however for this graph the Eu-152 was placed inside of a small type A

shipping can. The efficiency curve shape for each attenuator are relatively consistent,

however the overall efficiency is reduced due to shielding from the shipping can.

3.5 Method Comparison

Data from

Survey) neutron activation samples were obtained (Appendix D.1).

multiple radioactive material shipments of the USGS (U.S. Geological

The activity
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Figure 3.7: Efficiency curves for Eu-152 standard.
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Figure 3.8: Efficiency curves for Eu-152 standard in small type A shipping can.

per nuclide of each shipment was determined using both the proposed new method

consisting of data from the G2K software as well as the original method consisting of

a thumb rule given in equation 2.4 with an assumption that En = 1.

Data from shipments with and without Na-24 were graphed seperately to investi-

gate for consistency in analysis data. The data from the shipments with Na-24 follow

two distinct trends (Fig. 3.9).

This data indicates that the points along the 1:1 line have G2K to equation 2.4 ratios
less than 1.4. The shipment data with ratios greater than 1.4 fall along the dashed
line. To investigate this discrepancy, a log-log graph was plotted for each isotope

individually with the G2K to equation 2.4 ratio on the y-axis and the G2K activity
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Figure 3.9: Shipments containing Na-24 (En=1 assumption)

on the x-axis. Note that there are some data points visible on Fig. 3.10 that were not
included on Fig. 3.9. Each data set was fitted with a linear trendline. Of these four
graphs, only the graph of Na-24 indicated any linearity, with a resultant R-squared
value of 0.75 (Fig. 3.10). This represents a strong correlation that the presence of

Na-24 in the sample is the cause of the differentiation in the data sets.
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Figure 3.10: Log-log graph of Na-24 effect on G2K value

The graph of the shipment data without Na-24 indicates that very few data points
actually fall near the 1:1 line (Fig. 3.11). The cause of the randomness of this data
is not readily apparent.

The validity of equation 2.4 is called into question based on this data. Thus,

further analysis was performed. A full calculation of each shipment using equation
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Figure 3.11: Shipments not containing Na-24 (En=1 assumption)
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2.4 was performed using actual nuclide energies and photon yields for each nuclide,
rather