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PREFACE 

This report on a Determination of the Theoretical Feasibility for the Transmutation of Europium Isotopes 
from High Flux Isotope Reactor Control Cylinders documents remedial action technology development 
activities performed in accordance with the Record of Agreement, dated June 23, 1994, between the 
Department of Energy, the Tennessee Department of Environment and Conservation and the Environmental 
Protection Agency. The Record of Agreement for Oak Ridge National Laboratory WAG 6 recognizes the 
need to develop or adapt and demonstrate innovative technologies for all phases of site remediation. This 
work was performed under Work Breakdown Structure 1.4.12.06.02 (Activity Data Sheet 3306, "WAG 6"). 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
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 rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not 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. 
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EXECUTIVE SUMMARY 

The High Flux Isotope Reactor (HFIR) at the Oak Ridge National Laboratory (ORNL) is a 100 MWth 
light-water research reactor designed and built in the 1960s primarily for the production of transuranic 
isotopes. The HFIR is equipped with two concentric cylindrical blade assemblies, known as control 
cylinders, that are used to control reactor power. These control cylinders, which become highly radioactive 
from neutron exposure, are periodically replaced as part of the normal operation of the reactor. The highly 
radioactive region of the control cylinders is composed of europium oxide in an aluminum matrix. 

The spent HFIR control cylinders have historically been emplaced in the ORNL Waste Area Grouping 
(WAG) 6. The control cylinders pose a potential radiological hazard due to the long lived radiotoxic 
europium isotopes , 5 2Eu, 1 5 4Eu, and 1 5 5Eu. In a 1991 health evaluation of WAG 6 (ERD 1991) it was shown 
that these cylinders were a major component of the total radioactivity in WAG 6 and posed a potential 
exposure hazard to the public in some of the postulated assessment scenarios. These health evaluations, 
though preliminary and conservative in nature, illustrate the incentive to investigate methods for permanent 
destruction of the europium radionuclides. 

When the cost of removing the control cylinders from WAG 6, performing chemical separations and 
irradiating the material in HFIR are factored in, the option of leaving the control cylinders in place for decay 
must be considered. Other options, such as construction of an engineered barrier around the disposal silos 
to reduce the chance of migration, should also be analyzed. 

vii 





1. BACKGROUND 

The High Flux Isotope Reactor (HFIR) at the Oak Ridge National Laboratory (ORNL) is a 100 MWth 
light-water research reactor designed and built in the 1960s primarily for the production of transuranic 
isotopes. The HFIR is equipped with two concentric cylindrical blade assemblies, known as control 
cylinders, that are used to control reactor power. These control cylinders, which become highly radioactive 
from neutron exposure, are periodically replaced as part of the normal operation of the reactor. The highly 
radioactive region of the control cylinders is composed of europium oxide in an aluminum matrix. 

The spent HFIR control cylinders have historically been emplaced in the ORNL Waste Area Grouping 
(WAG) 6. The control cylinders pose a potential radiological hazard due to the long lived radiotoxic 
europium isotopes 1 5 2Eu, I 5 4Eu, and , 5 5Eu. In a 1991 health evaluation of WAG 6 (ERD 1991) it was shown 
that these cylinders were a major component of the total radioactivity in WAG 6 and posed a potential 
exposure hazard to the public in some of the postulated assessment scenarios. These health evaluations, 
though preliminary and conservative in nature, illustrate the incentive to investigate methods for permanent 
destruction of the europium radionuclides. 

Permanent disposal options for the Eu-bearing control cylinders can be grouped into three broad 
scenarios. The first scenario is to leave the control cylinders in WAG 6 and apply the necessary institutional 
and engineering controls to reduce public and worker exposure. The second scenario is to remove the highly 
radioactive control cylinders and move them to an engineered storage facility for permanent monitoring and 
disposal. The third scenario is to remove the control cylinders from WAG 6 and permanently destroy the 
highly radioactive europium isotopes by nuclear transmutation in the HFIR The theoretical feasibility of this 
last scenario, europium waste transmutation in HFIR, is considered in this memo. 

Transmutation refers to the absorption of a neutron by an atom leading to a rapid transformation (usually 
by nuclear decay or fission) of the atom into another isotope. When applied as a waste management method, 
the transmutation process is controlled to ensure significant destruction of the radiotoxic isotopes through 
production of less radiotoxic, short-lived and stable isotopes. Transmutation can often reduce the quantities 
of radiotoxic materials by orders of magnitude. Enhanced destruction can be achieved when transmutation 
is combined with mechanical or chemical separation methods and additional transmutation cycles. 

For transmutation of the europium isotopes found in the HFIR control cylinders, the desired nuclear 
reactions are: 

I 5 2Eu (13.48 yrs) + neutron - 1 5 3Eu (stable) a& = 11,000 barns om = 2,000 barns 
I 5 4Eu (8.59 yrs) + neutron - I 5 5Eu (4.7 yrs) o^ = 1,400 barns am = 1,600 barns 
1 5 5Eu (4.7 yrs) + neutron - 1 5 6Eu (15 days) a& = 3,900 barns am = 16,000 barns 

The transmutation rate depends on the irradiation neutron flux spectrum, since both thermal and resonance-
energy neutrons can produce the desired reactions. 
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These radioactive europium isotopes also decay to stable isotopes with the half-lives shown above. 

is2 E u _ [ i s 2 G d + p-] ( 2 8 %) or [ , 5 2Sm + p+](72%) 
1 5 4 E u - 1 5 4 G d + p" 
1 5 5 E u - , 5 S G d + p-

The HFIR control cylinders still contain significant quantities of stable europium isotopes that will also 
capture neutrons during transmutation irradiations. These reactions are undesirable, since they result in the 
same radioactive isotopes that the project is trying to destroy. These nuclear reactions are: 

, 5 , Eu + neutron - 1 5 2Eu o± = 5,900 barns om = 4,000 barns 
, 5 1Eu + neutron - : s 2 m Eu (9.3 hours) a* = 3,300 barns o r a = 1,800 barns 
, 5 3Eu + neutron - 1 5 4Eu a^ = 350 barns am = 1,500 barns 

Like 1 5 2Eu, the 1 5 2 mEu decays to , 5 2 Gd (71%) and 1 5 2Sm (29%), which are both stable isotopes. 

A 1994 workplan (Newman 1994a) for the transmutation of WAG 6 europium isotopes proposed an 
evaluation methodology to determine the feasibility and practicality of using nuclear transmutation as a 
disposal method for HFIR-generated control cylinder waste. This workplan proposed an assessment of the 
transmutation process requirements, separations process requirements, and an integrated systems assessment. 
This report includes the results of a modeling effort to determine the axial distribution of europium isotopes 
in a control cylinder, and an analysis of the theoretical possibility of transmuting the highly radiotoxic 
europium isotopes into less radiotoxic ones. 

2. MODELING OF AXIAL ISOTOPIC DISTRIBUTION 

The Oak Ridge Isotope GENeration and depletion (ORIGEN2) computer code (Croff 1980) developed 
at ORNL was used to model the isotopic composition along the axial length of a HFIR control cylinder. The 
results of this isotopic modeling were compared against previous experimental measurements performed on 
a control cylinder by Kohring (1987) to see how accurately the model could predict the axial isotopic 
distribution. 

In order to perform calculations with ORIGEN2, the user must specify the effective neutron flux that 
the material will be exposed to during irradiation. The user must also choose from a range of cross-section 
libraries that have been developed for particular irradiation conditions in specific reactors. The HFIR is a 
very unique reactor, and the neutron spectrum and flux vary widely along both the radial and axial dimensions 
of the core and surrounding structures. The neutron spectrum and flux also change with time during any 
reactor cycle. Therefore, it is very difficult to determine the "effective" neutron flux and an appropriate cross-
section library for ORIGEN2 modeling of an irradiation in HFIR. This is especially true for the control 
cylinders, which move axially during the reactor cycle and which therefore have an even more complicated 
irradiation history. This uncertainty is compounded by the large cross-sections for thermal neutron capture 
which most europium isotopes have. This high probability for neutron capture has a profound impact on the 
flux profile in the vicinity and the interior of these control cylinders that is extremely difficult to model. 
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Each of the control cylinders is divided into three longitudinal regions with different neutron absorbing 
characteristics. The "white" (aluminum) and "gray" (tantalum-aluminum) absorbing regions, which make-up 
approximately 69% of the total volume, could be cut off and returned for disposal since they do not pose any 
long-term radiological hazard. The remaining "black" (31 vol% Eu 2 0 3 in aluminum) or highly absorbing 
europium section is the region of interest for this study. 

The experimental data contained in a report by Kohring (1987) includes axial mass spectrographic and 
gamma ray spectroscopy analysis of sections of the "black" region of a spent control cylinder from HFIR. 
The purpose of these analyses was to determine the feasibility of recovering gadolinium from the cylinders, 
and so the data does not emphasize europium. No mass spectrographic data on europium isotopes is available 
on the portion of the control cylinder extending from the "gray-black" interface (taken as the 0 mm location) 
to 100 mm into the europium containing section. From the gamma ray spectroscopy data, we know that this 
100 mm portion of the cylinder contains the peak concentrations of all three of the europium isotopes of 
interest, and so this lack of mass spectroscopy data makes the modeling effort more difficult. Gamma ray 
spectroscopy data is available for the entire europium section of the cylinder, so this data was used to 
extrapolate the mass spectroscopy data back to the 0 mm location for the radioactive isotopes of europium. 
However, is it not possible to extrapolate values for I 5 1Eu and 1 5 3Eu, since they are not radioactive. Values 
for these isotopes must come from the ORIGEN2 models. The experimental data from Kohring (1987), along 
with the extrapolated data described above, is shown in Tables 1 and 2. 

Because of the modeling difficulties associated with the use of the ORIGEN2 code for such an unusual 
material, it was necessary to evaluate different combinations of cross-sections and effective flux values to 
determine which was most accurate in modeling the isotopic composition of the "black" region of the control 
cylinder. No cross-section library exists for the control cylinder region of HFIR, so two libraries were chosen 
for evaluation based on previous experience. The first is the pressurized water reactor library which is often 
used for HFIR calculations, and which was used by Kohring to predict gadolinium concentrations in the 
control cylinders (Kohring 1987). The second is a modified thermal cross-section library developed by Wrest 
using resonance values estimated by examining HFIR flux maps (Newman 1994b) in an earlier attempt to 
determine the axial europium composition of the control cylinders. 

The ORIGEN2 calculations irradiated one gram of natural europium (47.8% 1 5 1Eu, 52.2% , 5 3Eu) for the 
same total cycle length as the actual control blade. Only the total time the control cylinders were exposed 
to a flux was used and not the actual irradiation and decay schemes associated with a standard life cycle of 
the blade. This simplifies the ORIGEN2 calculations with little error in the results due to the long half lives 
of the isotopes of interest. The shortest half life of interest is 4.7 years for 1 5 5Eu as compared to the short 
decay times between fuel cycles at HFIR. The output of the ORIGEN2 calculation was in the form of grams 
of isotope generated per gram of natural europium. In addition, the activity of each isotope in curies per gram 
was calculated. The output data was decay corrected in order to be comparable to the experimental data. A 
series of constant flux runs were performed using each cross-section library at flux values over a range of 10" 
to 10M neutrons/cm2 s. 

The output from these ORIGEN2 calculations was used to create a plot of normalized gamma intensity 
(activity) vs. flux for the isotopes of interest for each of the assumed cross-section libraries (See Figures 1 
and 2). By using the experimental gamma spectroscopy data shown in Table 1, a plot of normalized gamma 
intensity vs. axial position can be generated for the same isotopes (See Figure 3). By comparing the location 
of the peaks for each isotope on these plots, a plot of effective flux vs. axial position can be created for each 
cross-section library. These plots can then be used to choose an effective flux for further ORIGEN2 analysis 
of selected axial locations on the control cylinders. Since the cross-section libraries are quite different from 
one another, the effective flux plots are also different (See Figure 4). However, each combination of cross-



4 

sections and flux values yields a relatively accurate model of the isotopic composition along the axis of the 
control cylinder. 

Figure 5 shows a comparison of each of the models with the experimental data from mass spectroscopy. 
The radioactive isotope plots (1 5 2Eu, 1 5 4Eu, and I 5 5Eu) show extrapolated mass spectroscopy data from 0 mm 
to 100 mm. For all isotopes except 1 5 2Eu, the PWRU model agrees more closely with the experimental data. 
However, this model seriously overestimates the 1 5 2Eu concentration, especially from 50 mm to 150 mm. The 
modified thermal model predicts a 1 5 3Eu peak at around 50 mm which may not be true. Both models predict 
data that follows the general shape of the mass spectroscopy data where available, and therefore are 
considered reasonably accurate methods for predicting the axial distribution of europium isotopes in the 
control cylinder. 

3. ANALYSIS OF TRANSMUTATION OPTION 

The ORIGEN2 model was used to model the result of irradiating europium material from the spent 
control cylinders in HFIR Some assumptions were made regarding the irradiation conditions that would be 
available for transmutation, including the irradiation position in the HFIR and the target material. 

As described in the workplan (Newman 1994a), it will not be practical to consider placing the target 
material in either the flux trap or the inner removable beryllium reflector. Europium is such a strong neutron 
poison that placing the material too near to the core would decrease the HFIR cycle time appreciably. This 
cycle time decrease would cause unacceptable increases in reactor operational cost and would perturb other 
experiments that would be using the reactor at the same time. The most likely irradiation position would be 
somewhere in the outer fixed beryllium reflector. The neutron flux in this region of the reactor is very 
thermalized, with an average value of 2.5 x 101 4 neutrons/cm2-s. 

The target material was assumed to be pure europium oxide (EU2O3) as described in the workplan 
(Newman 1994a). This material has already been approved as a HFIR target due to its chemical stability at 
elevated temperatures, insolubility in water should the irradiation capsule be breached, and compatibility with 
the capsule. The primary difficulty with this material is its extreme density to thermal neutrons. The thermal 
neutron capture cross-section of the europium isotopes is quite high, which means that the outer portion of 
the target will block neutrons from entering and irradiating the interior portion. This phenomenon is called 
"self-shielding," and is a primary reason why the ORIGEN2 model is limited in its capability of predicting 
the actual transmutation rate. ORIGEN2 assumes that all input materials are irradiated at the same neutron 
flux for the duration of the cycle. Therefore, transmutation rates predicted by ORIGEN2 will be extremely 
optimistic. The mean free path, or the average distance a neutron will travel in the target before being 
captured (Glasstone 1981), is approximately 0.02 cm. This problem can be mitigated somewhat by diluting 
the europium oxide in another material, such as aluminum, which has a much lower thermal neutron capture 
cross-section. The mean free path is proportional to the concentration of europium oxide in the target, and 
so diluting to 10% europium oxide in aluminum increases the mean free path to 0.2 cm. However, this is still 
significant self-shielding, and will increase the volume of material to be irradiated and therefore the amount 
of time and cost associated with the irradiations. Therefore, the assumed target was europium oxide, with 
a total europium weight of one gram. 

Other assumptions included a HFIR cycle time of 22 days, and a well-thermalized neutron flux of 2.5 
x 10 1 4 neutrons/cnf-s. The thermal activation product cross-section library was used for the ORIGEN2 
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calculations (ORIGEN2 library 201). The input material for each ORIGEN2 run was taken from either the 
axial isotopic distribution modeling or the experimental data described earlier. For the region from 0 mm to 
100 mm, both the modified thermal model and the PWRU model were used as input materials to see which 
one gave the most promising results. For the region from 100 mm to 250 mm, the mass spectroscopy data 
(Kohring 1987) was used. 

The results of the transmutation modeling are summarized in Figure 6. This figure incorporates results 
from the PWRU model for the region from 0 mm to 100 mm, since these results were the most optimistic in 
terms of the transmutation rate. Figure 6 shows the results of up to five irradiation cycles, each followed by 
one year decay to allow very short-lived radionuclides to decay. From approximately 35 mm to 250 mm, the 
irradiation cycles produce more radioactivity than they destroy. A more detailed analysis of the data shows 
that this is due to activation of remaining , 5 I Eu and 1 5 3 Eu in the control cylinder material. The activity 
produced is dominated by , 5 4 Eu and , 5 SEu, since most of the 1 S 2Eu does transmute very rapidly due to its large 
cross-section. 

The same data following 100 years of decay is shown in Figure 7. After this longer period of decay, 
the 1 5 5 Eu has largely decayed away, and the remaining radioactivity is dominated by*54 Eu. This data shows 
a reduction in overall radioactivity from 0 mm to near 100 mm, but it is not a significantly large decrease. 
At 0 mm, one irradiation cycle produces a reduction of approximately 50%, and two cycles reduces it by 
another 35%. At 50 mm, one irradiation cycle reduces the activity by approximately 60%, and two cycles 
reduces it by another 50%. Significant radioactivity (greater than about 10 mCi per gram) still would exist 
in the control cylinder material even after five irradiation cycles and 100 years of decay. 

Figure 8 gives a cycle-by-cycle analysis of the results of irradiating material from the 0 mm area. This 
area is the most radioactive section of the control cylinder, since it has experienced the largest neutron fluence 
during its use in the reactor. Therefore, it would be an area that should be a candidate for transmutation. 
However, five irradiation cycles only produce a 25% decrease in radioactivity when measured after one year 
to allow short-lived transmutation products to decay. After a 100 year decay, five irradiation cycles produce 
an 85% decrease in total radioactivity. The data do show a progressive decrease in radioactivity for each 
irradiation cycle, but the limitations of the ORIGEN2 model for this type of calculation cause the data to 
become more and more uncertain as the number .of cycles increases. The self-shielding problem described 
earlier only gets more pronounced during irradiation. This is because the radioactive europium isotopes 
decay to gadolinium isotopes with even larger neutron capture cross-sections. 

More detailed data from the ORIGEN2 modeling is given in Table 3. This table shows the weight 
percentage of all significant isotopes, including short-lived isotopes, at the end of irradiation for up to five 
cycles. This data is helpful in understanding the complex chain of neutron capture and decay reactions that 
occur in the europium material. 

In order to do a thorough assessment of transmutation as a waste management option, one should 
examine the radiological dose from the material over time following transmutation cycles and also consider 
the fact that the the europium is decaying away in situ. This is shown graphically in Figure 9 for the 0 mm 
region of the control cylinders. Conversion factors (Shleien and Terpilak 1984) were used to convert the 
activity of the europium isotopes to radiological doses. These conversion factors are: 
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Isotope R/hr/Ci at one meter 
1 5 2Eu 0.58 
, 5 4 Eu .62 
l 5 5Eu 0.03 

(Note: Since these isotopes are beta/gamma emitters, the unit R, or Roentgen, is roughly equivalent to rad 
or rem. The rad or rem units are more often used in assessing dose and dose equivalent to humans.) 

The data begins at one year decay to allow short-lived irradiation products to go away. With no 
transmutation, the hottest part of the control cylinders will decay from approximately 30 to 0.034 R/hr/g 
europium at one meter over 100 years, which is a decrease of nearly three orders of magnitude. The dotted 
line in Figure 9 shows that 20 years of decay in situ yields about the same decrease in dose as 10 
transmutation cycles followed by one year of decay. The dashed line shows that 50 years of decay in situ 
gives about the same decrease in activity as 20 transmutation cycles after one year of decay. 

In comparing these results to those obtained earlier (Newman 1994a), it does not appear likely that a ten
fold decrease in long-term radioactivity can be achieved with one transmutation cycle. These earlier results 
were based on preliminary assumptions that were abandoned after further analysis. The earlier study used 
thermal cross-sections for transmutation cycles, but used HFIR flux trap flux values. The transmutation 
irradiations could not be performed in the HFIR flux trap for reasons described earlier in this report, and these 
high fluxes are not available in the beryllium reflector region where the irradiations would be more likely to 
occur. The earlier calculations also focused on reduction in 1 5 2Eu activity as a figure of merit. It became clear 
during further analysis that , 5 4Eu activity dominates the long-term radioactivity and dose from the control 
cylinders when transmutation is used. 1 S 2Eu does reduce dramatically with irradiation, bit 4 Eu activity 
continues to build in due to activation of 1 S 3Eu. 

4. CONCLUSIONS 

The outcome of this study does not show transmutation of the europium isotopes as an attractive option. 
It is possible that by dilution of the target material to reduce self-shielding, increasing the transmutation flux 
by moving the target in closer to the HFIR core, and/or increasing the number of transmutation cycles, the 
overall destruction rate of the radioactive europium isotopes could be increased. However, these steps would 
significantly increase the cost of this option. When the cost of removing the control cylinders from WAG 
6, performing chemical separations and irradiating the material in HFIR are factored in, the option of leaving 
the control cylinders in place for decay must be considered. Other options, such as construction of an 
engineered barrier around the disposal silos to reduce the chance of migration, should also be analyzed. 
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Table 1. Measured gamma intensity in photons/s at selected control plate locations 

Axial location Measured gamma intensity (photons/second) 
(mm) 

, 5 3 Gd , 5 2 Eu , 5 4Eu I 5 5Eu 

-25 0.70±0.12 * 31.4=k0.11 1.0±0.012 

-12.5 0.60±0.13 1.3±0.18 154.1±0.26 12.3±0.21 

25 * 18.4±0.25 173.2±0.31 11.5±0.34 

50 2.80±0.19 38.9±0.30 155.0±0.31 10.3±0.27 

75 2.75±0.19 51.0±0.29 131.5±0.33 6.2±0.40 

100 2.31±0.19 58.0±0.28 89.3±0.23 4.7±0.23 

125 1.00±0.12 52.9±0.31 54.9±0.17 2.3±0.18 

150 0.69±0.12 46.2±0.18 34.2±0.14 1.5±0.18 

250 * 19.8±0.04 6.4±0.02 0.3±0.02 

325 * 5.0±0.03 1.6±0.02 0.3±0.03 

Avg. relative 
error (%) 13.0 2.13 0.35 6.46 
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Table 2. Mass spectrographic analysis and gamma scan curve fit data for europium isotopes 

Axial location Percent of total europium 
(mm) 

, 5 , Eu 1 5 2Eu , 5 3 Eu , 5 4Eu , 5 SEu 

0a * 0.55 * 15.64 4.68 

25a * 3.00 * 13.62 4.35 

50a * 6.04 * 11.78 3.65 

75 a " * 7.75 * 10.21 2.37 

100 13.00±0.01 8.00±0.01 70.78±0.11 6.58±0.01 1.64±0.01 

125 18.10±0.27 8.00±0.12 67.40±1.00 5.40±0.08 1.20±0.02 

150 29.89±0.06 6.40±0.02 60.75±0.06 2.62±0.01 0.34±0.003 

200 37.11±0.04 4.91±0.02 56.70±0.06 1.19±0.006 0.09±0.001 

250 45.75±0.05 1.25±0.01 52.76±0.05 0.25±0.003 0.004±0.0002 
aData obtained from gamma scan curve fitting. No associated error was calculated. 
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Table 3. Weight percent of isotopes following irradiation cycles 

Composition at 0 mm (from PWRU model) 

Isotope Half-life 0 Cycles 1 Cycle 2 Cycles 3 Cycles 4 Cycles 5 Cycles 
, 5 2Sm Stable 0.00528 0.00656 0.00654 
, S 2 Eu 13.48 yrs 4.16 1.39 0.465 0.155 
, 5 3 Eu Stable 76.8 66.3 55.9 46.7 38.9 32.4 
, 5 4 Eu 8.59 yrs 16.4 17.5 16.6 14.8 12.9 11.0 
, 5 5 Eu 4.71 yrs 5.89 6.25 5.83 5.15 4.44 
, 5 6 Eu 15.2 days 6.05 9.78 10.9 10.7 9.68 
, 5 2 Gd Stable 0.00161 0.00149 
, 5 4 Gd Stable 0.0821 0.161 0.230 0.287 0.333 
, 5 5 Gd Stable 0.00189 0.00209 0.00203 0.00191 0.00177 
, 5 6 Gd Stable 3.01 11.4 22.0 32.9 43.2 

Compositi ion at 50 mm (from PWRU model) 

Isotope Half-life 0 Cycles 1 Cycle 2 Cycles 3 Cycles 4 Cycles 5 Cycles 
, S 2Sm Stable 0.0550 0.0566 0.0534 0.0491 
1 5 1Eu Stable 0.736 
, 5 2 Eu 13.48 yrs 13.9 4.85 1.62 0.543 0.181 
l 5 3 Eu Stable 77.1 72.8 63.4 53.6 44.9 37.5 
1 5 4Eu 8.59 yrs 7.54 13.7 15.7 15.4 14.0 12.2 
I 5 5Eu 4.71 yrs 0.718 3.91 5.42 5.75 5.45 4.88 
, 5 6Eu 15.2 days 3.32 7.20 9.57 10.3 10.1 
, 5 2 Gd Stable 0.0740 0.0466 0.0283 
1 S 4Gd Stable 0.0860 0.186 0.273 0.344 0.410 
I 5 5 Gd Stable 0.00129 0.00187 0.00207 0.00207 0.00200 
, 5 6 Gd Stable 1.46 6.87 15.5 25.6 36.0 

Compositi ion at 100 mm 

Isotope Half-life 0 Cycles 1 Cycle 2 Cycles 3 Cycles 4 Cycles 5 Cycles 
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152C 
am Stable 0.718 0.668 0.308 0.552 0.505 

1 5 1 Eu Stable 14.0 0.177 

I S 2 Eu 13.48 yrs 5.56 5.74 1.97 0.657 0.220 

, 5 3 E u Stable 76.3 73.4 64.6 54.9 46.1 39.5 
1 5 4 Eu 8.59 yrs 3.60 11.8 14.9 15.1 14.0 12.7 

I 5 5 Eu 4.71 yrs 0.531 3.08 4.94 5.55 5.41 5.05 

1 5 6 Eu 15.2 days 2.39 6.09 8.79 9.94 10.2 
1 5 2 Gd Stable 1.31 0.794 0.472 0.280 0.167 
, 5 4 G d Stable 0.640 1.24 1.59 1.79 2.10 

, 5 S G d Stable 0.00182 0.00321 0.00386 0.00410 0.00442 
, 5 6 G d Stable 1.00 5.35 13.0 22.7 33.7 

Composition at 200 mm 

Isotope Half-life 0 Cycles 1 Cycle 2 Cycles 3 Cycles 4 Cycles 5 Cycles 

, 5 2 S m Stable 1.93 1.79 1.63 1.48 1.35 

1 5 1 Eu Stable 38.0 0.479 
I 5 2 E u 13.48 yrs 3.25 11.6 4.01 1.34 0.449 0.150 

, 5 3 E u Stable 58.1 68.4 64.2 55.9 47.4 42.6 

1 5 4 Eu 8.59 yrs 0.619 9.03 13.3 14.4 13.8 13.4 

1 5 5 Eu 4.71 yrs 2.05 4.14 5.12 5.24 5.25 

, 5 6 E u 15.2 days 1.28 4.56 7.52 9.14 10.2 

, 5 2 G d Stable 3.54 2.15 1.28 0.757 0.452 

, 5 4 G d Stable 1.65 3.16 3.99 4.42 5.16 

I 5 S G d Stable 0.00293 0.00566 0.00710 0.00774 0.00878 

, 5 6 G d Stable 0.441 3.45 9.79 18.5 30.5 

Composit ion at 250 mm 

Isotope Half-life 0 Cycles 1 Cycle 2 Cycles 3 Cycles 4 Cycles 5 Cycles 

, 5 2 S m Stable 2.34 2.17 1.97 1.79 1.63 

1 5 1 Eu Stable 46.0 0.580 
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, 5 2Eu 13.48 yrs 0.811 13.0 4.51 1.51 0.504 0.169 
, 5 3Eu Stable 53.1 66.6 63.6 55.7 47.4 43.2 
1 5 4Eu 8.59 yrs 0.128 8.34 12.8 14.2 13.7 13.5 
1 5 5Eu 4.71 yrs 1.84 3.95 4.99 5.16 5.29 
, 5 6Eu 15.2 days 1.01 4.24 7.21 8.91 10.3 
1 5 2Gd Stable 4.29 2.60 1.55 0.916 0.547 
I 5 4 Gd Stable 1.99 3.80 4.79 5.30 6.18 
1 5 5Gd Stable 0.00334 0.00651 0.00819 0.00895 0.0102 
, 5 6 Gd Stable 0.364 3.12 9.17 17.6 29.9 
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Fig. 1. ORIGEN2 Gamma Intensity Predicted Using PWRU Library 
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Fig. 2. ORIGEN2 Gamma Intensity Predicted Using Modified Thermal Library 
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Fig. 6. Activity after Irradiation and One Year Decay 
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Fig. 7. Activity after Irradiation and One Hundred Year Decay 
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Fig. 8. Analysis of 0 mm Composition from PWRU Model 
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