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Abstract 
A test program of the performance of 3He neutron proportional detectors with varying gas 
pressures, and their response to lligh level gamma-ray exposure in a mixed 
neutrodgamma environment, ha$ been performed Our intent was to identie the optimal 
gas pressure to reduce the gamma-ray sensitivity of these detectors. These detectors were 
manufxtured using materials to minimize their gamma response. Earlier work focused 
on 3He fill pressures of four atmospheres and above, whereas the present work focuses on 
a wider range of pressures. Tests have shown that reducing the .filling pressure will 
M e r  increase the gamma-ray dose range in which the detectors can be operated. 

Introduction 
There is a continuing need to optimize the performance of high sensitivity neutron 
detectors utilized in high gamma dose rate environments. This need is especially true in 
the mixed radiation environments experienced with spent fuel, high level wastes and the 
assay of vitrified nuclear waste. Of particular interest is the 3He neutron detector due to 
its high sensitivity and ability to discriminate the neutron signal ftom the gamma signal 
through pulse height discrimination. This detector is prefened over other detectors such 
as fission counters, ‘OB lined detectors, and BF3 detectors because of its superior 
sensitivity. While the other deteutors have superior gamma rejection characteristics their 
inherent efficiency is much lower than the 3He detector. By optimizing the materials of 
construction and varying the gas filling pressure the gamma sensitivity of the detector can 
be reduced to optimize the deteotor performance in high gamma dose rate environments. 

Gamma ray sensitivity becomes a problem in 3He proportional counters in moderately 
high, to high dose rates when the gamma induced pulses exceed the discrimination level 
of the electronics, reference Figure 1. This, in effect, causes false neutron signals when 
the gamma dose rate becomes elicessive. The gamma ray pulses can be eliminated &om 
the signal by increasing the discripinator level or by reducing the detector gain, through 
a reduction in the bias voltage, this reduces the gamma pulses to a level below the 
discriminator level. This also eliminates the smaller neutron pulses providing a reduction 
inefficiency ( l ) .  

The gamma pulses occur through the photon interaction with the materials of 
constmction adjacent to the gas volume and with interactions with the fill gas itself, 
reference Figure 2. By optimizing the choice of materials and the filling pressure these 
interactions can be minimized This results in increasing the usell range of the detector 
at higher gamma dose rates. 
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Figure 1. Idealized Pulse height distribution for a 'He tube in a neutron and gamma-ray field. 

The current analysis is an extension of work performed earlier which identified the optimal 
materials of construction and evaluated filling pressures from 4 to 7.5 atmospheres of 'He (2). We 
have extended the evaluation for pressures of 2- and 3-atmosphere filled detectors. This 
evaluation of detectors at lower pressures has several points of interest. 
1) Lower pressures will reduce the gamma sensitivity and allow the ability to operate at higher 

gamma dose rates. 
2) The ability to operate the detectors near their optimal efficiency levels would provide for a 

more stable system. By operating nearer the plateau variations in bias voltage and gain shift 
of the detector have less effect on system efficiency variation. 

3) Since higher pressure detectors are operated at reduced efficiencies, the same system 
efficiency can be achieved at the reduced pressure. 

4) Because 3He is a significant part of the cost of the detector, using lower pressures would 
reduce the cost of the detectors and can be a significant system cost savings incentive. 
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Figure 2. 3He Neutron Detector Diagram 

Experimental Overview 
3He detectors are constructed of a hermetically sealed outer housing which is typically 
stainless steel or a l d u m .  For applications which entails high levels of radiation 
exposure a getter compound of carbon or boron(3) can be applied to the internal surface of 
the housing to remove gaseous poisons. The filling gas is comprised of the sensitive 
material, 3He, and a quench gas. The center of the detector has a small diameter metallic 
anode suspended by ceramic insblators. 

For this experiment a set of 5 detectors of similar construction were manufixtured The 
detectors were constructed with 1 ” diameter by 0.032” thick wall aluminum tubing. The 
tubing was coated with a thin layer of carbon. The anode used was made of 0.002” 
diameter wire for the 2-, 3- and 4-atmospheres filled detectors and 0.001’’ diameter wire 
for the 6- and 7.5-atmospheres detectors. The thinner wire for the higher pressure tubes 
was used to allow the detectors to operate within the voltage limitations of the industty 
standard electronics. The quench gas used was C02 and the proportion of the quench gas 
to the 3He was kept constant for all filling pressures. The primary variable in this 
experiment is the change in the filling pressure. The anode size variation should have 
little to no influence on the gamma response since its mass is small in relation to the other 
components. 

The detectors were tested in an irradiation facility at Los Alamos National Laboratory. 
The neutron source used was a moderated M i  source. The gamma-ray source was a 
4.5 curie 226Ra source. The neutron fluence for all detectors was kept constant for all of 
the tests. Changing the position of the 226Ra source in relation to the detector varied the 
gamma dose rate. The preampli$er used was a commercially available unit which has a 
OSpsecond timing constant. The electronics were attached directly to the detector to 
improve the signal-to-noise ratio. 

Plateau information was taken at various gamma dose rates, ranging from 0 to 200 
R a m ,  for each of the detectors. The data for each of the tubes is shown in Figure 3. In 



Table I the data has been normalized to the 4 atmosphere fill detector. This detector was 
used as the baseline since it has been the standard benchmark for many years in 
safeguards systems. Therefore the counting rate experienced at the plateau of the 4 
atmosphere detector would represent 100% efficiency. Detectors with a higher filling 
pressure would have efficiencies exceeding 100% when operated on their plateaus and 
detectors with lower pressures would have less than 100% efficiency when operated on 
their plateaus. 

Relative 
efficiency at 

As can be seen fiom Table 1, the lower-pressure detectors have higher efficiency 
retention with increasing dose, compared to the 4 atmosphere reference detector, in 
gamma dose rates up to 200 Rad/hr. Also of interest is that the 3 atmosphere fill detector 
has essentially the same efficiency as the 4 atmosphere filled detector at the 100 Ram 
dose rate. This is a benefit in that the 3 atmosphere detector would be operated at 8 1 % of 
its original maximum efficiency versus the 4 atmosphere detector would be operated at 
only 73% of its maximum efficiency, or in effect closer to the plateau voltage, reference 
Table II. It is interesting that the 2 atmosphere filled detector is has an efficiency 
significantly lower than the 3 and 4 atmosphere filled tubes at the 100 RacUhr dose rate. 
The efficiencies related to the 4 atmosphere detector is graphically depicted in Figure 4. 

79.8% 92.3% 100.0% 110.1% 1 16.6% 
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Figure 3. Plateau curve data for various gamma-ray exposure rates for (a) 2-atm 
pressure, (b) 3-atm fill pressure, (c) 4-atm fill pressure, (d) 6-atm fill pressure, and (e) 
7.5-atm fill pressure 
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Figure 4. Relative efficiency of each fill pressure related to 4 atmosphere detector at 
various dose rates. 

Of particular interest is the slope at the rise of the plateau curves. For the 3 through 7.5 
atmosphere filled detectors the slope is relatively consistent and shows a gradual increase 
as the bias voltage is raised. For the 2 atmosphere filled detector the slope of the curve is 
very steep and increases in a nearly hear fashion. This is of interest in the fact that if the 
detector is expected to be use in a reduced efficiency manner, on the increasing portion of 
the curve, there should be some caution used. This explains the reason for this detector 
having a significantly lower efficiency than the 3 and 4 atmosphere filled detectors at the 
100 Ram dose rate as discussed earlier. The steep slope would lend to higher 
efficiency changes if there is minimal variations in the bias voltage or gain shifting in the 
detector. This effect would not be as severe in the higher pressure detectors. 

The reason for the slope difference in the 2 atmosphere detector is that the reduced 
pressure results in fewer gas molecules for the ions to interact with. This results in the 
wall effect becoming sigtllficantly increased. The wall effect is where the proton and 
triton particles resulting fiom the neutron capture event have mean free paths that extend 
to the detector wall. This results in part or all of the energy fiom one of the particles 
being deposited within the detector cathode wall instead of within the gas. The resulting 
signals are then represented by smaller pulse heights that are significantly less than the 
full energy pulses of 765 keV that is experienced when all of the energy is deposited 
within the gas. Another draw back to the lower pressure is that with the mean fi-ee path 
of the particles being extended, the pulses have a longer duration. With the shorter time 
constant used in the electronics there is insufficient time to record the 111 pulse height 
produced in the detector. This causes the longer duration higher energy events to appear 
as smaller amplitude pulses. This is apparent for the 2 atmosphere detector as shown in 
Figure 5 ,  which has spectra of the 2,3 and 4 atmosphere detectors. The spectra were 
obtained using a research amplifier with the shaping time constant set to 0.5 ps, which 
would closely represent the type of pulse obtained with the commercial electronics used 
to take the plateau data. Increasing the duration of the time constant is not a possibility 
since the longer time constant would allow more time for the gamma pulses to pile up 
and increase the gamma sensitivity of the system ( I ) .  



One positive benefit with the 2-atmosphere detector is that it can be operated on its 
plateau at gamma dose rates up to 50 Rad/hr, reference Table II. This would allow 
operation of the system at the 111 detector efficiency without having to provide for 
correction due to minor bias voltage drifting or gain variations experienced with detector 
aging. While operating at the maximm efficiency of the 2 atmosphere detector there is 
only a 10% diffaence in overall detection efficiency than that obtained when using the 4 
atmosphere detectors at 50 R a d h  at a reduced efficiency. 
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Figure 5. Pulse height spectra from 2-, 3-, and 4-am tubes using a research amplitier 
with a OSpsec time constant. 

Conclusion 
By reducing the filling pressure of the 3He detectors we have shown that the detectors 
usefbl operation in high gamma environments can be extended to higher dose rates. For 
the lowest filling pressure of 2 atmospheres, the detector can be operated at up to 50 
rad/hr on the plateau, enabling the detector to retain 100% of its efficiency. With the 
detector operating on its plateau it would eliminated concem for tight control of the bias 
voltage and wony of efficiency shift due to gain loss caused by aging of the detector in 
high radiation environments. 

For the 3 atmosphere detector the same efficiency can be achieved or exceeded as that of 
the 4 atmosphere detector at gamma ray doses exceeding 100 radihr, reference Figure 4. 
In multi-detector systems this could result in a modest to significant cost savings, since a 
portion of the detector cost is due to the 3He W g  gas. 

Some caution needs to be used when fill pressures less than 3 atmospheres are selected. 
Due to the increased time for charge collection and enhanced wall effect observed in 
these detectors tight control would need to be maintained on the bias voltage if the 
detectors are to be operated at a reduced efficiency. Minor variations in voltage or gain 
loss due to aging of the detector could result in requiring more frequent system 
adjustments or could result less reliable data between calibrations. 



To further optimize detector efficiency the addition of boron coating to the inside of the 
detector body shell would be desirable. The addition of the coating would further 
enhance the gamma rejection of the Since the boron is enriched in the ‘OB 
isotope, there would also be an efficiency boost of 5% to 10% fiom the boron coating 
itself, depending upon the level of discrimination used. 
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Abstract 

Moisture reabsorption was performed on small (2-5 g) and large-scale (500 g) Ce02/Mg0 surrogates that 
simulated products originating from tlie WETS and Hanford magnesium hydroxide precipitation 

processes. The 0.5 wt% criterion is met for all surface areas and Mg contents at l.lx103 PPMv water 

(2.7% RH), both small and large-scale, but was exceeded at 2 . 0 ~ 1 0 ~  (4.9% RH) and l . lx104 PPMv water 

for two saniples containing greater than 90% Mg. Total moisture uptake and reabsorption rates correlated 

with increasing relative humidity, saniple size, Mg content, and surface area. 

Introduction and Background 

As outlined in DOE-STD-3013-2000, one major approach to guarantee safe gas pressures during storage of 
plutonium oxides is to exclude greater than 0.5 wt.% moisture from the package.’ This goal is nornially 

achieved by calcination at 950 O C ,  which drives all but minute traces of water out of tlie actinide oxide 
materials. A major concern is the potential for reabsorption of atmospheric moisture during the time 

between calcining and packaging, primarily for impure materials that contain hygroscopic oxides such as 

CaO, MgO and the alkaline earth salts, MgC12*6H20 and CaCl2*6I-I20. The moisture reabsorption issue is 

particularly iniportant for sites such as Hanford and Savannah River (SRS) who have stabilization and 

packaging gloveboxes containing moist air, coiixiionly ranging from 40-90% RH depending on ambient 

climate conditions like temperature and atniospheric pressure. A better understanding of post-calcining 

water absorption by impure oxide materials is therefore clearly needed to support packaging protocols. 

The remaining document will address moisture content in t e r m  of ppni water by volume (PPMv), or the 

partial pressure of water vapor divided by the volume of dry air times 1 06. Parts-per-nillion by volume can 
easily be converted to % RH if tlie ambient atmospheric pressure and temperature is known. 

At tlie beginning of FYO1, personnel at Rocky Flats (WETS) expressed interest in moisture reabsorption 

after calcination on the “worst-case scenario” STD-30 13 oxides, including those originating from the 
WETS niagnesiuni hydroxide precipitation process that contain large quantities of hygroscopic niagnesium 

oxide. Rocky Flats uses dry glovebox air for stabilization processes, with a feed moisture content of lx103 

PPMv. A typical stabilization protocol involves oxide calcination at 950 “C for two hours using five 



muffle furnaces located within a large glovebox. During this time during calcination, the glovebox 

moisture content can increase from lx103 to 2x103 PPMv. After calcination, the furnaces cool to 100 "C, 

and furnace door interlocks open. The materials are removed and then allowed to cool to near ambient 

temperature (approximately 1 hour), and subsequently transferred to a He-sparged glovebox for packaging 

in screw-topped convenieiice cans, which are evacuated and back-filled with He. Concerns were raised 
about moisture reabsorption exceeding the 0.5 wt% STD-30 13 criterion during the time between 

calcination and packaging. Evaluation of moisture reabsorption was requested for 1x1 03, 2x1 03, and lx104 
PPMv water. 

These considerations led to three specific objectives of the research described herein: 1) study of the 

fundamental rate and extent of nioisture reabsorption on hygroscopic compounds such as Mg and Ca 

oxides/chlorides, which are present as impurities in some oxides as a function of atmospheric water 
content; 2) generation of experimental data (rate and extent of moisture reabsorption) to bound the time 

allowed between calcination and packaging for magnesium hydroxide process product ( ie .  determine 
whether current WETS protocols are sufficient to ensure low moisture content in packaged residues; 3) 
comparison of moisture reabsorption results between magnesium hydroxide process products from both 
Hanford and WETS. 

I. Experimental Approach 

Since the matrix impurities are expected to doninate the moisture absorption characteristics of the oxides 
addressed in this study, saniple throughput was maximized using Ce02 as a surrogate for Pu02. Calcined 

Ce02 has been shown to exhibit moisture reabsorption characteristics (at less than 95 % RH) sinilar to that 
of P u O ~ . ~  Two separate nitric acid feed solutions were treated based on their Pu concentrations, lg/L and 

45g/L, which represent W E T S  pipe drainage and ion exchange eluate, re~pectively.~ The lg/L feed also 

contains large amounts of Fe and nlinor amounts of Am and U. Stoichionietric amounts (with 15% excess) 

of magnesium hydroxlde were added to conipletely neutralize the acid and precipitate essentially all the Pu 
and metal impurities. 

Plutonium precipitation by Mg(OH)2 depends on the following reaction and assumes that all soluble Pu is 
in the 4' oxidation state prior to pre~ipitation:~ 

Pu4' + 2 Mg(OH)2 -+ Pu(OH)4 + 2 Mg2+ 

Analogous stoichiometry (+15% excess) was used for the Ce precipitation reactions listed in the following 
sections. 
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Figure 1. General flowsheet diagram for the iiiagiiesium hydroxide precipitatioii process at WETS. After 

calcination at 600 'C,  oxides are destined for calcination at 950 "C for 2 hours according STD-3013.3 
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Analvtical Characterization 

Analytical characterization for all saniples was performed after the moisture reabsorption studies. Specific 

surface areas (SSA) were deternlined using the single-point BET method on a Quantaclvome Monosorb 

instrument. Samples were degassed between 150-180 "C for 3-4 hours prior to measurement. Diffraction 

patterns were gathered using a Scintag powder X-ray diffraction unit with KCua radiation and 0.02" step 

size. X-ray fluorescence spectra were iiieasured under vacuum at 20 kV/200 pA with a Rh tube. Relative 

elemental conipositions were calculated using a no-standard software package and based on theoretical 
intensity relationships, normalized to 100% composition. Elemental Ce and Mg contents for each sample 

are listed in Table 1. 

Sniall-Scale Moisture Reabsorption Studies 

Synthesis: Five different surrogate oxides, designated as 1-25,1-28, I3 1,I-45, and 1-55, were prepared 
using different concentrations o i  Ce(N03)4 dissolved in HN03 to reflect the 1 g/L and 45 g/L feed 
concentrations shown in Figure 1. An arbitrary Ce concentration, 136 g/L Ce (initial amount), was also 

used to replicate a larger concentratioii of Ce02 in the final oxide product. 

1-25 (136 g/L in 1.1 M HN03): Placed 321 n L  of 1.0 N Ce(NO& in 5% HN03 (Alfa Aesar) in a 4 L glass 

beaker and added slowly while stirring, 41.6 g Mg(OH)2 (>95%, Alfa Aesar). At this point, Ce started to 

precipitate as the brownish-green Ce(OH)4 solid; tlie remaining 20.9 g hydroxide was added and stined 
overnight to insure complete precipitation. After precipitation, tlie solids were filtered through Whatman 

#40 filter paper and washed with distilled-deionized water. The solids were then transferred to five- 

CoonTM alumina crucibles (613) for calcination at 600 "C for four hours. 

1-28 (45 g/L in 6.4 M E-IN03): Coinbined 99 iiL of 1 .O N Ce(N03)4, 113 iilL concentrated HN03, and 88 

mL distilled-deionized water in a 4 L glass beaker to give 44.8 g/L Ce. Stirred solution continuously and 

slowly while adding a total of 85.9 g Mg(OH)2 (76.9 g required). After precipitation, the solids were 

filtered through Whatnian #40 filter paper and washed with distilled-deionized water. The solids were then 

transferred to six-CoorsTM aluniina crucibles (GH) for calcination at GOO "C for four hours. 

1-3 1 (45 g/L in 6.7 M HN03): Combined 99 nL of 1 .O N &(NO&, 120 nlL concentrated HN03, and 80 
n& distilled-deionized water in a 4 L glass beaker to give 44.8 g/L Ce. Stirred solution continuously and 

slowly while adding a total of 90.0 g Mg(OH)2 (80.5 g required). After precipitation, the solids were 
filtered through Whatman #40 filter paper and washed with distilled-deionized water. The solids were then 

transferred to six-CoorsTM alumina ciucibles (6H) for calcination at 600 "C for four hours. 
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1-45 (1 g/L feed in 6.4 M HN03): Combined 4.4 mL of 1 .O N Ce(N03)4, 224 n L  concentrated HN03, and 

334 n L  distilled-deionized water in a 4 L glass beaker to give 1.1 g/L Ce. Stirred solution continuously 

and slowly added a total of 136.5 g Mg(OH)2 (120.2 g required). After precipitation, the solids were filtered 

through Whatman #40 filter paper and washed with distilled-deionized water. The solids were then 

transferred to four-CoorsTM alunlina crucibles (6H) for calcination at 600 "C for four hours. 

1-55 (1 g/L feed with Fe as an impurity in 7 M HN03): Combined 4.4 n L  of 1 .O N Ce(N03)4, 3.63 g 

Fe(N03)p9H20, 262 n L  concentrated HN03, and 334 nL distilled-deionized water in a 4 L glass beaker 

to give 1 g/L Ce. Stirred solution continuously and slowly added a total of 147.8 g Mg(0H)Z (142.6 g 
required). After precipitation, the solids were filtered through Whatman #40 filter paper and washed with 

distilled-deionized water. The solids were then transferred to four-CoorsrM alunina crucibles (6H) for 

calcination at 600 "C for four hours. 

Moisture Reabsorption: An acrylic environmenlal chamber equipped with a humidity controller, solid- 

state hunidity sensor (+ 1-2% accuracy), liuiilidifier/deliuiilidifier, and a Mettler Toledo analytical balance, 

was used for all moisture reabsorption studies. After calcination at GOO "C, samples were cooled and sieved 

to give specific ranges of particle sizes. A portion of these, typically 2-5 g, were taken and recalcined in 

CoorsTM high-form ceranic crucibles according to 30 13 protocol, 950 "C for 2 hours. Nominal bed depths 

ranged from 2 and 2.5 cm, depending on the density of material studied. Samples were removed at 950 "C 

(glowing red), placed into a small dessicator containing calcium sulphate (drieriteTM) or P205, and finally 

evacuated using house vacuum. The dessicator was evacuated using house vacuum. The dessicator was 
then introduced into the environmental chamber through a sample port where the crucibles cooled for 

approximately 1 hour. During this cool down process, relative hunidity within the chamber was adjusted 

to 2.7,4.9 and 27% RH (or approximately l.lx103, 2.0x103, and 1 . 1 ~ 1 0 ~  PPMv water). Relative humidities 

typically varied by less than 0.5%. For high humidity, moist air was introduced using a conmiercial 

humidifier that was plumbed into the side of the chamber. For relative hunidity lower than ambient 

conditions, air within the chamber was recirculated tluough a bed of drieriteTM using a small vacuum pump. 

After 1 hour, the sample was removed from the dessicator and inuiiediately placed on the analytical balance 
(located within the environmental chaniber) where mass gain (8) as a function of time was recorded. Time 

zero was taken when the sample weight stabilized, usually within 5-10 seconds. Duplicates were run for 

arbitrary samples, where the total moisture uptake values and rates of reabsorption agreed within 5%. 

Large-Scale Reabsorption Studies 

Synthesis: Large-scale surrogates were prepared according to Barney's recipe from Hanford.' Around 
789 g of ceric anmionium nitrate, (NH4)&e(N0& (Fisher, >98.5%), was dissolved in 2 L of distilled- 
deionized water , While stirring continuously, 61 6 g Mg(OH)2 (Fluka-Aldrich, >99%) was slowly added to 
the solution. After complete precipitation, the solids were filtered through a 3-L medium-frit buchner 
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funnel and washed with approximately 1 L of distilled-deionized water, The solids were transferred to a 

Hastelloy calcination boat (bed depth around 1 inch) and dried on a hotplate at 300 "C for 6-8 hours. The 

Hastalloy boat was then placed in a large muffle fuiiiace, heated at 5 "Cinlin to 1000 'C ,  held at 

temperature for 2 hours, cooled to about 400 "C, then placed into an inert atmosphere drybox (< 1 ppin 

water) to cool over night. It was later determined that tlie inteinal fuiiiace temperature never reached more 

than 900 "C. 

Moisture Reabsorption: After reacliing room temperature, tlie boat was introduced into tlie 

eiivironnieiital chaniber [ 1. lx  1 O3 PPMv (sample LI) or 1. lx104 PPMv (sample LII)] and placed on a 

Mettler Toledo PR502 electronic top-loading balance where nuss gain (g) was recorded as a function of 
time for a total of 48 hours. Time zero was taken when the sample weight stabilized. 

11. Results and Discussion 

Small-scale Moisture Reabsoiption Studies 

All five small-scale samples were found to be highly crystalline after calcination at 950 'C  for 2 hours, as 

evidenced by the X-ray powder diffraction patterns in Figure 2. Powder patterns were taken on samples 
after exposure to water. For coiiiparison purposes, coniputer-modeled dif€raction patteiiis were included 
for pure CeOz and MgO. All five diffraction patterns show only two oxide components, iiainely CeOz and 

the synthetic nlineral periclase (MgO). There was no evidence (at the liinit of detection) for the presence 
YvI~(OH)~ after calcinations and moisture reabsorption. These results are not surprising since Mg(0H)Z 

fully decomposes by 600 "C to give Mg0.' The final MgO content depends upon the aniouiit of Mg(OH)z 
used in the initial Ce precipitation. Peak intensities are in relatively good agreement with eleineiital 

analysis results via XRF. 

Moisture Reabsorption Rates and Equilibrium Behavior 

Rates of Reabsorption 

Figures 3-5 present moisture uptake at lx103, 2x103, and lx104 PPMv water in percent weight gained as a 

function of time for the five small-scale Ce02/Mg0 samples. Moisture reabsorption for these mixed oxide 
surrogates can be modeled by first order kinetics, assunling the reaction: 

Solid + [water] Q Solid-water 

The early-time experimental data were fitted to get an initial rate of water reabsoiption using the following 

equation: 

dA/dt = 16" * (A,,,ax-A) - kff * A 

where A is tlie percent weight gain, A,,,,, is the maxinium amount of moisture sorbed (in this case assume 

l), k,, is tlie rate constant for water adsorbing, k,ff is the rate constant for water desorbing. Solving tlie 
differential equation gives the weight gain as a function of time: 
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Figure 3. Moisture reabsoiption at 1. 1x103 PPMv for small-scale MgO/Ce02 samples. Samples I-25,1-28, 

and 1-31 are considered within the scope of the 3013-STD for >30 wt.% Pu + U. 
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When A is zero, then tlie slope of dA/dt is k,, times the iiiaxiniuni value for A. Using a maxiniuni value for 

A as 1, then the initial slope is equal to kon with units of wt.% gaiidliour. 

Reabsorption rates should increase with % relative hunidity, surface area, and smaller saniple size. Bainey 

and coworkers’ at Hanford also speculated that the rate of weight gain would be proportional to the MgO 

concentration. According to their &dies, absoiption rates were smaller for lower concentration of MgO, 
but these rates were not directly proportional to the concentration. For tlie studies presented in this report, 

there was a general trend for tlie rate of moisture uptake with increasing Mg content (lower Ce), surface 

area, and tlie t h e e  humidities studied (Tables 1-111). Sample 1-25 appears to be inconsistent with the trends 

and should be repeated. For the pure MgO sample, tlie initial rate was lower than samples 1-45 and 1-55, 

both of which contained high Mg contents. Perhaps tlie CeOz causes water to be readsorbed faster than 

MgO alone. Baiiiey and coworkers observed the same phenomenon.’ All of the initial rates increased at 

least 4x when raising the humidity from 1 .1x103 to 1. lx104 PPMv. As expected, absorption rates increased 
with higher surface areas, with a general upward trend that was not perfectly linear. 

Equilibrium Belanvior 

The shapes and magnitudes of the curves seen in Figures 3-5 are important for determining packaging 

protocols and handling procedures for limiting the amount of moisture readsorbed after calcinations.* 

Percent weight gains at all liunidities rise sliaiply until reaching saturation before 24 hours. Equilibrium 

times vary depending upon the water concentration, surface area, and MgO content. In general, the total 

amount of adsorbed water increases linearly with the oxide surface area and there is a correlation between 

increasing Mg content and water uptake. Tables 1-3 list the rates of reabsorption and total nioisture gained 

for 1. lx103, 20x1 03, and 1, lx104 PPMv water. Also included in Tables 1 and 3 are experimentally 

deteiiiiined water loadings (see discussion below) in units of mg/g, where one water monolayer on MgO 

and Ce02 surfaces represents 0.34 and 0.2 I mgig, respectively. 

Marnlier and coworkers
g 
used niolecular dynamics calculations to simulate water absorption (1 -3 

monolayers) on a clean MgO(100) surface. A 12x12 unit cell of MgO (1.279x10~”ni2 total area) can 

acconmiodate 144 water molecules (1 water/Mg atom or 2-OH layers) corresponding to 0.34 mg/ni2 

coverage. Cerium oxide crystallizes in a fluorite-type structure but with a slightly larger unit cell 

dinleiision (5.41 1 A) than P u 0 2  (5.398 A); therefore monolayer water coverage on the CeOz surface 

was estimated at 0.21 nig/m2, similar to P U O ~ . ’ ~  In general, tlie total water coverages listed in Table I at 2.7 
% RH are not a weighted combination of the individual theoretical monolayer loadings, 0.34 and 0.2 1 

nig/m2. At higher humidity, niultiple (>I) monolayers will begin to form (both chemi- and physisorbed) as 
evidenced by the larger values listed in Table I11 for 1 . 1 ~ 1 0 ~  PPMv water. Iedenia and coworkers’’ found 

similar results when studying moisture reabsorption on mixed oxide systems. Moisture behavior for a 

heterogeneous sample of MgO and CaO was not a linear combination of tlie two pure oxide systenis. 
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Figure 5 shows a plot of surface area versus total water uptake at 1 , l  x l  O3 PPMv water. Kuroda and 

coworkers" studied the interaction of water with thee  different MgO saiiiples. Depending on the surface 

area and preparation method, each sample gave a distinctive absorption isotherm at 25 "C. Slightly greater 

than monolayer capacities were achieved at 1 Torr relative pressures (approximately 4% RH), which 

constituted a full hydroxide layer (2 OH groups at 0.35 m g h 2  ) and half of a niolecular layer of 
physisorbed water (0.17 n igh2) .  Results listed in Tables I and I1 are in reasonable agreement with the data 

by Kuroda. I' At 1 , l x l  O3 PPMv, the MgO surface should be fully saturated with one monolayer equivalent 
of water'3 and Table 1 lists the theoretical capacities based on the relative percentages of Mg and Ce in the 

samples. Samples 1-3 1,I-45, and calcined Mg(OH)2 gave lower experimental water loadings than 

predicted froin the pure oxide components. 

The moisture reabsorption experinients should be repeated using the best coiimiercially-available dessicant, 

pbosphorous pentoxide, PzOr;, where the water content of air at equilibrium (25 "C) is <2.5x105 ppm. For 

the current studies, the atmospheric water content within the dessicator at 25 "C is around 5 ppni for 

anhydrous calcium sulphate. Residual water readsorbs on the sample, leading to a lower than expected 
equilibrium aniount seen in the moisture reabsoiption curves. 
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Figure 4. Moisture reabsorption at 20x1 O3 PPMv water for small-scale MgO/Ce02 samples. 
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Figure 5. Moisture reabsorption at 1 .lx104 PPMv water for small-scale MgO/CeOz samples. 
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Sample I.D. 

- 

1-55 I 17.91 i 0.10 I 6 I 89 I 0.21 I 0.54 1 0.27 I 0.31 

Surface area Ce/Mg Initial Total Experimental Theoretical 
(m2/g) wt.%* Rate Moisture Water Loading Water 

(wtoh/hr) Uptake (mg/m’) Loading 
(WtYO) (mg/m’) 

1-25 2.36k0.02 

1-28 7.85 k0.04 

1-3 1 6.31 k 0.01 

1-45 14.55 i 0 . 0 3  

Ce Mg 

60 39 0,37 0.06 0.25 0.25 

46 53 0.09 0.22 0.28 0.28 

29 70 0.11 0.15 0.24 0.30 

4 95 0.22 0.33 0.22 0.33 

i 0.04 

0.55 

0 100 0.12 0.33 0.27 0.34 

13 

Sample I.D. Initial Rate Total Moisture Uptake 
(wt%/hr) (wtY0) 

1-28 

1-3 1 

0.22 0.29 

0.25 0.24 



Table 111. Surface areas, initial rates of water reabsorption at 27% RH, total moisture uptake (wt.%) and 
total surface water loadings (mg/ni2) for the five different Ce02/Mg0 samples. 

Surface area 
(n1”/s) 

3.13 k 0.03 

7.32 k 0.04 

Sample I.D. Initial Rate Total Moisture Uptake Surface Water Loading 
(wt.%/hr) (wt%) (mg/m*) 

0.41 0.13 0.42 

0.49 0.27 0.37 

1 1-45 

I 1-55 

.I 

B 

B 
c .I 

J 

+d 

4 U 

n 
L 
U 
P 
6 
M 
M 
. 
E 

6.47 5 0.04 I 0.55 I 0.30 0.46 I 
15.11 kO.10 1 1.20 1 0.58 I 0.38 

17.91 k 0.10 1 0.99 I 0.97 0.54 

2 4 6 8 10 12 14 16 18 20 

Surface area (m2’g) 

Figure 5. Linear correlation between surface area and total water uptake in units of (mg/g) at 2.7% RH. 
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Large-Scale Reabsoiptioii Studies 
As part of an effort to support the joint LANL-Hanford test plan for SFE requalification, two large-scale 

batches of MgO/Ce02 sui-rogates were prepared and calcined in accordance with tlie synthesis provided by 

Hanford. Both samples were highly crystalline after calcination at 950 "C for 2 hours as evidenced by the 

X-ray powder diffraction patterns (not presented). Like the small samples, two oxide components were 
present, iianiely CeOz and the synthetic nzineral periclase (MgO). Comparing X-ray diffraction patters 

between the small and large-scale samples, the larger inaterials appeared to contain around 40-50 wt.% Ce. 
Figure G shows the moisture reabsorption at 1.1 x103 and 1. lx104 PPMv water for approximately 500 g of 
oxide material as % weight gain versus time. Compared to the gram-sized samples, the rates for 500 g r a m  
at 1 . 1 ~ 1 0 ~  and l.lx104 PPMv were smaller at 4 . 6 ~ 1 0 . ~  and 0.19 wt%/lu, respectively. Table IV 

sunuiiarizes the moisture data for samples LI and LII. 

As expected, tlie aniouiit of time to reach equilibrium at 1. 1x104 PPMv (27% RH) is on tlie order of many 

hours compared to one hour or less for the 5-gram samples. Sinlilar results were noted for tlie lower 

humidity studied. Both samples had relatively large surface areas (around 11 and 15 m2/g), which most 

likely contributed to the large weight gains (LI = 0.39 and LJI = 1.1 wt. %). The large surface areas 
probably contribute to the major discrepancies in moisture uptake results between LANL and Hanford. For 
example, under ambient benchtop conditions at Hanford (around 50% RH), 503 g of sample readsorbed 

only 0.55 wt%7 compared to 1.1 wt.% at 1 . 1 ~ 1 0 ~  PPMv for our studies. The difference between our two 
results will never be determined unless personnel at Hanford analyze their samples for surface areas. 

111. Summary and Conclusions 

In suinmary, tlie 0.5 wt% criterion is niet for all surface areas and Mg contents at 1 . 1 ~ 1 0 ~  PPMv water 
(small and large-scale), but a more conservative estimate would be less than 14 niz/g for surface area. 
Furthermore, the 0.5 wt.% criterion was exceeded at 2 . 0 ~ 1 0 ~  and 1 . 1 ~ 1 0 ~  PPMv water for two samples, I- 
45 and 1-55, both containing greater than 90% Mg. 

Surface areas for the sui-rogates also appear to be much larger than actual PuOz/MgO materials, which 

should be accounted for when analyzing moisture data and determining the time between calcination and 

packaging. As an example, the MIS program recently characterized and studied moisture uptake on a 

Hanford sample, R440, originating from their magnesium hydroxide precipitation process. '' The material 
was calcined according to the 3013 standard and shipped to LANL for analysis with a final surface area and 
Pu content of 3.88 n?/g and 63%, respectively. Remaining components were listed as MgO and 100-1000 
ppni of U, Th, Fe, Cr, Ni, Ti. Moisture reabsorption was performed on the as-received sample with the 
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humidity around 50%. At equilibrium, sample K440 picked up 0.25 weight % in 24 hours, which 
corresponds to 0.64 m'lg, in satisfactory agreement with surrogate sample 1-28, 0.42 m2/g at 27% RH. 
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Figure 6. Moisture reabsorption at 1. lx103 PPMv (LI)) and 1. lx104 PPMv water (LII) for approximately 
500 g Ce02/Mg0. 
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Table IV. Surface areas, initial rates of water reabsorption at 2.7 and 27% RH, total moisture uptake 
(wt.%) and total surface water loadings (mgiiii’) for the two large-scale Ce02/Mg0 samples LI and LII 

Sample 
I.D. 

LI 

LII 

Surface Initial Rate Total Moisture Surface Water 
area (wt. %/hi’) Uptake Loading (mg/m2) 

(m2/g) (WtYO) 

11.24 rt 0.04 4 . 6 ~ 1 0 . ~  0.44 0.39 

15.02 rt 0.03 0.19 1.1 0.73 
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