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UTILIZATION OF C s 1 3 7 TO GENERATE A RADIATION BARRIER FOR WEAPONS 
GRADE PLUTONIUM IMMOBILIZED IN BOROSILICATE GLASS CANISTERS 

L. J. Jardine, G. A. Armantrout and L. F. Collins 
Lawrence Livermore National Laboratory 
7000 East Avenue 
P. O. Box 808 
Livermore, CA 94551 

ABSTRACT 

One of the ways recommended by a recent National Academy of Sciences study to 
dispose of excess weapons-grade plutonium is to encapsulate the plutonium in a 
glass in combination with high-level radioactive wastes (HLW) to generate an 
intense radiation dose rate field. The objective is to render the plutonium as 
difficult to access as ;he plutonium contained in existing U.S. commercial spent 
light-water reacto- (LVVR) fuel until it can be disposed of in a permanent geological 
repository. A radiation dose rate from a sealed canister of 1000 rem/h (10 Sv/h) at 
1 meter for at least 30 years after fabrication was assumed in this paper to be a 
radiation dose comparable to spent LWR fuel. This can be achieved by encapsulating 
the plutonium in a borosilicate glass with an adequate amount of a single fission 
product in the HLWs, namely radioactive C s 1 3 7 . One hundred thousand curies of 
C s 1 3 7 will generate a dose rate of 1000 rem/h (10 Sv/h) at 1 meter for at least 30 years 
when imbedded into canisters of the size proposed for the Savannah River Site's 
vitrified high-level wastes . The United States has a current inventory of 54 MCi of 
C s 1 3 7 that has been separated fror- defense HLWs and is in sealed capsules. This 
single curie inventory is sufficient to spike 50 metric tons of excess weapons-grade 
plutonium if plutonium can be loaded at 5.5 wt% in glass, or 540 canisters. 
Additional C s 1 3 7 inventories exist in the United States' HLWs from past ' 
reprocessing operations, should additional curies be required. Using only one fission 
product, C s 1 3 7 , rather than the multiple chemical elements and compounds in 
HLWs to generate a high radiation dose rate from a glass canister greatly simplifies 
the processing engineering requirements for encapsulating plutonium in a 
borosilicate glass. 

INTRODUCTION AND BACKGROUND 

The Clinton Administration has identified the disposition of excess plutonium and 
highly enriched uranium from the dismantlement of nuclear weapons as one of the 
most challenging problems for the U.S. Government to solve. An Interagency 
Working Group is to provide coordination among the multiple U.S. Government 
bureaus and departments involved. The U.S. Department of Energy (DOE) has a 
Special Fissile Materials Disposition Program Office to address the problem. Near-
term activities for this office include identifying and characterizing alternative 
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approaches to opposition of special fissile materials and completing documentation 
required by the National Environmental Policy Act for implementation of 
disposition alternatives. A recent National Academy of Sciences (NAS) study 
examined ways to dispose of excess plutonium and highly-enriched uranium. 1 

The three preferred disposal options in the NAS study are (1) transforming the 
plutonium into intensely radioactive spent fuel similar to that already produced by 
existing commercial reactors, (2) vitrification of the plutonium with radioactive 
high-level wastes (HLW) in the form of glass logs, and/or (3) direct disposal in deep 
boreholes. 

The Lawrence Livermore National Laboratory (LLNL) has the lead responsibility for 
assessing immobilization of plutonium in glass or ceramic disposition forms, for 
assessing geological disposition, and in assisting the DOE in evaluating other 
disposition alternatives. This is being done using systems engineering to 
systematically define and evaluate the options and alternatives. 

The NAS study introduced the term "spent fuel standard." Meeting a spent fuel 
standard means to render plutonium as inaccessible as the plutonium found in 
spent fuel from existing commercial reactors. The magnitude of the radiation field 
barrier from decay of radioactive fission products would be one crucial metric of a 
spent fuel standard. An important requirement for this radiation field barrier is a 
long life. Of the over 100 radionuclides in HLW, the most persistent gamma-ray 
emitter is C s 1 3 7 , which has a 30-year half-life. Cesium-137 is also the dominant 
gamma emitter in aged spent-fuel from existing commercial light water reactors. 
The C s 1 3 7 gamma ray is penetrating and requires 7 cm of steel to reduce its intensity 
by an order of magnitude. 

Further, cesium can be incorporated in a borosilicate glass matrix. Using a single 
chemical element as the radioactive source to generate a radiation field barrier 
significantly simplifies the process flowsheets for vitrifying plutonium in a glass 
matrix, when compared to using multiple fission products of varying 
concentrations as would be required for incorporation of HLW. A substantial 
inventory of relatively pure C s 1 3 7 was separated from the Hanford HLW and is 
currently stored in sealed capsules at various sites as cesium chloride. If sufficient 
inventories of these C s 1 3 7 capsules exist, then further extraction is not required from 
existing HLWs. Cesium capsules can be readily transported to any site selected for 
the vitrification facility. 

ASSESSMENT, ASSUMPTIONS, CHARACTERISTICS, INVENTORY, AND 
CALCULATIONS 

This paper describes the feasibility assessment and calculational approach in the 
following subsections. These subsections cover (1) assessment objectives, (2) key 
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assumptions, constraints and limitations, (3) radiological characteristics of C s 1 3 7 , 
(4) current U.S. inventories of separated C s 1 3 7 , and (5) a set of parametric 
calculations and sensitivity analyses making up the feasibility assessment. 

Assessment Objectives 

Technical feasibility is assessed for using C s 1 3 7 as the radiation barrier in canisters of 
plutonium encapsulated in glass. This assessment is based on the radioactive decay 
properties of C s 1 3 7 , the current inventory of C s 1 3 7 in U.S. defense wastes, the 
compatibility of C s 1 3 7 with the envisioned glass vitrification process, and the 
expected time frame for completing disposition. 

Assumptions, Constraints, and Limitations 

The inventory of excess weapons-grade plutonium requiring encapsulation in glass 
is assumed to be 5C metric tons. Canister dimensions used for encapsulating high-
level wastes at the Savannah River Site (SRS) are assumed. 2 The SRS canisters are 
constructed of 304L stainless steel having a 0.375-cm (3/8-in.) wall thickness, a 61-cm 
(24-in.) o.d., and an overall height of 3 m. Canisters are partially filled to contain 
some 1680 kg of glass. Glass density is taken as 2.73 g/cm 3 . Using these numbers, the 
glass radius would be 29.5 cm, and it would have an effective height of 2.2 m. 

Radiological Characteristics of C s 1 3 7 

Cesium-137 has a 30-year half-life. It beta-decays to B a 1 3 7 (5%) and B a 1 3 7 m (95%).3 The 
B a 1 3 7 m then decays with a half-life of 153 seconds through an isometric transition to 
the stable form, Ba 1 3 7 . About 90% of the B a 1 3 7 m decays produce the penetrating 
662-keV gamma-ray. The gamma yield from metastable barium equals 85% (90% of 
the 95% yield) of the C s 1 3 7 activity, which is 87 Ci/g. The 30-year half-life should be 
adequate for the interim storage period that will be needed before permanent 
geologic disposal of the glass canisters can be implemented. 

Current C s 1 3 7 Inventories 

Most of the current U.S. inventory (some 1x10' curies of all radionuclides in 
397,000 m 3 of HLW, as of December 1990) is the result of past DOE defense activities 
and is stored at the SRS, Hanford (HAN) or at the Idaho Nuclear Engineering 
Laboratory (INEL). A small amount (2,200 m 3 containing of 3xl0 7 Ci) of commercial 
HLW was generated during 1966-72 commercial reprocessing operations at the West 
Valley Demonstation Plant (WVDP). Details of these inventories are maintained in 
? U.S. integrated database. 4 ' 5 Except where noted, the inventory data and 
descriptions in this section are taken directly from those references. 

f 
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Approximately 131,700 m 3 of alkaline HLW has accumulated at the SRS during the 
past three to four decades. This HLW is being stored in underground, high-integrity, 
double-walled, carbon-steel tanks. The current inventories include alkaline liquids 
(61,300 m 3 ), sludges (14,800 m 3), salt cakes (55,500 m 3), and precipitates (125 m 3 ) that 
were generated primarily by the PUREX reprocessing of nuclear fuels and targets 
from production reactors. All the SRS wastes totaled 5.6x08 curies (December 1990). 

The 12,000 m 3 of HLW stored at INEL consists of 8,500 m 3 of liquid waste and 
3,500 m 3 of solid calcine. Liquid HLW was generated at the Idaho Chemical 
Processing Plant primarily by the reprocessing of spent fuel from naval propulsion 
reactors and reactor testing programs. This acidic liquid waste is stored in 
underground stainless-steel tanks that are housed in concrete vaults. Most waste 
was then converted to a calcine solid and storedretrievable stainless-steel bins that 
are housed in underground reinforced-concrete vaults. The INEL wastes total 
6.3xl0 7 curies (December 1990). 

Commercial reprocessing at the Nuclear Fuel Services plant was terminated in 1972, 
and no additional HLW has been generated since that time. As of December 1990, 
the 1,231 m 3 oi ilLW stored at WVDP consists of 1,136 m 3 of alkaline waste (1,090 m 3 

of liquid plus 46 m 3 of sludge), 50 m 3 of acidic waste, and 45 m 3 of an inorganic ion-
exchange material (a zeolite) loaded with radioactive cesium (Cs 1 3 4 , C s 1 3 5 , and 
Cs 1 3 7 ) . The alkaline waste was generated by reprocessing commercial and Hanford 
N-Reactor spent fuels. As generated, the waste was acidic; treatment with excess 
sodium hydroxide resulted in the formation of an alkaline sludge. The small 
amount of acidic waste now in storage was generated by reprocessing a batch of 
thorium-uranium fuel from the Indian Point-1 Reactor. Storage of the alkaline 
waste is in an underground carbon-steel tank, while the acidic waste is stored in an 
underground stainless-steel tank. The total curies at the West Valley site is 2.7xl0 7 

(December 1990). 

The 253,600 m 3 of alkaline HLW stored at HAN are categorized as liquids 
(26,400 m 3 ) , sludges (46,000 m 3 ) , and salt cakes (93,000 m 3) that are stored in 
underground single-shell tanks and as slurries (88,200 m 3 ) that are stored in 
underground double-shell tanks. This waste, which has been accumulating since 
1944, was generated by the reprocessing of production reactor fuel for the recovery of 
plutonium, uranium, and neptunium for defense and other national programs. In 
all, these HAN wastes contain a total of 3.9xl08 curies (December 1990). 

Most of the high-heat-emitting isotopes (Sr 9 0 and C s 1 3 7 , plus their separable 
daughters) were removed from the old waste at HAN, converted to solids 
(strontium fluoride and cesium chloride), placed in double-walled capsules, and 
stored in a water basinA 6 ' 7 
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According to David Peeler of the Pacific Northwest Laboratories, some 1577 cesium-
containing capsules were fabricated at the Hanford Reservation'. Of those 1577 
capsules, some 961 are stored at HAN, 371 are stored at other locations, and 245 have 
been cut or destroyed. The 963 at HAN and 371 at offsite locations contained an 
average of 4xl0 4 curies per capsule, as of April 1994. The 963 HAN capsules contain a 
total of 39 MCi (megacuries), and the 371 offsite capsules contain 15 MCi. In this 
paper, we assume that the full 54 MCi (39+15) are available for use in plutonium 
disposition. 

Casks have been routinely used to ship the capsules to various sites for various 
radiologic applications. The encapsulated cesium is in the form of cesium chloride, 
and it contains some 2-6 wt% of impurities, which are primarily sodium, 
aluminum, magnesium, potassium, nickel, iron, chromium, and silicon.6 

Parametric Calculations and Sensitivity Analyses 

A series of radiation shielding and other pr.rametric studies for C s 1 3 7 in borosilicate 
glass canisters was performed using the commercial MicroShield® point-kernel 
code. 8 The radioactive cesium was assumed to be uniformly distributed throughout 
the borosilicate glass. In turn, the glass was assumed to be inside SRS HLW canisters 
(0.3-m-radius by 2.2-m-high glass cylinder with a specific gravity of 2.7, surrounded 
by a 0.95-cm-thick steel wall). The dose point was taken to be midway down the 
cylinder length and 1 meter out from the steel shell. These calculations show that 
lxlO 5 curies of C s 1 3 7 are required per canister to generate a radiation field of 1000 
rem/h (10 Sv/h) at 1 meter some 30 years after the glass canister is filled. The lxlO 5 

curies are generated by 1.2 kg of C s 1 3 7 . Within the point-kernel approximation, 
external gamma radiation is linear in C s 1 3 7 content, and this is illustrated in Fig. 1 
[INSERT Fig. 1 HERE]. Linearity means that 0.6 kg of C s 1 3 7 produces half the 
radiation dose of that for 1.2 kg. Figure 2 [INSERT Fig. 2 HERE] shows how the dose 
rate decreases with increasing distance from the canister surface. Figure 3 [INSERT 
Fig. 3 HERE] shows how the radiation field varies with position along the length of 
the glass cylinder. 

The number of glass canisters must be known, if the 54 MCi of separated and 
encapsulated C s 1 3 7 are to be sufficient to generate a radiation barrier for 50 metric 
tons of plutonium. The maximum plutonium content in borosilicate glass has not 
been determined. Figure 3 shows a graph of the number of containers required to 
encapsulate 50 metric tons of plutonium for various plutonium loadings. For this 
study, plutonium loadings in glass logs were assumed to range between 0.1 and 
10 wt%. From Fig. 4 [INSERT Fig. 4 HERE], a 0.1 wt% loading requires 30,000 
canisters and a 10 wt% loading requires 300 canisters. Canister minimization is 
highly desirable to reduce wastes and costs associated with handling operations, 
material consumption, transportation, and geologic disposal. The highest tolerable 
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loading will likely be established by nuclear criticality rather than by chemical or 
mechanical requirements on the glass. 

From the MicroShield® calculations described above, 1x10 s curies of C s 1 3 7 are 
required for a single canister to generate a 1,000 rem/h dose rate at 1 meter after 
30 years. Since the total inventory is 54 MCi, 540 glass canisters can be fabricated with 
lxlO 5 Ci each, to meet this radiation specification. Each of the 540 glass canisters will 
contain about 93 kg of the 50 metric tons of excess plutonium stock. Since the glass 
in a canister weighs 1680 kg, this implies a plutonium-in-glass loading of 5.5 wt%. 
This works out to a cesium-to-plutonium weight percentage of 1.3% for the required 
1.2 kg of C s 1 3 7 

A recent paper by Westinghouse-Hanford personnel proposes combining cesium-
137 with plutonium oxide in containers several centimeters in diameter and several 
centimeters high. 9 fheir calculations show that a 10 wt% cesium-to-plutonium 
content is required to achieve 1,210 rem/h at 20 years. Exponentially decaying this 
value to 30 years yields 960 rem/h. 

We modeled the hypothetical addition of cesium to plutonium oxide inside of 
typical DOE plutonium shipping containers. These containers have an outside 
diameter of 15.2 cm (6 in.) and a steel wall thickness of 0.95 cm (3/8 in.) Assuming 
that the 5 kg PuC>2 mass has a unity specific-gravity leads to an effective powder 
height of 37 cm. Modeling with MicroShield® shows that 2.3xl0 4 Ci of C s 1 3 7 would 
be required for a 1,000 rem/h dose rate at 1 m for the DOE plutonium shipping 
containers after 30 years. Based on 4.5 kg of plutonium, this calculation shows a 
cesium-to-plutonium weight percentage of 6%, which is in approximate accord with 
Ref. 9. The important point here is that the ratio of required cesium to plutonium is 
higher for small shipping containers as compared to large glass-filled canisters 
(6 wt% versus 1.3 wt%). This means that the existing stock of separated C s 1 3 7 will go 
further in the larger glass-filled canisters. In addition, heavy glass-filled canisters are 
more desirable from a safeguards and security perspective. 

CONCLUSIONS 

This study establishes the technical feasibility of using the existing U. S. stock of 
separated C s 1 3 7 in cesium chloride capsules as the gamma source to provide a 
radiation barrier for excess weapons grade plutonium encapsulated in glass. The 
alternative to using a single fission product, C s 1 3 7 , is to feed a highly variable HLW 
composition stream containing a multitude of fission products to a melter. Direct 
use of HLW could introduce some uncertainties in the final glass composition that 
could effect geologic performance. Further, the high-level wastes at HAN, SRS, and 
WVDP do not contain concentrations of C s 1 3 7 large enough to directly generate a 
1000 rem/h radiation barrier. To increase the radiation barrier level, complex 
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chemical recovery and cesium concentration process operations on the HLWs 
would have to be designed and performed prior to any glass encapsulation 
operations. 

The use of the single fission product C s 1 3 7 for generating a gamma-radiation field 
offers significant advantages in developing the engineering solutions for 
vitrification of excess plutonium. For example since only two chemical compounds 
of plutonium and cesium need to be added to a borosilicate glass, the glass frit 
composition can be more readily tailored to make a vitrified product with optimum 
geologic performance. These process feed stream simplifications allows the 
engineering of simplified vitrification process equipment due to only three streams 
(Pu, Cs and glass frit) feeding a melter. The fact that the cesium is already separated 
also means that: (1) the C s 1 3 7 can be transported to any site capable of hosting a 
vitrification facility, including one that is not constrained to be located at SRS or 
Hanford or INEL and, (2) a sufficient inventory is available so that cesium recovery 
from its current dilute forms at the HLW defense wastes is not required for any 
vitrification process. 

In addition, the cesium capsules are regarded as an unacceptable waste form issue 
for direct geologic disposal since cesium chloride is water soluble and the cesium 
isotope is fairly long lived. 1 0 The utilization and incorporation of C s 1 3 7 into a 
borosilicate glass matrix generates an acceptable waste form for geologic disposal and 
resolves a current DOE environmental waste management issue, should 
encapsulation of excess weapons-grade plutonium in glass be selected by DOE as a 
disposition alternative. 
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FIGURE CAPTIONS 

Fig. 1. Dose rate versus cesium loading. 

Fig. 2. Dose rate versus radial position. 

Fig. 3. Dose rate versus lateral position. 

Fig. 4. Canisters needed to encapsulate 54 Mg of Pu in glass. 
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Figure 1 : Dose Rate Versus Cesium Loading 
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Figure 2: Dose Rate Versus Radial Position 
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Figure 3: Dose Rate Versus Lateral Position 
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Figure 4: Canisters Needed to Encapsulate 54 Mg 
of Pu in Glass 
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