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ABSTRACT

A feasibility study was undertaken of a gaseous core nuclear reactor
designed to produce power to also reduce the national inventories of long-
lived reactor waste products through nuclear transmutation. Neutron-induced
transmutation of radioactive wastes can be an effective means of shortening

the apparent half life.
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NﬁCLEAR WASTE DISPOSAL UTILIZING A GASEQUS CORE REACTOR

Introduction

A major objection to the increased use of nuclear electric-power generation
stems from envisioned difficulties related to the disposal ana management of
hazardous radioactive wastes. The vast majority of radiocactive wastes are
short-lived and easily managed with #resent waste disposal management techniques.
However, several isotopes present 1; nuclear fission reactor wastes have half-
lives of several thousands to several millions of years; These problem wastes
are the main point of focus in the debate over disposal of nuclear wastes.

Ultimate disposal of the extremely long-lived wastes could reduce the
waste disposal problem to humanly controllable time scales. Removal of long-
lived wastes from the total accumulated waste would be the first step in this
direction. Separation of iodine-129, the trans-uranium actinides, and other
long-lived isotopes could be accomplished at several different stages in the
waste disposal cycle. This could mean extraction at the fuel reprocessing site,
after a five to ten year cool-down period, or after a 20 to 30 year decay
interval. These separated long-lived wastes would be disposed of by methods
whiéh would completely remove them from the biosphere and hence any further
consideration. Extraterrestial transport of nuclear wastes (ETT) may become
feasible in 1light of recent advances in the space program. Ultimate disposal
into deep space or the sun is a remote possibility. The only other presently
known method of ultimate disposal is through the process of neutron-induced
nuclear transmutation. Induced nuclear transmutation of radioactive wastes
converts long-lived problem wastes into relatively harmless short-lived or

stable isotopes.
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TRANSMUTATION OF RADIOACTIVE WASTES

The concept of neutron-induced transmutation of radioactive wastes was
first suggested by Stelnberg et al. [1] as a means of effectively shortening
the half-lives of waste Kras, Stgo, and C8137. This would be accomplished in

a neutron flux through the reactions

Krss(n,y)Kr86(stable)

90 91 B 91 B8 91
Sr” "(n,Y)Sr m Y 8.6 d Zr “(stable)
Csl37(n.Y)Cs138 Eigi—a* Bal3e(stab1e)

In examining the neutron capture cross sections for those reactions they con-

16 n/cmzsec would be necessary for

cluded that neutron fluxes approaching 10
shortening the half-lives appreciably. They further suggested that the most
logical approach would be through the use of dual-purpose facilities for power
production and waste transmutation. In such a scheme the major cost of waste
burning, namely the cost of producing neutrons, is written off against the
cost of electric power generation.

Wolkenhauer [2] has studied transmutation of high-yleld fission products

Srgo and 03137 in a controlled thermonuclear reactor (CTR) blanket. Gore and

Leonard [3] have also studied transmutation of massive loadings of Cs137 in
CTR blankets with special fiux trap designs. C5137 represents the most dif-
ficult case for this technique because it has the lowest thermal neutron cap-
ture cross section of the moderately long-lived fission products. These
schemes appear attractive since the CTR power plant operating on a deuterium-

tritium fuel cycle would produce an excess of neutrons. Within a few decades

such systems may be found technically and economically feasible.
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Claiborne [4] hus considered disposal by transmutation of transuranium
actinide wastes. Most of those long-lived alpha emitters have appreciable
neutron capture and/or fission cross sections. Table 1 gives the capture and

fission cross sections at thermal and resonance energies used by Claiborne.

Actinide transmutation occurs by direct fission such as

Am242m(n,f)
and

an?*4(a, ) |

or by neutron capture followed by fission such as

a0, v)An2*2 (0, £)
and

Am243(n.Y)Am2“(n.f) .

In this scheme, those long-lived actinides are continuously recycled back

into power reactor fuel elements and in this manner burned out. At fluxes
presently available in power reactors (1013 -5x 1013 n/cmzsec) this would be
a somewhat slow process spanning over several decades. Furthermore, serious

problems arise in handling and safeguarding the recycled actinides during

fabrication of fresh fuel elements.

Requirements for “Franamutation of Radioactive Waste

Given a high enough neutron flux or a long enough period of irradiation

any isotope with a non-zero neutron capture cross sectlion can be iransformed

into other 1sotopes.--ﬂovever, the transmutation of radioactive waste imposes

a number of constraints upon the process.
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TABLE 1. THERMAL CROSS SLECTIONS AND RESONANCE INTEGRALS
FOR CAPTURE AND FISSION IN THE
TRANSPLUTONIUM ACTINIDES

Thermal Cross Sections Resonance Integrals
Nuclide (barns) (barns)
Capture Fission Capture Fission
241 '
gsAm 925 3.1 2150 0
M242m ‘
95 2000 6000 0 0
243
gshm 0 2900 0 0
243
gshm 105 .5 1500 1.5
244 ~
gshm 0 2300 0 0
245
gsAm 0 0 0 0
242 »
gehm 30 5 0 0
Ap243
96 200 600 500 1850
cn244
96 10 1.2 650 12.50
cn245 -
96 343 1727 120 1140
cn246
96 1.3 0 121 0
cn24?
96 60 120 500 1060
248
96C™ 3.6 0 170 0
249
96" 2.8 50 0 0
250
96" 2 0 0 0
249
97Bk 1450 0 1240 0
By 250
97 350 3000 0 0
cg249
98 450 1690 1.5 2920
c§250
98 1900 0 11600 0
cg251
98 2850 3750 1600 5400
g252
98 19.8 32 44 110
9gCE253 12.6 1300 0 0

9gC£254 50 0 1650 0
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The selection of prospective candldates for waste transmutation must
begin with the radiocactive wastes themselves. Reaction rates for neutron;
induced transmutation processes can be gpecified in terms of neutron capture
and/or fission cross sections. Unfortunately, high-yield fission product
wastes have small neutron capture cross sections. An example is the cap-
ture cross section for the (n,Y) reaction in 10.7 year half-life Kras.
At the time of Steinberg's study [1], the thermal neutron capture cross

section of Kr85 was belleved to be 15 barns. Using this figure it was con-

cluded that disposal by transmutation at Kras could be economically and tech-
nically feasible. A recent measurement [5] of this cross section found it

to be 1.66 £ 0.20 b. Thus, an order of magnitude increase in the fluence is
required to reach feasible transmutation levels.

Another criterion for neutron-induced transmutation of radioactive waste is
isotropic purity. If maximum utilization of available neutrons is to be achieved
isotopic impurities of a given waste isotope must be eliminated or reduced to
lowest possible content. 1In the case of Kr85 transmutation, three stable krypton
isotopes, Krsa, Kraa, and Kr86 are present with krss in fission wastes. The
low concentratioq of Kr85 in krypton wastes (7.2 percent) and its low capture
cross section compared with Kr83 (0c ~ 2.5 barns) makes enrichment of Kr85
necessary.

A final requirement for successful transmutation of radioactive waste is
that the end product nuclide of the transmutation process be no more hazardous
than the initial waste product. The ideal end product of a transmutation
process would be a stable nuclide with a zero neutron capture cross section.

A nearly ideal nuclide in this respect is waste Ilzg(tll2 = 15.9 x 106 years) .

The transmutation reactions in this case are
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Introduction

A major objection to the increased use of nuclear electric-power generation
stems from envisioned difficulties related to the disposal an& management of
hazardous radioactive wastes. The vast majority of radioactive wastes are
short-lived and easily managed with ﬁresent waste disposal management techniques.
However, several iéotopeé present i; nuclear fission reactor wastes have half-
lives of several thousands to several millions of years. These problem wastes
are the main point of focus in the debate over disposal of nuclear wastes.

Ultimate disposal of the extremely long-lived'wastes could reduce the
wvaste disposal problem to humanly controllable time scales. Removal of long-
lived wastes from the total accumulated waste would be the first step in this
direction. Separation of iodine-129, the trans-uranium actinides, and other
long-lived isotopes could be accomplished at several different stages in the
waste disposal cycle. This could mean extraction at the fuel reprocessing site,
after a five to ten year cool-down period, or after a 20 to 30 &ear decay
interval. These separated long-lived wastes would bé disposed of by methods
whiéh would completely remove them from the biosphere and hence any further
consideration. Extraterrestial transport of nuclear wastes (ETT) may become
feasible in light of recent advances in the space program. Ultimate disposal
into deep space or the sun 18 a remote possibility. The only other presently
known method of ultimate disposal is through the process of neutron-induced
nuclear transmutation. Induced nuclear transmutation of radioactive wastes
converts long-lived problem wastes into relatively harmless short-Lived or

stable 1sot9pes.

LT
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I130m

Ilzg(n.Y) I.T.l 8.9m
B> A% oy R
B‘l 12.4 hr e‘lax
Xe130 (n,Y) Xen1 (n,Y) Xe132
(stable) (stable) (stable)

Thus even with several reaction paths the vast majority of 11

29 wiiim;;‘;An-
verted to stable isotopes of xenon. The situation is more complex in the case
of actinide waste transmutation. In a sustained irradiation of waste actinides,
such as curium, quantities of higher actinides, such as berkelium and califor-

nium will inevitably be formed. These higher actinides are generally alpha

eniiters with varying half-lives.

Transmutation Systems and Waste Disposal

9

The transmutation of 112 is first examined in the following. After a

160~day decay period, the short-lived iodine isotopes 1128. 1130. 1131. 1132

133 127

and I decay away leaving stable I 129

and the 15.9 x 10° year half-life, 1'%7.

The spent fuel from present day LWRs contains about 40 grams/MTU of 1127 and

231 grams/MTU of 1129 at 160 days after discharge and 33,000 MWD/MTU burnup.

These two isotopes constitute roughly 0.78 percent of the total fission product

129

wvastes with the I isotope being about B5 percent of this amount.

The proposed means for disposal of 1129

is by neutron capture to I130 which beta decays with a 12.4 hour half-life to

stable Xe130. The thermal neutron capture cross section for the (n,Y) reac-

tion in 1129 i3 28 barns and the resonance integral is 50.4 barns. The re-

maining 15 percent of LWR iodine wastes is stable 1127 with a thermal neutron

by induced nuclear transmutation

absorption cross section of 6.2 barns and a resonance integral of 177 barns.
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A schematic of the proposed system Is shown In Flgure 1. The 85 percent
1129-15 percent 1127 mixture avallable directly from the fuel reprocessing
9
plant as liquld 12 would be enriched to 95 percent Yl? In an tsotope enrfch-

ment facility. A lascr 1sotope separation facility would be ideally suited

. 129
for such a small scale operation. The enrlched 1 would be Inserted In

the core of the power-burner reactor in a suitable concentration. The 1129
upon capturing a neutron and decaying to stable xenon lsotopes, primarily

Xe130 could be harmlessly vented to the atmosphere or sold commercially.

129

The specification of I enrichment is optional, but desirable from the

b )
standpoint of maximum neutron utilization for 11‘9 burning. 1f 100 kg of

1
unenriched iodine waste (85 percent 1129-15 percent 1 27) is initially loaded

for transmutation and exposed to a thermal neutron fluence such that 50 kg

1129 are transmuted, then about 2.6 kg of stable 1127 are also transmuted

to stable Xe127. Irradiating 95 percent I129 enriched iodine in the same

of
fluence results in the transmutation of 55 kg of 1129 and only 0.9 kg of 1127.
The actinide transmutation system would involve loading of several waste
isotopes simultancously for transmutation. The actinide wastes considered
here are the isotopes of americium and curium. The amounts of the signifi-
ctant isotopes present in LWR fuel wastes following a ten year decay period
are shown in Table 2. The two prevalent isotopes are Amzl‘1 and Am243. The
most important isotope present in curium wastes is the 18.1 year half-1life
szaa. A decay Interval of ten ycars after discharge from the reactor is
reasonable to allow the wastes to cool down. Following this cool-down period
the wastes would be loaded into the power-burner rcactor for transmutation.
After irradiation the transmuted waste would be removed from the reactor and

stored to allow decay of short-lived actinides. Following this cool-down

period the fission product wastes would be chemically removed and the remaining
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Figure 1. Pathway for I Waste Transmutation

in the Gascous-Core Reactor.
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TABLE 2. RELATIVE AND ABSOLUTE AMOUNTS OF AMERICIUM AND
CURIUM ISOTOPES PRESENT IN AMERICIUM AND
CURIUM WASTLES FROM ATLANTIC 1 REFERENCE LWR FUEL AT

TEN YEARS AFTER DISCHARGE AT 33,000 MWd/MTU BURNUP

Concentration Percent of
Isotope in Grams in Isotope
Spent Fuel Spent Fuel Load Present in
Grams/MTU Element
An241 48.3 4166.84 32.37
e .92 79.37 .62
e Lid <0 .001 Insignificanteee
An243 100 8627.0 67.01
An2‘4 Insignificant* Insigniticant** Insignificanteee
Anz‘s Insignificant* Insignificant** Insignificantees
Total Am 149.22 12873.21 100
ca?4? 2.21 x 1073 .191 Insignificant**e
Cllz‘3 .0679 5.86 .28
Cl24‘ 22.1 1906.57 89.98
an‘s 2.14 184.62 8.72
an‘s .251 21.65 1.02
P 3.31 x 1072 .286 Insignificant®**
Cn248 2.29 x 10-‘ .0198 Insignificant®***
Cn249 Insignificant® Insignificant** Insignificant®**
C.ZSO Insignificant* Insignificant** Insignificant®***
Total Cm 24.56 2119.20 100

*Denotes S 1073 grams/MTU.

**Denotes < 10-3 grams,
***Denotes S 0.1\,
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actinides would be recycled Into the next loading of waste. A schematie of

the actinide transmutation system is shown in Figure 2.

THE GASEOUS-CORE NUCLEAR REACTOR CONCEPT

Gaseous-fueled, externally moderated cavity reactors have been under
theoretical investigation in the United States since about 1954. The primary
motivation for developing the gaseous-core reactor has been for high specific-
impulse nuclear rocket propulsion. The two configurations that have received
the most attention are: (1) the open cycle concept, in which the fissioning
fuel is partially confined in the core by vortex-generated hydrodynamic forces,
and (2) the closed cycle or nuclear light bulb concept, where the fuecl is
physically contained within a thin, radiation-transparent wall and recirculated
for removal of fission product poisons. Uranium-235 fu~led core reglons
ranging from 0.5 to four meters in diameter surrounded by reflector-moderator
regions of practical thickness require minimum critical masses ranging from
one to thirty kilograms. The critical particle densities of fissionable nuclel
correapond to molecular deusities of gases at less than atmospheric pressure.

N Of the hggsible gaseousﬂfhéi;rénriched uranium hexafluoride is the most
obvious first choice. It sublimes at 54.6°C at atmospheric pressure and re-
mairs completely in the gaseous state at temperatures below 2000°K [7]. Three
gaseous-core experimental facilities have been constructed to date. A 1.5
kWw(t) U235F6 fueled research reactor was congtructed in the USSR in the late
19508 [8). Two gaseous-core research reactors have been constructed in the
United States. The most recent was a spherical gas-core critical experiment
[9,10) performed in early 1970 at the National Reactor Testing Station.

The gaseous-core reactor concept has found little terrestial application

to date. A recent patent disclosure [l1] proposes a UFb fueled reciprocating
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englne.  This pulsced nuclear reactor concept g analopous to the Intermnal
combustion englne; only the working fluld I8 a UFb—Hv mixture and the spark
plug is an artificial neutron source. A detailed analysis [12] of the concept
concludes that efficiencies greater than 40 percent are attalnable. An 8400
MW(e) MHD power plant design has been proposed [13] which takes advantage of
the high temperatures generated in the fissioning uranium plasma. This analysis
concluded that large commercial power plants using a gaseous-core nuclear heat
source coupled to the MHD generator could have thermal efficlencies in excess
of 70 percent. Another design study by Gritton and Pinkel [14] indicates that
attractive power levels in reactors of practical size can be obtained with gas
pressures and wall temperatures within the potential capability of known
structural materials. For a spherical gas core reactor with a radius of 152.4
cm to generated about 4000 MW(t) would require a uranium partial pressure of
about 11 atmospheres. Practical heat removal considerations with water and
lithium as coolants limit power output to 200 to 1500 MW(t), respectively, for

a static fuel configuration.

The Dua} Purpose Gaseous-Core Power-Production, Waste Transmutation Facility

The design of such a dual purpose facility would ideally combine both the
economic production of electric power with attractive rates c¢f transmutation
for radioactive waste disposal operations. This means high efficiencies and
high neutron fluxes are necessary.

Figure 3 shows a schematic cross section of the proposed gaseous-core

15

reactor. The fuel is Ul"6 enriched to 6 percent U°"7. The interlor core reglon

is four meters in diameter surrounded by a reflecter-moderator of Dz” with a

t"‘ckness of 500 cm. The D?U {s encased In an outer veflector of 500 cm
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of reactor grade graphite. The addittonal outer graphlte retlector s pro-
vided to return as many of the neutrons to the core as possible.

Figure 4 shows a possible [low dlagram lor the UFb pascous-core reactor,
Fuel flows through the core, and is heated internally by fission energy. The

gaseous UF, leaves the reactor at 1800°K and 800 psi and enters the regenerator

6
where 1t gives it some of its sensible heat to an intermediate helium coolant
loop. The UF6 then goes through the primary heat exchanger giving up the
remainder of its sensible heat and its latent heat to the helium working fluid.
From there the UF6 liquid at 600°K enters a sump tank. Here all the volatile
fission products are removed. These include Kr. Xe, fluorlde compounds of iodine,
and several others. Nonvolatile fission products could be removed by an on-

line reprocessing stream utilizing the fluoride volatility process [15].

From the sump tank the liquid UF, is pumped through an evaporator at 800°K

6

and returned to the core.

Electric power could be produced if the helium working fluid was expanded
in a turbine and recirculated back to the heat exchanger. Assuming the waste
heat from the UF6-He cycle was rejected to the surroundings at 100°F (43°C)
and ideal Carnot efficiency of 82.47% is obtained. This simple calculation
neglects all thermodynamic irreversibilities and heat losses. The point is,
however, that this high efficiency is the result of the high temperatures
produced in the gaseous-core nuclear reactor. [1f 75% of the ideal Carnot
efficiency could be achieved in practice (typical In power plant desipn), a
system efficiency of about 657 would result. Furthermore, {f 157 of the
reactor power is used to circulate the gascous fucl and working fuel this
leaves an overall plant efficiency of 50%. A power plant with this efficiency

would reduce the amount of heat wasted to the environment by about a factor

of two over present-day power plants.
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The two meter radlus core retlected by 005 meters ol DO vequites a
2135
minimum of 14 kg of U to maintain criticality in the cold, clean condition.

Due to the buildup of fission product polsons at hot, operating conditions,

additional fuel must be added to compensate for this negative reactivity effect.

235, i
Pb (in 6% enriched UFb) is maintained in the core

Thus, a mass of 140 kg of U
at any particular instant in time. Control of excess reactivity is by means of
adjustable control rods located In the graphite reflector and by the addition of
burnable poisons in the DZU. Fine reactivity control would ideally be through
the use of these burnable poisons; specifically radioactive waste products
such as 1129. continually dissolved and burned in the 020. The control rods
would then only be used for startup and shutdown control. Further reactivity
control would be aserted through the addition of burnable radioactive wastes
in the 16 target ports. These ports, located a distance of 12 cm into the 020
reflector-moderator, would be used to load and transmute actinide wastes which
are not suitable for dissolution in the moderator. The large negative tempera-
ture coefficient associated with the gaseous fucl density, and the Doppler
coefficient of the 6 percent enriched fuel should make the reactor both very
easy to controi and inherently safe. Emergency shutdown control is provided
by injection of high-pressure, paseous BIOF.J (thermal neutron absorption cross
section, 3813 barns) directly into the core.

Let us now consider the waste transmutaiion aspects of the proposed

facility. Mention has been made of loading radioactive waste fodlne-129 in

the 020 reflector-moderator and actinide wastes In the target ports ol the

129
reactor. Waste I~ could be loaded continuously at the same rate at which

it burned up and removed from the reactor. Actinide transmutation would involve

batch loading and subsequent recycle atter an appropriate burnout period.



The question remalns ol how much radtoactive waste can be loaded fato
the reactor. Here one would like to load the largest amount possible without
poisoning the reactor out of operation. Radloactlive lodine=129 added to the
020 will primarily affect the thermal utilization factor, f. Using the known
fuel composition and reactor configuration, values of [ were computed for the

feasible concentrations of 1129 added to the D,0. A maximum concentration of

2
2600 ppm of 1129. or about 425 kg, can be added to the 020 before the reactor
becomes subcritical.

The insertion of actinides into the core of the reactor will have two
complicating effects; the addition of fuel (and hence neutrons) in the form
of fissile Amzazm. Cm2a3. szas. etc., and the addition of neutron-absorbing
fission products during the course of neutron exposure and actinide burnup.
Claiborne [4] has concluded that the effect of recycling 99.5 % of the waste
actinides back into light water reactor fuels is minimal. A maximum average
reactivity decreasc of about 0.8 percent is attained in about filve cycles
through the reactor. This reactivity decrease can be counteracted by only

about a 2% increase in the fissile material, which would nmount'(o increasing
the fuel enrichment about 0.1%.

Many of the actinides have substantial thermal fission cross sections,
shown in Table 1 and hence, can achieve criticality if assembled in sufficient

amounts. The only significant transplutonium actinide nuclides for which

I/ V4
criticality in a thermal system could occur are sz‘b that contalns tisslle Cm“a)
252 251
and Cf that contains sufficlent tarpet precursor, Cf . Because of the very
. 245 : 251
low potential critical mass of Cm (V42 p) and Ct (v10 g) the possibility

of thermal criticality must be anticipated and Included in the design. The
published data of Clark [18] indicates that concentrations of 15 g/liter for

szas and 6 g/liter for sz51 may achieve criticality in a homogencous mixture.
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Advantages and Disadvantages of the Gatcous Core Power Reactor Concept

Compared with conventional solid-core nuclear reactors the pgascous core
power reactor would have several advantages.  These advantapes and disad
vantages derive mainly from the fact that the fuel is in the gascous state.

A basically simpler internal reactor core without the nced for tuel pins,
cladding and spacers is possible. Elimination of fuel element fabrication
costs, UO2 to UF6 conversion charges would result in considerable savings

in the monetary and energy cost of power production. Continuous replenishing
of fissile fuel and continuous removal of fission product poisons would glve
rise to the possibility of continuous operation with increased fuel and
neutron economy. Due to its inherent low inventory of U2}8 and its high
neutron flux, less actinide waste is generated by the UFb pas core reactor.
Operating nuclear characteristics of the gas-core reactor were simulated with
the ORIGEN computer code [19]. Figure 5 shows the buildup of fission product
and actinide waste in the UFb reactor and in a typical LWR of equal power
output as a function of time. After three years of continuous operation the
UF6 reactor contains about one order of magnitude less of long-lived actinide
waste than the LWR. This behavior Is due to the steady-state nature ol
refueling operations, as opposed to the "batch" fuel loading technique of
present day LWRs. In addition, with continuous fuel (UJ‘H) addition and removal
of xenon and other volatile fission product poisons, fuel burnups of 250,000
to 300,000 MWA/MTU were obtained in the computer results.  The practical dis-
advantages of the UFh pas-core reactor are primarily due to the incvitable
dissociation of the fuel and its associated fluoride compounds. Specifically,

they are: fuel dissociation, corrosfon-limited liftetime of core and primary

system compoaents, and accountablility ot heavy-clement by-product fluorides
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In the clreulating tael system produced at high power operatlon.  Here there
Is conslderable experience In handling Hquid fluoride salts trom the Molten
Salt Reactor (MSR) program. Also experience In handling UFﬁ at the pascous

diffusion plants should prove extremely useful.

RESULTS AND CONCLUSIONS OF THE TRANSMUTATION STUDLES

Transmutation Rates and Reactions

The UF6 gaseous-core reactor was chosen for this study as a neutron source
because of its obvious potential for producing high neutron fluxes and generating
useful power simultaneously. A reference reactor design was produced which
could satisfy both of these requirements. The reactor power specified was
3425 Mw(t) wﬁlch resulted in an average thermal neutron flux across the core
of 6.44 x 101& n/cmz-sec. The ORIGEN computer code [19] was then used to study
the transmutation rates of several waste isotopes present in the discharged
fuel from reactors of the current LWR-type.

The waste isotopes chosen for the study were: 1129, Am261, AmZéZm' Am2“3.

anaJ. szaa. szas. and Cm2“6. The amounts of the initial waste loading were
determined from the composition of 20 discharged LWR fuel loads stored for a
decay interval of ten years. The composition of the Am and Cm waste loading is
the same as that given in Table 2. The quantities of 1129. Am and Cm used in

the study are approximately equivalent to the waste product in 60 reactor
years of operation.

In calculating rates of transmutation it is necessary to characterize the
neutron energy spectrum of the reactor and the cross section dependence on
spectrum for the particular target materlal. Thus the reaction rate depends
not only on the magnitude of the neutron flux but also the shape of the neutron

energy spectrum. The contribution of resonance energy neutrons to the reaction



rate 1s expressced by the ratlo ol resonance=to-thermal neutron |luxes, ¢res/¢th'

The rates of waste transmutation were found to strongly depend on the value
21
of ¢res/¢th' The transmutation rate curves f(or llz, are shown In Flpure 6
for three values of ¢res/¢th in the range of interest. In this calculation

1

the thermal neutron flux was 6.44 x 10 4 n/cmzsec and the initial loading is

400 kG of 1129 (the waste 1129 accumulated from 60 reactor-years of LWR opera-

tion). The effective neutron capture cross sections of 1129 for the values
of ¢rea/¢th = 0.058, 0.29 and 0.58 were calculated to be 20.6, 32.3 and 46.9
barns, respectively.

For the specified neutron flux of 6.44 x 1014 n/cmzsuc, transmutat fon
rates of 68 kG/yr, and 77.6 kG/yr were calculated using the values of wres/®th
=0.058, 0.29, and 0.58, respectively.

The calculations for actinide transmutation were performed in a similar
manner. The calculated transmutation rate curves of americium wastes for
¢res/¢th = 0.058, 0.29, and 0.58 are shown in Figures 7, 9, and 11, respectively.
The same curves for curium wastes are shown in Figures 8, 10, and 12 respectively.
It should be remembered in examining these curves that the Am and Cm wastes
were irradiated at the same time in the neutron flux. Furthermore, these
curves are the total waste composition of the initial waste loading plus the
actinide by-product waste produced by fuel burnup in the UF6 gaseous core
reactor. It was felt that this would more realistically take into account
the waste produced in affecting the transmutation process {itself.

The curves presented In Figures 7 through 12 can be better understood

with the aid of the cross section data presented in Table 3. The capture-to-

fission ratio, a = OY/of’ is important in actinide transmutation. The relative
probability that a compound nucleus decays by fission is 1/(1 + a), and the

relative probability that it decays by emission of capture Y-rays is a/(1 + a).
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TABLE 3. EFFECTIVE (n,y) AND (n,f) CROSS SECTIONS (in barns)
FOR Am AND Cm WASTE ISOTOPES FOR THREE VALUES
OF RES = 0.058, 0.29, AND 0.58

RES = 0.058 RES = 0.20 RES = 0.58
Nuclide
o off  , eff 3 g off eff . o off o eff b
Y £ Y £ Y £
241
Am 707 4.17 169.5 1210 4.17  290.2 1830 4.17 438.8
An242m 1260 3780 0.33 1260 3780 0.33 1260 3780 0.33
Am?43 153 0.37 413.5 501 0.72  695.8 936 1.15 813.9
2
an??3 155 485 0.32 271 914 0.30 416 1450 0.29
om234 44 1.48 29.7 195 4.38 44.5 3a3 8.01 47.8
?4? 223 1150 0.19 251 1420 0.18 286 1750 0.16
an?46 7.81 0 11 35.9 0 -- w - 0 --

191
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Thut o high value of o means a low probabllity ol Ulanlon Tollowlng neation
abgorptlon, d conversely, a low value ol « means a high probabllity ol
fission.

From the data in Table 4 the ma)Jor reaction paths can be identified. The
major reactions for the americium isotopes are

AmZAZm(n'f)

Amy.l(n'y,<

Amzaz(n.y)Amzaj

and

an2 43 (o, ) A0l (0 )

The saturation behavior of l\mzl‘3 is due to by-product Am243 produced by succes-

sive (n,Y) reactions in the 0238 present in the fuel of the reactor. The
major reaction paths at the curium nuclides is not so readily identifiable.
It can be said, however, that successive (n,Y) reactions on the curium iso-
topes are responsible for the production of significant amounts of nuclides
with mass number greater than 244. The production curves for significant
transmutation by-products with A 2 247 is shown ¢rcs/¢ = 0.29 and 0.58 in

th

Figures 13 and 14, respectively. The by-product production curve for ¢rvq/¢th

= 0.058 has been omitted because the quantities of these isotopes produced

in this case is at least two orders of magnitude lower than in the others.

The Effect of Transmutation on the Hazard Potential of Radioactive Wastes

The relative inhalation hazard (RIHH) and the relative ingestion hazard
(RICH), are quantative measures of the potential danger which could result
from release of radioactive wastes into the environment. The success of a
particular transmutation scheme can be judged in terms of the overall reduc-

tion in the values of the RIGH and RIHH following transmutation.

30
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‘ . 129
he effect of transmatatlion on the naelide RIHH and RIGH of | In
shown in Figure 15. The first section of the abscissa of this flgure repre-
sents the reduction in the hazard measure due to the flve year irradiation

14

at ¢ , = 6.44 x 10 n/cm’sec for the three values of O os!?

LA No sip-

nificant reduction in the hazard measure occurs after irradiation due to the

15.9 x 106 year half-life of 1129. The top curve in this figure shows the

hazard measure of I129 with no transmutaiion after fuel reprocessing. In

the case of 1129 the curves shown represent the total hazard measure since
no by-products with significant radioactivity are made from the initial

loading of 1129.

Figures 16 and 17 show the effect of transmutation on the total actinide
RIHH and RIGH, respectively. The first section of the abscissa of these
figures represents the reduction in the total actinide hazard measure resulting
from transmutation of the quantities of americium and curium waste described
in Figures 7 through 12. The three lower curves in Figures 16 and 17 are the
hazard measure of the transmuted actinides (including by-products) plus the
hazard measure of the burned nuclear fuel with 99.5 percent of the U and Pu
removed at the end of the five year irradiation. The upper curve in both
figures represents the hazard measure of all actinides (with 99.5 percent of
the U and Pu removed) generated in 60 reactor-years of LWR operation. The
differences in the shape of these curves represent the varying isotopic compo-

sitions of the irradiated and unirradiated wastes.

Economic Considerations for Transmutation of Radioactlve Wastes

The cost of neutron-induceu transmutation of radicactive waste is pri-
marily the cost of producing neutrons. The major factors which govern
the cost of neutrons are: reactor fuel and associated costs; plant deprecia-

tion including interest charges; and salaries, taxes, maintenance and general
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operating costs. The cost of transmutation would also be a function of plant
output because the sum of the plant costs listed above would remain fairly
constant over a wide range of output, with fuel costs heing the major varilant.
Plant .-atput is determined by: reactor power, operatlng cfficiency, and ncu-
tron utilization.

For large-scale transmutation of radiactive wastes in the 1980s and beyond,
the price of target material will beldeteruined primarily by costs associated
with chemical separation from power reactor fuel residues. Estimates of unit
recovery costs ex;rapolated to the mid-seventies for actinide targets and

fission products are listed below [20]:

Comparison of Chemical Recovery Costs

Actinide Targets Fission Targets

Al.241.2«‘03 n$31 /4 C3137 n$10/p

cn?42:264  eg1/g S 0 v$16/g
g "$10/g

As available quantities increase in the late seventies, and if a need for
recovery of these materials is established, unit recovery costs could be re-
duced further.

Aside from developrental costs, several economic factors are in favor
of the UF6 gaseous~-core reactor for use as a duel-purpose power reactor-trans-
mutat ion facility. Fabrication of power reactor fucl elements accounts for
about 40 percent of the tatal fuel cost [21] and chemical processing for about
another 15 percent. Elimination of fuel fabrication costs and reductlion in
chemical processing costs could lower fuecl costs by 45 to 50 percent of the
UF6 reactor. Increased operating efficiency resulting from cont inuous opera-

tion and increased ncutron utilization resulting from continuous removal of
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fenlon product polunonn could renult o lower neatron contn than other reactor

concepta. 1M salable power In generated In the reactor the annlpned neatton

cost could be lower still.

Conc lusions and Recommendations

This study has attemptcd to ascertain the Jeaslbility of nuclear trans-
mutation in a UF6 gaseous-core reactor. Some specific conclusions were obtained

in the limited time available. Transmutation of 1129 by a five-year exposure

A% n/cmzlec results in nearly order-of-

to a thermal neutron flux of 6.44 x 10
magnitude reductions in the waste inventory of this nuclide. This reduction

in inventory results in an order of magnitude decrease in the hazard potential
of fission product waste 1129. A five-year transmutation of americium and
curium wastes produces order-of-magnitude decreasel'in the overall hazard
potential of actinide wastes generated in 60 reactor-years of LWR operacion.
The actinide results are in approximate agreement with those obtained by
Claiborne [8]. It was found in this study that increased values of the
resonance-to-thermal flux ratio, orealeth' resulted in increased rates of
transmutation and increased reductions in hazard potential for both 1129 and
the actinides. A rough breakdown of transmutation costs seems to indicate

that the UF6 reactor could be competitive with other transmutation reactor con-
cepts.

Any study which attempts to determine the feasibility of a concept generally
raises more questions than it answers. Several questions were raised during
the course of this study.

Would recycling previously transmuted wastes
accomplish further decreases in the hazard
measure of actinide wastes?

What is the effect of varying the irradiation
time on the inventory or hazard potential of
actinide wastes, i.e., would three years

irradiation accomplish the same effect as five
years irradiation?



e technlque of nduced transmutat lon requires further study.  Other
long-1ived isotopes should be examined for feasibility for lhc.trunumululiun
process. One such irotope which may prove feasible Is 2.17 x 105 year Trvq.

It 18 present in significant quantities in fission product wastes and has a 22
barn thermal ncutron capture cross section and a 92 barn resonance integral.
Further }nveltlgatton into the process of neutron-induced transmutation mav

lead to realization ot a practical method for disposal of lonpg-lived radioactive

wastes.
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mto a Retrievable SurfacX Stovame Facildtyv o some
iterim period, possibly We.oand then iransicreed tooa
more permanent reposyory. 15 e swmed thal o one-
time storage fee is cfarged at Wie Line the canister is
received for storage,

I"‘ptk\'-
“dieated on full=cost
averabmg and capilal

It was found thft the fee must conNgm te o componenis:
) a companent/that covers the camis\er's share of con-
structing and gperating the REST (o the\goinl where it s
ed capacity, and (b) a conipoNenl ereatisme an
' fund whose carnings cover:
surveillance at the RSSEF. (vi) o
constructing the move permianent

the costs of
s transition |
Lopository

peghetual surveillance costs al lhe new repasttor
wAs found that the most important determunt of
torage fee is the cost of the mferim facihitv. The ned
most important is the spread between cost eseatalion rate
and endowment fund carnings (interest) vale. A simplified
version of the formula is used (o demonstrale (hegse !
findings. /

n

(/2. Nuclear Waste Disposal Utilizing a Gas-

cous-Core Reactor, 1. Palernoster. Al. .
Ohanian, R. T. Schncidey (U of FFla), K. Thom
(NASA)

Public opinton sists on alternate options, other Han
the ones presently acceepted as techmeally Teanabie, for
disposal of radioactive waste, partienlarts lor those i=o-
topes with half-lives of scverad thousands of vears, One
of the recently proposed options' is waste disposal by
ndueed nuclear transmutation,  Smece namy Jong-tived
waste isolopes have appreciabie neutron eapbure and ‘or
fission cross sections, they ean (herefore be transmnted
wio other faster decaying or stabie isolones by neulron
trradimtion. The key requirement for suceessful (rans-
autaion 1s the availability of a hizh neutron [lux, Erotic
reactors developed for space propulsion can fulfill this
requirement, O these, UK, cavity reactors are closest
to technieal feasibility,

This summary presents the results of a study in whieh
the apphication of a UF; gascous-core reaclor for radio-

/
[

active waste disposal by nucicar Lransmutation was
consideroed.
Several crilical pascous UF, assemblies have been

buill to date’ and an advanced prototype is presentiy
under construction.” Operating temperatures as high as
1800 K and neutron fluxes of 10™ n'tem’ sec) are con-
sidered feasible,” Due Lo its high operating temperature,
e gascous-core reactor would be an effective power
peneraling system, while at the same time radioactive
wastes could be transmuted in the large irradiation
volume available in the core of the UF, reacior. Several
oplions are available for loading waste into the reactor
depending on the chemical form and composition of the
waste. The results reported in this paper were obtained
by modilying the ORIGEN code' in a way that it could be
apphied to the UF, gasecous-core reactor, Continuous fuel
addition and removal of volalile fission products was
simulated in (hese calculations.

Duc to the inherent low fuel mass and high neutron
flus, less tolal radioactive waste is penerated by the Uy
gas-core reactor. Figure I shows the bulldup of fisrion
product and actinide waste in the UF; reactor aml in
a typical LWR of equal power output as a funetwn of
time. Afler three years of confinuous operation, the UF,
reactor contains about one order of magnitude less of
long-lived actinide waste than the LWR.

Figure 2 shows the case where the UF,; reactor has

been witially loaded with several long-lived radioactive
wastes (oblimed from other reactors) and operated con-
tinually for several years al a neutron flux of 6.44 - 10"
n/(em? see) [2425 MW(th), S50-atm fuel pas pressure,
60 U fuel]. In all eases the content of wasies has been
decreased by more than an order of magnitude in three
years.
UF, pas-core reactor is atiractive frowm
the vicwpoint thalt it has a significantly lower aciimide
mventory  than  present=dav light=waler reactors, !
addition, the disposal of radioactive wastes by induccd
transmutation i the UF, gas-core reactor can be a viable
alternative to the probliem of waste disposal.

Thus. e

“Neuatron=Induced Transmutation
ORNL-TM=366+4.
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Fig. 1. Comparisoi of radioactive waste production of 2425=MW(th) {ission power reactors,

\"

Fig. 2.

TAT I

Waste burnout vs irradiation time at ¢ - 6,44 <
10" n (em® see) in UF, gaseous-core power re=-

actor,

3. \Selection of Significant Elements and Ra-
dionuciides for Waste Management Assess-
ment, \ £, Logan, Clenn A. Whan (U/,o'_f NM)

l\.'\'.‘i\'s.‘alhgni ol g tevel vadwactive wasle manage-
ment coneod mvolves delaided examinatiof of release
alal transport wechamsins /lor radionu-

and  environn
clides Cileulations Wy the ORICEN

i SaNee e,
Code” indicaie approstmately 200 radionyelides are pres-
ent at the inne Weoseparation e fugl reprocessed at
160 days. A servecoze wethod as proposcd o determine
the most sl nuchides present in
L I LIMEM AaIE) epeli time inlervid. 1p ol actinide daugh-
e P ters, during tong=ieein

i

e Several tdeses tor estaaldy the velative hazard of
timiny) radionuclides have been propofod, including the dilution
volume hazavd measure wsed gstensively al the Oak Ridge
V9 ) National Laborwory This/ ubasure, inunits of ', is
WA the ratio of aetvdy dor cicf aueNde i gaven quantity of
waste o e correspondim RCG Xalue for air or waler,
s lor badabion and ln,'./,[:u-n hazNd, respectively, A
M) sereening  techiique wfing s indgx s proposed as

follows: /

1. AL cach time i the ORIGEN outpuiNtabies ol inges-

Lion hazied, solect fie tiree Lsaion prodacy elements and
the three ey fucta o lomeals comprising the lavgest
hazard,

2. AL eachyftime, select all esolopes that edlectively

o three
al the

Compiise oyl 9% o of the hazard for each of 1
cloments o cach category, wineh are significan

lime,

Seleclighs waeae at cach Lime assure representation\for

radiaon Locard over the whole timie range from shgt
teray (o long term,  Blements have significance as e
first  sclection step because concentrations in waste,
options  lor varyig these concontrations in response to
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