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NEUTRCK~INDUCED TRANSMUTATION OF HIGH-LEVEL RADIOACTIVE WASTE

H. C. Claiborne

ABSTRACT

The possibility of reducing the potentizl hazard of high-
level radioactive waste by neutron-induced trensmutation has
received little study. In this report the mvailable information
on fission product transmtation is reviewed and discussed, the
contribution of individual actinides to the poitential hazard of
the waste is calculated, and expected hazard reduction factors
that would result from recycle through a PWR are calculated for
the actinide waste from chemical processing of spent fuel.

It is not practical to burn fission product wastes in power
reactors because the neutron fluxes are tco low, Developing
special burner reactors with the regquired neutrcm flux of the
order of 1017 n/cm2-sec or burning in the blankets of thermo-
nuclear reactors is beyond the limits of current technology.

It seems that ultimate storage in deep geclogical formations,
such as bedded salt, remains the best method for fission product
disposal.

When plutonium and uraniom extrection efficiencies exceed
9%, a significant reduction in the long-term hazard potential
of the waste can be cobtained by similar removal of naptunium,
americium, a2nd curium (the other actinides being very small
contrivutors). Consequently, it seems reasonable to concentrate
on developing economical chemicel processes to extract these
three actinides for seperate storage or for recycling through
the reactors that produce them.

The results of such recyciing calculations show that the
long-term hazard potential of the waste from light water reactors
may te reduced by factors up to 200 if no more than 0,1% of the
actirides are discarded to the waste in ealn pass through the
reprocessing plant, ILarger reductions of the hazard potential
oi' the waste will become practical if methods are developed to
Troduce sharper separations between tne actinides and fission
products as the spent fuel is processed.




1. INTRODUCTION

The management of high-level, long-lived radiocactive wastes associ-
ated with a2 hizghly developed nuclear power econcmy based on fission
reactors will present a formidable problem to present and future gener-
ations. Schemes for management of these wastes that have been under
serious consideration involve conversion of the agueous wastes to solid
forms with subsequent storasge in man-made vaults or in deep gseological

formations such as bedded salt.

The possibility of ultimate disposal into desep space or the sun
{the only method for complete and permanent removal from the earth) has
begun to raceive more consideration because of the recent and projected
advances in space technology. The only other known method of ultimate
disposal (in contrast to permanent storage) is to transmute or burn out
(fission in the case of some of the actinides) long-lived radicactive
nuclides to stabie or short-lived muelides by exposure to & neutron
flux.

Studies have heen madel’z on the pessibility of using specizl highe

flux "burner reactors” to reduce the stockpile of the "problem fission

w B85, 90 137

products Sr, and

3,k

nuclear reactors heve also been sugzgested for use in transmutation of

these fission products and the waste actinides,

Aside from the problems associated with burnirng fission preducts
(which dre discussed later in this report), 9OSr and L3¢ decay Lo com-
pletely insccucus levels in less than 1000 years, a time for which con-
tainment in appropriate geclogical formstions can be provided with zood
assurance. The nuclides 85Kr and 3H with shorter half-lives are even
more suitabls for long-term storage in geclogical formations. The
isotope 19T (half-1ife,16 million years) is one of the exceptional
fission procducts thet has an extremely long life but is produced in
such lew c~nsantraticns that its hazard may possibly be reduced ic
wopropristely low levels by isobopic dilution (i.e., by mixing with

stable isotopes of the same chemical element).

Cs. The excess neutrons from controllad thermo-



In contrast, many of the actinides that are produced by transmutation
of uranium and thorium in reactors have half-lives in the thousands of
years, occur in large gquantities, and are not suiltable for isctopic dilu-
tion because stable forms of these slements do not exist. Consequently,
an even stronger motive exisis for completely destroying or restricting
the accumilation of these alpha-emitters since predictions of the tectonics
of geologizal formations for lO'j to lO6 years have a lower confidence
level compared to those for the order of 1000 years., In present concepts
of power reactors, it is planned that ozly 99.5 tc 99.9% of the uranium,
plutonium, and thorium will be recycled. Consequently, it is customarily
assumed that all other heavy elements (Cf, BL, Cm, Am, Np, Pa, Ac, Ra,
ete. ) will be rejected as waste along with the 0.1 to 0.5% of the U, Pu,
and Th that goes to the waste in the present gereration of spent fuel
reprocessing plants,

The bazard potential of this actinide waste can be reduced by recy-
cling the actinides through the power reactors prcducing them; eliminaticn
occyrs by Tission at points in the reaction path. The primary objective
of this work was to determine the extent of the reduction of the radio-
logical hazard of the waste sitreams from chemical processing plants and
the effect on the neutron economy of a pressurized water reactor (PWR)
caused by recycling of the actinides (except for the smell smounts lost
in the waste streams} back through the reactors producing them., In
addition. the Individusl contribution cf each actinide %o the waste
hazgrd was determined as a function of decay time and compared with the
hazerd from all the waste, which inciudesthe fission products, nuclides

produced from structural materials, actinides, and gll decay products.

In the following sections the bases for caleculations are given and
pertinent results are gresented and discussed. A modified version of
<37RIGE:‘J.‘I_,5 an isotope generation and depletion code, and its associated
nuclear library was used in all the calculations,

The author wishes to atknowledge the many helpful suggestions and
criticisms by J. P. Nichols and the careful review of this work by him;
J. 0. Blomeke, and M. J. Bell.



2. SUMMARY

It is generally impractical to appreciably change the haéard potential
of fission product wastes by transmuting these wastes with neutrons in
nuclear reactors. Developing special burner reactors with the required
neutron flux of the order of 1017 n/cm?'sec or burning in theiblankets of
thermonuclear reactors is beyond the limits of current techno%ogy. It
appears that ultimate storage in deep geological formations is the best
method for fission product disposal since less thar 1000 years are re-

guired *to reduce thelir radiocactivity fo an innocuocus level, a Lime spaﬁ

!
for which tectonic stability can be essentially assured in fo%mations

such as bedded salt.

In contrast tc the fission productis, many of the actinid?s in the
waste from spent-fuel processing have half-lives of thousandsiof years
and are not suitable for isctopic dilution. Consequently, a;stronger
motive exists to find an alternative method of restricting t@e acoumi-
lation of these alpha emitters since the tectonics of geolog;cal forma-
tions cannot be predicted with as high a confidence level for the longer

periods that are required for their decay to innocuous levels.

The determinetion of the extent of the reduction of the rediological
hazard of the waste streams from chemical processing plants and the effect
on the neutron economy of a PWR caused by recyeling of the qbtinides was

the primary cobjective of this study.

The relative importance of the contribution that the verious com-
ponents make to the haszard meassure (the total water required to dilute
each nuclide of a mixture to its RCE") of the waste from a PWR speni-fuel
processing plant is shown in Table k. Beyond abous 4 years, the aecti-
nides erd their daughters dominete from & hazard viewpoint. When RCGs
are used that are iess conservative6’9 than the recommended default
values of the Code of Federal Fegulations, the importap:% of the acti-

nides diminish somewhat for decay times greater than 107 years.

The actinide waste hazard is controlled by the americium and curium

¢ ' .
wp to ]_Olr years. At longer decay times the long-lived ?37Np ard its

* .
Radietion Concentration Guide value, which was formerly called MPC.
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Tabie 1. Relative Contribution of Actirnides and Their Daughters to the
Hazard Measure of the Weste and of Each Actinide and Its Daughters

to Ac

tinide Weste with 99.5% of U + Pu Extracted

Muelides to

Weter Reaquired for Dilution to the RCG® (% of total
water required for the mixture) for Decay Times (yr) of:

Waste 10° 5 x10f 10* 107 16°
b
A11 Components of Waste:
Actinides 0.3 ok ok 98 99
Fission Products C 9% 5 6 2 1
Structural 0.0k i 0.2 0.03 Yy x 10'”
Actinide Waste:’

Averieium 51 56 2L 8 8
Curium L3 37 5% 9
Neptuniwn 0.2 0.3 12 80 89
0.5% U + 0.5% Pu 8 7. 5 3 1
Other 5% 100 1x10° 5x107% 6 x 1073 nil

a’Using; CFR RCGs and recommended default values for the unlisted mm"_ic‘ies.8

bRound-off may cause cciumn not to total 100.



daughters begin to dominate. Another important point is that the
remaining actinides, namely, Ac, Th, Za, Bk, Cf, and Es, make a negli-
givle contribution to the hazard of the waste. The import of these
results is that in any waste meragement system in which at least 99.5%
of the uraniwum and plutonium is extracted, a significant further reduc-
tion in the actinide waste hazard can be cbtained by removal of most
of the zmericium. curium, and nepturnium from the wsste. If 99.5%
removal of tnese three actinides is z2lsc effected. the uranium and
plutonium become controlling and it would then be profitable (from a
waste hazard viewpoint) to increase the extraction efficiency ¢f these

latter elements, particularly the plutonium.

The effect of recycling of 99.5% end 99.9% of the actinides other
than U or Pu on the heazard measure is shown in Table 2 in terms of a
hazard reduction factor as a function of postirradiztion decay time.
The hazard reduction factor used here is defined as the ratio of the
water réquired Por dilution of the waste to the RCEG for the standard
.case {nc removal of the actinides other than Pu + U at the indicated

!

extraction eificienc to that required to dilute the waste after each

v
successive reactor irradiation cycle.

These resuits show that when recycling is practiced, the hazard

. mzasure of the waste is approwimately proporiional to the neptunium,
americium, znd curium sent to the waste since the hazard reduction
factor is zbout five times greater when 0.1% of the actinides is sent
to the waste after each cycle than that for the 0.5% case. This chtains
iogically because the reactor discharge composition is little affected
by a change of only 0.4% of recycled ectinides in the feed stream. In
addition the standard case iz zlss little affected by whether 0.1% cor
0.5% of U + Pu is present since the americium end curium predominate at
smzller decay times and neptunium after 105 years. It follows that if
99.99% remcval of =211 actinides is effected, the hazsrd reduction
factor for the actinide waste will increase by about a factor of

10 up to around 2000 at lO6 years., The table alsoc shows that

the hazard reduction factors decrezse asymptotically with the

number of recycles, which is a result of the buildup



Table 2. Effect of Recycle of Actinides Other Then U and Pu on the

Hazard Measure of Waste from PWR Spent Fuel Processing

Water Required for Dilution to RCG,B‘ Ratio of Standard

to Recyele® Case (Hazard Reduction Factor) for

Decay Times (yr) of:

Recycle

No. 10° 10° 10II 10° 106
Actinide Extrection Efficiency, 99.5%:
0 12 15 18 28 52
1 9.3 12 13 20 L6
2 8.2 10 11 18 Lk
3 7.6 8.k $.3 17 L3
h 7.2 7.4 8.3 17 L2
5 6.8 6.6 7.5 17 L2
10 5.8 L.7 5.8 17 L2
20 5.1 3.8 k.9 i7 L2
30 5.0 3.6 k.6 17 L2
Actinide Extraction Efficiency, §9.9%

o 58 73 89 137 256
1 Ll 59 6h 96 22h
2 38 L8 52 7 2i3
3 36 ho Lk 8h 210
b 33 35 39 83 209
5 32 31 3%, 83 208
o) 27 22 27 g3 207
20 - 18 22 82 206
30 - 17 21 82 206

E"[J'sing CTR RCGs and recommended default values for the uniisted nuclides.

Chemical processing assumed at 150 deys after reactor discharge: cone

cycle represents 3 years of reactor operation.

8
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of the higher transuranics, and that effective equilibrium is attained

in 20 cycles mcre or lass,dspeanding cn the decay fime.

When the RCGs uvsed by Bell6 ard those calcvliated by LaVerne9 ars
used in place of the recommended default wvalues for the unlisted nuclides
in the Code c¢f Federsl PRegulatilions, the hazard reduction factors become
6.5 and 10 rfspectively. The corrasponding values for 99 9% extraction
of the sctinides ere 285 and 49. Although the 20Gs cslculated bysIaVarne
are more realistic than the more conservative recommended defeault values
the Code of rederal Regulaiions must be followad in nuclear reactor

design and operation.

Recycling of the actinides and achisvirg a 9Q. 9% extraction effi-

ciency reduce the hazard measvre of the actinides at eguilibrium to the

9

>

1z 3
same order as that of the long-lived fission products (‘“91, 932r, 9’mNb,

E5) 135,

Te, and Cs) for the ionger decay times, the hazard measure of the
actinides being abcut twice that of the long-lived fissicn products at
1000 years and dropping to aboul one~half of the fission product veius
at 106 years. Eowewer, if 1?9T is elimineted as a hazer?! by isciopic

dilution {or separate storage), the actinides would continue to control
the total waste hazard potential. An actinida extraction efficiency cf

95.99%+% along with the ryecyclirg is recuired before the hafaré measure

of the total waste hazard potertial is contxolled by the lorng-lived
. iz -

fission products other than 91. At sor= point, however, further

extraction of actinides from the waste will become senseless becaiise

<k exre will then heve a Long-Ttsrm hazard noitentizal trat is less than
-F‘

i
m

that of naturally occurring fcrmations of uranium ard thorium. (See,

Pl

for example, the arguments presented in ref, o.)

The decrease in the average materizl nsutron multiplication for a

typical PWR containing recycled actinides was only 0.8%. This lsss of

|.r.

regetivity can be compensated by increasing the fissile enrichment of
The reacter by only about 2% {e.g., Trom 3.3 to 3.L4% errichment in 2

typical TWR).

Recycling of reacter actinide waste will increase the radiaticn

oroblem asscciated with chemical procassing and fuel fabrication because



of the increased radioeltivity of the resctor feed and discharge
25200 o -
7%sf builds ur to be the greatest

streams., After a few recycles,
source of neutrons end reaches 10%2 reutrons/sec per metric “on of

spent fuel at 130 deys alfter discharge. A reduction ol 3 lacter of

300 is possible if the celifornium is removed. This ean be acecmpliishted
by not recycling Cf even though thers is an increase in the CF produce

Y
tion with curium buildup. Significant S7°CT buildup occurs from

2ko 2 .
successive neutron captures starting with 7 “Cr asd 50{:{', whoze

precursors are 2149& and 250&.

Recycling of zctinides through a resctor adds to the inventory
of hazardous materials but will probably have nc messursble effect on
the potential severity of design wasis sccident:. The hazard measure
of the actinide waste based on irgestion was incressed by only 12%
after 60 recycles. The total is sbout one-tenth of that foxr the
fission products. If the hazard measure is based on inhal=zticn,
recycling increases the potential hezarxd by 2 factor of 2 ot d&ise
charge with the everage in the reactor veing significantly higher.
The actinides have an inhalation nazard measurz of & factor of 7
higher ti:an the fission producis at discharge. The asbove statements
assume that the reccncentration factors in the environment are spproxi-
mately the same for actinides and fission products. ?Present informetiom,
however, indicates' thet certain fission products (e.g., S znd I) pre
reconcentrated to a greater extent in the epvironment. This hex the
effect of causing the fission producis to be the deminant source of
both ingestion and inhalation hkazard during veactor operation. The
actinide concentration in a reacior, however, is not significant in
aralyzing the "maximm credible accident”™ {MCR) since the sctinide
compounds cannot be significently dispersed into the stmosphere 2y
any credidle resctor accident. Transmatation of lizsion products
in burner reactors would, of course, add tc the potantiel harard
of the MCA because the veolatile fission products sre controlling in

an accident analysis.



Recycie of sctinides in the LIEFBRs should nroduce even hipher
narerd roduction fpctors zinte the sverage Tission-io-capture reti
a¥ the attinides showld be higher in 2 Tast rescior than in 2 thermal
one.  The author har Toumd it 440Tionlt %5 sueantify this effect becsuse
¢f the current paucity of newtron cross-seciion date for the higher
etinides in Test spectre. Fast cross-section data for the higher
actinides shouid be developed so thet recycling siudies can de made
Tor the LMFORS.

It alzs appears tha® recycling of the actinider iz particulerly
suited Tor 8 Fluid fuel reactor such &z thz HSSR. A processing schene
has beern vizuslired :al recycler efsentinlly all the urastium, pneptunium,
thariun, snd most of the other actinides. Considersily less americium
and curiys sre produced compared to & PR, which consideradly zimglifiez
the wsite cispozal problies. In addition, being a4 fluid fuel vesctor,
the prodlems srising from fsovrication end handling of heavy newtron-
extreine Tuel glemenity are elinminated.



3. METHEOD FOR DETERMINING THE HAZARTD OF RADIOACTIVE WASTE

In comparibg the potentigl hazerd from differsnt mixtures of radio-
sctive materials, a stendard method is required for determining a specific
value for each mixiture that is » reflection of its biological hazerd. The
specific activity alone is insufficient since biclogiesl factors are not
included.

The controlling consideration of hazard from the viewpoint of long-
tern stovage or disposa’l of radioactive materials is the danger of their
dissolution or dispersal in underground water witk subsequent ingestion
by human beings. Conseguently, & good measure of the ingestion hazazd
associated with a mixture of radionuclides of widely varying sctivities
is the gquantiity of waler required to diluvte the radioactive mixture to a
cencentratios low enough to permit unvesiricted use of the water: the
larger the amount of water required, the greatar the potentisl hazard.
The hazard measure Tor the mixture is determined by summing the amount
of whter recuired to dilute each individual muelide to its Radiation
Concantration Guide velue {or RCG, which was formerly called MPC) for
whirestricted use of water. This methnd, which was used in & previous
work” om the hezards of long-term storage of radiocactive wastes, was
selected for use in the study. The method has the virtue of simplicity
in goplication and relates to the maximum valuve o the hazard since no
copsideration i3 given to fractionstion and paths of ¢ravel to hwman

beings. The most rrzeernt Aiscussion of cther methods of evaluasting the
hatard potenzial of radicactive weste is given by Gera and Jacobs ,?
who aleo provose 8 nevw hazard measure that involves both the ingestion
hazard uszed in this study, the inhsletion hazard, and the probability of
belag takxen wp by humans. Dotermination of these probabilitiez is very
Sirficaly, however, since statistical data regarding the prcbability of
accidents and other radicactivity releases, Includirg their consequences
in 23} phases of redioactive waste mansgement, are not readily available
or epgily estimated,

The RUG: used in this study wers taken frem the Code of Federal

Rezuiations _-8 which iz currently the guide for unrestricted use of



iz

water in which these ruclides mgy be dissclived. For nuclides with
unliétec} RCGs, the recommended defeult -alues were used, nemeliy,

ix 10'° uCi /ml for beta-decay nuclides with half-lives greeter than

2 ar and 3 x 10°0 Ci/md for mclides that decsy by elphe emission or
spontteneous fission. These default values represeni a conservative
estimate of the RCGs. Some of the results in this report are alseo
compared on the basis of the HECGs used by Bell and Billon6 and those
recently calculated by IaVerne? for unlisted muclides. Bell and Dillen
used € x 10"7 and 2 x 10'6 Ci/m3 for 225Re and zag'm,resPectively,and
unity for all other unlisted nuclides. IaVerne calculated RCGs for all
the uniisted nuclides and 5 x 1077 «nd & x 107! Ci/m> for 227Ra gna
2291‘21, respectively, the twe muclides thet contributed to most of the
diffevences that occurred due %o the particunlar RCGs thai were uged.



The puclear cglculations dwring reactor irradiation and after
discharge were made with a medified version of the nuclide generation
and denleticn code ARIGEN.? The calculation daring irradiation is based
on three neutron energy groups, namely, thermal, a 1/E erergy distribu-
tior in the rescnance region, and a fast group. The cross sections in
the library hed been predetermined from basic data oy weighiing with a
typical PWR neutron energy spectrum. More details of the original code
and cross-section library, which ineluded data for actinides only up to

245
Cri, are given in refs, 10 mnd 11.

For calculaticns involviag recyeling of the actinides, it was
necessary to expsnd the 1ibrsey to include some higher transuranics and
increase the calenlatioual scope of the CRIGEN code. Cross-section and
decay data for the following ruciides were added to the PWR actinide
Library: 2&03, EEGme’ 2h°up, 2&_?ﬂ’ zhs?u’ zu5&m, zh5Ca, 2h6Cm, 2&7Cn;
eh&cﬂ’ ?!‘9(::-., 250&‘, Ziam’ 2503;’ Ehgcf’ Zsocf, 251.‘:{: Zsch’ 25301.,
Zsh(:i‘, 2535‘3. Actinides higher then einsteinium were not expected to
heve a significant effect becsause they all decay {(X-decmzy, along with a
1ittle sponteneous fission) with short nelf-lives. thus preventing buildup
of the muelides beyond 25333 The calculations confirmed this expectation.
The decay mcihod and neutron irteraction provabilities are such that no
significant amsunts af the actinides cayi be remcved from the reacticn-
décsy chain exicept by fission. Cross sections and decay constants for
the transuranic elements th=t wvere 3dded to the library were taken from
ref. 12.

)
A cﬂculai‘.\?.:’;:a of the material multiplication comstant or k  was
added ‘o the cé‘dc since it wes necessary to know the effect of actinigde
recycle on the reactiviiy. Alithough the i;w calculation ignores core
i=akzge snd control rods or other control poisons, the results, which
would not be adeguate for the core physics, seenm adequate for reliative
comparisons. Neutrorn yields per fission as a function o energy were
taken from the EXDF/B-IT dete filel> for most of the fissile muclides.
For those not included in that file, the neutron yielids were taken or

iaferred Ifrom the publicetions by Gordeeve and :-‘M_:':enkin,l“ Hopiins



14

. 14 1 . _ N e

ang* l’)i.ven:z,l5 and Clari.”® The effective neutron yield from fission of

each nuclide by rescnance ehergy neutrons was obiained by weighting the
' .

energy dependent yieids with a l/E neutron filux, For fast fissions,

the figsion spectrum was used as the weighting funrction.

Jther code chenges include a recycle gption for sny number of
actinides, an ebility to specify removal of any number of actinides
aZter »n arbitrary decay time subsecuent to reactor discharge for
recycling or further decay of fthe remaining materials, arnd ar ability
to account for the fissions of all the fissionable materials.
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5. REACTOR TYPE AND STANDARD CONDITIONS

The reactor selected for this study was the Disblo Canyon. which is
typical of & PWR design. When operating at equilibrium, the fuel is 3.3%
anriched uranium with a burnup of 33,000 MWd/metric ton of uranium, It
was assumed that this burnrup was obtained by continuous operation at 2
specific power of 30 Mi/metric ton over a three-year period. For the
ustally assumed plant factor of 0.8, intermittent operation at a specific
power of 38 MW/metric ton for 80% of the time wonld produce the same
burnup. Since {for the time periods involved), the waste hazard measure
resulting from a particular burnup is not a sensitive function of any
reascnable cperation schedule, it was deemed unnecessary to complicste
the calculetions and analysis by considering a particular operation
schedule.

The fuel regicn is divided intc threes zones with each one conteining
about an equal weight of fuel (approximetely 28.3 metric tons of uranium).
™e central zome is discharged yearly and the remaining fuel shuffled
inward with the cuter zonhe being recharged with fresh fuel.

In the czlculations it was necessary to ignore concrol rods and to
assume that the neutron flux was unifcerm throughout a region; ana that
the regions were neutronically unccupled. A calcuistion cycie comprised
three yeurs of irradiation time between charge and discharge of a zone.
Tuis procedure gives the correct values {within the accuracy of the
assumptions) for the discharge compositicn after the irradiation cycle.
The average composition, neutron flux, and k@ for the entire reactor
loading =T over one-yesr oycles bacause of the yesrly charge and
discharge z2ind are ncot expiicitly given in thne output of the ORIGEN code.
However, these aversge valuss cer be constructed easily from the output
of a calculaticn cycle.

The "standard” Tor compsring the effect of actinide recycie on the
actinide weste hazard measure was the wasie obtzined by removing a stiru-
lated percentage of uranium and plutonium at 150 days after discharge
ané sending the remaining quantities to wasie along with sll the other
ectinides, and all zctinide deughters gererated since discharge from
the reactor.
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6. CONTRIBUTION OF EACH COMPONENT TO THE HAZARD OF THE
WASTE FROM A PWR SPENT.FUEL FROCESSING PLANT

The results of the calculations presented iIn this section show the
relative importance of the contribution that the various compoznents make
to the ﬁaza.rd of the waste from z DPWR spent-fuel processing plant for
the previcuslty described standsrd conditions and 99.5% recovery of
uranium apd plutonium; i.e., 0.5% of U and Pu and 100% of ell other
components are discharged as waste and stored some place after suitable
vrocessing.

Table 3 shows the percentage contribution of the actinides (inclnding
their decay products) to the total hazard measure {water required for
dilution of the content of one metric ton £o the RCG for the mixture) of
the waste as determined with three different sets of RCGs and the effect
of removing 1291 from the waste. Beyond sbout 400 years, the actinides
and their daughters dominate from a hazard wmeasure viewpoint and show no
significant effect up to about 1011 years due to the different sebs of
RCGs. At zreater times, the relative importence of the actinides dimin-
ishes somewhat when the RCGs of ref. 6 or ref. 9 (see Appendix I) are
used for the unlisted nuclides in place of the recommended defsult values
in the Federal Code of Regulstions. Most of this difference can be
attributed to the difference in RCGs for the nuclides of the 233U decay
chain (4n+l series), particularly those for 229 ang 2%Ra.

The remeining contribution to the hazard measure is almost all
{structural elements are not imporbtant) from fission products with 1291
supplying 88% of this total at 103 years and rising to 98.4% at 1c5 years.
Essentialiy all of the remaining fission product hazard for the longer
931‘-,_»:[-_3, 93, 5 '99'}.’6, i 130,

times is comtributed by the ~No and Cs.

The relative contributiozns of each actinide and its daughter to
the total hazard measure resulting from the mixture of the actinides
and their daughters are given in Table U, which shows that wp to ].C)h
years the actinide weste hazard is mostly controlled by the americium
and curium with no significant differences resulting from the different
R0Gs. At much greater decay times,the long-lived “3'Np (2.1 x 100 yesr
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Tzble 3, Relative Contribution of Actinides and Their Daughters
to the Total Waste from FWR Spent-Fuel Processing

Contribution of Actinides and Their Daughters (%)
at Decay Times (years) of:

R 5
5 x 102 107 10" 10°  5x10° 107

102

Using CFR RCGs and Recommended Default Values for Unlisted Nuclides:

129I present 0.34 gk. 3 97-5 93.6 97.8 99.2 59.1
1290 removed  0.33  96.7  99.6  99.1  99.8  99.9+  99.9+

Using CFR RCGs and Values from Ref. 6 for Unlisted Nuclides:

1297 resent 0.3  oh.3  97.5  92.5  49.3  70.8 61.6

1291 removed 0.34 g6.7 . 99.6 58.8 $5.7 gR.4 99.0

Using CFR RCGs and Values from Ref. § for Unlisted Nuclides:

1291 present 0.3 ok, 3 97.5 92.6 72.9 78.L 73.8

129] removed 0.3 96.7  99.6  9B.9  96.4  98.9 99.14
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half-life) and its deughters begin to dominate. Another important point
is that the remaining actinides along with their dauvghters, namely, Ac,
Th, Pa, Bk, Cf, and Es, make a negligible contribution to the waste
hazard. The contribution of uranium to the hazard of the U + Pu mixture
alone varied from negligible to 2 meximum of 25% at 106 years. The import
of these results is that in any waste menagement system in which at least
99.5% of the uranium and plutonium is extracted, a significant reduction
in the actinide wasite hazard can only be obtained by removal of most of
the americium, curium, and neptunium from the waste. If 99.5% removal of
these three actinides is 2lso effected, the uranium and plutcnium beconme
controlling and it would then pay (from 2 waste hazard viewpoint) to
increase the extraction efficiency of these latter elements, particularly

the plutonium.

The absclute values of the contribution of each component to the
nazard measure in cubic meters of water per metric ton of fuel are shown
in Table 5. To put these values in perspective, consider the required
2.3 x 1029 n3/metric ton for dilution of all the muclides to the RCG
after decaying 100 years. This volume of water is approximately equal
to the yearly flow of the Mississippi River into the Gulif of Mexico.

Note that the last two rows in Table 5 are based ¢n the RUGs given in
refs. 6 and 9, respectively, for nuclides unlisted in the Code of Federal
Regulations, which (for beyond 1ok years) results in an increasingly
smaller hazard measure that is about a factor of 67 and 37 lower, respec-
tively, at 106 years. P

The apparent large quantity of wmter required for dilution to the
RCG for just one ton of fuel tends to megnify the potential hazard. Wo
reasonakble scenario can be constructed that visualizes rapid mixing or
dissolution of waste that has been processed into a very slightly soluble
form. The ingestion hazard measure refers to potential long-term solution-
ing. However, considerztion of such quantities of water dces present one
argument for decreasing thé“quantity of actinides for ultimate disposal
by recycling the actinides back %hrough the power reactcrs producing.
thex. On the other hand, Bell and Dillon6 {using their RCGs) point out

that, efter aging 1000 years, the azctinide hazard measure of waste stored
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in bedded selt it spaller than the irngesticn nazard grssociales with =
gquantity of uranium cre and tailings egual to the mmsunt of salt and

shale associated with the waste Ivom one meiric ton of fyel from a ‘:*‘m’:’t:
furthermore, they show thet il the salt ted ic dicsolved some thousands

of years in the future with sufficient water to dilute the radicnuclide: to
their 2i3s, the water womlé be unacceptedle &5 potable water betauze of

its sodium chloride content rether than iis radiosctiviiy.

All of this discussion indicates a reed for siandardizisg the values
for the RCGs that are not listed, particclarly those in the - 7y decay
chain (Un+i series), so that 3 better evalustion of the hazards of very
long-term storage cen be made. ' ‘

Table & gives the activity in curies per metric ton of fuel in tine
wacte siream for each actinide and its daughters.

Table 7 skows the effect of neglecting the actinides higher than
Zu‘(kr. on the hazsrd measure of the waste. When the higher actinides are
ircluded, the hnzard measure ¢f the waste increases slowly up ic a mexi-
mun factor of nesr 3 at = little over th y=ars compared tc that obtained
vhen they are .ueglested. Note, however, there is very little difference
in the values for the activity mesured in curies.
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7. TRANSSWTAYICH OF FISSI0N PRCDUCT HASTE

]

cusiy mentioned, the concept of burning the “problen fissiecn

"

-

s pre
8

i3

products” 7§&~, “78y, and Cs in nuciefr reaciors haz heen studied by

teirberg and co-workers, In this section, their work is discussed

3,4

briefly aleong with the fested use of controlled thermonucliear
o

reactors.

he probdiem Ifissicen products cammot be eliminated by any system of
fission power reactors coperating in either a siagnant or expending miclear
power economy since the production rate exceeds the elimination rate by
burnout and decay. Only at equilibriwm will the production and removal
retes be egual, & cordifion that is never attained in power reactors.
Equilibrium carn be obkteined, however, for a system that inclvdes the
stockpile of fission products as part of the system inventory since the
stockpile will grow until its decay rate ecuals the net production rate
of the system. For the projected miclesr power eccnexy, however, this
will regquire a very liarge stockpile with its associated potential for
release of large quantities of hezardous radicisotopes to the environ-
ment. It is this stockpile that must be greaily reduced or eliminated
from the biosphere. A method suggested by Steinberg et i‘%.‘ is transmi-
tation in "burner reactors,” which are designed to maximize neutron
absorption in separated fission products charged to a reactor. If
sufficient rumbers of these burners are used, the fission product
inventory of a nmuclear power system can then reach equilibrivm and be
maintained at an ivreducible minimur, which is the gquantity contzined
in the reactors, the chemical processing plants, the transportation

system, and in some indusirizl plents,

Burning fission products in the blanket of a fusion reactor with
the excess neutrons thai are produced is,in theory,an excellent method
since no fission products would be produced. Considerable tritium will
be produced, of course, but this presents a much less severe disposal
problem.
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{(vviously the use c¢f burner reactors ‘or fusion rescters in the
system will increase the cost of nuclear power and reduce potential
breeding capanity dutl transmufetion is certainly one of two known
methods (the other Yeing disposal in space) of eliminating most of
these hazardous msterials with ro possibility of return to the bio-

sphere.

7.1 Haxdmom Borementoto-Production mtios for Fission Products

IF the assumpticn is made thatl bhwrner reactors are a desirable
sdjunct to a nuclesr economy, what ere the design regquirements and
limitations? It is obvicus that they must maximize (with due regaréd
to ecopopics) the ratic of burncut of a particular fission product to
its production rate in fission reactors,end the neutron filux must be
high enough to cause a significant decrsase in itr effective half-life.
Of the fission types, the breeder reector has the most efficient neutron
economy and in principle would make the most efficient burner if a1l or
part of the fertile material cen be replaced by & Sr-Cs mixture without
causing chemical progessing problems or too large a perturbation in the
flux spectrum beceuse of the different characteristics of these fission
products. The cost accounting in such a system would set the value of
neutrons absorbed in the fission product feed at an accounting cost equal
to the value of the fuel bred from those meutrons.

The maxiomm possible burnout of fission producis would occur when
the excess neutrons per fission that would be absorbed in a fertile
materiel ave absorbed instead in the fission product feed. The largest
possible burnoat ratio would then be the breeding ratio {or conversicn
ratio for non-breeders) divided by the fission product yield. The esti-
mated breeding ratio for the Molten Salt Bresder Reactor (MSER), a thermel
breeder, is 1.05 and for the Liquid Metai Fueled Fast Breeder Reector
(IMFER), 1.38. The yield of 137Cs + Sy is 0.12 atom/fissicom, but a
number of other isctopes of these elements are produced which would alsc
absorb neutrons. However, if the fission product waste is aged two years

before separation of the cesium and strontium, the mixture will essentially
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be composed of atout 80% *cs + P ana 204 2Ics (wnich will capture
neutrons to form l36Cs that decays with 2 13-day half-life); consequerntly
the maxismum burnout ratic for 13?03 + 9031‘ will be decreased by 204.

This leads to e maximum possidle burnout ratio of about T for the MSBR
ard sbout 9 for the LIMFBR. Unfortunetely, however, the neutron fluxes

in these designs are well below 10°0 nfen®-sec. Any modifications of
these desigrs to create high neutron fluxes will increase the neutron
leakage and decrease the burnout ratics significantly.

7.2 Resctor Regidence Times Required for Fission Product Burnout

Table § was prepared vo illusirate the effect of neutron flux on
the residence times (which affect recytle- costs) required for durnout
andé decay of 99.9% of the importent mmelides using a burner reactor with
the neutron spectrum similsr to that of a typical 1ight water power
reactor. 1% is spparent that the efficiency of turnocut incresses with
increases in npeuwtron flux, cross sections,ard half-l1ife. With the excep-
tion of 1291, which is not nearly as large a probliem 8s the others and
can probably be essentially disposed of by iscbopic d.iluticn,6 the times
shown in Table 8 inficate that neutron flux levels ere reguired which
are much higher than those that have been attained in present nuelear
reactors (~ 5 x lols) and that flwres near 10°/ n/cmg-sec sre probably
necessary before serious consideration could be given to burner -eactors.

In a conceptual design study by Steinberg et al.,’ it wes concluded
that the quantities of 137Cs, gy ; and 85Kr scheduled for permanent stor-
age in the projected nuclesr economy could be reduced by a factor of 1000
by burner reactors operating with neutron fluxes up fo 1016 n/cmz- sec
for added costs of 0.63, 0.2k, and 0.021 mill/kWhr(e) respectively. The
estimated costs for burning out 9OSr and 13705 in such a system, along
with the probable escalation in an actual design study *that includes
directly the costs of transfer between planis, canning the fission
products, additional chemical separstions, various temporary storage
facilities, and reactor residence times seem to preclude use of this

method. A cost of 0,021 mill/k¥hr(e) for burning 851{1' seems sufficiently
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low for consideration on an economic basis but the neutron absorption
cross-section of 85Kr wzs taken as 15 b, 2 value now known to be low by
arcund an order of magnitude. Recent work by Bemis et ;a_l_.l'? gives a
Maxwellian-averaged thermal velue of 1.66 b and a resonance integral of
1.3 b, A reevaluation of the 85 Kr removal system using the lower cross
section would increase the cost €0 an uneconomic level.

7.3 Application of Transmutation Schemes

Nichels and B'l_om.e}:el8 have made estimates of the effect of wvarious
schemes of veutron-induced trarwmutabtion on the potential inventory of radio-
isotopes and costs of electric power (Table 9). The isotope 9031' was
used as an example because it is the prime contribuisr to the radio- '
logicsl hazerd of spent fuel and does not reguire the use of iscotopic
895r — half-life 50 days)
before recycle to & burner reactor. Their analysis of the use of each

separations (other than providing for decay of

reactor system shown in Table 9 are given in following sections,

7.3.1 Pressurized Water Reactors

Rows 1 and 2 of Table 9 illustrate that the effect of recycling cf.
9081- within a system of light walter reactors is to cause essentially no
change in the total quantity of 9OSr thet is associated with the system
since the rate of neutron-induced transmutaticn is small as compared
with the rate of decay. TUnder current policies and plans,most of the
9081- associzgted with the system would be stored at a federal wasie
repository. In the recycling system most of the inventory would be in
reasctors while the remainder {~ 25% of the total) would be in canals for

postirradiation decay, reprocessing plants, and fuel fabriecation plants,

This exemple illustrates a primary disadvantage of systems for re-
cycle and neucron transmitation of fission product nuclides. These
gchemes have the common characteristice that larger guantities of radio-
active nuclides are being actively handled and processed than if the
ruclides ware stored. Consequently, larger guantities of these nuclides
occur in a dispersible form and are associzted with potentially large

sources of energy that could provide a mechanism for dispersal.
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The additional cost of recycling 9081' to light water power reactors
was estimated roughly as 0,1 mill/kWhr(e). The primary source of this
cost is an approximately 25% increase in the unit cost of reprocessing
and fuel fabrication. This reflects the increased separations and product
handling coperations that would be regquired at the reprocessing plants and
the reguirements for shielding and remcte cperation of the fuel fabrica-
tion plants, The estimated costs cf high-level waste disposal would be
decreased from about 0.05 to abeout 0.04% mill/kWhr(e), however.

T.3.2 Ligquid Metal Fast Breeder Reactor

The effects of recycle of 90&- in IMFERs (rows 3 and &) are essen-
tially the same as those for a s;}stem of light water reactors. Inven-
tories of 905r are lower, howevei-,' because ¢f the lower yield of 9051'
from fission of plutonium. '

7.3.3 High Filux Isotone Reactor

The effect of recycle of 9051‘ to a system of High Flux Isotope
Reactors is shown to indicate the relative change in inventory that
would result from the use of the maximum thermsl neutron flux levels
that are svailable in present reactors (~ 2 'x 1072 n/em’-sec with
targets in place). Even with these high values of flux the effect of
recycling is to decrease the inventory asso‘éia‘bed with the system by
only about 6C%.

This type of reasctor would not be an ecopomical source of electric
power, however, because of its small size, high refueling cost, and high

R -
neutron lszkage

=21

7.3.14t TPFusion Reactors

A proposal by Steiner3

involves using the excess neutrons from
fusicn reactors, which in theory will provide a cheep and abundend
source oif neutrons and has the advantage of not producing any long-
lived fission products. Counsiderakble tritium will be produced, of

course, but this presents a much less severe disposal prcblem. Steiner



estimates, on the basis of calculated tritium breeding ratios and antici-
pated tritium doubling times, a neutron excess of 2% end a thermal

neutron flux availeble for burnout of 3 x 1016. On this basis, a recycle
system from which 98% of the power is generated in IMFBRs end 2% is gen-
erated in & fusion burner reactor would have an order-cf-magnitude lower

9031' inventory than a system of LMFERs.

In a recent paper by Wollzenhauer ,Ll' some aspects of the problems of
burning fission products in controlled thermonuclear reactors were con-
sidered in more detail. He concluded that if a D-T reactor with a tritium
breeding ratic of 1.2 is used to transmute the total lBTCs and 9081- from
a nuclear power economy, 8% of the generating capacity would have come
from CTR plants. Only 1% of the generation capacity would be required
if D-D reactors were used. Using the worth of neutrons for the produc-
tion of fissile plutonivm as & basis, it was estimated that the cost of
transmiting 137Cs and 90&[‘ would be at least 10 times as expensive as
the estimsted cost of storage of all fission products in deep salt
formations.

Regardless of any poterntial merits t¢ using controlled thermonuclear
reactors to burn fission products, such systems cannot be seriouély con-
sidered at present since it is generally felt that the practical fusion
reector is stilli 30 years in the future.

7.3.5 Spallation Reactor

In an effort to devise a system with both a high neutron flux and a

high burnout ratio, Gregory and S't:einl:werg2 have suggested the use of a
spénation reactor. A typical spallation burner reactor would use a
1000-MW(e) nuclear reactor to power a high-energy accelerator) the
aceelerator, in turn, would produce a 500-MW begam of 10-BeV protons,

& neutron source of greater than 1020 neutrons/sec in a2 liguid uranium
target, and a thermsl flux of about 2 x 107 n/crm-sec in an array of
D,0-moderated 9081- targets. This apprcach would require extensive
development inecluding, in particular, a method for coping with the

potentially severe radiatiocn damage anéd heat transfer problems,
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In this system one spallation reactor of capacity 1000 MW(e) would
be associated with each 9000 MW(e) of power produced by IMFBRs. The
cost penalty would be approximately C.8 mill/kWhr(e) , primarily associ-
ated with the capital and operabting costs of the spallation reactor that
does not produce electricity for sale.



33

8. ACTINIDE RECYCLING IN A FWR

In this section the actinide recycling calculations made with the
medified ORIGEN code are discussed and the pertinent results given. In
eddition, the chemical processing requirements are discussed in general
from a viewpoint of simplifying waste menagement and, more specifically,
as applied to actinide recycling.

8,1 Flowsheet

The genersal flowsheet assumed for these actinide recycling calou-
lations is shown in Fig, 1. For the calculations, it was assumed thet
chemical processing of the spent fuel occurred imstantanecusliy at 150
days after discharge from the reactor. For simplification, the actinides
recycled were taken as those present at that time, In any actual recycling
scheme, the recycle material would spend more time out of the reactor.
However, because of the relatively long half-lives of the actinides
andthe very small buildup of deughters in any ressconable time between
processing =nd recycle, no sigrifiecant differences in the results would
occur for holdup times of a factor of 2 or so longer.

In addition,it is quite possible that any recycling scheme would
include transuranium wastes {fron sweepings, sludge, scrap metal, filters,

ion exchange resins, etc.) produced in the nuclear industry. Although such
wastes would be produced in large quantities, recycling them would not

cause significant difference in the results and conclusions of this
study.

From a calculational standpoint, the method of inecluding the recycle
materisl with the fuel is immaterial since the calculations must assume
homogeneity. The recycle material for each recycle calenlation was merely
considered as a uniform sddition to the normal loading of 3.3% emriched
uranium fuel.
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8.2 Chemical Processing for Waste Management Simplification

In any waste management system, and particﬁlarly if recycling of
the actinides is practiced, chemical processing plays a key role., The
importance is such that the previously wnpublished comments by Blomeke
19

and Leuze cn separation of radiocactive materials into selected frac-

tions for improving waste management are given in this section.

One possiblé way to simplify management of waste from nuclear fuel
reprocessing is to separate the radicactive materials into fractions
based vpon the time they must be stored before release to the environ-
ment is allowed. An indication cf the magnitude of the problem when the
soluticn of the high-level waste management problem is spprroeched by this
path can be gzined from Tzble 10. The fissicn-product and actinide ele-
ments cf greatest concern are listed, and the required degree of sepcra-
tion of each from high-level waste is given for various times of decay.
After the bulk waste bhas been stored for 10 years, 12 fission-product
elements and 11 actinides (constituting about 15 kg/ton of fuel charged
to the reactor) must be separated from the remeining fission products
(~ 20 kg/ton of fuel) and process reagent chemicals by factors ranging
from b (for ectinium) to 2 x 10 - (for strontium). The residuals would
then be of a nature that would permit their release under the present

Radiation Concentration Guides (cne-third of the values given in ref. 8).

The separated Tission products and actinides should ideally be
further separated from eech other, based on thelr rates of decay, into
at least three groups. The first group would contain Ru, Sb, Ce, Pm,
and possibly H, and would require contaimment for several decades
{ 100 years). It is conceivable that this group could be retained
on-site for this periocd of fime.

The second group would be composed of those fission products
requiring storage of the order of 1000 years, i.e,, Sr, Eu, and
possibly Sm. The remaining fission products with very long half-lives
are only feebly radicactive, and it may be reasonable to combine them
with the second group for 1000-year storege, or slse they could be

separated and stored or recycied with the actinides.
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Table 10. Decontamination Factors Required to Reduce Constituents
in Liquid Westd to RCG Levels® at Various Times of Decay?

Time Following Reactor Dischsrsze (years)
Element 10 100 1000 107

FPission Products

Ru L ox 107 - - -

Sb 6 x 100 - - -

Ce 1 x 107 - - -

Pn L x 107 - - -

H 1 x 107 800 - -

Sy 2 x 108+ zx 1019 - -

Eu 2 % 100 4 x 108 - -

Sa 3x108  1x10d 1x 103 -

zr zx10; 2=z 10 2 x 103 2 x 103
Te 7 x 107 7 x 10 7 x 10 7 x 10
I 6 x 109 6 x 107 6 x 10° 6 x 102
Cs 5x102  5x10° 3 x 103 3 x 100

Heavy Elements

Ra 85 93 2 x 10° 1x 100
Ac i 12 13 20
T 100 00 . 300 5 x 103
Pa 3 = 103 3 x 10° 4 x 103 b x 103
U 300 1 x 103 2 x 103 2 x 103
Np 3 x 107 3 x 102 3 x 102 2 x 107
P 2 x 107 1 x 107 2 x 100 1x 108
Am bx 167 L x 10/ 1x 100 2 x 100
o 3 x 10° 2 x 107 1 x 107 6 x 10°
Bk 120 - - -

¢t 3 x 103 30 5 -

®Mhe Rediation Concentration Guide values are one-third of those given in
the CFRB (RGGs of ref. 6 were used for the unlisted nuclides), ard should
result in a radiation dose to the general pubtlie of less than 170 mrem/year.
(These values, however, ars based upon ingestion of the liquid effluents
and do not ellow for reconcentration in the environment.)

bWaste is generated in reprocessing spent PWR fuel initially enriched to
3.3% 235U, and exposed to 33,000 MWd/metric ton at 30 MWton. The waste
consisis of all the nongasecus fission preoducts plus the actinides remain-
ing after removal of 99.5% of the uranium and plutoniuvm following a post-
irradiation decay period of 150 days.



/A1l of the actinides, except Bk and Cf, require containment for &
pericd greater than 10,000 years; hence, they would comprise a third
group. It is reasonable that Bk and Cf should be relegated to this
group since they would contribute insigrificantly to the bulk.

Fractionation of waste into such grouwps for waste management entails
a mumber of difficult chemical separations. A severe problem is caused
by hydrolysis of several materizls tc form colloids znd precipitates.
When these are present, it is virtually impossible to ‘o'b‘ba.in the neces-
sary separations. In most cases, the extremely high decontamination
factors required have never heen demonstrated. Separation of the
trivaient actinides (emericium and curium) must be mede frem kilogram
quantities of the lanthanides, and the long-lived lanthanides (europium
and semerium) must be separated from the other lanthanides. These eie-
nents have very similar chemical behavior, and separations msi be mede
by chromatographic ion exchange whichr requires close process conbrol.
There is no practical process aveilable for removing tritium from large
volumes of squeous waste, and iodine removal with decontaminstion factors
of l()5 will be difficult. However, processes now under development for
IMFER Tuel should make it possible to remove these materials btefore and
daring feed adjustment for reprocessing of the fuel.

Difficuliizs have been encountered during chemical separations with
the hydrelysis of plutonium, thorium, protactinium, znd zirconium to form
colloidal material that does not behave well in saparations processes,
Most of the plutonium in agueous waste from the first Purex eyele is in
‘an inextractable form. Fven exhaustive extraction will not remcve this
plutonium vnless some treatment can be developed to conmvert it to a
soluble, ionic species. Experience bas shown that when significant
emounts of zirconium are present, it often hydrolyzes to form colloids
or precipitates, or both, which carry polyvalent icns such as americium
and curium, This greatly complicates the separations problems and makes
it virtually impessible to remove quantitatively the zircopium and asso-

ciagted ions from a weaste stream.

Although separations processes have been developed for essentislly
211l of the heavy elements and fission products, these processes are not
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directly applicable to the problem of quantitatively isolating these
materials intc compact fraecticns for waste management., The existing
processes were developed Tor the purpose of recovering significant
gquantities of a particular element, and recoveries of 90 to 99% were
considered to be satisfactery, Furthermore, these processes usually
result in an ircrease in contaminated waste instead of a decrease, since
process chemicals reguirsd are discharged into waste streams aleng with
significent amounts of contamination. Modification of these preoeesses
to give dscontamination factors of 108 te 10-° without creating larger
volumes of waste from contaminated chemi;;i“;e—aé;ﬁ%; will require a
major development program. Since the overall fission preduct decon-
tamination factors usually attained over a single Purex cycle are only
about th, it cennot be expected that fully developed processes for
waste fractiomation, even for elements that are well behaved chemically,
will give larger decontamination factors. Thus two, three, or even four

8

cy2les will be recuired to give overall decontamination factors of 10

o 1010,

Unfortunately, the optimum grouping of radicactive elements for
waste management does not correspond with natural groupings based upon
chemical behavior. Processes for removing americium and curium from
the waste stream will also remove all of the lanthanides ang yttrium
(~ 11 kg/ ton of fuel) with comparsble decontamination factors. About
10 kg/ton of fuel of these are either nonradiocactive or have short
enough haif-lives so they can ke released after less than 100 years
storage if they are adequately decontaminated from Eu, Sm, Am, and Cm
(see Table 10); and the Eu and Sm mist be stored about 1000 years if
they are adegquately decontaminated from Az and Cam. Thus, the separation
of Am, Cm, Sm, snd Eu from the other waste products and into groups for
ease in waste menagement entails a considerable pumber of process steps,
each reguiring close process control because of the chemical similarity

e g

of these elements and verv large decontaminetion factors required.

In summsry, it can be concluded that the greatest contribution te
weste masnagement through chemical separstions lies in separating the

actinide elements from all of the fission products for either storage
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or recycling, If not recycled, these elements require virtually permanent
containment and this could pfobably be acccmplished witk greater ease in the
absence of the heat-generating fission products. A guantitative assessment
of the reduction in hazard achievable Trom actinide separations in excess

of those considered in the body of this report is presented in Appendix III,
There it is shown tnat, if separations processes can be developed to yield
an overall recovery of 99.999% of the ursnium, 99.995% of the plutonium,
99.95% of the neptunium, and $9.9% of the americium and curiuvm, the residual
wastes would have about the same Ingestion hazard 285 naturally occurring

radioasctive minerals after only a few hundred years.
8.3 Effect of Recycle on Reactivity and Flux

Tne average material k (nentron multiplication constant) or k., of the
recycled actinides is lower than that for a normel reactor loading, but not
much lower, as shown in Tables 11 and 1Z. Table 11 chows the effest of
recyeling of 99.5% of the actinides up to 60 times [equivalent to 180 years
of reactor operation). The meximum average reactivity decrease is ahout
0.8% =nd is attained in aktout five cycles. This decrease can be counter-
acted by only about a 2% increase in fissile material, which is not prohib-
itive since this can be acccomplished by inereasing the enrichment of the
fuel from 3.3 to 3.4%. Similaer results are shown in Table 12 for recycling
of 99.9% of the actinides which, as co be expected, causes a slightly greater
reactivity decrease. Table 13 shows that the effect of recycling of the
actinides (for either 99,9% or 99.5% to three significant figures) on the
thermal flux is suffieciently smaell to be of no significance to the reactor
ocperation,

8.4 Effect of Recycling on Hazard Measure

The effect of recycling of 99.5% of the actinides other than U or Pu
on the hazard measure of the waste from PWR spent-fuel processing at 150
days after resctor discharge is shown in Tsble 14 as a function of post-
irradiation decay time, Similar results are shown in Table 15 for 99.9%
extraction and recycling of the actinides.

The ratio of water required for dilution of the waste to the RCG
for the standard case {(no removal of actinides other ther 99.5% of Pu

+ U, or 99.9% if the ratio is determined for the higher extraction
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Table 11. Effect on Reactivity from Recycle of 99.5%
Actinides Cther Than U and Pu

Recyole Reactivity (k) Reactivity Change (%)
To. Start? End Start End Average
0 1.201L3 1.09391 o) 0 o)

1 1.19252 1.6890u -0.743 -0.4ks -0.594
2 1.19029 1.08785 -0,929  -0,555 -0. 742
3 1.1896L 1.08754 -0.983 -0.583 -0.783
4 1.18945 1.087L4é -0.999  -0.39C 0. T
5 1.189k0 1.08745 -1.003 -0.591 ~-0.797
10 1.18938 1. 08747 -1.005  -0.589 -0.797
15 1.18937 = 1.00748 -1.005 -0.588 -0.797
20 1.18937 1.08748 -1.005 -0.588 ~0.797
Lo 1.18937 1.08749 -1.005 -0.588 -0.797
60 1.18037 1.087hg -1.005 -0.588 -0.797

%5t start of an irredietion peried 1/3 of core loading has been
in reactor for Z years, l/ 3 for 1 year, and she remainder is
new fuel.



Table 12.

L1

Actinides Other Than U and Pu

ffect on Reactivity from Recycle of 99.9%

Reactivity (k)

Reactivity Change (%)

Recyele
No. Start® End Start End Average
0 1.201k5 1.09391 0 0 ¢
1 1.19261 1.08902 -0.736 -0 kL7 -0.592
2 1.19023 1,08782 -0.934 -0.557 -0.7hé
3 1.18958 1.08750 -0.988 -0.586 -0.787
L 1.18939 1,08743 -1.,00k -0.593 -0.759
5 1.18933 1.08742 -1.009 -0.594 -0.801
10 1.18931 1.0874k -1.010 -0.592 -0.801
15 1.18931 1.08745 -1.0i1 -0.591 -0.601
20 1.18931 1.08745 -1,011  -0.591 -0.801
30 1.18931 1.08745 ~1.011 -G.591

-0.801

BAt start of an irrediation period 1/3 of core loading has been
in reactcr for 2 years, 1/3 for 1 year, and the remainder is

new fuel.
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Table 13. Effect of Recycling®on Thermel KNeutron
Filux in a Typical PWR

Thermal Neutrom ¥lux x 1075 (n/cm®-sec’
at Trradiation Times (days) of:

Recycle lNo. 110 367 550 733 1100 Everage
o} 2.58 z.64 2,81 3,03 245 2.92
1 2.57 Z.6h 2.81 3.0z 3.h2 2.91
2 2.57 2.63 2.80 3.01 3.4 2.91
3 2.57 2.63 2.80 3.01 3.40 2.90
L 2.57 2.63 z.80 3.00 3.40 2.90
5 2.37 2.43 2.30 3.0 3.%0 2.90

10 2.57 2.63 2.80 3.0U 3.%0 2.90
20 2.57 2.63 z,79 3.00 348 2.90
Lo 2.57 2,63 2.79 3.00 3.ko 2.90
60 2,57 2.%43 2.79 3.00 3.he z.30

a B ~ -
Cne cycle represents 3 years of reactor overation.



Table ik. Effect of Recycle of 99.5% of Actinides Other Than U and Pu
on Hazerd Measure of Waste® from PWR Spent-Fuel Processing

ter Required for Dilution to RCG,” Ratio of Standard
to Recycle Case for Decay Times (years) of:

Reﬁg?le 10 10° 103 10* 5x10° 10° 107
o) 40.4 12.3 15.3 18.5 22,8 27.9 52.3

1 22.5 9.30 12.4 13.4 16.0° 19.7 45.7

2 19.3 8.20 10.0 10.8 14,5 18.0 L43.6

3 17.5 7.57 8.43 9.29 k.2 7.k L42.8

h 16.5 7.15 7.35 8.25 k.0 7.1 k2.5

5 15.8 6.77 6.57 T.53 k.0 7.0 L2.5
10 13.k4 5.76 4,72 5.75 13.9 17.0 ° L2.5
15 12.1 5.32 k.16 5.33 12.8 17.0  ke.s
20 1.k 508 378 L8 13,8 7.0 b2.5
25 11.0 k.95 3.63 5.73 13.8 i7.0 k2.5
30 10.7 4.89 3.56 4,63 13.6 17.0 k2.5
Lo 10,5 4,83 3.9 4.55 13.6 16.9 k2.5
50 10.3 4,80 3.46 L.39 13.6 15.9 k2.5
60 10.3 4,80 3.46 4.39 13.6 16.8 42,5
Eff., % 25.5  39.0 22.6 23.7 59.6 50.2  81.5

20.5% Pu and U sent to waste,

Th\. recommended defeult RCGs in the Code of Federa.;. Regulations
(ref. 8) were used for unlisted nuclides.
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Table 15. Effect of Recycle of 99.9% of Actinides Other then U znd Py
on Hazard Measure of Waste® from PWR Spent-Fuel Processing

Water Required for Dilution to RCG,® Retic of Standard

Recyele to Reeyele Case for Decay Times (years) of:

No. 10 10° 103 10t 5x100 100 . 10°
0 195 57.5 73.1 88.8 110 137 256
1 116 43.7 58.9 64,2 77.7 95.9 22k
2 4.8 38.4 Lr.7 51.6 7C.8 g87.3 213
3 85.8 35.5 ko,1 4y 2z 68.1 8.k 210
e 80.7 33.4 34.8 39.3 67.5 83.k 209
5 77.2  31.7 31.1 35.8 67.2 83.2 208

10 65.7 27.0 22.1 27.0 66.5 82.7 207

15 58,7 24.7  19.1 23,7 66.4 82.3 206

20 4.5 - 17.6 22.2 66.1 82.1 206

25 52.0 - 16.8 2154 66.¢ 82.1 206

30 50.6 - 16.5 20.9 65.8 82.1 206

2E., % 25.4 - 22.6 23.5 59.8 9.9 80.5 -

20.1% 5f all actinides sent to waste.

PMme recommenged default RCGs in the Code of Federsl Regulations
{ref. 8) were used for unlisted nuclides.
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percentage) to that required for dilution of the waste after each
successive recycle is an indication of the efficacy of recycling

from a potentiel hazard view;po:‘_nt. This retio is defined as the hazard
reduction factor {the higher the ratio, the greater the hazard reduction).
Table 16 shows a different method based on the activities in curies for

evaluating the efficacy of recycling.

Table 1it shows that the hazard reduction factors of the waste with
99.5% of the actinides extracted equilibrates at 42,5 for a decay time
of 106 years. Vhen the RCGs of refs. 6 and 9 are used for the unlisted
nuclides in place of the recommended defanlt values in the Code of Federal
Regulaticas, the hazard reduction factors become 6.5 and 10 respectively.
The corrasponding values for 99,9% extraction of the actinides are 28 and
49. Although it can be argued that the RCGs calculated by LaVerne9 are
more realistic than the more conservative recommended defenlt values,
the Code of Federal Regulations must be followed in nuclear reactor

design and operation.

Note that the last row in both Tebles 14 and 15 show recycle effi-
ciencies at each decay time. These efficiernczies represent the percentage
of the maximum possible hazard reduction factor that is atiainable after
effective equilibrium is reached in the recyecling process. The maximum
possible hazard reduction factor is the ratio of water required for
dilution of the standerd waste with only 99.5% of U + Pu removed {or
99.9%) to that required for the same waste when 99,5% (or 99.9%) of all
actinides are extracted at 150 days after discharge from the reactor.
This is precisely what is contained in Tebles 1l and 15 for zero recycle
or ore pass through the reactor, These are cbviocusly the largest hazard
reduction factors obtainable at a specified decay time since they are
based on the removal of 99.5% {or 99.9%) of &ll the actinides rather then
Just the U + Pu. ZFach additional recycle increases the hazard measure
of the discharged material in asymptotic fashion. Tre steady-state
reéye"_e efficiencies shown are simply obtained by dividing the values
for 60 recycles (or 30 in Table 15} by the values in the first row at
corresponding decay times., In a similar fashion, the recycle efficiency
can be calcullé.ted for each cycle by dividing the velue for the particular
cycle by that for the zero recycle.



Table 16. Effect of Recycle of 99.5% of Actinides Other Than U and Pu
on Activity of Waste® from PWR Spent~Fuel Processing Based on
Total Curies as a Hazard Measure

Relative Radiocactivity, Ratio of Standard to Recycle

Recyels

Case for Decay Times (yesrs) of:

No. 10 108 10° 16° 5 % 10* 10° 10°
o) 6.69  9.97 10.2 10,k 8.4 13.5 L4o.9
1 6.12 7.96 10.0 10.0 .90 11.6 35.8
2 5.88 7.4 9.91 9.91  7.75 11.0 3. L
3 5.7 7.25 9.85 9.83  7.99 10.8 33.9
L 5.7k  7.18 $.83 9.79  7.96 10.7 33.7
5 5.71 T.15 9.80 9.75  7.66 10.7 33.6

10 5.70  7.13 9.73 9.70 7.6k 10.7 33.5

15 5.70  T7.12 9,71 9.66  T.6k 10.6 33.5

20 5.70 7.12 9.68 9.62 7.64 10.6 33.4

30 5.70 T7.12 9.67 9.62 7.6 10.6 33.4

" Lo 570  7.12 9.66 9.62 7.62 10.6 33.4

50 5.70  7.12 9.66 9.62  17.62 10,6 33.4

&0 5.70 T.k2 9.66 g.62 7.62 10.6 33.4

20.5% of all sctinides sent to wacte.



b7

The results in Tables 14 and 15 show that when recycling is prac-
ticed, the hazard measure of the waste is approximately proportional to
the neptunium, americium, and curium sent to the waste since the hazard
:'eduction factor is about five times greater when 0.1% of the actinides
is sent to the waste after each cycle than that for the 0.5% case. This
cbtains logically because the reactor discharce composition is 1ittle
affected by a change of only 0.L4% of recycled actinides in the feed
stream. The standard case is also litile affected by whether 0.1% or
0.5% of U + Pu is present since the americiwm and curium predominate
at smalier decay times and neptunium after lO5 years. It is for similar
ressons that the cycle efficiencies are virtually independent of the
percentage of material that is recyeled. It fcllows that if 99.99%
removal is effected, the hazard reduction factors of Table 15 will
irerease by about a factor of 10 to about 2000 at 106 years, All
three tables show that the hazard reduction factors decrease asymp-
totically with the nuwber of recycleé, which is a result of the buildup
of the higher transuranics, and that effective equilibrium is attained

in 20 cycles more or less depending on the decay Hime.

Minime in the hazerd reduction factors of Tables 14 and 15 as &
function of decay time occur at around 200 years in the first few
recycles with = gredusl shift to between 105 and 107 years for larger
numbers of recycles, The reasons for this behavior are rather involved
and include the relative change in toxicity as well as the change in

total activity of the varicus nuclides.

As an gid in understanding this and other phencmens, the relstive
contribution {when > 0.01%) of each metinide by itself (regardless of
whether discharged from the reactor or generated by decay) and by each
of their daughters to the hazard measure of zero recycles and 60 recycles'
are shown in Tables 17 and 18, respectively; the standard cese for 99.5% ex-
traction of U + Pu is shown in Table 19. (See Appendix II for a listing
of activity in curies and the hazard measure of all actinide nuclides
as a function of time after discharge.) Note that the basis for these
tebles is different from that of Tables 4 to 6 where the corntribution

from sach actinide includes all of 1ts daughters. Observe that in the



Table 17. Relative Contribution of Fach Component of the Aztinide
Waste? to the Hezard Measure AFfter Cne Pass Through the Reactor

Portion of Total Water Required|to Dilute Each Element
to Its RCG (%) for Decay Times (years) of:

Tlement 10 108 100 10t sx10° 100 100
Tb nil nil 0.0L 1.0 L2 4.2 1.7
Bi nil nil 0.03 k.o 17.9 19.5 16.6
Po 0.05 0.04 0.05 7.5 32.2 34,2 22.4
At nil nil nil 0.4k 3.8 5.1 10.5
Rn nil nil nil 0.11 0.35 0.35 0.36
Fr nil nil nil 0.4k 3.8 5.1 10.5
Ra nil nil 0.02 3.9 7.6 19.2 16.3
Ac nil nil nii 0.4k 3.8 5.1 10.5
Th nil nil 0.01 0.63 4,3 5.6  11.0
[l ¢.02 0.03 0.13 0.38 0.2k 0.16 0.10
Pu 62.3 3.7 2.1 4.9 11.6 1.8 0.02
Am 21.7 63.4 54.0 1.6 0.03 nil nil
Cm 16.0 1.7 3.h 4.7 0.12 nil nil

%0.5% of all actinides sent to waste.
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Teble 18. Relative Contribution of Fech Component of bthe Actinide
‘ Waste® to the Hazard Measure After 50 Recycles
Portion of Total Water Required to Dilute Each Element
to Tts RCG (%) for Decay Times (years) of:

Element 10 107 105 0t s5x1t 10 1°
Fb nil nil nil 0.h7 .3 b9 1.9
Bi nil nil nil 1.7 19.1 20.3 16.8
Po 0.05 0.05 nil 3.4 35.3 37.3 23.1
At nil nil nil 0.13 2.7 3.6  10.2
Rn nil nil nil 0.03 0.21 0.21  0.30
Fr nil nil nil 2.13 2.7 3.6  10.2
Re. nil nil nil i.7 18.9 20.1  16.5
Ac nil nil nil 0.13 2.7 3.6 10.2
Th nil nil nil 0.19 3.1 ki lo.7
Np nil 0.01 0.0k 0.11  0.18 0.i1  0.10
Pu 29.6  27.3 10.0 18,4 7.1 1.2 0.02
Am 5.6 24.9 12,4 0.55  0.03 nil nil
Cm 41.8 k3.5 75.9 73.0 2.7 0.95 0.19
or 22.9 k.3 1.6 nil  mil pil  mil

20.5% of all actinides sent to waste.
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Table 19. Relative Contribution of Bach Compconent of the Actinide
Waste® with 99.5% of U and Pu Extracted
Portion of Total Water Reguired to Dilute Fach Flement
to Tts RCG (%) for Decay Times (years) of:

Element 10 108 103 1% 5x10° 100 10°
Pb nil nil nil 0.28 0.94 .77  0.10
Bi ni nil 0.02 2.7 14.8 15.2 EL
Po nil nil 0,03 3.6 17.8 17.5 k.4
At nil nil nil 1.7 11.7 12.6 1h,1
Rn nil nil nil 1.2 0.03 0.03 0.02
Fr nil nil nil 1.7 11,7 12.6 14,1
Ra nil nil nil 2.7 1%.8 15.1 L.y
Ac nil nil nil 1.7 11,7 12.6 14.1
Th nil nil 0.01 1.8 1.8 12.7  1k.2
P nil nil 0.01 0.0+ 0,02 ©.01  nil
u nil nil nil 0.02 0.02 o.02 0.61
Np 0.09 0.38 1.0 1.8 0.76 0.39 0.13
Pu 7.1 16.7 7.7 13.8 2.8 0.37 0.13
A 13.8 55.2 6.7 7.1 0.30 nil nil
Cm 79.2 27.8 LL.5 kg.9 1.0 0.01  nil

80.5% of U + Pu and 100% of other actinides sent to waste — standard

case.
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standerd case (Table 19) the curium is 79% of the total after 10 years

decay and varies from 16 tc 42% during recycling (Tebles 17 and 18). In
]

ke (18-year half-life), but

its fraction of the totzl curium content diminishes with recyceling.

the standard case, the curium is mostly

Consequently, it is the relatively rapid decay .o’ the ZMhCm (the con-
trolling nuclide in the standard case) compared with the smaller effect

on the recycled waste that is responsible for the initisl rapid drop in the
hazard reduction factors for the first 100 years or so. The shift in the
location of the minima to larger decay time can be attributed to the
buildup of 2h5Gm and 2]46Cm.

After the first few recycles, the hazard reduction factors rise to
about the same value, regardless of the number of recycles for long decay
times. This reflects the fact that 237Np discharged from the reactor
controls the waste hazard at long times and that the concentration of
this muclide rapidly reaches equilibrium, This is borne out by the
detailed date which show the 233, decay chain (4n + 1 series), of which
237Np is & member, mak;; the dominant contribution. Table 20 shows the

7

neptunium (aimost all Np) discharged from the reactor attains a

copstant value after five recyeles.

Recycling of the actinides and achieving a 99.9% extraction effi-
ciency reduce the hazard meazure of the actinides at equilibrium to the
same order as that of the long-lived fission products (1291, 93Zr, 93mNb,
99Tc, and 13503) for the longer decay times, the hazard measures of the
actinides being about twice that of the long-lived fission products at
1000 years and dropping to about one-half of the fission preduct value
at 106 yeérs. However, if 129I is eliminated as & hazard by isotopic
dilution (or separate storage), the actinides would still control the
totel waste hazard. An actinide extraction efficiency of 99.999+% along
with the recyecling is required before the hazard measure of the total

waste hazard is controlled by the long-lived fission products other than
129
I.

Figures 2 and 3 were prepared from the ORIGEN output to show the
rate of accumulation of the potentisl hazerd of the actinide weaste from
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Fig. 2. Short-Term Cumulative Hazard of Actinide Waste from 60-Year
Operation of a Typical PWR.
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cne typical PWR operating at 1000 MWe with an 0.8 plant factor and an
annual average discharge of about 23 tons/year of spent fuel. Also shown
is the effect of recyeling on the hazard reduction for an actinide extrac-
tion efficiency of $9.5%. These plots represent the waste hazard accuma-
lation per reactor for 60 years of operation when disposal or permanent
storage occurs after 10 years, This operation time span seems sufficient
to cover the lifetime of a PWR nuclear power indusiry. Figure 2 shows
the cumulative hazard from 10 to 7O years after discharge. The hazard
reducticn Factor (ratio of the standard case to the recyele case at any
indicated decay time) achieved by recycling starts at about L0, rapidly
drops lto 20 in 10 years, and slowly di'ops to about 10 by 70 years after
discharge. Figure 3 shows the same resulits for decay times between 500
and ].O‘ years for which decreases are shown initially in the cumulative
hazard because the reactor was considered shut down at 60 years of
operation with mo further additions to the waste- | At later decay times
the cumulative harzard increases becauvse of the buildup of 2291’11 and its
daughters as the result of decay of 23?Np. This increase would be much
smaller if RCGs of ref, & were used and the curve would flatten cut with
the RCGs of ref. 6 (see Teble 5). For the long-term decay period shown
in Fig. 3, the hazard reduction factor has drcpped initially to a little
below 10, bubt after lOlL years builds back up to a little over 4O, At
these longer times the hazard reduction factor can be simply obtzined by
averaging the values for the first 30 recycles (60 years of operation)
shown in Table 1L because essentially all the hazard comes from actinides
Wwith long half-lives, the chorbest being 458 years for 2''Am with the
others having half-lives measured in thousands of years. For such &
condition, it makes 1ittle difference that the first d_ische:rge' is 60
years older than the last one; each discharge contributes about the same
to the cumulative hazsrd for times greater than 500 years. This is, of
course, not true for the shorter times, which is the reason for the gap
between 60 and 500 years when the hand caleulations using the normal
ORIGEN output become too long to be practical.



|
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8.5 Effect of Recycling on the Hazerds [of

Chemical Processing and Fuel T“abrlca.tﬂon

Recycling of reactor actinide waste will increa;e the radiation
problem'associated with chemical processing and fuel l'?a.brication because
of the increased radicactivity of the reactor feed and discharge streams.
In this section these problems are examined samewhat |and the effect on

chemical processing 1s discussed.

Table 20 shows the recycle effect on the buildupiof each actinide
in the reactor discharge stream after cooling 15C days\ and before any
chemical processing, The tsble also indicates the atthinment of effec-
tive egqnilibrium. True eguilibrium cannot be zttained \in practical
irrediation times because of the sma2ll removal cross sedtions (decay +

2 z
capture + fission) of "48an ang =20

Cm. The small changes in the actinides

that are still occurring after 60 recycles can be traced prlmarlly to |
Cm; the emount of 250 Cm present is too small to have EA noticesble

effect, From a purely chemical separations viewpoint, thé: chenges in

compositions are net significant. Handling problems,; howéver, are

increased by the buildup of nuclides that undergo spontaneous fission.

The slight increase of asbout 3% in the gamme activity that occurred as

the result of recycling is of no consequence,

The Purex separations process now in use removes only Pu and U from

the waste strear (see Seci. 8.2 for a more detailed discussion on chemical
processing). For.:gcycling, the other actinides must 2lso be extracted from
this waste strzam containing the {issiocn products., It ig generally felt that
the process can be adjusied to permit $9.9% extraction of the U + Fu. By
mall changes in the process, neptunium could 2lso be extracted, ZRemoval

T the Am and Cm is pot as casy sirce some of the rare-earth fission
products have similar chemistry. The separation wonld not have to be
toc clean ot contarinaticn with »are ecarths with high neutron cross
zzctions shouid be large enough to degrade the neutron economy of Qhe
reactor wkhen recycled. Whether the Ac, Th, and Pa are removed or sent
to waste is not important zince their effect on the hazard is negligible

(see Sect. 5). The effect of Bk, Cf, and Es produced in one pass through
P P
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the reactor slso has a necligible effect on the waste hazard, but the
buildup of Cf and Cm seriously increases the neutron emission rate by
¢,n reactions and by spontansrus fission, with the latter domin.ating.
Table 21 shows that the source of neutrons irn the material recycled is
mostly curium (primerily 21mt’:m and 2h20m) after two cycles, but that the
Cf {primarily 23 2Cf‘) rei:ai;lly becomes controlling after a few recycleg,

This increased neutron activity due to recycling should cause no
real problem in chemical processing since the thick concrete walls
required for gamme shielding should also be adequate for the neutrons,

A potential problem arises in fuel fabrication and handling, regardless
Iof whether ihe recycle material Is mixed with new fuel or made into
separéte elements. The sanre probleﬁ alsc exisis fdr fabricating fuel
eleﬁxents Trom z:ecf,rcied plutonium, Bell and Nicholszo estimate that the
neutren source for recycled plutonium builds up to aboub 109 n/sec ver
metric ton of piutconium. Table 21 shows that if the californium is
removed ,' the curium would control and the neutron source would conly be
reduced by a factor of 300. The curium produced along with the sssoci-
ated neptunium and americium would generate comnsiderably more neutrons
Iper unit weight (3.6 x 10t per metric ton of the mixture at egquilibrium)
by spontaneous ficsion ard Q,n reactions than would plutoniuvm. The
quantities involved, however, are smaller than in the case of plutonium
recyele, It seems that actinide recycle materizl could be handled with-
out too much change in the way of design or handling procedures developed
for plutonium recycle fuel even if the neutron source strengtn is somewhat

252

larger. Removal of the neutron source, C, can be accomplished by not

recycling Cf even though there 7s en incresse in the Cf production with

. . Q5 s z52 . . .
curium buildup. Significant 27 Cf buildup occurs from successive aeutron
]
captures starting with 249Cf and 23e
DA
““Bk.  The difficulty involved in the efficient extraction of Am and.

Cf, where pracursors are 2h9Bk and

- - . e . --\' — -
Cm from fission product= was pointed cut in Sect. 7.2. In all processes for
removal of Am and Cm, Cf and Bk zre alsc removed. C(onsequently, addi-
tional complicetions to the flowsheet would be required to keep these

elements separate from the extracted Am snd Om.
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Recycling of waste through a reactor does add to the inventory of
hazeardous materials in process which could increase the severity of an
accidental release or radloactive material, The hazard measure of the
sctinide waste based cn ingestion was increased by only 12% after 60
recycles. The total is sbout one~tenth of that for the fission producks.
If the hazard measure is based on inhaletion, recycling increases the
potential hazard by a tactor of 2 at discharze {(see Table 21) with the
average in the reactor being significantly higher. Since the fission
products produce an inhalation hazard measure of only 3.7 x 1016 m3/metric
ton of fuel compared to a value up to 2.5 x 3.017 for the actinides, it
would seem that the potential hazard of an operating reactor would be
increased by recyeling of the actinides. . However, actinide concentra-
tion in a reactor is not significant in analyzing the "maximm credible
sceident” (MCA} since the actinide compounds are not vclebile and cannct
te significantly dispersed into the atmosphere by any credible resctor
accident, Transmutation of fission products in burner reachors would,
of course, add to the potential hazard of the MCA because the volatile’
fission products are conbrolling in an aceident anglysis,
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9. CONCLUSIONS AND RECOMMENDATIONS

Eliminstion of the fission products, 20

3r, 13705, and 85Kr, by
neutron-induced transmutation as a result of recycling in existing or
projected designs of power reactors is not possible since the neutron
fluxes are not high enough to lower the effective half-lives of these
nuclides by a significant amount. Special burner reactors with neutron
fluxes in the order of 10%7 n/cm?-sec are required for that purpose.
Spallation reactors and fusion reactors are possibilities,but the latter
is certainly not feasible with current technclogy. The former, at best,
would require an extensive development program including, in particular,
a method for coping wilh the potentially severe rediation damage and heat
transfer problems. It seems that nltimate storage in deep geological
formations of known cnaracteristics {such as salt mines) remains the
best method for fission product disposal since less than 1000 years is
required to reducz the activity to an innocuous level. Assurance of
tectonic stability for 1000 years with a very high degree of confidence
is quite possible in some geological formaticns. The actinides and their
danghters, of course, with half-lives measured in many thousands of years
should be esxcluded from the biosphere for a length of time for which
tectonic stability can be a2ssured with a2 lesser confidence level. There
is, therefore, a stronger motive for disposal or reduction in the accumu-
lation of the actinides by scme other method such as by transmutation in

nuclear reactors.

When over 99% of the plutonium and uranium has been extracted,
significant further reduction in the potential long-term hazard of the
waste from PWRs (and undoubtedly other types) can only te achieved by similar
removal of the neptunium, americium, and curium. Consequently, if the
actinides are o be disposed of separately from the fission products, it
peys from a waste hazards viewpoint o concentraﬁe on developing economic
chemical processes Tor removal of the latier three actinides from the

fission products.

Recycling these actinides through the reactors preducing them has
promise for reducing the lcng-term wasbte hazerd, perticulerly if 99.9%
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extraction of neptunium, americium, and curiumw is achieved, an extraction
efficiency that already appears feasible for pivtonium and uranium, The
results of this study indicate that long-term hezerd reduction factors

up to about 200 are peossible with 2 $99.9% actinide extraction efficiency
with subsequent recycling of the neptunium, americium, and curium. La:a.rgér
hazard reduction factors are possible with higher efficiencies, and the
hazard reduction factors are appreximately properticnal to the quantities

of the zetinides sent to the waste.

Reeyele of actinides in the LMFBRs sheculd produce cven higher hazsard
reduction factors since the average fission-to-capture :.atio of the acti-
nides should be higher in a fast reactor then in a thermal ome. Fast
cross-section sets for the higher aectinides should be developed so that
recyeling ‘studies can be made for the LMFERs.

It also eppeers that recyeling of the actinides is particularly suited
for a fluié fuel reactor such as the MSER. 2L A processing scheme has bheen
visualized that recycles essentielly all the uranium, nepbtunivm, thorium,
and most of the other actinides. Considerably less americium and curium
are produced compared to a PWR, which considerebly simplifies the waste
dispesal problem, In addition, being a fluid fuel resctor, the problems
arising from fabriecation and handling of heavy neutron-emitting fuel
elements are eliminated. A study similar to this one should be made for
the MSER using chemical processing that minimizes the actinide content

* the waste streams.

Official or standard values for the RCGs for nuclides appesring in
the waste that are unlisted in the Code of Federal Regulations should be
established since using the recommended default values seems too conserva-

tive for decey times beyond 10,000 years.

Some consideratior should be given to other metheds of evalusting
the potential hazerd of the waste from chemicel processing and possibly
a standard developed that considers the probability of discharge into the
biosphere. In particular, scenarios of possible intersction with the
environment and pé‘ter_t:v'_al pathways o the biosphere should be evalueted
as part of the conceptual design and site selection process for waste

repositories.
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APPENDIX I: A COMPARISON OF RCGs CALCULATED BY LaVERVE (REF. 9)
WITE THOSE IN THE CODE OF FEDERAL REGUIATICNS (REF. &)
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Takle 22. Comparison of RCGs from Ref, 8 and Ref. 9
Critical Inhalation RCG Critical Tngesticn RCG
Nuclide Organ Ref, 9 Ref, 8 Jrgan Ref. 9 Ref. 8
22%0e  Liver 1 x 10712 - 6I (z1I) 5 x 1076 -
Z2Tge  Bone 8x10% gx101%  Bone zx10%  z2x108
228y Bome 2x10°% 3x10? &1 (ULI) 2 x 10 o x 10
2%lan  Bome, kidney 2 x 107F3 2 x 10753 Bome 4 x 10'66; box1 'g
2hZmn  RBome, kidney 2 x 1003 2x20723  Bone Lx109  hx107p
24200 Liver 1x10?, 1x 1072 ar(uLr, wi) 1x107, 1x107/
gﬁm Bone, kidney 2 x 107%3 2 x 10:73 Bone hx1070 b x 10
Bone, kidney 1x107  1x3i0 aT (8) 2 x 10° 5 % 10
25 g1 {ULI) 3x 107 - GI (ULI) 1 x 10 -
27,4 Ovary, thyroid 9 x 1077 - Ovary, thyroid 6 x 1071 -
EHm, Bone 2 x10% 3x20%t G (n1I) % x 10-% -
250mx Eone 5x10°% 5 x10° 61 (1) 3 x 10" -
210g; Kidney 2 x 20730 2 x 1010 @I (LI} % x 103 4 x 10-5
2ilyy Kidney 1 x 1077 - GI (3) 7 = 103 -
gl Kidney 3x102 3x 109 GI (8) b ox 10':: L x 107%
2}231 Kidney L x 10:3 - GI (S) 5 x 107} -
2iltpi Kidney 1x 10 - g1 (8) € x 10 -
249ar  pone 5x 10 5x10%  Bone Lx106 bx106
250cs  Bome ix 10'113; 2 x 10'11-’; Bone 1x 10"2 1x 1072
2%cy  Bone s x 101 g x10T Bome hx 107 box 10
2520 Bone 2 x1013 7x1013 @1 (1ar)* Tx1000  2x 07
2530 Bone 3107t 34 10'% 6I (111} 12107, 1x107,
2%+  Bome 2x 1013 Zzx107 6I (111) 3x1077T 1 x 3107
22 Liver b x 1022 4 x10%% Gr(nia) 2 x 10’2 2 x 10'2
230 Bone 2210773 2x20713  Bone 5% 1072 5 x 10
2k Bone 3x 1072 3x10° Bone 7Tx10°2  7x10
50 Bome 2x10°83 2x10%%  Bore bx10f  bx1078
2,"'53::1 Bone 2 x 10733 2 x 10713 Bone Ix 107, 4 x 10'6
2470 Bone 2 x 10'13 2 x 10‘113: Bone hx207  bx 2077
Zzecm Bone 3x10°Tt 2 x 310t Bone 6 10'2 4 x 1077
2 ng Liver 2 x 1.0‘;’5 Lx107  5I(s) 2x103 2x10
P Bone 3 x 10 - Bone £ x 10" -
853 Bone zx100  3x310t BT (LLI) 2 x10™° 2x107?
gl Boyy 1x10] - Body 8x107 -
Fr Body b ox 107 Body 3x 10 -
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Tehle 22 {(continued)
. Critical Tnhalation BCG i
Nuclide Organ Ref, 3 Ref. 8 i P
. Organ Ref, 9 Ref, 8
209
T GI (ULI) -7
21 I 2 x 10 -
21]?% Kidney b x 1072 4 x 10712 GI (s, ILLI) 321073 -
e Kidaey hx 107 Dome, kidney 2 x 107 1 x1077
b Kidrey 6 -10 % Kidney ; o
214z, . x 10 6 x 10019 Kidn oy x
»  Kidney 1 x 1070 - Kidney 2rigf  2xi07
aang - . ey 5 x 107 -
23 e 2 x 107
3 ™ x 3 ! -
238?‘; Tene 1x10 ;3 1 x 10713 BiniLLl) g x ig'E x 10°6
T z " x -
e e 2 x 103 - 5 oo imn 5 % 1072 3x0
i x 10 3 x 10™ 6T (111 x
o GI(8) 8 x 1077 A 5107 1x0
¢ (8) 5 x 107 - o 32103 ,
gg;agm Bone & 13 o - -
2 Iy X 10-
iy a - GI 3
o oo e WA P
zl‘opu Bon 5 x 10% & x 1071 Bone gy 2 o
2kl Bo; e 6 x 10 6 x 10*  Bone Aoy 2 107
2Lz Bc’ne 3Ix 10"1121_ 3Ix 10-32 Bone 21 :L“ 2 10-6
2¢ Bme | €x10 & x101%  Bone 2xlog  2xl0y
. a1 1) 9 x 1°'Bl+ & x 10-8 Gz (ULI) Arlok 3 o
Zhsn,lm ne 6 x 107F 6 x 10'1)"' phgve i 108
T GI (L1I) 1x 3.0‘8 - i 3 2 10-6 106
iy = 1 . 6L {(ILI} 6 x 1077 -
ey, spleen 2 x 107 -1l i
ZUpo  Kidney, spleen 9 x 1077 2 x 10 rdney 8x107  7x 107
2121)0 Kidney, spleen 1 x .'I.O2 - o r x o
2131‘;c Kidney, spleen 1 x :I.Ol - g b 106 :
21 ] Kidney, spleen 2 x :l.O‘l - o ok 105 -
216.° Kidney, spleen 1 x 10-2 R iz 103 -
Po Kidpey, spleen 2 x 1074 AR 3x1% -
s - Kidney, spleen 7 x 100 -
Po Kidney, spleen 1 x 1077 - el el
- ' ) GI () b x 3073 -
ne B 107
S meme bx2075¢ b x 10 Bore g x 1077 -7
23 Live 7 x 103 - GI (LLI) 6 - %0
P ey 2 x 10 ¢ 2 x 10'8 GI (LLI x 10 x :
224 GI (8) L x 107 - * ) iy 1z
£y e 4 x 10 - 61 Es 2 x 1072 -
o i 61 (ULI) 1x 102 -
— ne 6 x 107 6 x 107F
3252: ggne 2 x 10710 2z x 10710 Bmmf e 10_2 i 10:2
296 ne 5% T o - Bone ol 2x20
2285; ;?e 1x20712 3x m’ig Bene i ig:g x 1078
e 2 x 107 2 x 107 x R
: 1 Bone ix 10'8 I x 10'8



Tabvle 22 {continued)

68

agestion RCG
Critical Inhalation RCG Critical Ingestion ——
Nuclide Organ Ref. 9 Ref. 8 Orgsn Ref, ? .
5 8§ x 1073
207, ; 10 GI (S) x 107
208y o Egﬁ ik 10-2 61 (s 5 x }o_g
2097y GI (s) 2 x 10° 61 {8) 1 x 10
; -5
azq ; 1x 2071 6L (iLI}) 2 x 10
2287 ggx:: 3x10%3 3 x10733 Bamie 7 x 1070 T x 1076
229y Bone 2 x 1014 : Bone L x 10" P
230m Bone Tx 10'1!" 8 x 10'11‘ Bone Z2x 10:1‘ 2 x 1
23 6f (LLT) 4 x 107 i GI (ILT} 2 x 10 P
232m, Bone 7x 107t 1y 30712 Bone 2 x 108 2 x 10
233q, GI (8) 5 x 1077 Gi (8) z x 1073 "
234y, Eone 2 x 1079 2 x 1079 6I (13) 2zx :mL 2 x 10
- - J s _5
2 -2 3y 002 GI (LiI) 3 x 10 3 x 107
33233 g:ﬁ 2 X ig-ll 3 % 1071 6I (BLI) . 3 x 10\ 3x 3072
234y Sone 2 x 1072 2 x 1071t ST (ILI}) 3 x 10 3 x 1077
23% Bone zx10l 2 x10°8 GI {ILI) 3 x 107 3x 1077
236y Bone zx107t oz x107 GI (LI) 3 x 107} 3x10
237y 6I (Lz1) 3 x 1070 oI (mz) 1x1078 5
238y Bane z2x1008 3 x1032 GI (LLI) 3 x 1073 & x 10
23% GI (S) 5 x 1077 - 6I(s)  zx1073 15
2oy 6 (1) 9 x 107 8 x 10 GI (LLI) & x1¢ 3 x

—
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APFENDIX II: RADTOACTIVITY AND HAZARD MEASURE OF EACH ACTINIDE
NUCLIDE AS A FUNCTIONW OF TIME AFTER DISCHARGE FOR
THE STANDARD CASE AND AFTER THE €0th KECYCLE



70

Table 23. Radfoaciivity of Each Wuclide as a Function of Time
After Discherge fran a Typical PWR

sadiocsctivity’ {Ci/metric ton of fuel) after Decay Times {vr) of:

Nuciide 0 12 10° 10° 10° 10° 1°
823p¢ 1.93-7* L.15-8 7.24-7  6.94-5  5.58-3  1.17-1  2.90-1
22 pe 9.70-7  7.47-6 2.3B-5 2.60-5  3.90-5 2.38-4  3.31-4
228, 2.73-12  2.14-11 3.78-11 1.08-10 1.22-9  1.86-8  1.95-T
2T, 9.04-7  7.37-6 2.35-5 2.55.5  3.85.5 2.35.h  3.27-h
228y, 1.4g-3  1.48-% 14.03-5 7.06-9 1.22-9 1.86-8  1.95.7
229, 3.31-8 4.15-8 T.24-7 6.94-5  5.54-3  1.17-1  2.90-1
230, 1.78-5  2.00-5 3.U45-5 3.71-k  3.79-3 2.3z 5.59-3
231, 7.03-1  8.56-5 8.58-5 8.7h-5 1.16%  3.12-%  3.71-h4
2%, 2.55-11  3,20-11 3.85-11 1.08-10 1.22-9  1.86-8  1.95-7
233, 1.33-2 0 0 0 o ) a

23, 3.28-1  2.57-3 1.57-3 1.57-3  1.57-2  1.57=3  L.57-3
23%a 2.44-5  2.47-5 2.48-5 2.60-5  3.90-5 2.38-%  3.31-%
232p, 3.57-1 0 o o ¢ 0 0

233p, 3.23-1  3.40-1 3.45-1  3.68-1  3.7%-1  3.64-1  2.72-1
23y, 3.15-1  1.57-3 1.57-3 1.57-3  1.57-3 1.57-3  1.57-3
23hpy 1.25-2  1.57-5 1.57-6 1.57-6 1.57-6 1.57-6 1.57-6
232y 6.07-3  B.69-5 3.92-5 6.77-9 0 o 0

233y 5.55-5  1.42-5 1.46.%  1.53-3  1.56-2  1.29-1  2.89-1
23y 7.52-1  6.71-3 2.60-2 14.65-2  Lk.5%-2  3.56-2  4,3G-3
E3% 1712 8.56-5 £.58-5 B8.78-5 1,16-h 3128 3.31.b
235 2.88-1  1.44-3 1.46-3 1.69-3  3.10-3  4.93-3  3.92-3
23ty 8.65¢5 0 0 0 o 0 o

238 3.34-1  1.57-3  3.57-3  1.57-3  1.57-3  1.57-3  1.57-3
33?!1 1.86+7 0 0 c 0 0 0

ahoU 1.69-15 5.80-1k £.12-13 6.13-12 6.08-11 5.57-10 2.67-5
2%y, 2,91 0 0 0 0 0 0

BTy 3.3221  3.40-1  3.45-1  3.68-1 3741 3.64-1  2.72-1
238y, 3,96+5 0 0 0 0 0 0

239, 1.857  L.7T7#l 1.75+1 1.61+1 7.1k 2.05-2  2.37-7
a""“np' 1.69-15  5.89+14% 6.12-13 6.13-12 6,08-11 5.57-10 2.67-9
21‘01\11’ 3.30+k o 0 ° ) o 0



Table 23

("

{contirmed)

Radicectivity® (Ci/metric tor of fuel) after Decey Times (yr) of:

Muclide o 10 10° 100 16° 10° 1°
2%y 3.9 1.54-% L.79-14 0O 0 0 o
238, 2743 1,092  5,36+1 1,29-1  1.2819 0 0
239y, 3.18+2 1.62  1.67  2.05 4.03 5.651  2.37-7
21"°pu Lorez b 47 8.96 8.30 3.30 3.2 2.67-9
My 1.05¢5  3.27+2 4,88  3.08-1 1.k5-1  7.68-5  1.25-37
2hep, 1.38 6.91-3 7.02-3 T7.29-3  7.70-3  6.70-3  1.29-3
21‘3&1 3.59+5 2.47-7 2.47-7 2.47-7 2.47-7 2.46-7 2.37-7
2hhe 3.69-15 5.90-1% 6.12-13 6.14-312  6.09-11 5.58-10  2.67-9
W50y, 2.23-10 0 o 0 o 0 o
2y, B.50+1  1.58+2 1.h7+2 3.541  L.hs1  7.62-5 o
2kem, k.12 3.93  2.61  L4.30-2 6.h3-20 0© o
2h2, 7.01+4  3.93 261  h.31-2  6.4320 0 o
A3 17641  1.7741 1.75+1 1.6+1 7.1k 2,053  2.37-7
M 1.30+5  7.67-17 7.96-16 7.98-15 T.92-1% 7.25-13  3.47-12
™ 5.47-8  1.72-1k O o 0 0 o
22 37085 323 BB 3.53-2  5.29-20 0 o
230 5.62 %.53 6.44-1 2.19-9 0 o 0
25 2.58+3  1,76+3 5.60¢1 6.80.14 7.91-1h  7.25.13  3.h7-12
ahsan 3.1 3.3%-1  3.30-1 3.07-1 1441 7.61-5 0
Moy 6.70-2  6,69-2 6.60-2 S5.78-2 1,542  2.73-8  6.35-31
ey BHT-7T 2477 BT 2M9-T 27T 2467 2.37-7
2By 8.01-7  8.00-7 8.01-7 8.00-7 7.86-7 6.58-7  1.,12-7
20y 2.60-2 ) 0 0 0 ) o
2O0m 9.35-1%  §.35-1% G.32-1% 8.99-1% 6.26-1% 1.74-15 L.66-3L
Zkgm 3.63-3 1.1k-6 Q 0 0 0 0
850z, 6.50-3  9.35-1k 9.32-1% 8.99-1k 6.28-1% 1.7%-15 4.66-31
2490p 1,096 9.79-6 B.20-6 1.39-6 2.80-1% 0 0
20¢ce 3.89-5 2.30-5 1.95-7 B.9g-1% 6.28-1L 1.74-15 4.67-3L
2er 2.84-7  2.82-7 2.63-7 1.31-7 1.28-10 O 0
2Rpe 5.88-5  3.55.6 2.01-16 o 0 0 0
253¢e b,00-5 0 0 0 ) 0 0
2y 1.08-¢  7.,19.28 © 0 o 0 0
233ps 2.90-6 2.60-58 ¢ 0 0 0 0
Total 3.91+7 2.4343 3.36+2 7.93+1 2,30+1 2.65+0 3.232+0

®Read as 1.93 x 1077,

b

At 150 days after discharge, 99.5% of U + Pu was extracted,



Table 24,

Hezord Measure of Each Actinide Nuclide

After Discharge from a Typical PWR

Hazerd Meesurel (m3 of HOfmetric tem of fuel)
after Decey Times (yr) of:

Muclide 0 10 10% 10° 20 10° 1®
285pc 6.43 138 2.l 2.3+3 1855 39146 9.67+6
22 pe 4.85-1%  3.7h  L.gvl  1.30+1  1.9541  1.19+2  1.6642
228y, 3.04-8  2.38-7 h.20-7 1.20-6  1.35-5  2.07-k  2.16-3
2T, 3.01+1 2.46+2  7.82+2  8.5%n2 1.28+3 7.83+3 1.00+k
228y, 2.13+2  2.13+1  5.76 1.01-3 . 7h-b 2.66-3 2.73-2
229, 1.10 .38 2141 z.3+3 18545 3.9143  9.67+6
£30q, 8.88 1.0 1.7241  1.86+2  1.90+3  1.16+h  2.79+3
B3y 2.6%45  2.85+1 2.86+41 2.9141  3.B7#1 1.0z 1.1042
N 1.28-5  1.60-5 1.92-5 5.4¥1-5  6.08-%  9.31-3  9.73-2
233m, 1.83-2 ) o ) 0 0 0
23, 1.57+h  7.85+1 7.85t1 T.85¢1  T.8541  7.85+1  7.8641
231py 27141 2.7 2.TS+L 2.88+1 L3l 26542 3.68+42
2320y 1.16+5 0 0 0 0 0 o
2}2; 3.23¢3  3.40+3 304543 3.68+3  3.7443  3.8k3  2.7243

3.15-1 1.57-3 1.57-3 1.57-3 1.37=3 1.57-3 1.57-3
23lp, 4.16+3  5.2%-31 5.2h-1  5.24-1  5.24-1 5,241 5.2h-1
e32y 2.0242 2,90  1.31.  2.26-% 0 0 0
:gzU o Lo 4.73-1 h.B7T  5,08«1  5.20¢z  L4.28+3  9.62+3
i U - 2514k 2.2h+3 B.68+2  1.55+3  1.51+3 1.1%+3 1.Ah3+2

%y 5.7+ 2,85  2.86 2.9 3.87 10641 1.0+
236y 9.61+43  L.Bl+1 L.87v1  5.63+1  1.03#2 1.3z 1.31+42
23Ty 2.88411 0 0 0 0 0 0
238y T.85+3 39341 39341 3.93+1  3.9%B1  3.9341  3.934
239% 1.86+T o o o o o o
2ko, 5.64-11 1.96-9 2.04-8 2.04-7  2.02-6  1.86-5  B.89-5
23611; . 9.6945 0 0 0 o )
23Ty 1115  1.23+5 1.15¢5 1.2345  1.25¢5  1,21+5  9.06+k
2By, 13311 0 0 0 0 0 0
:fgﬂp 1.85+11  1.T™5 L7955 L6145 7.1l 2.05+1 2.37-3
e 1.69-15 5.89-14 6.13-13 6.13-12 6.08-11 5.57-10 2.67-9

No 3.30+h o 0 0 0 0 0
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Table 24 {continued)

Hazard Measure® {m3 of H,0/metric ton of fuel)
after Decar Tifes (yr) of:

Nuclide o 10 10° 163 10" 10° 1°
2365, 1.16+7  5.13+3 1.66-6 © 0 0 0
W 5.48+8  2.11+7 1.07+7 2.58+% 2.55-14 @ 0
239y 6.36+7  3.245  3.33#5 B10+5 8,075 L.aH5  K7he2
2ho,, 9.5547  B.045  1.79+6 1.66+46  6.60+5  6.48+1 5.3k
241y, 5.25¢8  1.63+6 z.uleh  1.513  7.23r2  3.81-1  6.27-3%
mPu 2.76+6  1.38+3  1.40+3  1.46+3  1.54+3  1.38+3 2.58+2
243, 1.20¢0  8.2h4 8.2hk 8.2k 8.2k 821k 7.90-k
2y, 5.65-8  1,97-6 2.,0k.5 2,05-4  2,03-3 1,862  8,91-2
2hs, 7.42-5 0 o o 0 o 0
ZhlAm 2,15+7 3.95+7 3.67+7 B.75+6 3.62+h  1.9041 o)
ehamy 1.03+6  9.835 6.52:5 1.08tk  1.61-1% 0O 0
zl‘zﬁm 2.34410 1.3145  8.7¢+5  L.uhh z.1ba1k 0 0
2h3,, L3146 LM14E B.3E  LOME  L.7B+E  5.132  5.92-2
zhhm 2.60+7 1.53-24 1.59-13 1.50-12 1,58-11 1.45-10 6.95-10
2hs,, 1.82-3  5.72-T © 0 o 0 0
21‘201_- 1.85+9  1.62¢5 1.07+5 1.77+3  2.64-15 0 ¢
243cm 1.12+6  9.05+5 1.20+5 4,38k 0 0 0
2hhe, 3.6646  2.5148 85,0046 0.71-9  1.13-8  1.0-7  L.96-T
50 1.11+7  1.1147  1.10+7 1.02+7 k.81  2.54+3 0
246, 2.23¢6 2,236 2.2046 1.9%6  5.13+5  9.10-1  2.12-23
T, 8.24 .24 /ﬁ 8.24 8.24 8.21 7.90
W8, 2.67+1  2.674 2.67+1 2.67+1  2.6241  2.19%¥1  3.73
9y, 2.60-2 0 0 o ) 0 0
500 3.12-6  3.12-6 3.11-6 3.00-6 2.09-6 5.80-8  1.55-23
2hog 1.2142  3.81-2 O 0 0 0 0
¢50g, 2.17+2  3.12-9 3.11-9 3.00-9 2.03-9 5.80-11 O
2k, 5.63+1 3.2642  2.73+2  b.65+1 9,327 0 0
230¢cs 1.30+3 7.67+2 6.50  3.00-6 2.06-6 5.80-8  1.55-23
252pp 9.16 9.3  8.76  4.3B 4.27-3 0 0
2320p 1.63+3  1,18+2 6.81-9 0 0 0 o
253¢¢ 1.33+2 o 0 ¢ o o 0
25k0e 3.59-2  2.50.20 0 o o ¢ 0
2535, 9.68+1° 0 o 0 o 0 0
Total 6.35+11  3.36+8 7.27+T  2.7h+7T  1.05+7  3.10+T7 6.85+T

®Read as k.85 x 10”

1

bag 150 days after adischarge,99.5% of Pu + U was extracted.



Tabie 25. Activity of Each Muclide as a Function of Time
After Discharge After the 60th Recycle

Redicectivity? (Ci/metric ton of fuel) after Decay Times (yr) of:

Faclide 0 10 10° 10° 10t 10° 105

225, 1.97-5* 7.66-8  8.37-8 8.74-7 8.93-5 2.00-3 %.96-3
22T 4 1.0  5.12-7  6.50-7 2.3%-6 1.85-5  1.17-L 1.hh-h
228, $.13-11 3.90-11 8.11-12 T.h2-11 8.43-10 1.03-8 1.05-7
22T m, 9.9%-5  5.06-7 6.42.07 2.32-6  1.83-5  1.15-5  1.k2-%
228y, 1.95-2  3.,12-h 1,50k  2.60-8 8.43-10 1.03-8 1.05-7
225, 1.53-5 7.66-8 8.37-8  8.74-7 8.93-5  2.00-3 4.96-3
230, 3.10-5  5.37-7 7.19-6  1.38-4 1443  8.6k-3 3.02-3
231y, 1.35-5 8.66-5 8.68-5 8,82-5 1.00-h  1.h 1,543
P3Fay, 3,110 2.5132  8.79-12 T.b2-11 8.43-16 1.03-8 2.07-7
23y 2.h1-1 0 0 0 0 0 0

23y, ' 3.15-1  1.57-3  1.57-3  L.57-3  1.57-3  1.57-3 1.57-3
231py 1.0k 5.7 7.06-7  2,36-6  1.85-5  1.16-% 1.kh-k
232p, 1.50 0 0 0 0 0 o

233, 7.3-1  2.67-5  3.10-3  5.58-3  6.37-3  6.22-3  3.36-3
53'“";»3 3.16-1  1.57-3  1.57-3  1.57-3  1.57-3 1.57-3 1.57-3
“““pa 2.75-2 1.57-6 1.57-6 1.57-6 1.57-6 1.57-6 1.57-6
232 3.69-2  3.30-k  1.46-k  2.52-8 0 0 0

3% 5.05-5  3.67-7 1.47-6  1.93-5 2.57-b  2,19-3 3.63-3
23k 7.77-1 %.93-3  1.a%2  L.77-2 1732 1.38-2  1.63-3
233 : 1.73-2  B8.66-5 8.68-5 8.82-5  1.00-k 1.4k 1Mk
236 2.87-1  1.44-3 1443 1.51-3  1.61-3  2.16-3 2.05-3
237y 8.51+5 0 o 0 0 0 0

238y 3180 1.57-3  1.57-3 1573  1.57-3  1.57-3 1.57-3
23% 1,83+7 0 0 0 0 0 0

2hoy 2.84-9  6.22-11 b.97-10 b.8%-9  L.78-8  L.B-T 2.37-6
236y, 4,53 c 0 ) 0 0 0

3Ty 5.25-1  2.67-3  3.10-3  5.58-3  6.37-3 6.22.3 3.36-3
238y, 6.21+5 0 o 0 0 2 0

3%, 1.83+7  1.06-1  1.09-1  1.00-1 4.43-2  1.62-5 3.25-6
z:z‘“wp 2.84-3  6.22-11 4.97-10 bL.84-9  4,78-8 4.38.7 2.37-6

Np 3.21+k 0 G 0 o] 0 0
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Table 25 {continued)

Radiocsctivity® (Ci/metric ton of fuel) afier Decay Times (yr) of:

Nucl4de 0 10 16° 109 10* 107 10°
2360, 9.57-1 L.zl-h  1.3113 0O 0 0 0
238y, 73 35741 1.7+l L.64-2 6.91-22 o0 0
239y 3.2242  1.63 1.63 1.59 1.25 9.33.2  3.39-§
2h05y LBz 2.46 2.56 2.3 9.30-1  9.17-5 2.10-6
al'lm 1.05+5 3.28+2 4,59 1.70-2 8.08-3  L.26-6 0
BHZpy 1.3 6.93-3 6.96-3 7.23-3 8.58-3 7.74-3 1.h9-3
2430, 3.5645  3.45-6 3466 3.506 3.6  3.52-6  3.39-6
2]“1’3: 2.85+g9 6.22-11 h4.97-10 L4.8L.7 L.79-8  5.39-7T 2.10-6
2h50, 3.69-% 0 0 0 o 0 0
zl'lmn g9,11+1 T.11 1.5%+1 3.82 8.09-3 L.26-5 0
zugmﬂm 4 45 2,13-2 1.81-2 2.33-h 3.48.22 G 0
k2 7.3%+h  2.13-2  1.b1-2  2.33-% 3.k8-2z 0 0
2h3Am 2.16+1 1.09-1 1.09-1 1.00-1 L. 43-2 1.62-5 3.39-6
2hhy 1.56+5  8.09-1k  6.46-13 6.30-12  6.22-11  5.70-10 £.73-9
ahsAm 2.17-2 3.36-8 0 0 o] 0 0
Zh2gy L.48%  1.75-2  1.16-2  1.91-4 2.87-22 0 0
2h3g, 1.72¢1  6.94-2  9.88-3  3.3h11 ¢ o 0
2o 1.3k L7241 1.50 6.30-12 6.22-11 5.70-10 2.73-9
2bsg, 3.53 1.77-2  1.77-2  1.70-2  8.07-3 4.256  ©
Hbay 3.75+1  1.88-1  1.85-1  1.62-1 4,322  7.68.8 6.62-26
M 6.91-4 3456  3.M66  2.50-6 3546  3.52-6 3.39-6
28, 1241 6.20%  6.30-4  6.29-h  6.18-h  5.17-% 8.79-5
ey, 3.96+3 0 0 0 0 0 0
Zﬁocm 1,95-6 9.7h-9 9.7L-9 9.37-9 6.55-g 1.81-10 k.86-26
29 1.42+3 2,243 0 o o o o
230m, 25143 9.74-9  6.71-9  9.37-9  6.55-  1.81-10 4.86-26
e 1.02 2,212 1.85-2  3.15-3 6.32-11  © 0
2 2.69+1  7.9%-2 6,78k 9.37-9  6.55-¢  1.81-10 4.86-26
Sley 3.03-1  1.50-3 1.50-3  T7.01-4%  6.85-7 o 0
252ae 3.31+2  1.21-1  6.9k12 O ) ¢ 0
253ce 3.4541 o 0 0 0 o 0
25kog 1.74-2  5.82-23 0 0 o 0 0
€53gs 34151 o 0 o o 0 0
Total 3.89+7  L.3242 b+l Bzl 2.39 2.49-1  9.66-2

3pead as 1.77 x 10°°.

bAt 150 days after discharge. 99.5% of Pu + U was extracted.
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Table 26, Haezard of Each Actinide Nuclide as a Function of Time

After Discharge After ihe 60th Recycle

4

Hazard Measure” (m) of H,0/metric ton of fuel)
After Decay Times (yr) of:

Muclide 0 10 10° 10° 16° 10° 10°
2255 5.88«»2El 2.55 2.79 2.91+1 2.98+3 6.66+4  1.65+5
B e 5.0b+41  2.56-1  3.25-1 1.18 9.26 5.83+1  T.19+1
228, .26 b7 9.01-8 8.2h-7 9.37-6  1.15-h 1.16-3
227, L343 16941 2ahel 7754 6,043 3BW3I  h.7343
228y, 2.79¢3  b.MSel 2.1l 3.71-3  1.20-k  1.47-3  1.50-2
229, 5.002  2.55  2.79 29141 2,06+3  6.66+h 16545
230y, 1.55+1 2.59-1 3.60 6.50+1 7.22+2 . b7+3  1.51+3
23lp, L.50+5 2.89+1 2.89+1 2.54+1 3.35+1 L6+l L.l
232y, 171k 1.21-6 LUoE 3.72.5 hoz2k 5.15-3  5.2L-2
233m, 2.43-1 0 ) ) ) 0 3
234, 1.57+h  7.86+1  7.8641  T.8641  7.86+1  T7.86+1 T.86+1
23lp, 1.16+2  6.01-1  7.85-1 2.62 2.06¢1  1.20+2  1.60+2
23py 5.0245 0 o 0 ) 0 o
233p, 7o 3143 2.67T+1 3.10+1 5.58+1 6.37+#1  6.22+1 L.65+1
2Ny 3.16-2  1.57-3  1.57-3 1.57-3  L1.57-3  1.57-3 1.57-3
23k, 9.16+3  5.2h-1  5.2h-1  5.24-1 5,21  S.24-1  5.24-1
23y 1.23+3  1.10+1  L.87 8,40k 0 0 o
233 1.68 1.22-2  b.gl-2 6.h2-1 B8.57 7.3041  1.6h+2
23y 2.50+%  1.64+2  3.80+2  5.01+2  5.78+2 L 61wz  8.50+1
235y 5.7742  2.89 2.69 2.9 3.35 569  hT9
236y 5.58+3  k.79+l  h.82+1  5.0%1  6.36+1  7.22¢1  T.03+1
23y 28411 0 o 0 0 0 0
238y 7.86+43  3.93¢1 3931 393 3931 1931 9%l
23% 1.83+7 0 0 ) 0 o o
2hCy; 9.48-5  2.07-6 1.66-5 1.61-h  1.59-3  1.46-2 6.99-2
236y, 1,5146 o 0 0 0 ) 0
L) 1.75+5  8.92+2  1.03+3  1.B6+3 21243  2.07+3 1.5%+3
238y .o+l o o o 0 ° 0
238 1.83+11  1.00+3  1.09+3  1.00+3  b.h3+2  1.62-1 3.39-2
2 2.84-g  6.22.11 4.97-10 L4849 L 783  L.38-7 2.10-6
2hoy 3214k 0 0 0: 0 o 0
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Tatle 26 (continued)

izmes (yr) of:

Hezerd Messure® (m3 of H,0/metric ton of fuel)
After Decay T

Nuclide 0 10 10 16° 10t 107 10°
2365, 3.19+7  1.h0+h L. 37-6 0 0 0 0
238, 1.h0+9  T.136  3.5446  3.28+3  1.38-16 0 c
3%,y ST 3.EPAE 3.26+6  3.38+5  2.h49+5  1.97+:  6.7B-1
2hoy, 9.6317  %.93+5  5.12+5  L4.68+5  1.85+5  1.83+1 4.20-1
af‘lpu 5.27+8  1.6446  2.20+k  S.5241  %i0h\l  2,13-2 0O
232y 27746 1.39+3  1.39+3  L1.45+3  1.72+43  1.55+3 2.98+2
23, 12949 1.15-2  1.15-2  1.17-2  1.18-2  1.17-2 .13-2
2k, 9.49-2  2.07-3 1.66-2  1.61-1  1.60 1.46+1  7.00+1
gy 1.23+2 0 0 0 0 0 0
e, 2.2847  1.7816  3.98+6  o.5h+5  2.0243  1.06 )
2f*z"‘mu 11246 5,332  3.5M+3 5821 B.TA-17 O 0
22 245410 T7.1143  4.7143  T.78+  1.16-16 0 )

A T™ 5.L7+6  2.7heh 2.7e+h z.5ovk 1.1i+h hoOS 8.48-1
2l+l‘Am 3.18+7  1.62-11 1.26-10 1.26-9  1.24-8  1.14-7 5.46-7
245 7.22+2  1.12-3 ) o 0 0 )
2]“acm 2.2h+0 8.76+2 5.80+2 3.57 143237 D 0
230 3.45+6  1.36+h  1.98+3  5.68-6 ) 0 0
el 1.9840  B.75+6 2,155  0.00-7  8.89.6  8.15-5 3.90-h
250, 1.18+8  5.89+5  5.8+5  5.67+5  z.69+5  1.Le+2 0
Moy 1.25¢9  6.25+6  6.18+6 5.41+6 1M 2.5  2.21-18
g, 23044 1.12+2  1.A5+2 AT LBz L.1Ts2 1132
e L.12+6  2.10¢F 2,00+ 2.10¢h  2.06+k  1.72+h  2.93+3
2490 3.96+3 0 o 0 0 ) )
2500 6.50+1  3.25-1 3,241 3.02-1  2.18-1  6.05-3 1.62-18
24 e L73+T  T.474L o o 0 0 o
2505, 8.36+7  3.25-h 3244  3.12-%  2.18-%  6.05-6 1.62-21
2H9ce 3.81+7  7.37#5  6.17+5  1,05+5  2.11-3 0 0
2500 8.57+8  2.65+6  2.25+%  3.l2-1 2.18-1 6.05-3 1.62-18
2ee 1.0147  5.01+%  L.68+h 2,3k 2,8841 1.79-2 O
25%¢p 1.10+410  k4.02+6 2,3-h o 0 0 0
53¢ 1.15+9 0 0 o 0 0 0
25h40e 5.8145  1.94-15 0 0 o 0 0
253g, 11449 0 0 0 0 0 0
Totel T.23411  3,25+7 1.61+7 7.91+6 2.39+6 1.84+6 1.61+5

%Read as 5.88 x 10%.

b

At 150 deys aftey discharge, 99.5% of Pu + U was extracted.
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APPENDIX III: HAZARD REDUCTION ACHIEVABLE BY ENHANCED
REMOVAL OF ACTINIDE ELEMENTS (REF. 19)

On the basis of the duration of the long-term hazsrd, there is
potential merit in the use of separations processes that will greatly
reduce the losses of uranium and plutonium to the high-level waste and
separate the high-level waste into fission product and actinide fractioms.
Tue required separations processes have not yet been developed, but it
does appear that secondary treatment processes can be developed that will
permit overall recovery of perhaps 99.999% of the wranium, 99.995% of the
plutonium, 99.95% of the neptunium, and 99.9% of the americivm ané curimm.
Also, approximately 99.9% of the iodine. containing the long-lived 'isotope
1291, can potentially be separated from the remaining fission products on

the basis of its high relative volatility.

Figure 4 and Table 27 illustrate the possible merits of *these zepar-
ations by comparing the hazard index* and the hazard messure, respectively,
of the wastes from conventional processing of fuel from & typical light
water power reactor with those resulting from the postulated secondszy
treatment. For reference, Fig. 4 also shows the hezard index that mey
be associated with the miperai pitchblende (which occurs naturally as
pebbles and rocks in Afriéa and Canada) and a uranium cre containing 0.2%
U30g (which is typical of the large deposits that occur in the Colorado
Plateau). The hazard index of the waste from conventional reprocessing
decreases rapidly over the first 1000 years {due to the decay of 905r
and ~37Cs) but remeins greater then that of pitchblende for periods
exceeding one million years. The waste resulting from cecondary treat-
ment, however, has a kazard index that fells within the range"qf zaturelly
occurring radiocactive materials after only several hundred years, a time
span for which it is possible to meke reliable extrapolations of the
effects of geologic, climatic, and other natural phencomena. As can be
seen from Fig. 5 and Tsblie 28, similar conclusions can be drawn if these
separations are applied to wastes ITrom reprocessing ILMFBR fuels. In each
case, the RCGs calculated by LaVerne9 were used in place of the default

values recommended in 10 CFR 20.

¥*
The hazard index is based on = unit volume of waste. This permits a
direct comparison with the potential hezerd of uranium ores on an
in-situ basis.
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¥hile the indicated separations of sciinides and fission products
appear to be feasible, it is apperent that e large development progrem
would be reguired to reduce these concepts to prectice. Separations
processes that are used Ccurrently, wkich utilize solvent extraciion and
ion exchange for recovery of small quantities of certain valusble seti-
. 2k 252
nides [~ Cm,

given smericium, curium, and neptunium recoveries in the range of 90

Cf, ete.)} from specially irradieted materiale, heve

to 99% and plutoniuvm recoveries of about 99.5%. Since these processes
were ariginally intended for recovery of the actinide values and not
for alileviation of the high-level warie problem, little or no effort
was rade to achieve higher recoveries or to reguiate the amounts and
types of chemical reagents for cptimm waste hendling.

Ir order tc evaluate the practicality of such 2 wasie Ranagement
system, a comprehensive development program is needed (1) to solve
problems that are obvious frum past experience, {2 tc increese the
remcval of these actinide: io the desired level, (3) to determine the
most desirsble method to integrate the needed process ¢ycies intc cne
overall system, (4) to croose chemicel processes and reagents that
minimize high-level waste problems, and (5) to determine the composi-
tion of intermediate-level waste stresms thet will be geperated and
weys to recycle these streams.



