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NEUTRON-Th':2UCED TRAJ.'VSMU'T'..ATION OF HIGH-LEVEL RADIOACTIVE WASTE

H. C. Claiborne

ABSTRACT

The possibility of reducing the potential ha.zard of high­
level radioactive waste by neutron-induced transmutation ha.s
received little study. In this report the a.vailable information
on fission product transmutation is reviewed and discussed, the
contribution of individual actinides to the potential hazard of
the waste is calculated, and expected hazard reduction factors
that would result from recycle t,,"rough a pt-m are calculated for
the actinide wa.ste from chemical processing of spent fuel.

It is not practical to burn fission product wastes in power
reactors because the neutron fluxes are too low. Developing
special burner reactors with the required neutron nux of the
order of 1017 n/012 •sec or burning in the blankets of thermo­
nuclear reactors is beyond the limits of current technology.
It seems that ultilllate storage in deep geological formations,
such as bedded salt, remsins the best method. for fission product
disposal.

When plutonium and uranium extraction efficiencies exceed
9r;ffo, a significant reduction in the lon,;-term hazard potential
of the waste can be obtained by similar removal. of naptuniu:n,
americiure, and C"<ll"ium (the other 2.ctinides being very small
contributors). Consequ.ently, it seems reasonable to concentrate
on develC1,Ping economical chemical processes to extract these
three actinides for separate storage or for recycling through
the reactors that produce them.

The results of e"l1ch recycling calculations show that the
long-term hazard potential of the waste from light water reactors
ma:y be reduced by factors up to 200 if 3:0 more than 0 .l~ of the
actinides are discarded to the waste in ea.ch pa.ss through the
reprocessing plant. larger reductions of the ha.zard potential.
of the waste w'.L11. 'become practic&.l if methods are developed to
produce sharpo:;r separations between tile actinides ana f"ission
products as the spent fuel is processed.
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L INTRODUCTION

The management of high-level, long-lived radioactive wastes associ­

ated with a highly developed nuclear power economy 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 aqueous wastes to solid

forms with subsequent storage in man-made vaults or in deep geological

formations such as bedded salt.

The possibility of ultimate disposal into deep space or the sun

(the only method for cO!:lplete and permanent removal from the earth) has

begun to receive more consideration because of the recent and prcjected

advances in space technology. The only other known method of ultimate

disposal (in contrast to permanent storage) is to transmute or burn cut

(fission in the case of some of the actinides) long-lived radioactive

nuclides to stable or short-lived nuclides by exposure to a neutron

nux.

Studies have been madel ,2 on the :possibility of using special high-

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

prOducts" 85Kl_, 90Sr , and 137Cs . The excess neutrons from controlled thermo­

nuclear reactors have also been suggested3,4 for use in transmutation of

these fission products and th~ waste actinides •

.Aside from the problems associated ,rith burning fission products

(which are discussed later in this report), 90Sr and 137Cs decay to com­

pletely i..-u.ocuous levels in less than 1000 years, a time for which con­

tainment in appropriate geo~ogical formations can be provided with good

assurance. The nuclides 85Kr and 3H with shorter half-lives are even

more suitable for long-term· storage in geological formatians. The

isotope 1291 (half-life, 16 million years) is one of the excepi:.ional

fission ~rod~cts that has an extremely long life but is produced in

s"..lch lC"-l c':·r,ce~lt;rat.i(;ns that its hazard may possibly be reduced to

appropriatel.:: 10·w levels by isotopic dilution (1. e., by mixing with

stable isotopes of the same chemical element).
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In contrast, many of the actinides that are produced by transmutation

of uranium and thorium in reactors have half-lives in the thousands of

year::;, occur in large qua.'t1tities, and are not suitable for isotopic dilu­

tion because stable forms of these elements do not exist. Consequently,

an even stronger motive exists for completely destroying or restricting

the accumulation of these alpha-emitters sL,ce predictions of the tectonics

of geologi,~al formations for 105 to 106 years have a lower confidence

level cOD:!Pared to those for the order of 1000 years. In present concepts

of power reactors, it is planned -chat only 99.5 to 99.9% of the uranium,

plutonium, and thorium will be recycled. Consequently, it is customarily

assumed tha.t all other heavy elements (Cf, Bh, Cm, hn., Np, Fa, Ac, Ra,

etc.) 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 generation of spent fuel

reprocessing plants.

The bazard potential of this actinide waste can be reduced by recy­

cling the a.ctinides through the power reactors producing them; elimination

occurs by fission at points in the reaction path. The primary objective

of this work was to determine the ext<=>..nt of the reduction of the radio­

logical hazard of the waste streams from chemical processing plants and

the effect on the neutron economy of a pressurized wate!" r~actor (FwR)

caused by recycling of the actinides (except for the small amounts lost

in the waste streams) back through the reactors produci.'1g them.. In

addition, the individual contribution of each actinide to the waste

hazard was determined as a function of decay time and compared with the

hazard from all the waste, which includes the fission products, nuclides

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

In the following sections the bases for calculations are given and

pertinent results are presented and discussed. A modified version of

ORIGEN, 5 an isotope generation and depletion code, and its associated

nuclear libI'l:iory was used in a.ll the calculations.

The a.uthor wIshes to acknowledge the many helpful suggestions and

criticisms by J. P. Nichols and the careful review of this work by him»

J. o. Blomeke, and M. J. Bell.
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2. SUMMARY

It is generally impractical to appreciably change the ha±ard potential

of fission produ~t wastes by transmuting these wastes with neJtrons in

nuclear reactors. Developing special burner reactors with th~ required

neutron flux of the order of 1017 n/cm2
• sec or burning in the Iblankets of'

I
I

thermonuclear reactors is beyond the limits of current technology. It
I

appears that ultimate storage in deep geological formations is the best

method for fission product disposal since less than 1000 yearl are re­

quired to reduce their radioactivity to an innocuous level, a; time span

for which tectonic stability can be essentially assured in fohnaticns
I

such as bedded salt.

In contrast to the fission products, many of the actinid~s in the

waste from spent-fuel processing have half-lives of thousands! of years

and are not suitable for isotopic dilution. Consequently, a :stronger

mO"Give exists to find an alternative method of restricting the aCCUJl!U-
I

laticc of these alpha emitters since the tectonics of geological forma-
I

tions cannot be predicted -with as high a confidence level for the longer

periods that are required for their decay to innocuous levels.

The determination of the extent of the reduction of the: radiological

hazard of the waste streams from chemical processing plants and the effect

on the neutron economy of a PWR caused by recycling of the alctinides was
I

the p:rilllaxy objective of this study.

The relative importance of the contribution that the various com­

ponents make to the hazard measure (the total water required to dilute

each nuclide of a mixture to its ReG*") of the waste from a PWR spent-fuel

Pl'oc-ess-ing- plant is snown L"1 Table- 1. Beyond a.bout 400 Ye8.l'S-~ the a.cti­

nides ~d their dau.ghters dominat~ from So haz!L~dy:i.~'Wpoint. Wnen ReGs

are used that are less conse!'"'.Tative6 ~9 than the recommended de~a~t ...
I

iraJ.:ues of the Code of Federal Regulations, the importa:n~1 of the acti-

nides diminish somewhat for decay times greater than 104/years.

The actinide waste hazard is controlled by the aJIlerliCiUJD. and curiUJI!

up to 104 years. At longer decay times the lo:ng-lived 237NP and its

'*Radia.tion Concerltration Gu.ide value, which was formerly called MPC.



Table L Relative Contribution of Actinides and Their Daughters to the
IDtzard Measure of the Wa.ste and of Each Actinide and Its Daughters

to Actinide Waste w~th 99.5% of U + Pu EA~racted

Water Required fer Dilution to the RCGa (% of total

Nuclides to water re uired for the mixture) for Decay Times ( of:

Waste l02 5 x 10
2 10 105 10

All Components of Waste:b

Actinides 0.3 94 94 98 99

Fission Products 99+ 5 6 2 1

Struct'!.:.l-al 0.04 1 0.2 0.03 4 x 10-4

Actinide waste:b

.Americium 51 56 24 8 8

Curium. 41 37 59 a 1./

Neptunium 0.2 0.3 J.2 80 89

0.5% U + 0.5% Pu 8 7;j 5 3 1

Other 5 x 10-3 1 x 10-3 5 x 10-2 6 x 10-3 nil

a Using CFR RCGs and recommended default values for the U1'~isted nuclides.8

bRound-off may cause cclcuml not to total 100.
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daughters begin to domir.ate. .!'.nother :i.J:rrportant ?oint is that the

~emaining actinides, namely, Ac, T~, ?a, Bk, Cf, andEs, ma~e a negli­

gible co~tribution to the hazard of the waste. The import of these

results is that in any waste management system in which at least 99.5%
0::' the uranium and plutonium is extracted, a significant further reduc­

tion in the actinide waste hazard can be obtained by removal of most

of the americium .. curium, a."1d neptunium from the waste. If 99.5%
removal of these three actinides is also effected, the uran.ium fu"'ld

plutonium become contrclling a~d it would then be profitable (from a

was~e hazard vie,~oint) to L"1crease the extraction efficiency of these

latter elements, particularly the plutonium.

E~e effect of recycling of 99.5% end 99.9% of the actinides otller

than U or ?u on the haz9.rd measure is shown in Table 2 in terms of a

hazard reduction factor as a function of postirradiation decay time.

The hazard reduction factor used here is defined as the ratio of the

water requ~red for d.ilution of the waste to the ReG for tne standard

.case (no removal of the actinides other than Pu + U at the indicated

ex~raction efficiency) to that required to dilute the waste after each

s~ccessive reactor irradiation cycle.

These resuits show that wI-len recycling is practiced, the hazard

.~easure of the waste is apprOXimately proportional to the neptunium,

americium, and curium. sent to the waste since the hazard reduction

factor is about five times greater when 0.1% of the actinides is sent

to the waste s..fter each CyCle tha.'1 that for tile 0.5% case. This obtains

logically because the reactor discharge composition is little affected

oy a change of only 0.4% of recycled actinides in the feed stream. In

addition the st~'1dard case is als0 little affected by whether 0.1% or

0.5% of U + Pu is present since the ameI'icium and curium. pred.ominate at

smaller decay times a."'ld neptunium after 105 years. It follows that if

99.99% removal of all actinides is effected, the hazard reduction

factor for the actinide waste will increase by about a factor of

10 up to around 2000 at 10
6 years. The table also shows that

the hazard reduction factors decrease asymptotically with the

numbeT of reCYCles, which is a result of the buildup
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Table 2. Effect of Recycle of Actinides Other Than U and PU on the
Hazard }1easure of Waste from PWR Spent Fuel Processing

Hater Required for Dilution to ReG, a Ratio of Standard
- to Recycleb Case (Hazard Reduction Factor) for

Recycle
Decay Times (yr) of:

102 ~ 104 105 106
No. 10·

Actinide Extraction Efficiency, 99.5%:

0 12 15 18 28 52
1 9.3 12 13 20 46

2 8.2 10 11 18 44

3 7.6 8.4 9.3 11 43
4 7.2 7.4 8.3 17 42

5 6.8 6.6 7.5 17 42

10 5.8 4.7 5.8 17 42
20 5.1 3.8 4.9 17 42

30 5.0 3.6 4.6 17 42

Actinide Extraction Efficiency, 99.9%

0 58 73 89 137 256
1 44 59 64 96 224

2 38 48 52 87 213

3 36 ~o 44 84 210
4 33 35 39 83 209, 32 31 36! 83 208

10 27 22 27 83 207
20 18 22 82 206
30 17 21 82 206

ausing CFR RCGs and reco!Il!flended default values for the UI'.listed nuclides. 8

°Chemical processing assumed at 150 days after reactor discharge; one
cycle represents 3 years of reactor operation.
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of the higher transura."'lics, and. that effective equilibrium is att13.ined

in 20 cycles mere or Ip.ss,d~pending cn the decay ~iroe.

l~'hen the ReGs u.sp.d by B811
6 ar.d thos~ cnlO:l)J.at~d by l,averne9 ar~

used in place of the r'ecommend~d default 'Iral1Jc:; for the unlisted nuclides

in the Code of Fed~ral Regulatiorys, th~ bazRrd rewlction factors become

6.5 and 10 :-Especti'lT€lY. Th.'::' cor:c<;!:;ponding values 7.:"r 99 gt, extraction

of the Cl.ctinides a,re 28 and 49. AlthoIJ.gh t.b".! ;;:leGs calculated by-..r-"3,Ver1'1e9

are more realistic th~~ the reore cons~rvative reo:ommended defa'ilt values,

the Code of Federal Rr--gulatto!)s Inl.J.st b<: follC'tJ"!d i.'1. niJ.clear react-or

design and operation.

Recycling of the actinides and achicvi~g a 99.9% eAtractio~ effi­

ciency reduce the hazard mea:;ure of the actinidf!s at cq11ilibrium to the

same orde!" as that of the long-lived fission produc.ts (1291 , 93Zr , 9~'b,

99Tc , &~d l35~s) for the longer decay tim.es: the hazard ~easure of the

actinides being about twice that of the long-liY~d fission products at

1000 years and dropping to abouJ
,,; one-half of the fission product va.1u~

.... 06 -. . f 129T • 1"' t d h b".J..·au 1 year s. t!.C'we'·rer, J. _ 1S E: 1mJ.na E' as a • azar 1 y :l.:;;C :"opJ.c

dilution (or separate storage), the actinid~s would continue to cOI'l.trol

the total waste hazard potential. An. actinid~ extra~tion efficiency of

99.999'"-% along with the .recy~li.n.g is re~uired before the :b-azard rn.~asure

of the total .;aste hazard poter.tial is controllF.:d by th~ lor.g-li~N~d

.. - d·· .... \-, +h 1291 h11.SSJ.on pre uc"c·;;; o"...e-r w. an • At som'". point, .owever, further

extraction of a~t.inides f!'oI!l. the waste will beCOMe $enseless because

~te wast? ~i~~ ~he~ have a io~g-:e~~ hazaTo ~oten~ial tha~ i~ less ~ha~

that of nat'U.!'ally occurr ing f'ormations of uranium and thorill.rn. (See,

~O~ example, the arguments ~resented in re~. 6.)

T.~e decrease in the avprage material neutron m~ltiplicatic~ for a

~ypical ?~~ containing recycled actinide~ was only 0.8~. This l~ss of

reac~i,i~y can be corapp.nsated by increasing the fissile enr2chment of

the reoact.c!" by o!".ly aboat 2% (e. g., :::~rom 3.3 to 3. 4%er:ric!1l!lent in 3.

t:'lDical PWR).

Rec:v·cling of !'eac"tC'r 3.ct.:'nicie w:'3.zte wi:Ll increase the radiaticn

problem associated wi~h chemical proc~ssing ~~d fuel fabricatior. because
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of the increased radioactivit~r of the reactor feed and discharge
2-?

streams. After a 'few recycles ~ '-Cf builds u;: to be the greatezt

s~_trce of neutrons end reaches 1012 ceutrons/sec per o~tri~ ~on of

spent fuel at 150 d&.yS a."'ter discharge. A reduction 0:" :l factor o~·

300 is possible if the californium ioS !'eJl1OVed. This can be accomplisnc-d

bj- not reeycl-i"'g Cf even though then is an increase in the Cf prodUc-
?C:2

tion ..i.th curium bui1dup.Sig%U.ficant -'" Cf buildu;! ~curs fram

successive neutron captl.:1res starting Yith 249Cf a:1U 250Cf, WOO4':e
,49 250precursors are BIt and Ek.

Recycling of actinides throug.~ a reactor acids to tr.e in'lrentory

of hazardous materials but will probabl:; have no measureble effect on

the potential severity of design basis accidenu.. The ha.zard ::Ieuure

of the actinide wastE based on inge:;tion was incressec! hy cr..ly 12$

a..-f'te!' 60 re~es. The tota1 is abO".lt one-t-..nth ~ t.'1~t fOl· t..'.l~

fission products. It' the hazard measu...-e is based on inhal:Lticn 1

recycling increases the potential haza.'"'Ci b:! a factor of 2 at. ~tis­

charge nth the ave!'age in the reactor being significtmtly hither.

1be actinides have an ..inhalation auard mea.su.....-e or a ract-~r oot 7

higher than "the fission prodt:.ct.: at discharge. Thoe above $ta~nts

assume that 'the reconcentration factors 1::'1 the enVironment a...-e approxi­

mately the same for actinides and fission prodUeu. ~$ent information,

however 1 indicates' that certain tis~ion products (e.g. t SlJ" Md !) ere

r~concent.rated to a grea.ter extent in the eavironment. This h~ the

effect ot: causing the fission products to be the cc;Uuant :O'.l-..-ce c:"

both ingestion and inhalation hazard cmring reeetor o;>ertt~ion. The

acti..'lide concentration in a reactor, however, is not :4;nitic:ant i.."'l

analyzing the ":na.'timwrl cre-:..ible acc:~.cent" (K:A) since the actinide

compounds cannot be significantly dispersed ~to the a.t1:IO$p.~ere by

any credible re6.Ctor accident. Trans!!!UtatiC!1 of' ~i~.si~ ~roducu

in burner reactors ....ould 1 of course, &dd to th~ !>Ctenti~ ha:a..rd

of the M::,A because the volatile fissiCl!!l p!'OC!uct.: are contro1.H r..g in

an accident analysis.
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~~·c;'e of aet.ir.ide:: in ~he~ :hmW! p:roCui.:e even hi¢er

::a;~d ~~c~io~ tecto::-: sin!:e t.":e lJ.'Vera«e fi:;:io.., ..to-cap~e rat.io

ot t:--.e a:ti:tides ::hC\Ud 'be higher in a ra.:t. reactr.ll" ~a." in a 't.~e":!l&1

one. "!':"le ut.':o:- he.: !'oun: it. difficult t,:) ::r",,-~t,i1""J ~~'1i$ e:'f'ect o~eu;e

of t~ t:u"'''TeZlit pswcity o:! fte'~ron cross -:ectior, dat& for ~ hig.~er

acti.."1idf.!: in rut QeCtr'a. Fa.;t cro:S-Sel:ticm data for the higher

::tCti:lid.!~ ~~cnlc be ~~loped $0 that recycli:1g st.t1die: Cim be -.de

It. e=o ~ar:;: t..~llt recyeli."'ti of t..~e a.eti..~i:e: i: part1c:ululy

~ited :rQr a n\:id tuel reactoZ' S"'.lCb u t1'.:a~. ~ proeeuing .:chae

~ beE~r. rlnaliud t.~t rec)"C:les e~$er.ei~ all the ~~.WB~ neptwUt:.=~

t.h~i':J:$J' InC !:lOSt of ~~ O"'..!ler ac~ides. CQ.'lS1de..-.bly le~Si ~c1=

and ~l-i!a sre prcduced ca=pa.!'ed t.o a :alia, vbic:h eonsid~ :impUf'ie:

t."%e WlUte ~~al pr~l=. !n a4d1tign, beine; a auil!~ !'e'ACtor,

the ~lea; &r:i$i..~ t'%'cc fabricaUon L'1d bc4llns of heavy ne-..lt.r<:lC1­

e:it.t~ fuel tle:xr.t..~ ~t: eliro.nated.
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3. ~ETHOD FOR DETERMlIilNG THE HAZAPJ) OF RADIOACTIVE WASTE

In comparing the potential hazard from different mixtures of radio­

active materials, a standard !:lethod. is required for determ-ining a specific

value for each mixture tha"t is a reflection of its biological hazard. The

specific activity a1t)~.e is insufficient since biologic:,u fa.ctors are not

includec.

The e-....>ntrolling considera.tion of hazard from the vie'Wpoint of long­

tem storage or disposal. of radioactive materials is the danger of their

dissolution or dispersal in underground water witb subsequent ingestion

by human beiDgs. Consequently, a good measure of the ingestion hazard

sssociated with a mixture of radionuclides of' widely varying activities

is tile quantity of water required to dilute the radioactive mixture to a

concentratio:: low enough to parmi"- UlU'es't.dcted ;u;e of the water; the

larger the aacunt of vater req1.ured, the greatar the potenti61 hazard.

'lb~ huard measure 'tor the mixture is determined by summillg the amount

ot Vf£.te required to diJ.u~ each individual nuc1.ide to its Radiation

Concentrat.ion Guide ~"&lue (or RCG, which was former1.y ca.J.le<i MPC) for

~~T.:rtricted use of water. This method, which -.res used in e. previous

!IQ~r.5 on the ~~ds of long-term storage of radioactive wastes, was

nlec'~eci fer ~.l.Se ~ the st~. The method h8s the virt'o1e of !':implicity

in appllca.Hoc and re.'.ates to the maY.iwm value of: the hazard s;nce no

con:ic!eraticrn is ~,;.ven to fractiona'Cion and pa:tils of' travel to human

bej.nt;s. ~be mort r~cent !li:OCi.lssion or ether methods cf eva1.uating t.he

l\.!:.ard ~i.~n~ial o~ radioaeth"e- waste- is given ::~. Gera and Jaecbsl

who al1:0 i'!'~....o:>e a. new hazard ZDe8SU1'e that. involves both "the ingestion

bua.rc u':;;OCQ in this :;wCy, tl1e inbe1atioo hazard, and the probability of

boei:3& t..~e~ up by humans. Datermi:J8.tion of these pl'obabilitiec is very

cif1":"c-.u.t, however, 3i:l.ce ~t.atistical data regardi:1,S the probability of

!&C~iQe;..'tt: &.."2d other raclica.(:t.i-I'ity releases: :''''I-:':lud~.:.G their. consequences

in ell p."l~..se$ 0:" radioacti \o"e '-"8.Ste ::lll,"'lagement,. are not r~adily available

;:toe R(X'e: uzed in this :'tU.dy ve:re taken frc:n; the Code of :Federal

Ret:'.uati~~8 .."hic..~ is cu.."'Tent,ly the guide for -.mrestricted use of
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water in which these nuclides 1!JB.y be dissclved. For nuclides with

unlisted ReGs, the recolXllJlended default values were used~ namely'~

3 x 10-
6

r,J.Ci/ml for beta-decay nuclides with half-liTres gree.ter than

2 Or and 3 x 10-8 Ci/m3 for nuclides that decay by alpha emssion or

spontaneous fission. These default values represent a conservative

estimate of the ReGs. Some of the results in this report are also

compared on the basis of the Rc-Gs used by Bell end Dillon6
allei those

recently calculated by IaVerne9 for unlisted nuclides. Bell and Dillon
,. -7 2 -6 ,.../ 3 ~ 22"L and 229 •used b x 10 ~ x 10 ....J. m ~or""Re. Th,respec'tJ.ve1y', and

unity for all. other unlisted nuclides. LaVerne calculate.'! RCGs· for all

the unlisted nuclides and 5 x 10-7 and 4 x 1.0-7 ci/m3 for 225Ra. and.
220 ., 'TIl, respectJ.vely, the t-wo m.lclide~ the-t contributed to most; of the

diff'e=-ences that occurred due to the pari..icu1.ar ReGs that were azed.
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4. NUCLEAR CALCULATIONAL MET:'fOD

The nuclear calculations during reactor irradiation and a...oPter

discharge were t::ade 'With a modified version of the nuclide generatioI:

'and d~leticn code OR!GEN. 5 T::1e calculation during irradiation is based

on t.bree neutron energy groups, namely, thermal., a liE energy distribu­

tion in the resonance region, and a fast group. The c!",:)ss sectio~ in

the library had been predetermined from basic data by ·...eighti"'g ii·ith a

typical ?WR neutl'"On ener~~ spectrum. More details of 'the original code

and cross-section library~ which included data for actinides only up to
~4li
- CIli, are given in refs. 10 e.nd ll.

For ~al~..uaticns inVolving recycling of the actinides, it vas

necessary to expend the libr::;:t7' to include some highe- transuranics and

increasei.ht!: c8J.culatio-.la1 scc-",e of the OlUGEN code. Cross-section and

decay data for the follaring !!Uclides were added to the ?WR actinide

l "b'" •• 240,. 24Ottt.._ 2.40u,.,. 24.~... 245-;>, 245. 245~ 246em 247......
1 _~. u,--np, "l'~ .,1, .a, ilDl~ "'la, , 'l"jiL;

2118em, ~~49Cc, 250cm, 243Bk, 250Bk1 249cr, 250Cf, 251Cf , 252cf, 253cf,

254Ci", 253=.s. Actinides higher then einsteinium ver-e not expected to

have a si03iricant effect beeeuse they all decay (a-deca.y, along with a

11ttle spontaneous fission) vi \:h S~Ol"t half-lives 1 thus preventing buildup

of the: nuclide:l beyond 253:;s. '::'he calc-.llations co!U"irmed th1s expectation.

The dec~ ~thod and neut:-on ir-ter~tion pl1"obabilities are S"<lch that no

sipificari"i; amounts :Jf the ac.tinid,'!s can be removed from the reaetion­

decay c:hain ehcf:i't by fission. ~s r.ec"ions and deca:r constants f'or

the trtmSUr.~ic elements th;;.t 'lJe..'"e ad"ied to the libra.'7' were taken from

ref. 12.
,

~ calcula\ticn (If the a:terial multiplication cO""..stant or k vas
\ m

adc!ed to the C(fe since it iliU uecessa,nr to know tbe effect of actini'de-

recycle on the ireac:tivi:ty. AJ.thOl:gb the k o:alcula:tion ignores core
CI'

le9kage a.."'1d control rods ~ other control poisons, th€- result3, which

voulQ no~ be ade<jUate for the core physics, seem adeq'.late for re3.s.t:i:we

cOlllparisons. Ne>J.tron yields per f'iss1o:l as a function 01' energy '''ere

t~en f~~ the ~"DF/B-!! cata file13 for most of tee fissile nuclides.

For thCl&e not included in that 1'ile, the neu.tron yields ':\lere taken or

i.'1ferred from the publicatio~ b~· Oordee~"a and ~.renkin114 nopidns
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and.' Diven,15 and Clark. 16 The e:f:~ective neutron )-ield froll!. fj.S:3ion of

es.chnuclida by resonance ene:!'gy neutrons was obtained by weighting the
\ ,

energy dependent yields with a. lIE neutron flux. For fast fissions,

the fission sp'ectrum was used as the weighting function.

other code cr.a:ages include a. recycle option for eny number of

actinides, an ability to specify removal. of any number of actinides

a.tter :>.n arbitra.....-y decay tL":ie subsequent to reactor discharge far

recycling or f'urther decay of the remaining materiels I and an ability

to account for the fissions of all the fissionable materials.
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5. REACTOR TYPE MID STAiIDARD C011DITIONS

The reactor selected. for this study was the Diablo Canyon, which is

t~t'pica.l of a PWR design. When operating at equilibri~, the fuel is 3.310

enriched uranium with a burnup of 33,000 MWdjmetric ton of uxanium. It

was assumed that this b'Urnup was obtained by continuous operation at a

specific power of 30 MW/metric ton ever a three-year period. For the

usually assumed plant factor of 0.8, intermittent operatio:l at a specific

power of 38 MW/metric ton for 80i of the time would produce the same

bu:-nup. Since (for the time periods involved), the wa.o;;te hazard measure

resulting from a particular burnup is not a sensitive function of any

reasonable opera.tion schedule, it was deemed unnecessary to complicate

the celCtUations and analysis by considering a particuJ.ar operation

schedule, •

'Itle fuel regicn is elivided into three zones with ea·~h ana containing

about an equal. ;,eight of fuel (approximately 28~3 metric tons of uranium).

1be central zone is discha.rged yearly and the remaining fuel shufned

inward with the outer zone being recharged with fresh fuel.

In tbe ceJ.culations it was necessary to ignore control rods and to

assume that the neutron nux 'iI8S uniform tm-oughout a region, and that

the regions were neutronical.ly uncoupled. A calc-.llation cycle comprised

three ;y-elU'S of' irradiation time between charge and discharge of a zone.

This procedure gives the correct values (within the accuracy of the

assumptions) for the discharge composition after the irradiation cycle.

The average comoosition, ne"J.tron f~ux, and k for the entire reactor- ~

loadirlg ~~.::-~. over one-year c;rcles because of the yearly charge and

c1ischuge and are not exp:i.~.citly given in the output of the ORIGEN code.

HOiol'ever, these ~....-~e vllli,ieSZan be constructed. easily from the output

of a calculation cycle.

The "staneard" for c¢mpar:L."1g the effect of actinide rec;ycle on the

actinide waste hazard. measure '0i8S the waste obtained by removing a stiJiu­

lated percentage of uraniu."ll and plutonium at 150 days after discharge

;~d sending the remair.ir.g quantities to waste along with all the other

actinides, and all actinide daughters genel'ated since discharge fro.!!:

the reactor.
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6. COn."TRIBUTION OF EACH COMPONENT TO TEE HAZARD OF THE
WASTE FROM A PWR SPENT-FUEL P:ROCESSllIG PLANT

The results of the ca.lculations presented in this section show the

relative importance of the contribution that the various co~o:lents make

to the hazard of the waste from a. PWR spent-fuel processing plant for

the previcus±;Y- described standard conditions and 99.5% recovery of

urani'U1ll and plu.tonium; Le:, 0.5'10 of U and Pu and loci of all other

components are discharged as waste and stored some place after suitable

processing.

Table 3 shows the percentage contribution of the actinides (inCluding

their decay prod"u.cts) to the total hazard lll.easure (water required for

dilution of the content of one metric ton to 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 about 400 years, the actinides

and their da.ughters dominate from a hazard mea.sure viewpoint and show no

significant effect up to about 104 years due to the different sets of

ReGs. At greater times, the relative importance of the actinides dimin­

ishes somewhat when the ReGs of ref. 6 or ref. 9 (see Appendix I) are

used for the unlisted nuclides in place of the recommended defl'l.ult values

i!l the Federal Code of Regulations. Most of this difference can be

attributed to the difference in ReGs for the nucl.ides of the 233u decay

chain (4n+l series), particularly those for 229Th and 22.5Ra •

The remaining contribution to the hazard measure is a.lmost all

(structural elements are not important) from fission products with 1291

supplying 88% of this total at 103 years and rising to 98.4% at 106 ;rears.

Essentially all of the remaining fission product hazard for the longer

times is contri1::ltrt'ed-oythe 93z:r, 9~IDj-99Tc, and 135CS •

The relative contributi0~s of each actL~ide and its daughter to

the total hazard m.easure resulting from the mixture of the actinides

and the:i:r daughters are given in Table 4, which shows that UJ? to 10
4

years the actinide waste hazard is mostly controlled by the americium

and curium with no significant differences reSUlting from the different

ReGs. At much greater decay times,the long-lived 237Np (2.1 x 106 year
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Table 3. Relative Contribution of Actinides and Their Daughters
to the Total Waste from PWR Spent-Fuel Processing

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

99·1
99.9+

99·2
99·9+

97.8
99·8

for Unlisted Nuclides:

93.8
99·1

97·5
99·6

Using CFR RCGs and Recommended Default Values

129I present
'29
.J.. I removed

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

129 0.34 94·3 97·5 92·5 69.3 70.8 61.6I present
129 0.34 96.7 99·6 98.8 95·7 98.4 99·0I removed

Using CPR RCGs and Values from Ref. 9 for Unlisted Nuclides:

129 0.34 94·3 97·5 92.6 72·9 78·4 73.8I present
129 0.34 96.7 99·6 98.9 96.4 98.9 99.4I removed
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half-life) and its daughters begin to dominate. Another important point

is that the remaining actinides along with their daughters, 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 + Fu mixture

alone ..raried from negligible to a maxiIIILU:! of 25'% at 106 years. The import

of these results is that in any waste management system in which at least

99.5% of the uranium and plutonium is extracted, a significant reduction

in the actinide waste hazard can oP~y be obtained by removal of roost of

the americium, curium, and neptunium from the waste. If 99.5% removal of

these three actinides is also effected, the uranium and plutonium become

controlling and it would then pay (from a 'Waste hazard viewpoint) to

increase the extraction efficiency of these latter elements, particularly

the plutonium.

The absolute v-alues of the contribution of eachcOJIlponent to the

hazard measure in cubic meters of water per metric ton of ~~el are shown

in Table 5. To put these values in perspective, consider the required

2.3 x 1010 m3jmetric ton for dilution of a1.1 the nuclides t.o the ReG

after decaying 100 years. This volume of water is approximately equal

to the yearly flow of the Mississippi River into the Gulf of Mexico.

Note that the last two rows in Table 5 are based en the ReGs given in

refs. 6 and 9, respectively, for nuclides u..'l1isted in the Code of Federal

Regulations, which (for beyond 10
4

years) results in an increasingly

smaller hazard measure that is about a factor of 67 and 37 lower, respec­

tively, at 106 years.

The apparent large quantity of wter required for dilution to the

RCG for "just one ton of fuel tends to magnifY the potential hazard. No

reasonable scenario can be constructed that visualizes rapid mixing or

dissolution of waste that has been precessed into a very sli&~tly soluble

form. The ingestionha.zard measure refers to potential long-term solution­

ing. lim.rever, consideration of such quantities of water does present one

argument for decreasing the quantity of actinides for ultimate disposal

by recycling the actinides back through the power reactors producing

them. On the other hand.. Bell and Dillon6 (using their ReGs) poi..YJ.t. out

that, after aging 1000 years, the actinide hazard measure of waste stored
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in heeded salt is sll'J8.l1er 'tha.'l the ir.gesticn !".azard cs~iat~ 'l(ioch a

quantity of t:.ranitun ore and tailinss equal to the l'1:!lGu.~t of salt a.,,,d.

shale asso.:iated ·.:ith the was";e fr~ one =e1:d.cton of" fuel ::,,"~"'()l%l a :"~~:t.

FurtherlllOre" t.~ey show that if the salt bed is dissolved :io::le thcusa.'lds

of years in the fut'.n'e ;rith sufficient vat-eo to cilute t.~e radionuclide:.; ~o

thei~ ?CGs ~ the 'lo.'ater 'l:!ould be unaccept&ble as ';"Ctable water because of

its sodium chloride content rather thlCi it:; r6diMctivity.

AD. of this discussion indicates a need for ,!;t.8nde.rdiziug the values
~~")

for the RCGs that are not listed" particull.\rly tb~e in the --'-'U decay

chain (4n+1 series)" so that a ~tter e"laluation of the haz.ards of very

long-ter.n stozosge Cell be made.

'!'able 6 gives the activity in curies per metric ton 01' f'...el in the

~te stream for each actinide and its da11ghtJ:>-rs.

Table 7 shows the effect of neglecting the actinides higher than

244em on the ha.zs"Z'd measure of the w.s~. When the higher actini~es are

includec." the hr~ard measure of the oraste increases slow~1 up to a maxi­

mum factor of near 3 at a little over 10
4

J-ears compared to that otit'\lnec

when they are ~glected. Note" ho~ever, ~here is very little difference

in the values for the activity measUred in curies.
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As previous::..y l:!entionec, t~e concept ot' bu..'"!\ing t.he "probli!n fi~siona- ~ --.-
!JToducts" =>r~ 1 .. ·...Sr, and .l..H Cs in nu,cles.r reactors hs.s been :.:tuaied b;,o

1 ?
St.einberg end c:o-~o!"':'te!"s.-,- In this 3ection, their work is discussee

briefly a.lo!".g lIith t.~e suggasted use3,4 of cont-rolled thermonuclear

reactors.

The p:-oble:n fission products c&.nnCJt be elim:inated b;; any system of

fission power .:-E:e.ctors operating in either a. sUlgnatlt or expanding nuclear

~wer economy sir:ce the produetion rate exceeds the el.imination rate by

burnout 8!!d c.eca;f. Only at equilibrium will the p%"oC'.lction and removal

rate.s he equal, a. condition that is never attained in power reactors.

Equilibrium can be obtained, however, for a sj"Stem that includes the

stockpile of fissio:l products as part of the system inventor.! since the

stockpile '-"ill grew until its decay rate equals the net production rate

of the system.. For the projected nuclear power econO!rV, however, this

nil require a very larze stOCkpile ..nth its associated potential f'or

release of large quant:t ties of hazardous radioisotopes to the environ­

ment. It is this stoc-.kpile that must be greatly reduced or eliminated

from. the biosphere. A metcod suggested by Steinberg ~!!. is translllU­

tation in "burner reactors," which Lore designed to maximize neutron

absorption in separated f'ission products c..l1arged to a reactor. If

suff'icient numbers of' these burners are used" the fission product

inventory of a nuclear power syst'=lll can then reach equilibrium and be

maintained at an irreducible minimum" which is the Cfl1antity cOI4tained

in 'the reactors, the chemical proce;;;sing plants, the transportation

system, and in 50m2 industrial plants.

Burning fission products in the blanket of a fusion reactor with

the excess neutrons that a.re 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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Ob·,riously the use of burner reactors or fusion reactors in the

$yst~ ."ill increase the cost of l1".1clear poOler and reduce potential

breedin& caps.city but transm:tat ion is certainly one of two kna.m

~thods (the other being dispos;al in space) o.f elim:Ula:ting most of

these hazardous mater iaJ.s wit.h no possibility of return to the bio­

:;phere.

7.1 Ma;d-- :Bn::nO'.1t-to-?roduction Ratios for Fissi.on Products

1£ the assumption is I:l&de that burner reactors a.re a. desirable

adjunct to a nuclear ecQ!l~:t wbat are the design requ.i.remeu"1;S and

lil:Iitations? It is obvious that they must maximize (with due regard

to economics) the ratio of burnout of a partie-.uar fission product to

its production rate in fission react.ors,and the neutro.-t nux must be

high enough to cause a significant decrease in it~ effective half-life.

Of the fission types, the breeder reactor has the most efficient neutron

economy Imd in principle wouJ.d make the mo~t efficient burner if all. or

part of the fertile material can be replaced by a S:'-Cs mixt'.u-e without

causing chemical processillg problems or too large a perturbation in the

nux spectrum. because of the different characteristics of these fission

products. '!he cost accounting in such a system would set the value of

neutrons absorbed in the fission product feed at an acco~tiDg cost equal

to the value of 'the fuel bred from those neutrons.

The maximum possible burnout of fission products would occur when

the excess neutrons per fission that would be absorbed in a fertile

material are absor-Ded instead in the fission product feed. TIle largest

possible burnou.t ratio would thEm be the breeding ratio (or conversion

ratio for non-breedei's) divided by the fission :product yield. The esti­

mated breeding ratio for the Molten Salt Breeder Reactor (MSBR), a thermal

breeder, is 1..05 and for the Liquid Metal Fueled Fast Breeder Reactor

(IMFER), 1. 38. The yield of 137Cs + 90SI' is 0.12 atom/fission, but a

number of other isotopes of these elements are :produced which would also

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 cOZlmoSed of" about 8~ 137Cs + 90Sr and 20$ 135Cs (which will ca:ltUre

neut~ to ferm 13
6Cs tha.t decays with e. 13--day hal.f'-Ufe); conse~ently

the maximum bu..""nout ratio for 137Cs + 90SX' vill be decreased by ZO',{.

This :Lea.ds to a. IIlO.XimUlI1 possible burnout ratio ,of about 7 for the KSBR

and about 9 for the U~R. Un."fort1m&tel.y, however, the neutron fl.uxes

in th,ese designs are 'Well 'bel.O'lo; 1<:1
6 0.1crJ?' sec. f.tny" modifications of

these desigl:S to create high neutron fluxes will increase the neutron

leakage and decrease the burnO".:.t rutios significantly.

7.2 Rea.ctor Residence Time~l Requ.ir1.~d. for Fission !Toduct Burnout

Table 5 was prepared to i11U$'l;ra.te the effect cf neutron flux on

the residence times (which a...o4'f'ect recycle' costs J required for bUrnout

and. decay of 99.~ of the il:lporta.ut. nuclides usi;:lg a burner reactor lo'ith

the neutron spectrum similar to tha.t of a tjlpical light water power

reactor. It is apparent that the efficiency of bl.lrnout increa.ses with

increases in neutron nux, cross sections, and half-life. With the excep­

tion of 1291 , 'Which is not nearly as large a problem as the others and

can probably be essenti~r disposed of by isotopic dilUtion,
6

the times

shawn in Ta.b1e 8 ineicate that neut.ron flux J.eve1.s 8.."t'e required which

are much higher than those that have been attainecl in present nuclear

reactors (- 5 x 1015 ) and that fluxes near 1017 n/cm
2
.sec are probably

necess&.'I"jI' before serious consideration cotUd be g:iven to burner :·eactors.

In a conceptuaJ. design study by Steinberg et aJ..,l it was concluded
8 --

that the quantities of 137Cs, 90Sr, and 5Kr scheduled for permanent stor-

-age -in t£'€ pr~jectednuclearecQnQllJ¥~ouldbereduced bye. factoX'oi' 1000

by burner reactors opera-ciDg with neutron fluxes up to 1016 n/cm2• sec

for a.dded costs of 0.63, 0.24, and 0.021 mill/kWhr(e) respectively. The

estimated costs for burning out 90Sr and 137Cs in such a system, along

with the probable escalation in an actual design study that includes

directlj~ the costs of transfer between plants, canning the fission

products .• addi tionaJ. chemics.l separations, various temporary storage

facilities: and reactor residence times seem to preclude use of this

method. A cost of 0.021 mi11/kWh:r(e) for burning 85Kr seems sufficiently
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low for consideration on ~~ economic basis but the neutron absorption

cross-s~ction of 85I(r was taken as 15 b, a value now known to be low by

around an order of magnitude ~ Recent 't~oI'k by Bemis ~ al.17 gives a

Maxwelli~~-averaged thermal value of 1.66 0 and a resonance integral of

1.3 b. A reevaluation of the 85Kr removal system uSing the lower cross

section would L~crease the cost to an uneconomic level.

7.3 Application of Transmutation Schemes

Nichols and Blomeke18 have made estimates of the effect of various

sch$l.es of neutron-5.nduced tra"-'.t'm01t.ation ('In. t.he potential im-entory of radj.o­

isotopes and. costs of electric power (Table 9), Tne isotOJle 9°Sr was

used as an example because it is the prime contributeI' to the radio-

logical hazard of spent fuel and does not require the use of isotopic

separations (other than providing for decay of 89Sr - half-life 50 days)

before recycle to a burner reactor. Their a.nalysis of the use of each

reactor system sh~ 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 of

90Sr within a system of' light water reactors is to cause essentially no

change in the total quantity of 90Sr tnat is associated with the system.

since the rate of neutron-induced transmutation is small as compared

"Id:th the rate of decay. Unde:!:' curren.t policies and plans, most of the

9°Sr associated with the system would be stored at a federal waste

repository. In the recycling system most of the inventory would be in

reactors while the remainder (ov 25% of the total) would be in canals for

postirradiation decay, reprocessing plants, and fuel fabrication ?lants.

This example illustrate3 a primary disadvantage of systems for re­

cycle and neutron transmutation of fission product nuclides: These

schemes have the common Characteristic that larger qu~tities of radio­

active nuclides are being actively handled and processed than if the

nuclides were stored. Consequently, larger quantities of these nuclides

occur L'1. a dispersible form and are associated with potentially large

sources of energy that could provide a mechanism for dispersal.
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The additional cost of recycling 90Sr 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 operations that would be required at the reprocessing plants and

the requirements for shielding and remote operation of the fuel fabrica­

tion plants. The estimated costs of high-level waste disposal would be

decreased from about 0.05 to about 0.04 mill/kWhr(e), however.

7.3.2 Liquid Metal Fast Breeder Reactor

The effects of recycle of 90Sr in LMFBRs (rows 3 and 4-) are essen­

tially the same as those for a system of light water reactors. Inven-
90;' 90tOTies of Sr are lower, howeve::, because of' the lower yield of' Sr

from fission of plutonium.

7.3.3 High Flux IsotO?e Reactor

The effect of recycle of 90Sr to a system of High Flux Isotope

Rea.ctors is shov.n to indicate the relative cha.:lge in inventory that

would result from the use of the maxim.um therinaJ. neutron fiux levels

that are available in present rea.ctors (- 2.'x lol5n/cm2. sec with

targets in pla.ce). Even With these high .;alues of nux the effect of

recycling is to decrease the inventory associated with the system by

only about 6t:fl/o.

This type of reactor would not be an economical source of' electric

power, however, because of' its small size, high refueling cost, and high

net..ltron leakage.

7.3.4 Fusion Reactors

A proposal by Steiner3 invol-.res using the excess neutrons from

fusion :rea.ctors: which in theory will provide a cheap and abW'ldant

source of' neutrons and ha.s the a.dvantage of not producing a:ny long­

lived :fission products. Considerable tritium will be produced, of

course, but this presents a much less severe disposal problem. Steiner
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On this basis, a recycle

in LMFBRs and 2% is gen­

order-of-magnitude lower

of calculated tritium breeding ratios and antici­

times, a neutron excess of 211'/0 and a thermal
16

for burnout of 3 x 10 .

system from which 98% of the power is generated

erated in a ~~sion burner reactor would have an

90SI' inventory than a system of LMFBRs.

4
In a recent paper by Wolkenhauer, some aspects of the problems of

burning fission products in controlled thermonuclear reactors were con-

estimates, on the basis

pated tritium. doubling

neutron flux avaiJeble

sidered in more detail. He concluded that if a D-T react8r with a tritium

breeding ratio of l. 2 is used to transmute the total 137Cs and 90
SI' from

a nuclear po.rer economy, 8~ of the generating capacity would have come

fiOIn eTR 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 plutonium as Co basis, it was estimated that the cost of

transmuting 137Cs and 9°Sr .would be at least 10 times as expensive as

the estimated cost of storage of all fission products in deep salt

formations.

Regardless of any potential merits to using controlled thermonuclear

reactors to burn fission products, such systems cannot be seriously con­

sidered at present since it is generally felt that the practica.l fusion

reactor is stili 30 years in the future.

7.3.5 §Pallation Reactor

In an effort to devise a. sys'cem with both a hig.l1 neutron flux and a

high burnout ratio, Gregory and Steinberg2 have suggested the use of a

spallation reactor. A typical spallation burner reactor would use a

lOOO-MW(e) nuclear reactor to power a :high-energy accelerator; the

accelerator, in turn, would produce a 500-MW beam of lO-BeV protons,

a neutron source of greater than 1020 neutrons/sec in a lig-..lid uranium

target, and 3. thermal flux of about G x 1017 n/C!!lG. sec in an array of

D20-J!l.Oderated 9°Sr targets. This approach would require extensive

development including, in particular.1 a method. for coping with the

potentially severe radiation damage and heat transfer problems.
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In this system. one spallation reactor of capacity 1000 MW(e) ...-ould

be associated with each 9000 M'"w'(e) of power produced by LMFBRs. The

cost penalty would be approximately 0.8 mill/kWhr(e), primarily associ­

ated with the capital and operating costs of the spallation reactor that

does not produce electricity for sale.
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8. ACTINIDE RECYCLING IN A PWR

In this section the actinide recycling calculations made with the

modified ORIGEN code are discussed and the pertinent results giiren. In

e.ddition~ the chemical processing requirements are discussed in general

from a viewpoint of simplifying waste management and, more specifically,

as applied to actinide recycling.

8.1 Flowsheet

The general flowsheet assumed for these actinide recycling cal'.::u­

lations is shown in Fig. 1. For the calculations, it was assumed that

chemical :processing of the spe:nt f-.lel occurred instantaneously a.t 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 actini.des

anithe very small buildup of de.ughters in any reasonable time between

processing and :recycle, no significant differences in the results would

ocC"1lI' for holdup times of So factor of 2 or so longer.

In addition, it is quite possible that any recycling scheme would

include transuranium wastes (from. sweepings, slUdge, sera;> 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 including the recycle

material with the fuel is immaterial since the calculations must assume

homogeneity. The recycle material for each recycle calculation was merely

considered as a uniform addition to the normal loading of 3.3% enriched

uranium fuel.
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I
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Fig. 1. Flowsheet for Actinide Recycling.
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8.2 Chemical Processing for Waste Management Simplification

In any waste management system, and particularly if recycling of

the actinides is practiced, chemical processing plays a key role. The

importancE:: is such that t:te previously unpublished cOIIlI!lents by Blomeke

and L-euze19 on separation of radioactive materials into selected frac­

tions for improving waste management are given in this section.

One possible way to s~lify management of waste from nuclear fuel

reprocessing is to sellarate the radioactive materials into fractions

based upon the time they must be stored before release to the environ­

m.ent is allowed. An indication of tbe magnitude of the problem when the

solution of the high-level waste management problem is approached b::r this

path· can be gained from Table 10. The fission-product and actinide ele­

ments of greatest concern are listed, and the required degree of sepnra­

tion of each from high-level waste is giyen for various times of deca:l.

After the bulk waste has been stored for 10 years, 12 fission-p!'oduct

elements and 11 actinides (constituting about 15 kg/ton of f"J.eJ_ charged

to the reactor) must be separated from the remaining fission products

(~ 20 kg/ton of fuel) and process reagent chemicals by factors ranging

from 4 (for actinium) to 2 x loll (for strontium). The residuals would

then be of a nature that would permit their release under the present

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

The separated fission products and actinides should ideally be

further separated from each other, based on their rates of decay, into

at least three groups. The first group would contain Ru, Sb, Ce, Pm,

and possibly H, and 'Would require contaiDmimt _frJI J:teveraldecades

(~ 100 years). It is conceivable that this group could b,,; retained

on-site for this period of time.

The second group would be composed of those fission produ.cts

requiring storage of the order of 1000 yeaxs, 1. e., 81', Eu, and

possibly Sm. The remaining fission products ~rith very long half-lives

are only feebly radioactive, and it n12.y be reasonable to combine them

with the second group for lOOO-year storage, or alse they could be

separated and stored or recycled with the actiinides.



Table 10. Deconta:m.ination Factors Required to Reduce Constituents
in Liquid Waste to ReG Levels S. at Various Times of Decayb

Time Following Reactur Discharge (years)

Element

Fission Products

10 100 1000 104

Ru
Sb
Ce
Pm
H
Sr
Ell
3m
Z:r
Tc
I
Cs

Heavy Ell'mle.nts

4 x 10~
6 x J.O
1 x 107
4 x 107
1 x 105
2 x IOn
2 x 10~
3 x 10
2 x 10(,
7 x 10""
6 x 105
5 x 109

800
2 x 1010

4 x 10~
1 x 10
2 x lO?
7 x 104

6 x 10~
5 x 10

-
2 x 1~
7 x 10
6 x 10§
3 x 3.0

Ra
Ac
Tb.
Pa
U
Np
'Pu
Am.
Cm
Bk
Cf

85 93 2 x 103 1 x 105
4 12 13 20

100 100 ~ 300 5 y. l~
3 x 103 3 x 10~ 4 x 103 4 x 1

300 1 x 103 2 x 103 2 x 103
3 x 105 3 x lO~ 3 x 10~ 2 x 1~
2 x 107 1 x 10

7
2 x 10

7
1 x: 106

4 x 1C~ 4 x 10 1 x 10 2 x 10~
3 x 10 2 x 10'7 1 x 107 6 x 10
120

3 x 103 30 5

a The Rad~ation Concentration Guide 'Values are one-third of those given in
the CFRo (RCGs of ref. 6 were ueed for the unlisted nuclides), and should
result in a radiation dose to the general public of less than 170 mrem/year.
(These values, howeveT, ar-e based upon ingestion of the liquid effluents
and do not allow for reconce..."ltration 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 MW/ton. The waste
consists of all the nongaseous fission products plus the actinides remain­
ing after removal of 99.5% of the uranium and plutonium following a post­
irradiation decay period of: 150 days.
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/ All of the actinides ~ except Bk and Cf, require containment for a

period greater than 10,000 years; hence; they ':muld comprise a third

group. It is reasonable that Bk and Cf should be relegated to this

group since they would contribute insignificantly to the bulk.

Fractionation. of waste into such groups for waste management entails

a number of difficult chemical separations. A severe problem is caused

by hydrolysis of several materials to form colloids and precipitates.

When these are present~ it is virtually impossible to obtain the neces­

saxy separations. In most cases, the extremely high dec~ntamination

factors required have never been demonst:.."ated. Separation. of the

trivalent actinides (americilml and curimn) must be :made from kilograrr.

quantities of the lanthanides~ and the long-lived lanthanides (europium

and samarium) must be separated from the other lanthanides. These ele­

ments have very similar chemical beha~rior~ and separations must be made

by chromatographic ion exchange which- requires close 'Process control.

There is no practical process available for removing tritium from large

volumes of aqueous waste, and iodine removal witb decontamination factors

of 105 will be difficult. However, processes now under development for

LMFBR fuel should make it possible to remove these materials before and

;ilU'ing feed adjustment for reprocessing of the fuel.

Difficulti'26 have been encountered during chemical se:parations With

the hydrolysis of :plutonium.~ tb.orium~ protactinium, :::.nd zirconium to form

Colloidal material that does not behave well in s~arations :processes.

Most of the plutonium in aq,ueous waste from the first Purex cycle is in

an inextractabJ:e form. Rvenexha.ustiveext-rac%i~-will not remmre this

plutoniUIli unless some trea1;ment can be developed to convert it to a

soluble~ ionic species. Experience has shown that wheu signii'icant

amounts of zirconium are present, it often hydrolyzes to form colloids

or 'Precipitates, or both~ which carry polyvalent i(,!ls such as americium

and curium. This greatly complicates the separations problems and makes

it virtually impossible to remove quantitati"vely the zirconiU!D. arid asso­

ciated ions from a waste stream.

lUthough separations processes have been developed for essentially

<'3.11 of the heavy elements and fission products, these processes are not
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directly applicable to the problem of quantita.tively isolating these

materials into compact fractions fo~ waste management. The existing

processes were developed for the purpose of recoverir~ significant

quantities of a particular element, and recoveries of 90 to 99% were

considered to be satis!~actory. Furthermore, these processes usually

result in an increase in contaminated waste instead of a decrease, since

process chemicals required are discharged into waste streams along with

significant amounts of contamination. Modification of these processes

to give decontamination factors of 108 to 1010 without creating larger

volumes of waste from contaminated chemicai-;:~agent~;illreq-Ilire a

major development program. Since the overall fission product decon­

tamination factors usually attained over a single Purex cycle are only

about 10
4 , it cannot be expected that fully developed processes for

waste fractionation, even for elements that are well behaved chemically,

.,"i11 give larger decontamination factors. Thus two: three, or even four

cycles will be required to give overall decontamination factors of 108

to 1010.

Unfortunately, the optimum grouping of radioactive elements for

waste management does not correspond with natural groul'.Lngs based upon

chemical behavior. Frocesses for removing americium and curium from

the waste stream will also remove all of the lanthanides and yttrium

('" 11 kg/ton of fuel) with comparable decontamination factors. About

10 kg/ton of fuel of these are either nonradioactive or have short

enough half-lives so they can be released after less than 100 years

storage if they are adequately de.contaminated from Ea, Sm, Am, and em
(see Table 10); and the fu and Sm. must be stored about 1000 years if

they are adequately decontaminated from. ~ and em. Thus, the separati~~

of Am, Cm., Sm., and Eu. from the other waste products and into groups for

ease in waste management entails a considerable number of process steps,

each requiring close process centrol because of the chemical similarity

of these elements and very large decontamination factors required.

In summary, it can be concluded that the greatest contribution to

1r16.S~e ma.n86ement through chemical separations lies in separating the

actinide elements from all of the fission products for either storage
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or recycling. If not recyc~ed, these elements require virtually permanent

containment and t:-lis could probably be accomplished with greater ease in the

absence of the heat-generating fission products. A quantitative assessment

of the reduction in hazard achievable =rom actinide separations in excess

of those considered in the body of this report is presented :L."l Appendix III.

There it is shown tn.at, if separations processes can be developed to yield

an overall recovery of 99.999% of the uranium, 99.995% of the plutonium,

99.95% of the neptunium, and 99.9% of the americium and curium, the residual

wastes would have about the same ingestion hazard ~s naturally occurring

radioactive minerals after only a few hundred years.

8.3 Effect of Recycle on React:i:v"ity and Flux

'The average m'l..terial k (neutron multiplication constant) or kc:o of the

recycled actinides is lower than that for a normal reactor loading, but not

much lower, as shown in Tables 11 and 12. Table 11 shows the effect of

recycling of 99.5% of the actinides up to 60 times (equiValent to 180 years

of reactor 0Ileration). The maximum. average reactivity decrease is about

0.8% and is attained in about five cycles. This de~rease can be counter­

acted by only about a 2% increase in fissile material, which is not prohib­

itive since this can be accomplished by increasing the e~xichment of the

fuel from 3.3 to 3.4%. Similar results are shown in Tabl.e 12 for recycling

of 99.9% of the actinides which, as GO be expected, Causes a slightly greater

reactivity decrease. Table 13 shows that the effect of rer;ycling of the

actinides (for either 99.910 or 99.5i to three significant figures) on the

thermal flux is sufficiently small to be of no significance to the reactor

operation.

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 reactor discharge is sho'Tn in Table 14 as a fUnction of post­

irradiation decay time. Similar results are shm,-n in Table 15 for 99.9%
extraction and recycling of the actinides.

The ratio of water required for dilution of the waste to the ReG

for the standard case (no reruoval of actinides other th~ 99.5% of Pu

+ U~ or 99.9% if the ra.tio is determined for the higher extraction
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Table 11. Effect on Reactivity from Recycle of 99.5%
Actinides Other Than U and P-.l

Recycle
Reactivity (kco) Reactivity Change (fa)

No. Sta:cta End Start End Average

0 1.20145 1.09391 0 0 0

1 1..19252 1.C8904 -0.743 -0.445 -0.594

2 1.19029 1.08785 -0.929 -0.555 -0.742

3 1.18964 1.08754 -0.983 -0.583 -0.783

4 1..18945 1.08746 -0.999 -C.590 -0.794

5 1.18940 1.08745 -1.003 -0.591 -0.797

10 1.18938 1.087)+7 -1.005 -0.589 -0.797

15 1.18937 1.~748 -1.005 -0.588 -0.797

20 1.18937 1.08748 -1.005 -0.588 -0.797

40 1.18937 1.08749 -1.005 -0.588 -0.797

60 1.18937 1.08749 -1.005 -0.588 -0.797

aAt start of an irradiation period 1/3 of core loading has been
in reactor for 2 years, 1/3 for 1 year, and the remainder is
new fuel.
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Table 12. Effect on Reactivity from R~cyc1e of 99.9%
Actinides Other Than U and Pu

Recycle ReactiYity (kcc ) Reactivity Change (%)
No. Sta:r-ta End Start En.d Average

0 1.20145 1.09391 0 0 0

1 1.19261 1.08902 -0.736 -0.447 -0.592

2 1.19023 1.,08782 -0.934 -0.-557 -0.746

3 1.18958 1.08750 -0.988 -0.586 -0.787

4 1.18939 1.08743 -1.004 -0.593 -0.799

5 1.18933 1.08742 -1.009 -0.594 -0.80l

10 1.18931 1.08744 -1.010 -0.592 -0.80l

15 1.18931 1.08745 -LOll -0.591 -c. 8m

20 1.18931 1.08745 -1.011 -0.591 -0.801

30 1.18931 1.08745 -1.011 -0.591 -0.801

aAt start of an irradiation period 1/3 of core loading has been
in reactor for 2 years, 1/3 for 1 year, and 1;he remainder is
new fuel.
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Table 13. Effect of Recyc1ing'ion Thermal Neutron
Flux in a TY.9icaJ. PWR

-13 (n/CIt?" sec)Thermal Neutron nux x 10
at Irradiation Times (days) of:

Recycle No. llO 367 550 733 1100 Average

0 2.58 2.64 2.81 3.03 3.45 2.92

1 2.57 2.64 2.81 3.02 3.42 2.91

2 2.57 2.63 2.80 3.01 3.41 2.91.

3 2.57 2.63 2.80 3.01 3.40 2.90

4 2.57 2.63 2.80 3.00 3.40 2.90

5 "i.57 2.63 2.80 3.0; 3.40 2.90

10 2.57 2.63 2.80 3.0l 3.40 2.90

20 2.57 2.63 2.79 3.00 3.40 2.90

40 2.57 2.63 2.79 3.00 3.40 2.90

60 :3..57 2.63 2.79 3.00 3.40 2.90

aCne cycle represents 3 years of reactor OIleration.
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Table 14. Ef'fect of Recycle of 99.5% of Actinides other Then U and Pu
on Hazard Measure of Wastea. from PWR Spent-Fuel Processing

W&ter Required f'or Dilution to RCG,b Ratio of' Standard:

Recycle to Recycle Case for Decay TiJnes (~ars) of':

No. 10 102 103 . 104 5 x 10 105 106

0 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 43.6

3 17.5 7.57 8.43 9. 29 14.2 17.4 42.8
4 16.5 7.15 7.35 8.25 14.0 17.1 42.5

5 15.8 6.77 6.57 7.53 14.0 17.0 42.5

10 13.4 5.16 4.72 5.75 13.9 17.0 42.5

15 12.1 5.32 4.16 5.53 13.8 17.0 42.5
20 11.4 5.08 3.78 4.89 13~8 17.0 42.5

25 11.0 4.95 3.63 4.73 13.8 17.0 42.5

30 10.7 4.89 3.56 4.63 13.6 17.0 42.5

40 10.5 4.83 3.49 4.55 13.6 16.9 42.5

50 10.3 4.80 3.46 4.39 13.6 16.9 42.5
60 10.3 4.80 3.46 4.39 13.6 16.8 42.5

Eft'., ~ 25.5 39.0 22.6 23.7 59.6 50.2 81.5

aD. 5~ Pu. and U sent to waste.

bThe recommenCieci defaUlt ~CGs in toe Code of Tederal i\egulations
(ref. 8) were used for unlisted nuclides.



44

Table 15. Effect of Recycle of 99.9% of Actinides other than U ':...1.1 Pu
on. Ha.zard Measure of wastea. from PWR Spent-Fuel Processing

Water Required for Dilution to ReG,b Ratio of Standard

Recycle to Recycle Case for Decay Times (years) of:
>?

103 \. 4
105No. lO 10- 10'+ 5 x 10 10°

0 199 57.5 73.1 88.8 110 137 256

1 116 43.7 58.9 64.2 77.7 95.9 224

2 94.8 38.4 47.7 51.6 70.8 87.3 213

3 85.8 35.5 40.1 44.2 68.4 84.4 210

4 80.7 33.4 34.8 39.3 67.5 83.4 209

5 77.2 31.7 31.1 35.8 67.2 83.2 208

10 65.7 27.0 22.1 27.0 66.9 82.7 207

15 58.7 24.7 19.1 23.7 66.4 82.3 206

20 54.5 17.6 22.2 66.1 82.1 206

25 52.0 16.8 21.4 66.0 82.1 206

.10 50.6 16.5 20.9 65.8 82.1 206

Err., 10 25.4 22.6 23.5 59.8 59.9 80.5

aO.1~ of all actinides sent to iII'8ste.

bThe recommended default RCGs in the Code of Federal Regulations
(ref. 8) were used fer unlistt:d nuclides.



percentage) to that required for dilution of the waste after each

successive recycle is an indication of the efficacy of recycling

from a potential hazard viewpoint. This re.tio is defined as the hazard

reduction factor (the higher the ratio, the grea.ter the hazard reduction).

Table 16 shows a different metllod based on the activities in curies for

evaluating the efficacy of :::-ecycling.

Table III shows that the hazard reduction factors of the waste with

99.5% of the actinides eJ>.-tracted equilibrates at 42.5 for a. decay time
"of 10° years. "/hen the RCGs of refs. 6 and 9 are used for the unlisted

nuclides in place of the recommended default values in the Code of Federal

Regulations, the hazard reduction factors become 6. 5 and 10 respectively.

The co!'responding values for 99.9% extraction of the actinides are 28 and

49. Although it can be argued that the RCGs calculated by LaVerne9 are

m.ore realistic than the more conser'vative recommended default values,

the Code of Federal Regulations must be followed in nuclear reactor

design and operation.

Note that the last row in both Tables 14 and 15 sho'l\T recycle effi­

ciencies at each decay time. These effici'9L;:ies represent the percentage

of the maximum possible hazard reduction factor that is attainable after

effective equilibrium is reached in the recycling process. The maximum

possible hazard reduction factor is the ratio of water required for

dilution of" the standard 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 Tables 14 and 15 for zero recycle

or arie pass through the reactor. These are obviously 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 all the actinides rather than

just the U + Pu. Each additionaJ. recycle increases the hazard measure

of the discharged material in asymptotic fashion. Tte steady-state

recycle 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 efficienc;)t

can be calculated for each cycle by dividing the value for the particular

cycle by that tor the zero recycle.
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Table 16. E:ffect of Recycle of 99.5% of Actinides Other Than U and Pu
on Activity of Wastea from PWR Spent-Fuel Processing Based on

Total Cu:::'ies as a Hazard Measure

Relative Radioactivity, Ratio of Standard to Recycle

Recycle Case for Decay Times (years) of:

No. 10 102 103 104 5'x 104 105 106

0 6.69 9.97 10.2 10.4 8.44 13·9 40.9
1 6.12 7.96 10.0 10.0 7.90 11.6 35.8
2 5.88 7.44 9.91 9.91 7.75 11.0 34.4
~ 5.78 7.25 9.85 9.83 7.69 10.8 33.9.,)

4 5.74 7.18 9.83 9.79 7.66 10.7 33.7

5 5.71 7.15 9.80 9.75 7.66 10.7 33.6
10 5.70 7.13 9.73 9.70 7.64 10.7 33.5
15 5.70 7.12 9.71 9.66 7.64 10.6 33.5
20 5.70 7.12 9.68 9.62 7.64 10.6 33.4
30 5.70 7.12 9.6:7 9.62 7.62 10.6 33.4

·40 5.70 7.12 9.66 9.62 7.62 10.6 33.4
50 5.70 7.12 9.66 9.62 7.62 10.6 33.4
60 5.70 7.12 9.66 9.62 7.62 10.6 33.4

a O•5%of all actinides sent to waste.



T"ne results in Tables 14 and 15 show that when recycling ~.s 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

obtains logically because the reactor dischar:::e composition is little

affected by a change of only 0.4% of recycled actinides in the feed

stream. The standard case is also little affected by whether 0.1% or

0.5% of U + Pu is presa~t since the americium and curium predominate

at smaller deca;}· times and neptunium after 105 years. It is for similar

reasons that the cycle efficiencies are virtually independent of the

percentage of material that is recycled. It fcllo,..s that if 99.99%

removal is effected, the hazard reduction factors of Table 15 will

increa.se-by about a factor of 10 t~ about 2000 at 106 years. All

three tables show that the hazard reduction factors decrease asymp­

totically with the number of' recycles, which is a result of the buildup

of' the higher transuranics, and that effective equilibrium is a.ttained

in 20 c7)'Cles more or les s depending on the decay time.

Minima. in the hazard reduction factors of' Tables 14 and 15 as a

function of d€:cay time occur at around 200 years in the fi:.r.st f'ew

recycles with a gradual shift to between 103 and 104 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 af the various nuclides.

AS an a-ia -in -unders~-a:nding this -and other phenomena, the relative

contribution (when> 0.02_10) of ea.ch actinide by itself (regardless of

whether disc.'larged from the reactor or generated by dec:a.y) and by ea.ch

of their daughters to the hazard measu...--e of zero recycles and 60 recycles'

are shown. in Tables 17 and 18, respectively; the standard ce..se 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

tables is different from that of Tables 4 to 6 where the contribution

from each actinide includes all of its daughters. Observe that in t.he
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Table 17. Relative Contribution of Each Component of the A~t.iJ:\ide

Wastea to the Hazard Measure After One Pass Through the Reactor

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

Element 10 102 103 104 5 x 104 105 106

Pb nil nil 0.01 1.0 4.2 4.2 1.7
Bi nil nil 0.03 4.0 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 0.44 3.8 5.1 10.5
En nil nil nil 0.11 0.35 0.35 0.36
Fr nil nil nil 0.44 3.8 5.1 10.5
Ra nil nil 0.02 3.9 17.6 19.2 16.3
Ac nil nil nil 0.44 3.8 5.1 10·5
Th nil nil 0.01 0.63 4.3 5.6 11.0
Np 0.02 0.03 0.13 0.38 0.24 0.16 0.10
Pu 62.3 34.7 42.1 74.9 1l.6 1.8 0.02
Am. 21.'7 63.4 54.0 1.6 0.03 nil nil

em 16.0 1.7 3.4 4.7 0.12 nil nil

aO• 5%of all a.ctinides sent to waste.



Table 18. Relative Contribution of Each Component of the Actinide
Wastea to the Hazard Measure After 60 Recycles

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

Element 10 102 103 104 5 x 104 105 106

Pb nil nil nil 0.47 4.8 4.9 1.9

Bi nil nil nil 1.7 19·1 20.3 16.8

Po 0.05 0.05 nil 3.4 35.8 37.3 23.1

At nil ni1 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 0.13 2.7 3.6 10.2

BEl. nil nil nil 1.7 18.9 20.1 16.5

Ac nil ni1 nil 0.13 2.7 3.6' 10.2

Th nil nil nil 0.19 3.1 4.1 10.7

Np nil 0.01 0.04 0.11 0.18 0.11 0.10

Pu 29. 6 27.3 10.0 18.4 7.=\. 1.2 0.02

Am. 5.6 24.9 12.4 0.55 0.03 nil nil

em. 4L8 43.5 75.9 73.0 2.7 0.95 0.19

Cf' 22.9 4.3 1.6 nil ni1 nil nil

aO•5%of al1 actinides sent to waste.
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Table 19. Relative Contribution of' Each Component of' the Actinide
Wastes. with 99.5% ot' U and Pu Extracted

Portion of' Total water Required to Dilute Each Element
to Its ReG (%) f'or Decay. Times (years) of':

Element lO 102 103 104 5 x 104 105 106

Pb nil nil nil 0.28 0.94 0.77 0.10

Bi n"i.i. ", 0.02 2.7 14.8 15.2 14.4-m~

Po nil "' 0.03 3.6 17.8 17.5 14.4n1._

At nil nil nil 1.7 11.7 12.6 14.1

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 14.8 15.1 14.4

Ac nil nil nil 1.7 ll.7 12.6 14.1

Th nil nil 0.01 1.8 n.8 12.7 14.2

Pa nil nil 0.01 0.04 0.02 0.01 nil

U nil nil nil 0.02 0.02 0.02 0.01

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
Am 13.8 55.2 46.7 l7.l 0.30 nil nil

em 79.2 27.8 44.5 49.9 1.0 0.01 nil

800•5%of' U + Pu and 100% of other actinides sent to waste - standard
case.



51

standard case (Table 19) the cuxium is 79"10 of the totaJ. after 10 years

decay and varies from 16 to 42% during recycling (Tables 17 and 18). In

the standard case, the curium is mostly 244Cm (18-year half-life), but

its fraction of the total cuxiU1li content diminishes with recycling.

Consequently, it is the relatively rapid decaY.of the 244Cm (the con­

t:-olling nuclide in the standard case) compared with the smaller effect

on the recycled waste that is responsible for the initiaJ. rapid drop in the

hazard reduction factors for the first 100 years or so. The sh:!.ft in the

location of the .minima to larger decay time can be attributed to the

bUildUp 'of 245cm and 246Cm.

After the first few recycles, the hazard reduction factors rise to

about the same value, regar6.less of the number of' recycles for long decay

times. This reflects the fact that 237Np discharged f'rom the reactor

controls the waste hazard at long times and that the concentration of

this nuclide rapidly reaches equilibrium. This is borne out by the

detailed data which show the 233U decay chain (4n + 1 series), of' which

237Np is a member, makes the dominant contribution. Table 20 shows the

neptunium. (almost all 2 37Np ) discharged from the reactor attains a

constant value after five recycles.

Recycling of' the actinides and achieving a 99.9% extraction effi­

Ciency reduce the hazard measuxe of the actinides at equilibrium to the

same order as that of the long-lived f'ission products (1291 , 93Zr , 9~,

99Tc , and 135Cs ) 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 dxopl'ing to about one-half' of' the :fission product value
6 ' 129at 10 years. However, if I is eliminated as a hazard by isotopic

dilution (or separate storage), the actinides would still control the

total waste hazard. An actinide extraction efficiency of 99.999+% a.long

with the recycling is required before the hazard measure of the total

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

Figures 2 and 3 were prepared from the ORIGEJ.'f output to show the

rate of accumulation of' the potential hazard of the actinide waste 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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one typical PWR operating at 1000 M!Ne with an 0.8 plant factor and an

annual average discharge of about 23 tons/year of spe.'1.t fuel. Also shown

is the effect of recycling on the hazard reduction for an actinide extrac­

tion efficiency of 99.5%- These plots represent the waste hazard accmnu­

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 industry. Figure 2 shows

the cumulative hazard from. 10 to 70 years after discharge. The hazard

reduction factor (ratio of the standard case to the recycle case at any

indicated decay time) achieved by recycling starts at about 40, rapidly

drops to 20 in 10 years, and slowly drops to about 10 by 70 years after

discharge. Figure 3 shows the same results for decay times between 500

and 106 years for which decreases are shown witially in tlie cumulative

hazard because the reactor was considered shut down at 60 years of

operation with no further additions to the waste. At later decay times

the cumulative hazard increases because of the buildup of 229Th and its

daughters as the result of decay of 237NP • This increase would be much

smaller if ReGs of ref. 8 were used and the curve would flatten out w·ith

the ReGs of ref. 6 (see Table 5). For the long-term decay period shown

in Fig. 3, the hazard reduction factor has dropped initially to a little

below 10, but after 104 years builds back up to a little over 40. At

these longer times the hazard reduction factor can be simply obtained by

averaging the values for the first 30 recycles (60 years of operation)

shown in Table 14 because essentially all the hazard comes from actinides

witb long half-lives, the shortest being 458 years for 241Am with the

othersb-av:inghalf-lives -me-a-surE:d in thousands of' years. For such a

condition, it makes little difference that the first o.ischarge is 60

years older than the last one; each discharge contributes about the same

to the cumulative hazard for times g!'eater the.'1. 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 calculations using the normal

ORIGEN output become too long to be practical.
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i8.5 Effect of Recyclil'l..g on the Haza.!'ds .1of
Chemical Processing and Fue~ Fabricat~on

j

Recycling of reactor actinide waste will increase the radiation
i

problem associated with chemical processing and fuel \":ebricatior. because

of the increased radioacti,dty of the reactor feed ~d discharge streams.

In this section these :problems are examined som~what land the effect on

chemical processing ~s discussed. \.

Table 20 shows the recycle effect on the buildU;P\Of each actinide

in the reactor discharge stree.m after cooling 150 days\ and before any

chemical processing. The table also indicates the att, ;nment of effec­

tive e'1uilibrium. True equilibrium cannot be ettained LYl practical

irradiation times because of the small removal cross sel tions (deca~' +

capture + fission) of 248em and 250em• The small chang s in the actinides

that are still occurring after 60 recycl-es can be traced primarily to

248em; the amount of 250em present is too small to ha.ve ~ noticet£ble
\

effect. From a purely chemical sepa.rations viewpoint, th~ cha."lges in

compositions are not significant. iiandling problems j however, are

inCreased by the buildup of nuclides that undergo spontaneous fission.

Th~ slight increase of about 3'" in the gamma. activity that occurred as

the result of recycling is of no consequence.

The ?v.rex separations process now in use removes only Pu. and U from

the waste stream. (see Sect. 8.2 for a more detailed discussion on chemical

:processing). For. +_~~!Cling, the other actinides must also be extracted from

this waste stre~ containing tl":!e :fission products. It is generall;r felt that

the process can be adjusted to permit 99.9"~ extraction of the U + fu. By

small changes in the process, neptunium could also be extracted. Removal

of the .l\m and em is not as eas;r sir..ce some of the rare-earth fission

products have similar chemistry. The separa.tion would not have to be

toe clean.. 'b!1t contaJl!inaticn with rare earths with high neutron cross

:::ections shcr.l1d be large enough to degrade the neutron economy of the

reactor when recycled. Whether the Ac, Th, and Fa ere remo,,-ed or sent

to wCLste is not important since their effect on the hazard is negligible

(see Sect. 5). The effect of :sk, Cf, and. E:; produced in one pass through
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the reactor also has a negligible effect on the waste hazard, bu"~the

buildup of Cf .and em seriously i..l1creases the neutron emission rate by

O:,n reactions and by spontan~()us fission, "ith the latter domi!J.ating.

Table 21 shows that the source of neutrons in the material recycled is

mostly curium (prima.rily 244Cm and 242 Cm) after two cycles, but that the

Cf (prima:l:-ily 252Cf ) !'.a;Qi.cilY becomes controlling after a few recycles.

This increased neutron acti-vity due to recycling should cause no

real. problem. in chemical processing since the thick concrete llalls

required for gamma shielding shou~d also be adequate for the neutrons~

A pqtential pr{)!?lem ~ises in fuel fabrication and handling, regardless

of wheth~r tne .recycle material is mixed with new fuel or made into

separate elements. The same problem. also exists for fabricating fuel

elements from recycled plutoniUIll. Bell and Nichols20 estimate that the

neutron source for recycled plutonium builds up to about 109 n/sec per

metric .ton of plutonium. Table 21 shows that if the californium is

removed, the curium would control and the neutron source would only be

reduced by a factor of 300. The curium produced along with the associ­

ated neptunium and americium would generate considerably more neutrons

per ~it weight (3.6 x 1014 per metric ton of the :mixture a.t equilibrium)

by spontaneQus fi~sion and a,n reactions than would plutonium, The

quantities involved, however, are sl'.aller than in the case of plutonium

rec~rcle. It seems that acti!1ide recycle material could be handled with­

out too 1J1llch chsnge in the way of' design or handling procedures developed

for plutonium recycle fuel even if the neutron source strength is somewhat
"~2larger. Removal of the neutron source, ~~ Cf, can be accomplished by not

recycling Cf even though there 5.s an increase in the Cf production with

curium buildup. Significant 252
Cf buildup occurs from su.ccessive tleutron

captures starting with 249Cf and 25CCf, where pr:~cursors are 249Bk and
ZC:f\

/VBk. The difficu.!_ty in-,rolved in the efficient extraction of Am and.
\

Ca from fission prcduct~ was pointed Ct~7. 51', 1;ect. 7.2. L.~ all processes for

removal of Am and Cm, Cf and Bk are also removed. Consequently, addi­

tional complications to the flo'Asheet would be requu-ed to keep these

elements separate :from the extracted. Am. and em.
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Recycling of waste through a reactor does add to the inventory of

hazardous materials in process which could increase the severity of an

accidental release of radioactive material. The hazard measure of the

actinide waste based on ingestion was increased by only 12% after 60

recycles. The total is abou.t one-tenth of that for the fission products.

If the hazard measure is based ;:>n inhalation, recycling increases the

potential hazard by a factor of 2 at discharge (see Table 21). ,vith the

average in the reactor being significantlj- 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 1017 for the actinides, it

would seem that the potential hazard of an operating reactor would be

increased by recycling of the actinides•. However, acti.."lide concentra­

tion in a rel:'~tor is not significant in analyzing tbe "~ credible

accident" (MeA) since the actinide compounds are not velatile and. Ca.I1.....'1ot

be significantly dispersed into the atmosphere by any c~edible reactor

accident. Transmutation of fission products in burner reactors would,

of course, add to the potential hazard of the MeA because the volatile­

fission prooucts are controlling in an accident analysis.
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9. CONCLUSIONS AND RECOMMEliJIJATIONS

Elimination of the fission :products, 90sr , 137Cs, 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 1017 nlcm'2. sec are required for that purpose.

Spallation reactors and fusion reactors are :possibilities,but the latter

is certaiI"~y not feasible with current technology. The former, at best,

would require an extensive develO:Pment :program including, in particular,

a method :ror coping -with the potentially severe radiation damage and heat

transfer problems. It seems that ultimate storage in deep geologica.l

formations of known cilaracteristics (such as salt mines) re!ll8.ins the

best method for fission product dis]?osal since less than 1000 years is

required to reduc,= tbe 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 formations. The actinides and their

daughters, of course, with balf-liYes measured in many thousands of years

should be excluded from the bios]?bere for a lengtb of time :ror which

tecto:c.ic stability can be assured with a lesser confidence level. There

is, there:rore, a stronger motive for dis:posal or reducti-on in the accumu­

lation of the actinides by some other method such as by transmutation in

nuclear reactors.

W'nen over 99% of the plutonium and uranium has been extracted,

significant further reduction in the potential long-term hazard of the

waste from P'W'Rs (and 1llldoubtedly other types) can only be achieved by similar

removal :Jf the neptunium, americium, and curium. Consequently, if the

actinides are to be disposed of s€:parately from the fission :products, it

pays from a waste hazards viewpoint to concentra:;e en developing economic

chemical processes for removal of the latter three actinides from the

fission products.

Recycling tbese actinides through the reactors producing them has

:promise for reducing the long-term waste hazard, particularlj" if 99.9%
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extraction of nelltunium, americium, and curium is achieved, an extraction

efficiency that already allllears feasible for plutonium and uranium. The

results of this study indicate that long-term hazard reduction factors

up to about 200 are possible with a 99.9% actinide extraction efficiency

With subsequent recycling of the neptunium, americium, and curium. Larger

hazard reduction factors are llossible with higher efficiencies, a.~d the

hazard reduction factors are allproximately proportional to the qu&~tities

of the actinides sent to the waste.

Recycle of actL~ides in the LMFBRs should produce cva~ higher hazard

reduction factors since the average fission-to-capture ::. atio of the acti­

nides should be higher in a fast reactor than in a thermal one~,. Fast

cross-section sets for the higher actinides should be developed so that

recycling studies can be made for the LMFBRs.

It also appears that recycling of the actinides is particularly suited

for a fluid fUel reactor such as the MSBR. 21 A processir~ scheme has been

Visualized that recycles essentj.ally all the uranium, neptunium, thorium,

and most of the other actinides. Considere.bly less americium and curium

are produced compared to a PWR, which considerably simplifies the waste

disposal problem. In addition, being a fluid fUel reactor, the problems

arising from fabrication and handling of heavy neutron-emitting fUel

elements are eliminated. A study similar to this one should be made for

the MSBR using chemical processing that minimizes the actinide content

of the waste streams.

Official or standard values for the ReGs for nuclides appearing 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 decay t.ilnes beyond 10,000 years.

Some consideration should be given to other methods of evaluating

the poten~ial hazard of the waste from chemical processing and possibly

a standard developed that considers the probability of discharge into the

biosphere. In particular, scenarios of possible interaction with the

environment and potential pathways to the biosphere should be evaluated

as part of the conceptual design and site selection process for waste

repositories.
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Table 22. Comparison of RCGs from Ref. 8 and Ref. 9

CriticaJ. Inhala.tion ReG Critical Ingestion RCG

Nu~lide Organ Ref. 9 Ref. 8 Jrgan Ref. 9 Ref. 8

22~c Liver 1 x 10-11
8 x-1O-14

GI (LLI) 5 x 10-~
2 X-l0:~2? 8 x 10-14

228
AC Bone Bone 2 x 10-4Ac Bone 2 x 10-9 3 x 10-9 GI (ULI) 2 x 10- 9 :x 10

241Am Bone, kidney 2 x 10-13 2 x 10-13 Bone 4 -6 4 -6x 10 6 x 10 6242mAm Bone, kidney 2 x 10-~3 2 x lO=~3 Bone 4 x 10-, 4 x 10:4242Am Liver 1 x 10-
13

1 x 10 ~ G1(ULI, LLI) 1 x 10-4 1 x 10 6243Am Bone, kidney 2 x 10- 2 x 10-13 Bone 4 x 1O-~ 4 x lO-
244Am, Bone, kidney 1 x 10-7 1 x 10-7 GI (5) 2 x 10-

3
5 x 10-3

245Am, GI (ULI) 3 x 10-7 G1 (ULI) 1 x 10-

217At Ova:ry, thyroid 9 x 10-5 Ovary, thyroid 6 x 10-1

249Bk Bone 2 x 10-11 3 x 10-11 GI (LLI) 4 x 10-4
250nk Bone 5 x 10-9 5 x 10-9 GI (ULI) 3 x 10-4

210Bi Kidney 2 x 10-10 2 x 10-10 GI (LLI) 4 x 10-5 4 x 10-5
211Bi Kidney 1 x 10-7 GI (5) 7 x 10-~

4 ~ 10-4212Bi Kidney 3 x 10-9 3 x 10-9 GI (5) 4 x 10-
4213Bi Kidney 4 x 10j GI (5) 5 x 10~

214Bi Kidney 1 x 10 GI (5) 6 x 10

249cf Bone 5 x 10-14 5 x 10-14 Bone 4 x 10-6 4 x 10-6
250Cf Bone 1. x 10-13 2 x 10-13 Bone 1 x 10-g 1 x 10-g
25lrr Bone 5 x 10-14 6 x 10-14 Bone 4 x 10- 4 x 10-
252~ Bone 2 x 10-13 7 x 10-13 GI (LL1t" 7 x 10-6 2 x 10-5cr
253Cf llone 3 x 10..11 3 x 10-ij Gl (LLI) 1 x 10-i 1 x 10-~
254cf Bone 2 x 10-13 2 x 10- Gl (LLI) 3 x 10- 1 x 10-'

242em Liver 4 x 10-12 4 x 10-12 GI (LLI) 2 x 10=~ 2 x 10:g
243em 2 x 10-13 2 x 10-13
244em

Bone
-13 3 x 10-13

Bo::!e 5 x 10_6 5 x 10_6Bone 3 x 10 - 3 Bone 7 x 10 6 7 x 10 6
245em Bone 2 x 10-.L 2 x 10-13 Bone 4 x 10-

6
4 x 10-6246em Bone 2 x 10-13 2 x 10-13 Bone 3 x 10-,... 4 x 10-

6247Cm Bone 2 x 10-13 2 x 10-13 Bone 4 x 10-0 4 x 10-
7248 Bone 3 x 10-14 2 x 10-14 Bone 6 x 10-7 4 x 10-

249
Cm

Liver 2 x 10-i5 4 x 10-7 GI (5) 2 x 10-§ 2 x 10-3
250

Cm
em Bone 3 x 10- Bone 6 x 10-

253Es Bone 2 x 10-11 3 x 10-11 G1 (LL1) 2 x 10-5 2 x 10-5

221Fr Body 1 x 10-~ llody 8 x 10-~
223FT Body 4 x 10- Body 3 x 10-
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Table 22 (continued)

Critical Inhalation ReG Critical Ingestion ReG

Nuclide Organ Ref'. 9 Ref'. 8 Organ Ref'. 9 Ref". 8

209 GI (ULI) 2 x 10.7 GI (8, LLI) 3 x 10-i21~ Kidney 4 x 10-12 4 ~ 10-12 Bone, kidney 2 x 10-
4

1 ; 10-7
211Pb Kidney 1 x 10-8

6 ; 10-10
Kidney 4 x 10-

2 ~ 10-5212 6 x 10-10 2 x 10-'
214p;

Kidney Kidney
Kidney 1 x 10-8 Kidney 5 x 10-

236 Bone 2 x 10-9 GI (LLI) 5 x 10:~23~ 1 x 10.13 1; 10-13 3 ; 10-6238 ;p Bone Bone 2 x 10_5
239Np Bone 2 x 10-§

3 ~ 10-8
GI {LLI) 5 x 10

1 ; 10-4
24~

GI (LLI) 2 x 10- GI (LLI) 8 x 10-5

2~Np GI (8) 8 x 10-7 GI (8) 4 x 10-3
GI (8) 5 x 10-7 G! (8) 2 x 10-3

236Pu Bone 6 x 10-13
7; 10-14

GI (LLI) 3 x 10-~
5 ; 10-~~~ Bone 7 x 10-14 Bone 5 x 10-

66 x 1.014 6 -14Bone x 10 14 Bone 5 x 10-6 5 x 10-
240Pu Bone 6 x 10-14 6 x 10- Bone 5 x 10~ 5 x 10-6
241Pu Bone 3 x 10-12 3 Yo 10-12 Bone 2 x 10 6 2 x 10i
24~ Bone 6 x 10-14- 6 x 10-14- Bone 5 x 10- 5 x 10-
24 GI (ULI) 9 x 10-8 6 x 10-8 GI (ULl) 4 x 10-4- 3 x 10-4

~~ Bone 6 x 10-14- 6 x 10-14 Bone 5 x 10-~ 4 x 10-6
GI (LLI) 1 x 10-8 GI (LLI) 6 x 10-

210po Kidney, spleen 2 x lC-ll 2 x 10-U Kidney 8 x 10-7 7 x 10.7
2Up Kidney, spleen 9 x 10;5 GI (8) 3 x 10~215

0

21~o
Kidney, spleen 1 x 10 GI (8) 4- x 10

21J:PC
Kidney, S];lleen 1 x 101 GI (S) 3 x 105

2l~0
Kidney, S];lleen 2 x 10-~ GI (S) 7 x 103

216 0
Kidney, spleen 1 x 10-4 GI (S) 3 x 106

Po Kidney, spleen 2 x 10· Kidney, spleen 7 x 10

218po 1 x 10.7
GI (ULI)

4- x W-3Kidney, spleen GI (8)

23' Bene 4 x 10:~4 4 x 10-14- Bone 9 x 10i 9 x 10.7
232"a

23~
Liver 7 x 10-8

2 ; 10-8
GI (LLI) 6 x 10- - I

Kidney 2 x 10-6 GI (LLI) 1 x 10 2 1 x 10·~
23~ GI (S) 4 x 10-8 GI (S' 2 x 10~
234Pa GI (ULI) 3 x 10 GI (ULI) 1 x 10

22?Ra Bone 6 x 10·11 6 x 10·11
Bo'"..e 7 x lC-~ 7 x 10j

224- 2 x 10.10 2 x 10-10 Bane
225Ra Bone 2 x 10""7 2 x 10

226Ra Bone 5 x 10-11
- -12 Bone 5 x 10""-8 3; 10j

22B:
Bone 1. x 10·~2 3XI012 Bone 1 x 10-8
Bone 2 x 10-~2 2 x 10· Bone 3 x 10 3 ~ 10
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Table 22 (continued)

Critical Inhalation RCG Critical Ingestion RCG

Nuclide Organ Ret.. 9 Ref. 8 Organ Ref. 9 Ref. 8

2 x 10-6
I

207n G1 (5) G1 (5) 8 x 10+3
20Bn G1 (5) 1 x 10-6 Gl (5; 5 x 10-3
209n GI (5) 2 x 10-6 01 (5) 1 x 10-2

227Th 'lloile 1::: 10-11 Gl (l:J:..I) 2 x 10-g
7 x 10-6228Th Bone 3 x 10-13 3 x 10-13 Bone 7 x 10-

229Th Bone 2 x 10-14
8 :c 10-14 Bone 4 x 10-7

2 x 10-62301b Bone 7 x 10-14 Bone 2 T. 10:-6
2~Lrh GI (LLI) 4 x 10-8 GI (LLI) 2 x 10~232 Bone 7 x 10-14 1 x 10-12 Bone 2 x 10 2 x 10-6
23~ G1 (5) 5x 10-7 GI (S) 2 x 10~§234Th llI:lne 2 x 10-9 ? x 10-9 G! ~LLl) 2 x 10 2 x 10-5

232u Eone 4 x 10-12 3 x 10-12 GI (LL!) 3 x 1015 3 x 10-~
23~ llon~ 2 x 10-i,i 2 :It 10-11 GI (LL!) 3 x lO'~ 3 x 10-

5
~~ Bone 2 x 10-

11
2 x lO-ll GI (LLI) 3 x 10- 3 x 10:5

Bone 2 x 10-
11 2 x 10-ii GI (LLI) 3 x lO-~ 3 x 10

236u Bone 2 x 10::a 2 x 10- GI (LLI)
3 x lO-~ 3 x 10-5

237U GI (LLI) 3 x 10 II GI (LL!) 1 x 10-

~~ Bone 2 x 10-
7

3 x 10-12 GI (LLI) 3 :It lO-~ 4 x 10-5

2~ GI (S) 5 x 10-
9 8 :It 10-9

GI (5) 2 x 10-
5 3 x 10-5GI (LLI) 9 x 10- GI (LLI) 4 x 10- \

\



APFENDL"C II: RADIOACTIVITY AND HAZARD MEASURE OF EACH ACTDTIDE
NUCLIDE AS A FUNCTION OF TIME: AFTER DISCHARGE FOR

THE STANDARD CASE AND AFTER THE 60th RECYCT...E
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Table 23. Radioactivi:ty of Each Nuclide as B. Function of Time
A±'ter Discharge fran a Typical PWR

Radioac:tivityU (Cl!metric ton of fuel) after Decay Times (~) of':

o '1(' 102 103 104 105 106

225Ac
227Ac
228Ac
227Th
228nt.

229Th
230nt.

231Th
232Th
233ih
234Th

231:>a
. 232Pa
233pa2'234

Pa
232

U
2330
234U
235u
236u
237u
238u
23~u

240u
236Np

237N;l>
238M,

··x'
239Ilp
2~·

240Np

1.93-""
9.70-7

2.73-12

9.04-7

1.49-3
3.31-8
1.78-5

7.93-1
2.55-11

1.33-2
3.14-1

2.44-5
3.57-1
3.23-1
3.15-1
J.• 25-2
6.07-3
4.55-5
7.52-1
1.71-2
2.88-1
8.65+5
3.14-1
1.86+7

1.69-15

2.91

3.32';;1

3.98+5
1.85+7

1.69-15

3.30+4

4.15-8

7.47-6

2.14-11
7.37-6
1.48-4
4.15-8

2.09-5
8.56-5
3.20-11

o
1.57-3
2.47-5

o
3.40-1

1.57-3
1.57-6

8.69-5
1.42-5

6.71-3

:3.56-5
1.44-3

o
1.57-3

o
5.80-14

o
3.40-1

o
1.77+1
5.89+11+

o

2.38-5
3.78-11
2.35-5
4.03-5
7.24-7
3.45-5

.8.:i8-5
3.85-11

o
1. 57-3
2.48-5

o
3.45-1
1.57-3

1.57-6
3.92-5
1.46-4

2.60-2

8.58-5
1.46-3

o
1.57-3

o
6.12-13

o
3.45-1

o
1.75+1

6.12-13

o

6.94-5
2.60-5
1.08-10

2.55-5
7.06-9

6.94-5
3.71-4
8.74-5
1.08-10

o
1.57-3
2.60-5

o
3.68-1
1.57-3
1.57-6
6.77-9

1. 53-3

4.65-2
8.74-5

1.69-3
o

1.57-3
c

6.13-12

o
3.68-1

o
1.61+1
6.13-12

o

5.54-3

3·90-5
1.22-9
3.85-5
1.22-9

5.54-3
3.79-3
1.16-4
1.22-9

o
1.57-3
3.90-5

o
3.74-1
1.57-3
1.57-6

o
1.56-::
4.54-2
1.16-4

3.10-3
o

1.57-3

o
6.08-11

o
3.74-1

o
1.14
6.08-11

o

1.17-1
2.38-4
1.86-8

2.35-4
1.86-8

1.17-1

2.32-2
3.12-4
1.86-8

o
1.57-3
2.38-4

o
3.64-1
1.57-3
1.57-6

o
1.29-1

3.56-2
3.12-4
4.()3-3

o
1.57-3

o
5.57-10

o
3.64-1

o
2.05-3

5.57-10

o

2.90-1
3.31-4
1.95-7
3.27-4
1.95-7

2.90-1
5.59-3
3.31-4
1.95-7

o
1.57-3

3.31-4

o
2.72-1
1.57-3
1.57-6

o
2.89-1
4.3C-3
3.31-4
3.92-3

o
1.57-3

o
2.67-9

o
2.72-1

o
2. ?:7-7

2.67-9

o
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Table 23 (continued)

Radioactivitvb (Ci metric ton of fuel e.1'ter Decay Times

102 :>

105NucUde 0 10 10'" 10

236Pu 3.49-1 1.54-4 4.79-14 0 0 0 0
238Pu 2.74+3 1.05+2 5.36+1 l.29-1 1.28-19 0 0
239Pu 3.18+? 1.62 1.67 2.05 4.03 5.65-1 237-7
240

Pu 4.77+2 4.47 8.96 8.30 3.30 3.24-4 2.67-9
24~ 1.05+5 3.27+2 4.88 3.08-1 1.45-1 7.62-5 1.25-37
242Pu 1.38 6,91-3 7.02-3 7.29-3 7.70-3 6.70-3 1.29-3
243Pu 3·59+5 2.47-7 2.47-7 2.47-7 2.47-7 2.46-7 2.?i7-7
244

Pu ::..69-15 5.90-14 6.12-1: 6.14-12 6.Q9-lJ.. 5.58-10 2.67-9
?45 2.23-10 0 0 0 0 0 0~ Pu
241Am 8.59+1 1.58+2 1.47+2 3.5+1 1.45-1 7.62-5 0
242m.

Am 4.12 3.93 2.61 4.30-2 6.43-20 0 v
242Am 7.01+4 3.93 2.61 4.31-2 6.43-20 0 0
243Am 1.76+1 1.77+1 1.75+1 1.61+1 7.14 2.05-3 2.37-7
244Am 1.30+5 7.67-17 7.96-16 7.98-15 7.92-14 7.25-13 3.47-12
245Am 5.47-8 1.72-11 0 0 0 0 0
242em 3.70+4 3.23 2.14 3.53-2 5.29-20 0 0
243cm 5.62 4.53 6.44-1 2.19-9 0 0 0
244 2.58+3 1.76+3 5.6Ot-1 6.80-14 7.91-14 7.25-13 3.47-12em
245cm 3.34-1 3.34-1 3.30-1 3.07-1 1.44-1 7.61-5 0
246cm 6.70-2 6.69-2 6.60-2 5.78-2 1. 54-2 2.73-8 6.35-31
247cm 2.47-7 2.41-7 2.47-7 2.47-7 2.47-7 2.46-7 231-7
248em 8.01-7 8.01-7 8.01-7 8.00-7 7.86-7 6.58-7 1.12-7
249em 2•.60-2 0 0 0 0 0 0
250em 9.35-2.4 9.35-14 9.32-14 8.99-14 6.28-14 1.74-15 4.66-31
249Bk 3.63-3 1.14-6 0 0 0 0 0
250m: 6.50-3 9.35-14 9.32-14 8.99-11: 6.28-14 1.74-15 4.66-31-
249Cf' 1.09-6 9.79-6 8.20-6 1.39-6 2.80-14 0 0
250Cf' 3.89-5 Z.30-5 1.95-7 8.99-14 6.28-14 1.74-15 4.67-31-
251cr 2.64-7 2.82-7 2.63-7 ~.-3l-7 ~2-8-lO ~ _0
252Cf' 4.88-5 3.55-6 2.01-16 0 0 0 °253Cf' 4.00-0 0 0 0 0 0 °
254C1' 1.08-9 7.19-28 0 0 0 0 0
25~ 2.90-6 2.60-;8 c 0 0 0 0

Total 3.91+7 2.411-3 3.16+2 7.93+1 2.30+1 2.65+0 3.23+0

~ead as 1.93 x 10-7•
b

At 150 days after discharge. 99.5$ oT U + Pu was extracted.
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Table 24. H8.znrd Measure of Each Actinide Nuclide
After Discharge from a Typical PWR

P.azard Measureb (m3 of H20/metric ton of fuel)
3.fter Decay Times (yr) of:

106Nuclide 0 10 102 103 104 105

225AC 6.43 1.38 2.41+1 2.31+3 1.85+5 3.91+6 9.67+6
227Ac 4.85_1a 3.74 1.19+1 1.30+-1 1.95+1 1.19+2 1.66+2
228Ac 3.04-8 2.38-7 4.20-7 1.20-6 1.35-5 2.07-4 2.16-3
227Tb. 3.01+1 2.46+2 7.82+2 8.53+2 1.28+3 7.83+3 1.09"-4
228Th 2.13+2 2.11+1 5.76 1.01-3 i.74-4 2.66-3 2.'73-2
2Z9Th 1.10 1.38 2.41+1 2.31+3 1.85+5 3.91+0 9.67+6
230Th 8.88 1.04 1.72+1 1.86+2 1.90'"3 1.16+4 2.79+3
231'l'h 2.64+5 2.85+1 2.86+1 2.91H 3.87+1 1.04+2 1.10+-2
232Th 1.28-5 1.60-5 1.92-5 5.41-5 6.08-4 9.31-3 9.73-2
233Th 1.83-2 0 0 0 0 0 0
234Th 1.57+4 7.85+1 7.85+1 7.85+1 7.85+1 7.86+1 7.86+1
Z31Pa 2.71+1 2.74+1 2.75+1 2.88+1 4.34+1 2.65+2 3.68+2
232Pa 1.19+5 0 0 0 0 0 0
23~ 3.23+3 3.40+-3 3.45+3 3.68+3 3. 74-!-3 3.64+3 2.72+3
23, 3.15-1 1.57-3 1.57-3 1.57-3 1.57-3 1.57-3 1.57-3
234Pa, 4.16+3 5.24-1 5.24-1 5.24-1 5.24-1 5.24-1 5.24-1
232U 2.02+2 2.90 1.31 2.26-4 0 0 0
233u 1.52 ~.73-1 4.87 5.08+1 5.20+2 4.28+3 9.62+3
234U 2.51+4 2.24+2 8.68+2 1.55+.3 1.51+'3 1.19+3 1.43+2
235u 5.71+2 2.85 2.86 2.~1 3.87 1.04+1 1.10+1
236U 9.61.+3 4.81+1 4.87+1 5.63+1 1.03+2 1.34+2 1.31+2
237U 2.88+11 0 0 0 0 0 0
238U 7.85+3 3.93+1 3.93+1 3.93+1 3.93+1 3.93+1 3.93+1
239U 1.86+7 0- 0 0 0 0 0
240U 5.64-11 1.96-9 2.04-8 2.04-7 2.03-6 1.86-5 8. 89-S
23GNp 9.69+5 0 0 0 0 0
237Np l.llTS 1.13:!-5 1.15+5 1.23+5 1.25+5 1.21+5 9.06+4
238Np 1. 33+11 0 0 0 0 0 0
239Np 1.85+11 1.77+5 1.75-1-5 1.61.+5 7.14+4 2.05+1 2.37-3
2~ 1.69-15 5.89-14 6.13-13 6.13-12 6.06-11 5.57-10 2.67-9
240~. 3.30+4 0 0 0 0 0 0.11>
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Table 24 (continuedj

Hazard Me&S=eb (m3 of f'''20jmetric ton of fuel)
after Dece.V Times (yr) of:

106Nuclide 0 10 102 103 104 105

236
Pu 1.16+7 5.13+3 1.60-6 0 0 0 0

238
Pu 5.48+8 2.11.+7 1.07+7 2.58+11- 2.55-14 0 0

239Pu 6.36+7 3.24+5 3.33+5 4.10+5 8.07+5 1.13+5 4.74-2
240

Pu 9.54+7 8.94+5 1.79+6 1.66+6 6.60+5 6.IKl+1 5.34-4
24~ 5.25+8 1.63+6 2.44t4 1.54+3 7.23+2 3.81-1 6.27-34
242

Pu 2.76+5 1.38+3 1.40+3 1.46+3 1.54+3 1.34+3 2.58+2
24~ 1.20+9 8.24-4 8.24-4 8.24-4 8.24-4 8.21-4 7.90-4
244Pu 5.65-8 1.97-6 2. ()I:,-5 2.05-4 2.03-3 1.86-2 8.91-2
245Pu 7.42-5 0 0 (' 0 0 0
2h1Am 2.15+7 3.95+7 3.67+7 8.75+6 3.62+4 1.90+1 0
242m

Am 1.03+6 9.83+5 6.52+5 1.08+4 1.61-14 0 0
242 2.34+10 1.31+6 ' 8.7C+5 1.44t4 2.14-14 0 0Am
243Am 4.41+6 4.41+6 4.38+6 4.03+6 1.78+6 5.13+2 5.92-2
244Am 2.60+7 1.53-14 1.59-13 1.60-12 1.58-11 1.45-10 6.95-10
245Am 1.82-3 5.72-7 0 0 0 0 0
242(i 1.85+9 1.62+5 1.07+5 1.77+3 2.64-15 0 c
243em 1.12+6 9.05+5 1.29+5 4.38-4 0 0 0
244em 3.68+8 2.51+8 8.00+6 9.71-9 1.13-8 1.04-7 4.96-7
245em 1.11+7 1.11+7 1.10+7 1.02+7 4.81+6 2.54+3 0
246em 2.23+6 2.2~ 1.93+6 5.13+5 9.10-1 2.12-23
247em 8.24 8.24 B.24 8.24 8.24 8.21 7.90
248em 2.67+1 2.~p4_ 2.67+1 2.67+1 2.62+1 2.19+1 3.73
249em ./

2.60-2 '0 0 C 0 0 0
250em 3.12-6 3.12-6 3.11-6 3.00-6 2.09-6 5.80-8 1.55-23
249Bk 1.21+2 3.81-2 0 0 0 0 0
250Bk 2.17+2 3.12-9 3.11-9 3.00-9 2.09-9 5.80-11 0
249Cf 3.63+1 3.26+2 2.73+2 4.65+1 9.32-7 0 0
250Cf 1.30+3 7.67+2 6.50 3.00-6 2.c:6-6 5.80-8 1.55-23
251Cf 9.46 9.38 8.76 4.38 4.27-3 0 0
252Cf 1.63+3 1.18+2 6.81-9 0 0 0 0
253Cf 1.33+2 0 0 C 0 0 0
254Cf 3.59-2 2.40-20 0 0 0 0 0
253Es 9.68+1 . 0 0 0 0 0 0

Total 6.35+11 3.36+8 7.27+7 2.74+7 1.05+7 3.10+7 6.85+7

~ead as 4.85 x 10-1•
bAt 150 d.a¥s after ciischa:..·ge,99.5~of Pu + U'WaS extracted.
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Table 25. A.::tivity of Each Nuclide as a. Function of T:i.me
A:fter Discharge After the 60th Recycle

Radioa.ctivity!> (Ci/metric ton of fuel) after Decay Times (yr) of:

Nuclide 0 10 102 103 104 105 106

225Ac 1.77-59- 7.66-8 8.37-8 8.74-7 8.93-5 2.00-3 4.96-3
227Ac 1.01-4 5.12-7 6.50-7 2.36-6 1.85-5 1.17-4 1.44-4
228Ac 9.11-11 3.90-11 8.11-12 7.42-11 8.43-10 1.03-8 1.05-7
227T!} 9.94-5 5.06-7 6.42-07 2.32-6 1.83-5 1.15-4 1.42-4
228Th 1.95-2 3.12-4 1.50-4 2.60-8 8.43-10 1.03-8 1.05-7
229Th 1.53-5 7.66-8 8.37-8 8.74-7 8.93-5 2.00-3 4.96-3
230'lh 3.10-5 5.37-7 7.19-6 1.38-4 1.44-3 8.94-3 3.02-3
23l.m 1.35-5 8.66-5 8.68-5 8.82-5 1.01-4 1.41-4 1.44-3
232

Th 3.41-10 2.41-12 8.79-12 7. 42-ll 8.43-10 1.03-8 2.07-7
233'l'h 2.41-1 0 0 0 0 0 0
234Th 3.15-1 1.57-3 1.57-3 :'...57-3 1.57-3 1.57-3 1.57-3
23lpa 1.04-4 5.41-7 7.06-7 2.36-6 1.85-5 1.16-4 1.44-4
23~a 1.50 0 0 0 0 0 0
233pa 7.31-1 2.67-3 3.10-3 5.58-3 6.37-3 6.22-3 3.36-3
23~a. 3.16-1 1.57-3 1.57-3 1.57-3 1.57-3 1.57-3 1.57-3
234Ps. 2.75-2 1.57-6 1.57-6 1.57-6 1.57-6 1.57-6 1.57-6
232u 3.69-2 3.30-4 1.46-4 2.52-8 0 0 0
2330 5.05-5 3.67-7 1.47-6 1.93-5 2.57-4 2.19-3 3.63-3
234u 7.77-1 4.93-3 1.14-2 1.77-2 1.73-2 1.38-2 1.63-3
235u 1.73-2 8.66-5 8.68-5 8.82-5 1.01-4 1.41-4 1.44-4
236,. 2.87-1 1.44-3 1.44-3 1.51-3 1.91-3 2.16-3 2.05-3u

237u 8.51+5 0 0 0 0 0 0
238U 3.14-: 1.57-3 1.57-3 1.57-3 1-5'7-3 1.57-3 1.57-3
239U 1.83+7 0 0 0 0 0 0
24% 2.84-9 6.22-11 4.97-10 4.84-9 4.78-8 4.38-7 2.37-6
2)6··

4.53 0 0 0 0 0 0Np
237Np 5.25-1 2.67-3 3.10-3 5.58-3 6.37-3 6.22-3 3.36-3
238Np 6.21+5 0 0 0 0 0 0
239No 1.83+7 1.09-1 1.09-1 1.00-1 4.43-2 1.62-5 3.25-6
2~ 2.84-9 6.22-11 4.97-10 4.84-9 4.78-8 4.38-7 2.:i1-6
240 3.21+4 0 0 0 0 0 0Np
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Table 25 (continued)

Radioactivityb (Ci/metric ton of fuel) a...""ter Decay Timea (yr) of:

Nnclide 0 10 102 103 104 105 106

236
Pu 9.57M1 4.21..4 1.31-13 0 0 0 0

238Pu 7.44+3 3.57+1 1.77+1 1.64-2 6.91-22 0 0
239Pu 3.22+2 1.63 1.63 1.59 1.25 9.83-2 3.39-6
240

Pu 4.81+2 2.46 2.56 2.34- 9.30-1 9.17-5 2.10-6
24~ 1.05+5 3.28+2 4.59 1.70-2 8.08-3 4.26-6 0
242

Pu 1.38 6.93-3 6.96-3 7.23-3 8.58-3 7074-3 1.49-3
243Pu 3.56+5 3.45-6 3.46M6 3.50-6 3.54-6 3.52-6 3. 39M6
244?u 2.85+9 6. 22-11 4.97-10 4.84-7 4.79-8 4.39-7 2.10-6
245?u 3.69-4 0 0 0 0 0 0
241

Am 9.11+l 7.11 1.59+1 3.82 8.09-3 4.26-6 0
242m

Am 4.46 2.13-2 1.41-2 2.33-J~ 3.48-22 G 0
242A:n 7.34+4 2.13-2 1.41-2 2.33-4 3.48-22 0 0
243

Am 2.19+1 1.09-1 1.09-1 1.00-1 4.43-2 1.62-5 3-39-6
244

Am 1.59+5 8.09-14 6.46-13 6.30-12 6.22-11 5.70-10 2.73-9
245Am 2.17-2 3.36-8 0 0 0 0 0
242cm 4.48+4 1.75-2 1.16-2 1.91-4 2.87-22 0 0
243cm 1.72+1 6.94-2 9.88-3 3.34-11 0 0 0
244 1.39+4 4.72+1 1.50 6.30-12 6. 22-11 5.70-10 2.73-9em
245cm 3.53 1.77-2 1.77-2 1.70-2 8.07-3 4.25-6 0
246cm 3.75+1 1.88-1 1.85-1 1.62-1 4.32-2 7.68-8 6.62-26
247cm 6.91-4 3.45-6 3.46-6 3.50-6 V54-6 3.52-6 3.39-6
248cm 1.24-1 6.29-4 6.30-4 6.29-4 6.18-4 5.17-4 8.79-5
249cm 3.96+3 0 0 0 0 0 0
250cm 1.95-6 9.74-9 9.71-9 9.37-9 6.55-9 1.81-10 4.86-26
249Bk 1.42+3 2.24-3 0 0 0 0 0
250Bk. 2.51+3 9.74-9 6.71-9 9.37-9 6.55-9 1.81-10 4.86-26
249Cf' 1.02 2.21-2 1.85-2 3.15-3 6.32-11 0 0
25CCf' 2.69+1 7.94-2 6.74-4 9.37-9 6.55-9 1.81-10 4.86-26
251C:f 3.03-1 1.50-3 1.40-3 7.01-4 6.85-7 0 0
252Cf' 3.31+2 1.21-1 6.94-12 0 0 0 0
253Cf' 3.45+l 0 0 0 0 0 0
254C:f 1.74-2 5.82-23 0 0 0 0 0
253Es 3.41+1 0 0 0 0 0 0
Total 3.89+7 4.32+2 4.44+1 8.21 2.39 2.49-1 9.66-2

~ead as 1.77 x 10-5.
bAt 150 days af'ter discharge, 99. 5~ of Pu + U was extracted.



Table 26. lfazard of Each Actinide Nuclide as &Function of Til:le
hf"ter Discharge After the 60th Recycle

Hazard Measure" (m3 of ~O/metric ton of fuel)
After Decay Times (yr) of:

106Nuclide 0 10 102 103 104 105

225p.c 5.88+2& 2.55 2.79 2.91+1 2_98+3 6.66+4 1.65+5
227. 5.04+1 2.56-1 3.25-1 1.18 9.26 5.63+1 7.19i-1MoC
228Ac 1.01-6 4.34-7 9.01-8 8.24-7 9.37-6 1.15-4 1.16-3
227Th 1.31+3 1.69i-1 2.14+2. 7.75+1 6.09+2 3.63+3 4.73+3
228Th 2.79+3 4.46+1 2.14+1 3.71-3 1.20-4 1.47-3 1.50-2
229'Ih 5.09+2 2.55 2.79 2.91+1 2.98+3 6.66+4 2..65+5
230Th 1.55+1 2.69-1 3.60 6.9Oi-l 7.22+2 4.47+3 1.51+3
231Th 4.50+5 2.89i-1 2.89i-l 2.94+1 3.35+1 4.69i-1 4.79+1
232Th 1.71-4 1.21-6 4.40-6 3·71-5 4.22-4 5.15-3 5.24-2
233Th 2.41-1 0 0 0 0 0 0
234Th 1.57+4 7.86+1 7.86+1 7.86+1 7.86+1 7.86+1 7.86+1
23~ 1.l6+2 6.0l-1 7.85-1 2.62 2.06+1 1.29i-2 1.60+2
232Pa 5.02+5 0 0 0 0 0 0
233pa 7.31+3 2.67+1 3.10+1 5.58+1 6.37+1 6.22+1 4.65+1
234~ 3.16-1 1.57-3 1.57-3 1.57-3 1.57-3 1.57-3 1.57-3
234Pa 9.16+3 5.24-1 5.24-1 5.24-1 5.24-1 5.24-1 5.24-1
232U 1.23+3 1.10+1 4.87 8.40-4 0 0 0
2330 1.68 1.22-2 4.91-2 6.42-1 8.57 7.30+1 1.64+2
234U 2.59i-4 1.64+2 3.80+2 5.91+2 5.78+2 4.61-<,2 8.50+J.
235U 5.77+2 2.89 2.89 2.911- 3.35 4.69 4.79
236u 9.58+3 4.79+1 4.82+1 5.03+1 6.36+1 7.22+1 7.03+J.
237U 2.84+11 0 0 0 0 0 0
238U 7.86+3 3.93+1 ·3.93+1 3.93+1 3.93+1 3.93+1 3.93+1
239u 1.83+7 0 0 0 0 0 0
240u 9.48-5 2.07-6 1.66-5 1.61-4 1.59-3 1.46-2 6.99-2
236Np 1. 52.+6 0 0 0 0 0 0
237Np 1.75+5 8.92+2 1.03+3 1.86+3 2.12+3 2.07+3 1.55+3
238Np 2.0'7+11 0 0 0 0 0 0
239Np 1.83+11 1.09+3 1.09+3 1.00+3 4.43+2 1.62-1 3.39-2
2~ 2.84-9 6. 22-11 4.9'7-10 4.84-9 4.78-8 4.38-7 2.10-6
240Np 3.21+4 0 0 0: 0 0 0
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Table 26 (continued)

Hazard Measureb (m3 of ~O/metric ton of fuel)
After Decay Ti.::les (yr) of:

106Nucli.de 0 10 10
2 103 10

4 105

236Pu 3.19+7 1.40+4 4.37-6 0 0 0 0
238Pu 1.49+9 7.13+6 3.54+6 3.28+3 1.38-16 0 c
239Pu 6.44+7 3.27+5 3.26+5 3.18+5 2.49+5 1.97+4 6.78-1
24C1>u 9.63+7 4.93+5 5.12+5 4.68+5 1.86+5 1.83+1 4.20-1
24~ 5.27+8 1.64+6 2.29+4 8.52+1 4~04+1 2.13-2 0
242 2.77+5 1.39+3 1.39+3 1.45+3 1.72+3 1.55+3 2.98+2Pu
24~ 1.19+9 1.15-2 1.15-2 1.17-2 1.18-2 1.17-2 :- .13-2
244

Pu 9.49-2 2.07-3 1.66-2 1.61-1 1.60 1.46+1 7.00+1
245Pu

l.23~2 0 0 0 0 0 0
241Am 2.28+7 1.78+6 3.98+6 9.54+5 2.02+3 1.06 0
:::42m

Am 1.12+6 5.33+3 3.54+3 5.83+1 8.n-17 0 0
2;o2

Am 2.45+10 7.11+3 4.71+3 7.78+1 1.16-16 0 0
243Am 5.47+6 2.74+4 2.72+4 2.50+4 1.1l+4 4.06 8.48-1
244.Am 3.18+7 1.62-11 1.29-10 1.26-9 1.24-8 1.14-7 5.46-7
245.Am 7.22+2 1.12-3 0 0 0 0 0
242em 2.24+9 8.76+2 5.80+2 9.57 1.43-17 0 0
?Iq

3.45+6 1.39+4 1.98+3 6.68-6-.......em 0 0 0
244em 1.98+9 6.75+6 2.15+5 9.OC-7 8.89-6 8.15-5 3.90-4
245em 1.18+8 5.89+5 5.89+5 5.67+5 2.69+5 1.42+2 0
246 1.25+9 6.25+6 6.18+6 5.41+6 1.44+6 2.56 2.21-18em
247 2.30+4 1.12+2 ~.15+2 1.17+2 1.18+2 1.17+2 1.13+2em
24Sem 4.12+6 2.10+4 2.10+4 2.10+4 2.06+4 1.72+4 2.93+3
249em 3.96+3 0 0 0 0 0 0
250em 6.50+1 3.25-1 3.24-1 3.12-1 2.18-1 6.05-3 1.62-18
249]3k 4.73+1 7.47+1 0 0 0 0 0
250Bk 8.36+7 3.25-4 3.24-4 3.12-11 2.1.8-4 6.05-6 1.62-21
249Cf 3.41+7 7.37+5 6.17+5 1.05+5 2.11-3 0 0
250Cf 8.97+8 2.65+6 2.25+4 3.12-1 2.18-1 6.05-3 1.62-18
251Cf 1.01+7 5.01+4 4.68+4 2.34+4 2.28+1 1.79-29 0
252Cf 1.10+10 4.02+6 2.31-4 0 0 0 0
253Cf 1.15+9 0 0 0 0 0 0
254Cf 5.81';-5 1.94-15 0 0 0 0 °253Es 1..1!++9 0 0 0 0 0 0
Tote.l 7.23.+11 3.25+7 1.61+7 7.91+6 2.39+6 1.84+6 1.61+6

~ead as 5.88 x 102•
bAt 150 days after discharge, 99.5% of Pu + U was extracted.
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APPENDIX III: HAZARD REDUCTION ACHIEVABLE BY ElI.~CED

REMOVAL OF A.CTINIDE ELEMENTS (REF. 19)

On the basis of the duration of the long-term hazard, 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 fractions.

The 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 uranium., 99.995;' of the

plutonium, 99.95% of the neptunium, and 99.9% of the americium anc. curium.

Also, approximately 99.9% of the iodine., containing the long-lived isotope

129r , can potentially be separated from the remaining f'i::lsion products on

the basis of its high relative volatility.

Figure 4 and Table c:r illustrate the possfble merits of these aepa.:r-

*a'Gions by comparing the hazard index and the hazard measure, respectively,

of the wastes from conventional processing of fuel from So t-ypical light

water power reactor riith those resulting from the post'.llated seconda:i.'Y

treatment. For reference, Fig. 4 also shows the hazard index tha.t may

be associated with the mineral pitchb~ende (which occurs naturally as

pebbles and rocks in Africa and Canada) and a uranium ere containing 0.2;'

U30S (which is typical of the large deposits that occ-ur in the Co~ora.tl.o

Plateau). The hazard index of the waste from conventional reprocessiIlg

decreases ra.pidly over the first 1000 years (due to the decay of 90Sr

and 137Cs) but remains greater than that of pitchblende for periods

exceeding one million yea.:!'s. The waste resulting from secondary treat­

ment, however, has a hazard index that falls within the range o.f naturally

occurring radioactive materials after only several hun~e~ years, a time

span for which it is possible to make reliable extrapola.tions of the

effects of geo~ogic, climatic, and other natural phenomena. As can be

seen from Fig. 5 and Table 28, similar conclusions can be drawn. if these

separations are applied to wastes from reprocessing LMFBR fuels. In each
o

case, the ReGs calculated by LaVerne"" were used in. place of the c.ef'ault

values recommended in 10 CFR 20. S

*T"ne hazard index is based on a unit volume of waste. This permits a
direct comparison with the potential haze.rd. of uranium. ores on an
in-situ basis.
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ORNL DWG 72-11708
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Fig. 5. Effect of t-.ge and Method of 'L'reatment cn the Hazard Index
of High-Level Hastes from Repl'ocessing L.\1F'BR Fuels.
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i'lhile the indicated separations of actinides and fission products

appear to be feasible, it is a1'lparent that a large development progrem

wou.J.d be rec;.uired to reduce these concepts to practice. Separations

1,lrocesses that are used c'.lrrentlj-: which utilize solvent extraction and

ion. exchar~e for recover~ o"f small. quantities of ce:rt8in ,ra,ll1E.ole acti­

nides (244em, 252Cf J etc.) from specially irradiated materials J have

given americium, curium, and neptunium recoveries in the range of 90
to 99~ and plutonhUll recoveries of abO".lt 99. 5~. Since these processes

;.Jere originally intended for recover:{ of the actinide values and not

for a11.e...-iation of the higb.-leYel ~te prublem, little or no effort

,,'as ll'ade to achieve higher recoveries or to regulate the amounts and

types of chemical reagents for opti.nlwn waste hancUiDg.

In order to evaluate the practicality of sucl'. a. wastE! management

system, a comprehensive development progrfS i~ needed (l) to solve

problem... that ~e obviO'..:lS from past experience, (2) to increase ~he

remo-..'Gl. o£ these actinide.:: to the desired le....-el, (3) to determine the

most desirable method to integrate the needed process c)ocles into one

overall system, (4) to choose chemical processes and re9gents that

minimize high-lev,~l waste prob~ems, and (5) to determine the composi­

tion of intermediate-~evel'Waste streams that 'Will be generated and

ways to recycle these streams.


