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ABSTRACT

?
Predietions of the composition af high-level waste from
U~fucled LWREe have beer used to calculate the neutron
and gammz-ray sources in such waste 3t cooling times
of 3 and 10 years, The resuits are intended for interim
application to studics of waste shipping and sterage pend-
ing the availability of more exact knowledge of fuel ro-
cycling and of waste ation and solidificati
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NEUTHOX AND GALIMA-RAY SOURCES
IN LWR HIGH-LEVEL NUCLEAR WASTE

Introduction

Expected intensities of neutron and gammua-ray sources present in high-level nuclear waste
depend on the history and composition o the particular waste. Characteristics of the reactor in
which the waste was generated, the cxtent to which recycle chemistry 13 performed on the waste,
the degree of concentration or solidification of the residual material, and the coollng time before
and after recycling — ali contribute Lo the radiation source intensities in a specific piece of waste
material. Any attempt to generalize the neutron and gamama-ray source strength:s an high-level

nuclear woate must therefore constitute n compromise af some sort,

The purpose of this report iz to provide an interim source definition Jor high-level radjo-
active waste fruns light-water reactor (LWR) fuel reprocessing. Pending the availability of more

exact knowledge of fuel recycling and of waste ion and e results should
b useful to programs requiring such sources. The uncertainty in the results presented here —

although unknown ~— is certainly large, at least a factor of 2.

Projected Composition of LWR High-Level Waste

High-level wastos are dcﬁnedl as 'those aqucous wastes resulting from the operation of the

first cycle solvent extraction system, or cquivalent, and the ated wastes from subsequent

extraction cycles, or equivalent, in a facility for reprocessing Lrradiated reactor fuels.” These
wastea are presunied to contain virtually all the gencrated fission products, several tenths of a
percent of the U and Pu originally present in the apent fuel, and all other actinides generated
during the irradiaticn cyele, Regulations call for these wastes to be solidified within a period of
5 years from the time the liquid is generated (one of the first steps in the fuel recycling) 2nd ta
be shipped to a governmnent repository within 10 years from the time the liquid is generated.

The present study usea the resuits af an analysis by Blomeke et :Ll.2 as a basis {or defining
the neutron and gamma-ray sources in LWR high-tevel wastes. The source data presented here
pertain only to U-fueled LWRs,¥ and the fuc! i5 assumed io be reprocessed following a 150-day
postirradiation decay period,

*The Blomeke ar.alysis assumed the Initiation of Fu recyele in the LWR fuels for 1979, Although

this date may now appear premature, the assumption ol Pu recycle at some point in the future is
certainly reasonable,
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Using models for the chemical in spent-fuel recycling, incl caleine
and glasgy preduct formation, Blomeke et al. predicted the volume of reeycled waoste, excluding
cladding, to lie in the ntig: borhood of 1 to 2 ﬂ:i per metric ton (MT) of LWR fuel chiarged to the re-
nctor, Despite the uncertainty regarding theae pumbers, when one considers the Hkelihood of some
difut{en of the fully irradfated material with waste (rom partiadly irradiated malfunctianing fuct

1 and other ¥l y sources, the uppes-
limit volume of 2 !:3 of solidiffed high-level waste per metric ton is belicved to be the mast real-
fstic number now avallable,®

All tritlum and noble-gas lission products, a6 well ag 99.9 percent of the ! and Dr fission
products, are assumed ta be removed from the waste during the initlai reprocessing steps and,
accordingly, are omitted from consideraton in the aource definition. The residue of U and 'u
in the final solidified waste is nasumed to be 0,5 percent of that initially present in the spent fuel,
No clacding or structural material ig assumed to be present in the cnd-produss Jolidiieo waste,

The LWR {uel {3 agssumed to be enriched to 3.34 percent in 2351}. The power level is assumced
to he 30 MW/ MT, with a total burnup of 33 MWd/kg of heavy metul. The average neutron flux seen
by the fuel during the irradiaon period was 2,92 x 10° nfem? . The actinide and the fission
product compositiona of waste from I MT of LWR fuel derived from thuse assumptions are shown
in Tables I and I

It should be pointed out that some familiar {90topes arc omitted from these tables b cause
they do not coptribute significantly to the radiation scurce in the waste matcrial in the time frame
of interest here,

Calculatien of Source Strength

Given the isotoplc caomposition of the wagte materlal of interest, ¢alculation of the gamma-
ray Source strength s stralghtforward insafar as the nuclear energy levels and cascade schemes

* of the pertinent nuclet are known, Determination of the neutron souree strength Irom spoptancous

fission ig lkewiSe straighrforward; however, certain agsumptions must be made to oblain an
estimate of the neutron swurce from charged-particle reactions.

For preaent purposes the gamn.a emisaion rates for the various 1satopes of Tabies fand I
were taken from the ORIGEN li.hrnry.“ This llbrary was ac ;embled by the Oak Ridge Nat.onal Labora-
to.y a3 2 data base for the ORIGEN code. The isotope decay schemesa in the library are taken from
Lederor et al.’ Bremsstrahlung s included by assuming UO, 28 the matrix in which f-decay accurs,

)
In an update to Reference I, Kee et nl.a,szvised the estimate for the volume of waste from 1 MT
of fuel charged to the reactar to 1 to 3 ft°, with the upper lmit as the recommended value. This,
-along wit. reviaions in their actinfde {nventory, Indicates that the present neutron resulis are con-
servative by approximately a factor of 2. whereas the preseit gamma-ray resulls are conservative
by approximately 50 percent {both on & per cm3 basls).
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TABLE I

Calrulated Actinide Activities in High-Level Waste From 1 MT of LWR U
Fuel at 3- and 10+Year Decay Following Reprocessing®

Activity (Ci)

1sotope 3-Year Decay 10-Year Decay
23y, 1.57-3° 1.57-3
233, 3.40-1 - 411
23imy, 1,573 1.57-3
23y 4,45-3 5.32.3
236y 1,443 1.44-3
237y 1.07-2 7.60-3
23y 1573 1.57-3
B 3.40-1 3.41-1
2% 1.82¢1 1.82+1
233py 0.69+1 9.20+1
239py 1.62 162
2405, 3.08 .32
2, 4.46+2 3.20+2
242, 6.91-3 6.93-3
241 1.60+2 1.63+2
24am, 9.02 8.74
24z, 9.02 8.74
243, 1.82+1 1.82+1
220, 1.68+2 717
2430, 3.44 2.96
244, 2,14+3 1.6443
M50, 341 . 341-1
60 6.83-2 6.83-2

;epromssing is asyumed to take place 150 days after completion of the
fuel irradiation peried,

PRead 1.57-3, for example, as 1.57 x 1073,
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TAELE {1

Caleulated Fission Product Activities in High~Level Waste From 1 M1 of
LWK U Fuel at 3- and 10-Year Decay Following Reprocessing®

~, Activity (CD)

tsotope 3-Year Decey 10-Year Pecay
%0,
se 3.98-1 3.98-1
90
Sr 7,134 6.00-4
90y 11344 6.00-4
93
zr 1,89 1.89
93m \p 4,25-1 8. 63-1
99re 1431 1431
1060, 5.08:4 1,062
19%en 5,084 4.0602

. 107y L1 1.10-1

' 110m, 182 1.07-1

: 110 }

ag 1,531 1.39-2

K H3m oy 5,86 6.26
125, .

o 3 I0+3 5.06+2

. 125mp, 1.5143 25142

- 1264, 5,46-1 5. 46-1

) 126mg, 5.46-1 5.46-1

‘ 126, 5.41-1 5.41-1
134(:5 T.70+4 7.22+3

. 135¢g 2.86-1 2.86-1
137cq 9,96+4 .4714
131mg, 5.3144 7.0244

. 18ee 5.19+4 10142

-

! Mg, 5.19+4 Loz
Wipy 1.4044 6,904
151gm 1.22+3 1.15+3
152p, 1,03+ 5.85

: 15y 6.02+3 4.45+3
1855y 2.0143 1372

aRepronessi.ng is assumed to take place 150 days after completion of the
fuel irradiation period.




I3 cauge the matrix of Uie waste material is expected (o be borosilicate glass ur other low-2Z ma-
terial, this assumption produces a conservative over stimate of the gamma-ray souxce strength at
epergies below ioproximately 1 MeV. Thy jumma sonrce library alse includes photon emission
{rom the m()(n.n)?'l!\‘ reaction, which is a sigaificant source of neutrons in some types of spent

fuck

The total figsion product gamsaa-ray source calculated for high-level LWt waste at 3 and {0
scars alter prprocessing is given in Table I, The source is normali~ed to ) cmﬂ of solidified waste,
with an assumption of 2 (l’ of waste per metric ton of fuel charged to the reactor. The major con-
tributors to the socurce in cach energy group in the time frame of intercet are shown In Table IV,

10 is apparent that a prepomderance of the gartma seurce is contributed by a very few {ission product

. - . " [
isatop:s over this time period. For u more pr of the imporiant to

gamra production in high-level waste as 2 fonction of time, sce Figurce 8 of Conen.

TAGLE W

Culculated Fission Product Gamma-Ray Scurce Intensity per crn3 uf Solidified
JL.WR High-Level Waste at 3~ and 10-Year Decay Following Repracessing®

Upper
Encrgy Eneygy Group Average
Group Bound (MeV) Eacrpy (MeV) Photons/em .+ s Emitted in tiroup
d-Vear Decay  10-Year Decay
5 .3 3. 25 L5 1.343
G 3.0 2.5 4. 4-6 3. B4
7 2.6 2.38 5.6-7 4,58
3 2.2 1.99 3.6+8 1.7-6
9 1.8 1,58 1.949 1.6-8
10 1.35 .10 6. 5+9 2.3+9
1%} 0.9 0.63 L0 6.B+10
12 0.4 0.30 1,510 3040
0.2
aReprocesslng is assumed to take place 150 days after tan of the fuel irr

prriod.

bl-‘lsaiun product gemma Bource in Groups 1-4 is zcro (see Table V for energy atructure:).

*Cohen apparenily used the same assumptions as Blomeke et al,
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TABLE IV

Sjgnificant Contributing Flssion Product Isotopes Calcnlated for Gammi-Ray
Source Intensity in LWR High-Leve! Waste?

Energy Upper Energy .
Group? Bound (AMeV) Isotope Photons em> s Emiued in Group
3-Year Decay 10-Year Decay

5 3.5 108gy, 1405 1,143
5 3.0 106, 4,406 3,604

7 2.5 1065y, 5.6.7 4.5:5

8 2.2 Ip, 2,808 5,55
1060, 751 6.1-5

0y 6.3-5 5345

9 1.8 1, 159 L 4-8
1060y 250 2,06

Wip 1208 2,405

2y 217 1,807

10 135 e 2,809 2,1:9
1% ap 1749 141

134y 1640 1.5+8
1 0.9 154, L2 1110
13Tmp, 6.4+10 5.4410

12 o 1068g, 5,140 ST
14, 3,49 . 6.6-6

144, 2,649 5.u-6

0y 2,30 198

137 6.6+8 5.6:8

2 Reprocessing is asiumed to take place 150 days after completion of the fuel
irradlation periad.

bﬁsslon product gamma source in Groups 1-5 is zero,

T Alhough the fisalan products contribute almost all of the gamma source in LWE high-level
waste, the actinides are the gource of some gamma radiation due to spantaneous fission and other
minor reactions. The gamma-ray sourtzes from the actlnides, inclvding daughter products, zre
given in Table V. Except for the fact that the actinides contribute the only gamma rays pregent
above 3.5 MeV (Groups 1-4), thelr 2 ion to the total g ay source is lgibl
Table UUJ may be considered to be the total gamma gourcc. The actlnide gamma source is shown

and

here only for completeness.




TARBLE V

3 . .
Source Intensity per o’ of Solidified LWR

Calculuted Actinide Gari
ar Decay Following Heprocessing

thigh-f.evel Wastes at

Upper Leorgy Group Average 4
Hound (VieV) Eacrgy (Mebs Photons'em’”+5 gmitted 1n Group

7-Year Decay  10-Vear Decay

4

5

6

. i
. o La 1.5¢

10 1.35 L1s N
- 11 0.0 0.63 '
- 12 a1 0.32 .

fie fucel irradiation

s is assumed tu take piace 130 days after completion of

B ¥ Note that the lower Lound of group 12 iffers froia that of Tables 11 and [V, Oiniticd from
. this table are 7.6 % 107 photons/cm® - s emitted by the actinides o1 energics Jess than 250

keV.

Neutron production by the actinides predicted for LWR high-level waste at 3 and 10 years
after reprocessing is shown in Table VI Contributions of the U and Np isvtopes and of 2*5Cm, **em, 4
and ngpu to the totai neutron production rate are insignificant in this ime frame and therefore
’ have been omided Irom Toble VI, Contributions due t> spontancous fissisn and (@, n) reartions
: - are shown scparately. The number of prampt neutrons emitted per spontancous fission were taken
from Devillers and Blum.T The {a.n) reaction rate, taken from Bcu.'1 assumes the presence of
an oxide matrix for £.e ' 10, MY reaction in +hich half of the slowing down experienced by the
alpha particles i3 duc to the oxygen. For a more extenaive preaentatjon of the isotupes contriuuting

to the neutron source as a function of time, see Figure 11 of Cohen.’

d
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TABLE V1

Calculated Neutron Source Intensity per cma of Solidified LWR High-Level
Waste at 3- ana 10-Year Decay Followlng Reprocessing®

'80¢ &, m*'N Nevtron
Spontancous Fisslon Neutron Production Production Rate (neutrons
Isotope Rate (acutrons/em®.s em®.3)

3-Year Decay 10-Year Decay 3-Year Decay 10-Year Decay
838, 2.5-1 2.4-1 1.6 1.5
2405, 2.1 3.0-1 412 5.7-2
241 Q 0 4.8 3.4
2l [ v 2.8 2.6
2a2m, ] 0 121 L2-1
242
Am 0 0 1.2-1 L.2-1
2435 0 o 2.8-1 2.6-1
22c, 1741 7,411 2.8 1.6-1
243
cm c o 6.7-2 5.8-2
244
Cm 5.1+3 3,943 4241 3201
5.1~ 2,943 5601 4,041

Total neutron productien rate (neutrons/cm3~sl

3-year decay 5.2¢3
10-year decay 3.9+43
aReproccsslng Is assumed to take place 150 days after ion of the fuel irr
perizd,
The energy spectrum of the neutrons from fission ig r well known and,

for pracHeal purposcs, can be assumed to be equal to a 7'3511 prompt fission neutron spectrum

{presented in numerous references). The neutrons produced by the ( a, n} reactions are somewhat
harder than an average prompt [ission neutron. T)elr energles generally lie in the range of ap-
proximately 2 to 4 MeV; in the present case, however, because the { o, n) neutrons constitute only
a small fraction of the totol nentron source, it io safe to agsume that all neutrons have a prompt
fission neutron enargy spectrura, From Table VI it is clear that 2“Cm may be expected to be the
deminant source of nentrons in LWR high-level waste at the cocling uimes of interest.

Figures 8 and 11 of Reference 6 show the total gamma-ray power emitted and the neutrons/s
emitted from all high-level nuclear waste generated in 400 GWe-years of operation of LWRs. In
a fully developed miclear power economy this amount of power fs expected to be generated each

year by miclear reactors.



Current plans indicate that the high-level waste will be placed in metal canisters for trans-

port to a permanent dispusal site. Cchen’s waste storage arpr 1y

7.85 fl". or about 2.2 x 105 cm:i' of solidified waste, Figure 1! of Reference & shows the neat-an
emigafon rate {or cach of these cunisters. The 400 GWe-years of reactos operation is expected
to gencrate approximately 4000 such canistery. Therefore, the present results can be compared
dircetly with those of Cohen, Upoa converting the gamma source of Table LI to watts and acaling
10 3009 coudsters, one obtains 1.9 x 10 walts of gamma power at 3 years and 6.4 x !0‘-’ waotly of
gumuma power at 10 years, Likewise, coaverting the noutron source of Table V] to neutrons per
7.05 £27 canister gives 1.2 x ADg neutrond/s at 3 years and 8,7 x 108 neutrons/s at 10 years, All
the:c numberd are In good agreement with the results in Refercnee 6.

Conclusions

The LWR high-level waste radiation sources presented here are based on preliminary pre-
dictions of future light-water-reactor U fuel reprocessing, As such, they are subject te large
uncertainties und should be treated as estimates only, Nevertheless, it {5 haped that they will be

uf use to the fuel-rycle community b studiea of waste transpor and storage,

Only results from 3- and 10-year caoling time following reprocessing are presented, De-
cause many dilferent iactopes with widely divergent half-lives are present in the waste, ft it im-
proper to attempt to extrapolate to later times on the basis of the data presemed here. Thosc
interested in considering longer cooling times should sec Figurea 8 and 11 of Reference 6, which
provide data out to 108 years after repracessing, Gamma spectral changes should be significant
over this period, with the average gamma encrgy decreasing markedly, whereas ckanges in the
neutron energy spectrum should be small, However, the uncertainty ir the total source strengths
will increase with cooling time because, with time, the sources will depend lnereasingly on the
precise mixture of the transuranle isotopes generated during the fuel-irradiation period and will
depend decreasingly on the fission product mix. The former is known with significantly less

acecuracy than the latter.
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