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ABSTRACT 

Predictions of the eomposition at hi^h-lcvel waste from 
U-fucled LWRF hav-- beer usi^d lo caleulatr Ihe neutron 
and garr.m?-ray sources in such waste si cooling times 
of 3 and :o years . The resuiie are intended for interim 
application to studies of waste shipping and storage pend
ing the availability of more exact knowledge of fuel r e 
cycling and of waste concentration and solidification. 
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NEUTRON* AND OAI.IMA-RAY SOURCES 
IM LWR HIGH-LEVEL NUCLEAR WASTE 

Introduction 

Expected intensities of neutron and (jamnu-ray sources present in high-level nuclear waste 
depend on the history and composition of the particular waste. Characteristics of the reactor in 
which the waste was generated, the extent to which recycle chemistry is performed on the *vaste. 
the degree of concentration or solidification of the residual material, and the cooling time before 
and after recycling — all contribute to the radiation source intensities in a specific piece of waste 
material . Any attempt to generalize the neutron and gamma-ray source strengths in high-level 
nuclear waste must therefore constitute a. compromise of some sor t . 

The purpose of thi3 report is to provide an interim source definition for high-level radio
active waste fro?i light-water reactor (LWH) fuel reprocessing. Pending the availability of more 
exact knowledge of Tuel recycling and of waste concentration and solidification, d.e results should 
be 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 wastes are defined as 'those aqueous wastes resulting from the operation •>{ the 
first cycle solvent extraction system, or equivalent, and the concentrated wastes from subsequent 
extraction cycles, or equivalent, in a facility for reprocessing irradiated reactor fuels." T h t s e 
wastes a re presumed to contain virtually nil the generated fission products, several tenths of a 
percent of the U and Pu originally present in the spent fuel, and all other actimdea generated 
during the irradiaticn cycle. Regulations call for these wastes to b* solidified within a period of 
5 years from the time the liquid is generated (one of the first steps in the fuel recycling! and to 
be shipped to a govertoient repository within JO years from the time the liquid is generated. 

The present study uses the results of an analysis by Blonteke et al.~ as a basis for defining 
the neutron and gamnvi-ray sources in LWR high-level wastes. The source data presented here 
pertain only to U-fueled LWRs,* and the fuel is assumed to be reprocessed following a 150-day 
por.tirradiation decay period. 

*The Blomeke analysis assumed the initiation of VM recycle in the LWH fuels for 1979. Although 
this date may now appear premature, the assumption of Pu recycle at some point in the future is 
certainly reasonable. 



Using models for the chemical treatment expected in spent-Tuel recycling, including calcine 
and glassy product formation, Blomeke et al . predicted the volume of recycled waste, excluding 
cladding, to Ue in the ni-ig" borhood of 1 to 2 fl per metric ton (MT) of t..WR fuel cliarfied to tlic re
actor. Despite the uncertainty regarding these numbers, when one eon3'3ers die likelihood of dome 
dilution of the fully irradiated material with waste Crom partially irradiated malfunctioning fuel 
assemblies, equipment decontaminations, and other relatively low-intensity sources, the upper* 
limit vol'ime of 2 ft of solidified high-level waste per metric ton is believed to be the most real
istic number now available." 

All trit ium and noble-gas fission products, as well aa 09.9 percent of the 1 and Br fission 
products, are assumed to be removed from the r.-aste daring the initial reprocessing steps and, 
accordingly, are omitted f r o a consideration in the source definition. The residue of U ai-d l*u 
in th^ final solidified waste i3 assumed to be 0,5 percent of that initially present in the spent fuel. 
No cladding or structural material is assumed to be present in tits end-product aoiidlfled waste. 

The LWK 'uel is assumed to be enriched to 3.34 percent in U. The power level is assumed 
to he 30 MW/MT, with a total hurnup of 33 jUWd/kg or heavy metal. The average neutron flux seen 
by the fuel daring the irradiaUoo period was 2.92 X 10 n/cm • a. The aetinide and the fission 
product compositions of waste from 1 MT of LWH fuel derived from these assumptions are shown 
in Tables I and IL 

It should be pointed out that some familiar isotopes art- omitted from these tubles b cause 
they do not contribute significantly to the radiation Bcurce in the waste material in the time frame 
of interest here. 

Calculation of Source Strength 

Given the isotopic composition of the waste material of interest, calculation of the gamma-
ray source strength is straightforward insofar aa the nuclear energy levels and cascade schemes 
of the pertinent nuclei a re known. Determination of the neutron source strength Trom spontaneous 
fission is likewise straightforward; however, certain assumptions must be made to obtain an 
estimate of the neutron source from charged-particle reactions. 

For present pnrposes the gamrtji emission rates for the various is oj opes of Tables I and II 
were taken from the OR1GEN l ibrary. This library was as sembled by the Oak Ridge National Labora
tory as a data base for the OR1GEN code. The Isotope decay schemes in the l ibrary arc tanen from 
Lederer et al. Bremsstrahlung is included by assuming UO„ as the matrix in which 6-deeay occurs. 

In an update to Reference 1, Kee et al . .revised the estimate for the volume of waste from 1 MT 
of fuel charged to the reactor to 1 to 3 ft , with the upper limit as the recommended value. This, 
-along wit., revisions in their actinide inventory. Indicates that the present neutron results a re con
servative by approximately a factor of 2 . whereas the present gamma-ray results are conservative 
by approximately SO percent {both on a per c m 3 basis) . 



Calculated Actinide Activities in Hlgb-Level Waste From 1 MT orLWR V 
Fuel at 3 - and 10-Year Decay Following Reprocessing 1 

3-Year Decay 

T i i 

Pa 233 

234m p 

2ZAU 

2 3 6 U 
237,, 

M d P » 

2 4 0 P u 

2 4 l P u 

2 4 2 P u 

2 4 I A m 

1.57-3 

3.40-1 

1.57-3 

4.45-3 

1.44-3 

1.07-2 

1.57-3 

3,40-1 

1.82+1 

9.69*1 

1.62 

3.08 

4.46*2 

6.91-3 

1.60+2 

9.02 

9.02 

1.82+1 

1.68+2 

3.44 

2.14+3 

3.41 . 

6.83-2 

1-57-3 

' 41-1 

1.57-3 

6.32-3 

1.44-3 

7.60-3 

1.57-3 

3.41-1 

1.82+1 

9.29*1 

1.62 

4.33 

3.20+2 

6.93-3 

1.63+2 

8.74 

8.74 

l.£ +1 

2.96 

1.64+3 

3.41-1 

6.83-2 

reprocess ing is aauumed to take place 150 days after completion of the 
fuel irradiation period. 

b Read 1.57-3, for example, as 1.57 x 10~ 3 . 



B 
TABL-E II 

Calculated Fission Product Activities in High-Level Waste From 1 MT of 
LWJt U Fuel at 3- and 10-Year Decay Following Reprocess in e 3 

Activity (Ci) 

Isotope 3-Year Decay JO-Yea r n - c a , 

" S o 3.08-1 3.9B-1 
9 0 S , - 7.13*4 6,00+4 
9 0 Y 7.13+4 6.00'4 
9 3 z r 1.89 1.89 
93™M> 4.25-1 H.B3-1 
8 9 T C 1.43i I 1.43-.1 

1 0 6 a u 5.08*4 4.06-2 
1 0 5 m > 5.08+4 4. 06--2 
1 0 7 P d i . iO-1 1.10-1 

" " • " A g 1.18+2 1.07-1 

Ag 1.53+1 I .39-2 
1 1 3 m C d B.86 6.36 
, ? 5 S b 3 ~.v+Z 6.06+2 
1 2 5 m T e 1.51+3 2.52+2 
I 2 6 S n 5.46-1 5.46-1 
1 2 6 m 5 b 5.46-1 S.46-1 
1 2 6 S b 5.41-1 5.41-1 
1 3 4 C s 7.70+4 7. 22+ 3 
1 3 5 C B 2.86-1 2.86-1 
1 3 7 C a 9.96+4 8. 47-i4 
l 3 7 m 8 a S.31+4 7. ?2*4 

"*ce 5.19+4 1.01+2 
1 4 i p r 5.19+4 1.01+2 
1 4 7 P m 4.40+4 6.90-rU 
1 5 1 S n , 1.22+3 1.15+3 
1 5 2 E u 1.03+1 6.86 
1 5 4 E U 6.02+3 4.45+3 
1 5 5 E « 2.01+3 1.37+2 

^ p r o c e s s i n g is assumed to take place 15Q days after completion of the 
fuel irradiation period. 



H-. cause 'he matrix of the waate iruterial is expected to bo borosilicate glass or other low-Z ma
terial , this assumption produces ^ const:rvalive- over -.lunate uf the gamma-ray aouicc strength at 
cnergjps below ^proximately 1 -McV. Tin. ^mi i i a s o i r e e library also includes photon emission 
from the (Xa.ii>" N reaction, wliic:. is a significant source of neutrons in tome types of spent 
fuel. 

The total fission product gamma-ray source calculated for high-level L\VR waste at 3 and 10 
years alter n processing is given in Table in, The source is normalised to 1 em of solidified waste 
with art assumption of 2 ft of waste per metric ton of fuel charged to the reactor. The major con
tributors to the source Ln each energy group in the time frame of interest a re shown in Table IV, 
It is apparent thai a fii-eponileranct1 of the gamma source Is contributed by a very few fission product 
isatop;s over this time period. For u more extensive presentation of the isotopes important to 
Haj^ma production in high-icvvJ waste as a function of lime, seo Figure 8 of Coltcn." 

TABLE 01 

Calculated Fission Product Gamma-Ray Source Intensity per cm uf Solidified 
I.Wit High-Level Waste at 3- and 10-Year Decay Following Hi processing 3 

Upper 
Kirergy Energy <irojp Average 
Croup ' ' Bound (MeV) Knerey (MeV) Photons'cm . B Kmiited in Ci 

3-Year Decay 10-Year E 

5 3 , 5 3.25 1.4-5 1.1-3 
C 3 .0 2.75 4.4-6 3. 6-4 

T 2 . 6 2.38 5.6-7 4,5-S 

3 2 . 2 1.39 3.6+8 1.7-6 

9 1.8 J. 55 1.0+0 1.6-8 

10 1.35 1.10 G. 5+9 2.3-9 

11 0 .0 0.63 2 . 0 - j l 6. R'10 

J 2 

0 .2 

0,30 1,5*10 3.0-9 

a Reprocesaing is assumed to iake place 150 days after completion of the fuel irradiation 
period. 

Fission product gamma source in Groups 1—t is zero (see Table V for energy structure). 

•Cohen apparently used the same assumptions as Blomeke et al. 
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Significant Contributing Fission Product Isotopes Calculated for Camnm 
Source Intensity in LWR High-Lev.:'. Waste 3 

Energy 
Groupb 

Upper Energy 
Bound (AIcV) Isotope Photons err. - S t m i t ed in Group 

3-Ycar Decay 1( -Year Decay 

5 3 . 5 , M E h 1.4*5 1.1-3 
6 3 . 0 1 T O R h 4.4+6 3. 6'4 
7 2 . 6 

1 0 6 a . 5.6-7 4.5*5 

2.8*6 
7.6*7 
6. 3-5 

5.5-5 
6. 1-5 
5.3-5 

, 3 4 C s 
1 M R h 
" 4 P r 

2 .5-1 
1.2-a 
2. t-7 

1.4-a 
2.0-6 
2.4-5 
1.8*7 

154 Eu a. ft* 9 
1.7*9 
1.6*0 

1.4*7 
1.5*8 

1.2+11 
6.4+10 
5.1+9 
3.4-9 
2.6-9 
2.3-9 
6.6+8 

6.6-6 
5.u-6 
1.1 9 
5. 6-8 

Reprocessing is a9 [turned to take place 150 days after completion of the 
irradiation period. 

Fission product gamma source in Groups 1-5 is zero. 

fuel 

Although the fission products contribute almost all of the gamma source in LWE high-level 
waste, the actinides a r e the source of some gamma radiation due to spontaneous fission and other 
minor reactions. The gamma-ray sources from the actinides, including daughter products, ere 
given in Table V. Except for the fact that the actinides contribute the only gamma rays present 
above 3. 5 MeV (Groups 1 -4), their contribution to the t^tal gamma-ray source is negligible and 
Table UI may be considered to be the total gamma source. The actinide gamma source is shown 
he re only for completeness. 



I'.iJcuhiti-d ActinnJc Caruiia-ru\ Suuni- Intensity per CIK of Solid'fit-J l.WH 
l!ij;h-Li_-vt.-l Wastes at 3- afid lO-Vciir Uttcay rollowing He-process tni;^ 

linvrcr Upper Ki-Tio-
Hound (VirV> 

GIOUD , verage 
J'hptoiiS'cm • B Bns'.it-•! i:. li.'ouj' 

?-Year Decay 10-Year Decay 

5.25 2.2-1 1.7-1 
4.70 3.5-1 2.7-1 
4.22 7,4-1 5.G-1 
3.70 1.2-2 K.o-t 
3.25 t.B-2 : .4-2 
2.75 2.9*2 2.2-2 
2.38 C.3-2 1.8-2 
1.9? 1.3-:* J..G-2 
l . j f ?.4-3 1,8-i 
1.1 j 2.4-fi 2.4-C 
0.C3 9.6-6 i'.(J-6 
0.32 2.0-6 2.0-G 

Reprocessing is assumed to take piace i50 days after completion o; the fuel irradiation 
period. 

Note that the lower Lound of group VI differs froin that of Tables HI and IV. Omitted from 
this table arc 7.6 v. 10' photons/cm 3 • s emitted by the acrinides at energies less than 250 
kcV. 

Neutron pioduction by the actinides predicted for I.WR high-level waste at 3 and 10 ywars 
after reprocessing is shown in Tabic VI. Contributions of the U and Np isotopes and of "* Cm, ' Ci 

23" and Pu to the total neutron production rate a re insignificant in this time frame and therefore 
have been omitted Trcm Tabic VI. Contributions due f> .spontaneous fission and (o. n) rea<-tioi*.s 
are shown separately. The number of prompt neutrons cr.iitted per spontaneous fission were taken 
from Devillers and Blum.' The (o.n) reaction ra te , iak.cn from Bell, assumes the presence of 
an oxide matrix for tl.e CHc/.n)" M reaction in vhich half of the slowing down experienced by the 
alpha particles is due to the oxygen. For a more extensive presentation of the isoti^pes comriLuting 
to the neutron source as a function of time, see Figure 11 of Cohen. 

http://iak.cn


Calculated Neutron Siurcc Intensity per cm of Solidified LWR High-Level 
Waste at 3 - ana 10-Year Decay Following Reprocessing 1 1 

Spontaneous I'isslon N'cutrou Production 
Rate (neutrons/ cm 3 - s 

Ola , 11) N .Vt-btron 
Production Hate (neutrons/ 

3-Year Decay 10-Year Decay 3-Ycar Decay 10-Year Decay 

Z M F » , 2 .5-1 2.4-1 1.6 1.5 
2 4 0 P u 
2 4 1 P u 
2 4 1 , 

Am 
242m, 

Am 
242, Am 
2 4 3 A m 

2.1-1 
0 
0 
0 
0 
0 

3 .0 - i 
0 
U 

0 
0 
0 

4.1-2 
4,8 
2.6 
1.2-1 
1.2-1 
2 .6-1 

5.7-2 
3.4 
2.6 
1.2-1 
1.2-1 
2 .6-1 

2 4 2 C m 
2 4 3 C m 

1.7+1 
C 

7.4-1 
0 

3 .8 
6.7-3 

1.6-1 
5.8-2 

2 4 4 C m S._l+3. 3.9+3 .*• 2+1 3.2+1 
5.1*3 ?.9+3 5. fr>-l 4.0*1 

Total neutron production rate (neutrons/cm -s) 

3-ycar decay 
10-year decay 

5.2+3 
3.9+3 

a Reprocessing is assumed to take place 150 days after completion or the fuel irradiation 
peris d. 

The energy spectrum of the neutrons from spontaneous fission ia reasonably well known and. 
lor practical purposes., can be assumed to be equal to a U prompt fission neutron spectrum 
(presented in numerous references). The neutrons produced by the ( a, n) reactions a re somewhat 
harder than an average prompt fission neutron. TVeir energies generally lie in the range of ap
proximately 2 to 4 MeV; in the present ease, however, because the { a, n* neutrons constitute only 
a small fraction of the total ne-itron source, it ia safe to assume that all neutrons have a prompt 
fission neutron energy spectmra. From Table VI it is c lear that Cm may be expected to be the 
dominant source of neutrons in LWR high-level waste at the cooling t imes 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-yeara of operation of LWRs, In 
a fully developed nuclear power economy this amount of power is expected to be generated each 
year by nuclear reac tors . 



Current plana indicate that the high-level waste will be placed in metal canisters for t rans
port to a permanent disposal site. Cohen's waste storage canister constitutes approximately 
7 .3T fl , or about 2-2 x 10 cm , or solidified waste. Figure 11 at Reference S shows the neat-an 
emission rate for each of these canisters. The 400 CWe-years Of reactor operation is capected 
to generate approximately -1000 such canisters. Therefore, "Jic present results can he compared 
directly with those of Cohen. Upon converting the gamma source of Table HI to watts and scaling 

7 r, 
to -JOri caaisterri, one obtains t.9 x 10 warts of gamma power at 3 years and G.5 x 10 watts of 
gumma power at 10 years . Likewise, converting the neutron source of Table \'l to neutrons per 

3 9 a 
7.U5 f: canister gives 1.2 x 10 ncutrona/s at 3 years and 8.7 x 10 neutrons/s at 10 years . All 
UIC-JC numbers a rc In good agreement with the results in Reference 6. 

Conclusions 

The LWR high-level waste radiation sources presented here are based on preliminary p re 
dictions of future l ight-watcr-reactor U fuel reprocessing. As such, they are subject tc large 
uncertainties and should be treated as estimates onh . Nevertheless, it is hoped that tiivy will bu 
ul' use to the fuel-cycle community i.i studies of waste transport and storage. 

Only results from 3- and 10-year cooling time following reprocessing are presented. Be
cause many different isotopes with widely divergent half-li^es a re present in the waste, it it im
proper to attempt to extrapolate to later times on the basis of the data presented here. Those 
interested in considering longer cooling t imes should see Figures 8 and 11 of Reference G. which 
provide data out to 10 years after reprocessing. Gamma spectral changes should be significant 
over this period, with the average gamma energy decreasing markedly, whereas changes in the 
neutron energy spectrum should be small. However, the uncertainty in the total source strengths 
will increase with cooling time because, with time, the sources will depend Increasingly or. the 
precise mixture of the transuranic isotopes generated during the fuel-irradiation period an*i will 
depend uecreasinc;)y on the fission product mix. The former is known with significantly less 
accuracy than the latter. 
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