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ABSTRACT 

The energy spectra of neutrons emitted from a pressur-
ized-water-reactor fuel assembly have been calculated for a 
variety of exposures and cooling times. They are presented 
in graphical form. Some effects of initial enrichment are 
also included. 

Neutrons from spontaneous fissions were given either a 
Maxwellian temperature of 1.2 or 1.5 MeV, depending on 
whether they were due to plutonium and uranium nuclides or 
curium nuclides. A single (a,n) spectrum was deemed suffi¬ 
cient to represent the neutrons from all the alpha-emitting 
nuclides. 

The proportions of the nuclides undergoing spontaneous 
fission and those emitting alpha particles were determined 
from calculated atom densities. The particular pressurized-
water-reactor fuel assembly assumed for this purpose was of 
the type used in the H. B. Robinson Unit-2 power plant 
(740 MWe). 

I. INTRODUCTION 

Neutrons emitted from an irradiated fuel assembly can assist in determin¬ 

ing the exposure and fissile content of the assembly. The interpretation 

of a detector's response must start with knowledge of the emission rate and 

energy spectrum of the neutrons being produced within the assembly. These 
quantities can depend on the initial enrichment, the exposure history, and the 
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cooling time. The spectra presented in this report illustrate the effects of 

these three parameters. The additional concern of the transport of the neu¬ 

trons to a detector will not be addressed here. 

Knowledge of the spectra can be of value in the evaluations of measure¬ 

ments taken during safeguards inspections, in the design of storage containers 

for irradiated fuels, and in the general problem of shielding for the fuels. 

While there can be many types of fuels with different geometries and ir¬ 

radiation histories, a common type of pressurized-water-reactor (PWR) fuel as¬ 

sembly can be represented by that of the H. B. Robinson Unit-2 reactor. This 

assemLIy forms the basis for this study. 

II. CALCULATIONAL METHOD 

A. Atom Densities 

The primary sources of neutrons in irradiated assemblies are spontaneous 

fissions and (a,n) reactions with oxygen. The (y,n) reactions contribute an 

unimportant fraction of the total neutrons for fuel assemblies with more than 

a few weeks cooling time. Uranium and transuranic nuclides are the princi¬ 

pal emitters of neutrons, so their atom densities must be known. 

A studyc of a fuel assembly used in the H. B. Robinson Unit-2 740-Mwe 

Westinghouse reactor provided the desi' ad atom densities. A combination of the 

EPRI-CELL3 and EPRI-CINDER4'5 codes was applied to the 15 by 15 fuel pin 

array of this PWR. Most of the spectra shown in this report assume an initial 
2 3 5U enrichment of 2.561": (typical for the H. B. Robinson PWR), although 

comparisons with enrichments of 3.5 and 4.5% are given. The power level was 

constant ip time, with a linear power density of 200 W/cm. 

B. Spontaneous Fission Spectra 

The Maxwellian curve with its "temperature" parameter T was assumed to 

represent a fission spectrum adequately. When normalized to an area of one, 

it can be multiplied by the specific emission rate n f to give the number of 

neutrons released per unit volume per unit time per energy interval: 

• vr , v r ̂  dE 
0.886227 T 3/2 * (1) 



where d is the number of neutrons with energies in the range of E to E + dE 

and n is the total number of neutrons. 

The value of T that best fits the data for ''40Pu is 1.19 MeV.6 Such meas¬ 

urements tor other nuclides are not available, so assistance was sought from 

calculated spectra. It appears that the plutonium and uranium nuclides of 

interest can be assigned a spectral temperature of 1.2 MeV, while 1.5 MeV is 

more suitable for the Cm and Cm nuclides. These are the temperatures 

used in the present calculation, and the resulting normalized spectra are shown 

in Fig. 1. Fortunately, the fission spectrum is net strongly sensitive to 

small changes in T, so that these two assumed spectra should be adequate in 

providing a useful estimate of the desired spectral shapes. 

C. (a,n) Spectra 

The alpha particles from 238Pu, 239Pu, and 240Pu are generally the most 

numerous ones in the fuel, and neutron spectra due to their reactions with *70 
1Q P_l1 

and 0 have been studied. The alpha particle energies for these nuclides 

are 5.5, 5.2, and 5.15 MeV, respectively. Their measured and calculated SpeC-

tra are so similar that one curve can represent them all. Because Pu is the 

largest (a,n) contributor to the overall spectra, its spectrum is used for all 

the plutonium nuclides. 

Another important alpha emitter when the exposure is above 3000 MWd/tU is 

Am. Data on the neutron spectrum it generates with oxygen are unavailable, 

but because its alpha particle has an energy of 5.5 MeV its spectrum is assumed 

to be the same as that of 238Pu. 

The only other actinides of importance are Cm and Cm. Again, data 

on their neutron spectra are unavailable. The alpha particle energy of Cm 

is 5.8 MeV, so the Pu spectrum is assumed to be valid for Cm. The case 
OAO 

of Cm is not so simple because its alpha particle has a high energy of 

6.12 MeV. In addition to extending the theoretical maximum neutron energy, ad¬ 

ditional excited states of the daughter nucleus are accessible and may affect 

the spectrum. Not only are there no data for this case, there seems to be no 

direct information on the effect of such a high-energy alpha particle on oxy¬ 

gen. Beryllium, however, has been the target of alpha particles from four 
ip 13 242 

nuclides, ' including Cm. The four alpha particle energies were between 
4.8-6.12 MeV; there are only minor differences in the neutron spectra. The 
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spectrum due to Cm does not appear to differ from the others in any impor¬ 

tant way in the case of this target. 

With the oxygen target, the higher excited states in the daughter neon may 

not have any impact on the spectrum because calculated spectra have been quite 

accurate when only the first two excited states are included. The higher the 

energy of the final daughter state, the less frequently it is involved in the 

reaction. 

It is thus assumed that the Pu spectrum may be used for the Cm neu¬ 

trons as well as for all other alpha emitters in this study. This approxima¬ 

tion is further justifn'fjd by calculating the maximum fraction of all neutrons 

that result from Cm. The largest value found with 2.561% enrichment oc¬ 

curs at an exposurp of 11 000 MWd/tU and zero cooling time; yet even this maxi¬ 

mum fraction is only 12% of the total number of neutrons present. The fraction 

is much less after shorter exposures because c ^Cm is produced in smaller 

amounts. The fraction rapidly decreases with cooling time (regardless of the 

exposure) because of the short half-life of Cm. With exposures above 11 000 

MWd/tU (and a cooling time of zero), the production of Cm increases and 

the fraction of neutrons from c cCm decreases. 
pop 

The Pu spectrum used for all the neutrons, regardless of the source of 
the alpha particle, follows the available data except at high and low energies 

where only the calculated spectra suggest the shape. The normalized shape has 

three segments and is multiplied by the total rate N : 

0.2207E6'4 , 0 < E < 0.8 MeV 

X -0.1380E
2 + 0.6448E - 0.3746 , 0.8 <_ E < 2.4 MeV (2) 

1.3803e-[°-7700(E " 2' 3 1 0 )J • E > 2.4 MeV . 

I 

The normalized curve is shown in Fig. 1 and can be easily compared to the 

spontaneous fission spectra. 



D. Total Neutron Spectra 

To obtain the total neutron spectra (in units of number of neutrons per 

cubic centimeter per second), sums of Eqs. (1) and (2) were taken. The total 

neutron production rate from the spontaneous fissions of all plutonium and 

uranium nuclides gave a value for n ^ in Eq. (1) when T = 1.2 MeV, and the 

total rate from the curium nuclides gave another n$^ for T = 1.5 MeV. For the 

third contribution to the total neutron spectra, all the neutron production 

rates from individual nuclides were added to give the N in Eq. (2). The 

three curves in Fig. 1 were thus given weighting factors according to the pro¬ 

duction rate of neutrons from the three processes involved. A sum of these 

three weighted curves gives the total spectrum. 

III. RESULTS 

A. Effect of Exposure 

Figures 2-4 show the spectra as functions of exposure and cooling time for 

the base case with 2.561"' enrichment. Spontaneous fissions always account for 

more than one-half of the neutrons, easily dominating the (o,n) neutrons in 

irradiated fuels with exposures above 10 000 MWd/tU. 

Near zero exposure, the spontaneous fission neutrons are almost all due to 
2 3 8U, while 242Cm and 2 4 4Cm provide the bulk of the neutrons at the higher ex¬ 

posures. With exposures between 750-10 000 Mwd/tU, the (<*,n) neutrons from 

Pu and Am are nearly equal in number to all of those from spontaneous 

fission. Above the highest exposure shown, the spectra are almost entirely due 
?44 ?4? 

to the spontaneous fissioning of Cm, with some contribution from Cm if 

the cooling time is less than 24 months. 

When the spontaneous fission fraction is less than 0.8, the spectra show 

a tendency to form two maxima. The lower energy "maximum" is nearly all from 

the plutonium spontaneous fissions, while the higher energy "maximum" is from 

the sum of these spontaneous fissions and the (a,n) reactions. At higher expo¬ 

sures, enough curium spontaneous fission neutrons are produced to almost com¬ 

pletely dominate the spectra. 



B. Effect of Cooling Time 

Figure 5 shows how cooling time alters the spectra after different expo¬ 

sures. For exposures below 2500 MWd/tU, the cooling time makes little differ¬ 

ence because long-lived plutonium nuclides are the most prominent sources. At 

higher exposures, the cooling time has a larger effect. This is especially 
?4? 

true for the first year or two, because significant amounts of Cm are pro¬ 

duced, with a half-life of 163 days. 

The effects of both exposure and cooling time are summarized in Fig. 6, 

where the fraction of the neutrons due to spontaneous fission is plotted as a 

function of the exposure and cooling time. 

At zero exposure, the U spontaneous fissions provide nearly all the 

neutrons. Around 1000 MWd/tU, the maximum fraction of neutrons from (a,n) re-actions occurs (due to "°Pu and " 3 P u ) , but it is still just under one-half 

of the total. For less than 11 000 MWd/tU, the spontaneous fission fraction 

decreases monotonically with cooling time; above that exposure, the fraction 

increases for about 2 or 3 yr, then decreases very slowly. This transition 

takes place when Cm begins to be produced in large amounts. 

Another representation of this information is the ratio of spontaneous 

fission neutrons to (a,n) neutrons, as shown in Fig. 7. The change in the ef¬ 

fect of cooling time just discussed can be seen in this figure also. Along a 

vertical line for some exposures <11 000 MWd/tU, the curves for shorter cooling 

times lie above those for longer cooling times. Above 11 000 MWd/tU, the se¬ 

quence is reversed. 

C. Effect of Enrichment 

Comparisons of spectra from assemblies with enrichments of 2.561, 3.5, 

and 4.5% are given in Fig. 8. In this study, higher enrichment gives a lower 

curve because the atom density calculations were for a fixed power level, lead¬ 

ing to a lower neutron fluence to achieve the same exposure. A lower fluence 
235 

(higher initial U enrichment) would result in less of the transuranic iso¬ 
topes being built up for the same exposure. 

D. Isotopic Fractions 

The effects of various nuclides on the number of the neutrons produced as 

a function of exposure and cooling time are shown in Fig. 9. The fractions of 

all the neutrons due to the five largest contributors are shown for different 
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exposures and cooling times; these five contributions account for more (usually 

much more) than 90% of all the neutrons. The changing importance of the nu-

clides can be seen in the figure. As the exposure increases, the dominating 

nuclide shifts from uranium, to plutonium, and then to curium. Cooling time 

has a secondary effect compared to exposure. Once again, the exposure near 

11 000 MWd/tU is a transition point. Just below that exposure, the plutoniurn 

nuclides are dominant, while just above it the curium nuclides are the major 

producers, \lery near 11 000 MWd/tU, the curium and plutonium importances vary 

with cooling time. 

E. Comparison to Another Study 

A similar study lias been reported on Russian light-water reactors 

(WWER) of 365 and 440 MWe power with fuel enriched to 3". While the general 

approach to calculating the spectra was similar to the one given here, there 

are some differences in the details that lead to minor but noticeable effects. 

The spectra presented in Ref. 14 show a much stronger tendency to form two 

maxima, but with the higher peak at the lower energy. The more pronounced 

maxima resulted from use of the normalized spectra for spontaneous fission and 

(a,n) reactions. 

The (a,n) reaction spectrum of Ref. 9 was used in the Russian work; it ii 

a "harder" spectrum than indicated by the data ' and the calculated spec¬ 

trum of Ref. 8. 

The treatment of the spontaneous fission neutrons was not completely ex¬ 

plained in Rtf. 14, but it seems that spectral curves from Pu and Cm were 

used to generate a single curve to represent all the spontaneous fission emis¬ 

sions. The only spontaneous fission spectrum presented was for ^ 4 x m ; it had a 

Maxwellian temperature of 1.35 MeV. This value is lower than that used in the 

present calculations and is more appropriate for induced fissions. 

With a harder (a,n) spectrum and a lower Maxwellian temperature, the 

curves in Fig. 1 would be farther apart and the two maxima in Fig. 2 more dis¬ 

tinct. This explains the main difference between these two studies. We be¬ 

lieve our choice of spectra in Fig. 1 is more appropriate because the Maxwel¬ 

lian temperatures are especially selected for spontaneous fissions and the 

(o,n) spectrum is in better accord with the measured values. 

One further comparison that can be made is the change of the spontaneous 

fission fraction with cooling time after a fairly large exposure. The Russian 
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calculation for WWER 3%-enriched fuel after an exposure of 30 000 MWd/tU shows 

the fraction rapidly increasing for ~2 yr, then reaching a maximum after 3 yr 

and very slowly decreasing. For the 2.561%-enriched fuel used here, and after 

an exposure of 33 000 MWd/tU, the same rapid increase in the spontaneous fis¬ 

sion fraction is found (Fig. 7). Instead of reaching a maximum, however, the 

fraction continues to increase at a very slow rate. 

The choice of normalized spectra affects the average energies so that our 

values are larger than those used for the Russian study, especially after a 

high exposure. Their single spontaneous fission spectrum is somewhat of an 

average of our two, but when the curium sources are dominant, their spectrum 

is "softer" than ours. Their "harder" (a,n) spectrum does not make up the dif¬ 

ference because the (o,n) reactions produce a minority of the neutrons. For 

example, immediately after an exposure of 30 000 MWd/tU, our average energy is 

2.25 MeV, while theirs is 2.14 MeV, After a cooling time of 36 months, our 

average energy is practically unchanged, but theirs is reduced to 2.07 MeV. 
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Fig. 1. 

The neutron spectra given in Figs. 2-5 consist of sums of these three curves 
in proportions determined by calculated atom densities. Ail spectra from (o,n) 
reactions with oxygen are given the same shape, but two different spontaneous 
fission spectra are used (one for plutonium and uranium nuclides, another for 
curium nuclides). 
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The neutron spectrum is affected by the exposure given the 2.561%-enriched 
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cooling time. Throughout this figure, the cooling time is zero. Also provided 
is the fraction of the neutrons originating from spontaneous fission events. 

11 



UU3 

004 

oo:j 

ooa 

0 » l 

000 H 

2 561% 
0 MWd/tU 

36 mo 

; " sf Fraction '• 
| Ave Energy-

u 

- S — — — 

0992 
181 

:i 4 5 6 7 8 
Energy (MeV) 

O i l ) 

n o t , 

OUL" 

000 I 

lonn MW<( i i 
id mo 

sf 1 
A vi-

r'.n 
El 

1 ion 
<-rii>-

0536 

1] | 

c 

tr
en

gt
 

P 

350 

300 

250 

200 

150 

100-

W -

" * - • 

e 7 a 
(McV) 

C OH 

c 
OS, 0 <) 
I 

n 
o * 

riooo MWd !I 
J6 rno 

sf Krac-lion = 
Ave Energy -

n 

--e- — 

0625 
199 

Energy (MeV) 

2 561% 
25000 MWd/'tU 

36 mo 

\ sf Fraclion= 0976 
\ Ave Enelgy= 2.24 

-

C 

c 

n 
L. 
r. 

o 

0 ( 

OJ 

0 ! • 

yr>00 MWd. t l 
16 tno 

s f y 
A V€' Energy--

0558 
200 

J 4 5 6 7 
Energy (MeV) 

_ "1—^ 
V sJ / E 1 / u 

^ 4 1 ' 

I 1 
OD 3 H 

I f 
o> 1 

a 

•s 2 561% 
~- 10000 M W d / t L 

\ 36 mo 

\ sf FraeUon= 0798 
\ Ave Energy= 212 

\ 

_ _ _ _ ^ ^ P j 

2 3 4 5 8 
Energy (MeV) 

7000 

n 6OO0 

o 
^ 600D 
_C 

J : 4000 

3 1000-

8 

/ \ 

X 

2.561% 
50000 

36 

\ 

\ 

MWd/tU 
mo. 

sf Fraction= 
Ave Energy= 

0.990 
225 

Energy (MeV) 
0 1 2 3 4 5 8 

Energy (MeV) 

Fig. 3. 
Refer to thf caption of Fig. 2, but ncte that the cooling time is now 36 
months. 

12 



014 

<-> 012 

O 
\ 010 
c 
JS 008 
"So 

£ 006-

g 
3 002-
g 

£ 004 • 

£ 002 

sf Fraction^ 0.992 
Ave Energy= 181 

2.561% 
\ 1000 MWd/lU 

120 mo 

sf Fraction = 0.522 
Ave Energy= 2 01 

Energy (MeV) 

Energy (MeV) 

o 
\ 
c 
c 
•-> 
on 
r 

O) 
o 
t . 
o 
o 

250-

200-

150-

100-

50-

0^ 

/ - s . 2.561% 
/ \ 25000 MWd/tU 

/ \ 120 .no 
/ \ 

\ 
\ sf Fraction = 

\ Ave Energy= 

\ 

0.967 
2.24 

Energy (MeV) 

2561% 
!500 MWd/tU 

120 mo 

sf Fraction= 0536 
Ave Energy= 2.01 

Energy (MeV) 

3 4 5 
Energy (MeV) 

In 
i 

B 
o \ 
c 

s: 
"Sc 
c 
<u 
u 

CO 

<u 
u 
3 

& 

5-

4 -

3 -

2 -

1 -

0 ' 

• 

1 
1 

" ^ 2 561% 
\ 10000 MWd/t'J 

\ 120 mo 

\ 
\ sf Fraction = 
\ Ave Energy= 

\ 
\ 
\ 

0707 
211 

sf Fraction^ 0989 
Ave Energy= 2.25 

Energy (MeV) 
3 4 5 
Energy (MeV) 

Fig. 4. 
Refer to the caption of Fig. 2, but note that the cooling time is now 120 
months. 

13 



2561% 
2500 MWd/tU 

i 
\ 

\ 

LEGEND 
D = 0 
o = 12 
a = 24 
• = 48 
- =120 

mo. 
mo 
mo. 
mo. 
mo 

8 

S
ou

r 

01 -

0 0 -
1 2 

V 

3 4 
Energy (Me V) 

2561% 
5000 MWd/tU 

\ 
\ 

LEGEND 
o = 0 
o = 12 
» = 24 
• = 48 
x =120 

mo. 
mo. 
mo. 
mo. 

mo. 

3 4 5 
Energy (MeV) 

2 561% 
0000 MWd/tU 

'lo 

LEGEND 
o = o 
o = 12 
" = 24 
• - 48 
» =120 

mo. 
mo. 
mo. 
mo. 

mo 

Energy (MeV) 

LEGEND 
= 0 mo 
= 12 mo. 

3 4 5 

Energy (MeV) 

= 0 mo 
= 12 mo. 
= 24 mo 
= 48 mo 
= 120 mo. 

3 4 5 
Energy (MeV) 

Fig. 5. 
The effect of cooling time on the neutron spectrum can be seen in this figure. 
For each of five exposures, the spectra after five cooling times are given. 
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Fig. 6. 
These are four views of the same surface of the fraction of neutrons due to 
spontaneous fission, as a function of exposure (in GWd/tU) and cooling time (in 
years). Notice that after an exposure below ~11 GWd/tU, the fraction decreases 
with cooling time; above 11 GWd/tU, it increases. 
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times and over an exposure range (including some very low values). The change 
in the effect of cooling time mentioned in the caption of Fig. 6 is reflected 
here by the crossing of the curves just above 10 GWd/tU. 
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Fig. 8. 
The source strength (but not the spectral shape) is strongly affected by the 
initial enrichment. Only one exposure is shown here, but the curves are typi¬ 
cal of all exposures studied. It should be noted that the linear power density 
was a constant throughout this study, so when the enrichment was higher, the 
neutron flux was lower. This means that the 4.5% curves always correspond to 
weaker source strengths in this figure. 
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Fig. 9. 
The five most important contributors to the number of neutrons emitted per 
cubic centimeter per second are shown as functions of cooling time after repre¬ 
sentative exposures. Along any vertical line of constant cooling time, the 
distance between two consecutive curves is the per cent contribution from the 
isotope identified with the upper curve. The dominant instigator of neutrons 
shifts from uranium, to plutonium, and then to curium isotopes as the exposure 
increases. 
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