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ABSTRACT

The calculations of spent-fuel photon and neutron spectra have been
significantly improved over the past several years. Methods for
performing these computations at ORNL have been implemented in the
ORIGEN2 and ORIGEN-S codes and the SAS2 control module of the SCALE
system. The codes use photon data for delayed gamma rays, x-rays,
spontaneous fission gamma rays, (alpha,n) reaction gamma rays,
bremsstrahlung and decay constants, taken mainly from the Evaluated
Nuclear Data Structure File. The data for neutron source strengths and
spectral distributions of spontaneous fission and (alpha,n) reactions
were compiled from several different research projects.

Brief discussions of the codes, the spectral data and the range of

applicability are presented. Also, several examples of spent-fuel
photon and neutron spectra are included.
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A REVIEW OF SPENT-FUEL PHOTON AND NEUTRON SOURCE SPECTRA
1. INTRODUCTION

Proper radiation protection is a primary objective in the
transportation, processing or storage of irradiated reactor fuel. The
designing of adequate shielding to provide this protection requires
appropriate knowledge of the radiation source in spent fuel. Since the
gamma ray and neutron interaction probabilities associated with
shielding materials depend substantially upon the energies of the
photons and neutrons, it is important to describe these sources in terms
of energy distributions, i.e. their source spectra. The computations
of spent fuel photon and neutron source spectra have been appreciably
improved at ORNL over the last several years.

The methods reviewed here include the calculation of spent-fuel
isotopic compositions and the subsequent determination of the associated
photon and neutron source spectra. Examples of various source spectra,
computed by these methods, also, are presented.

2. NUCLIDE DEPLETION AND DECAY CODES

The nuclide composition of spent fuel may be computed by either
ORIGEN2®! or ORIGEN-S? (two versions of the ORIGEN code?) or the SAS2
control module of the SCALE system,“ which uses ORIGEN-S. These codes
basically use the same matrix-exponential-expansion model, but apply
different approaches in the production of cross-section constants for
their libraries.

2.1. DEPLETION AND DECAY MODEL

The main model used by these codes is briefly described below. The
rate of change of any nuclide, N, at time, t, is:

dN(t)/dt = Formation Rate - Removal Rate. @D

Formation rates are derived from either decay rates of parents to N or
neutron reaction rates of target isotopes producing N from the exposure
to reactor flux., Removal rates are either decay or neutron reaction
rates of nuclide N. Then, the derivative dN,(t)/dt of Equation (1), for
any N;, simply equals the sum of terms, aj: Nj(t), where a;; is the
transition rate constant for producing N; from N:. Also, if i =71 to I,
the set of differential equations for I nuclides in the reactor
fuel may be cast in matrix notation as,

N
aN(t)/dt = & N(t). (2)

AV
ny o
where N is the vector or elements N;, in units of atoms, and A 1is the

matrix of elements a;;. The solution to Equation (2) is



Vi) = exp(Rt) ¥(0), 3

which is computed by the codes through a unique recursion relatjonship
for calculating successive terms of the series expansion for exp(At).

2.2. DECAY AND CROSS-SECTION LIBRARIES

There are approximately 1300 different nuclides in the ORIGEN2 and
ORIGEN-~S 1libraries. The decay data in these 1libraries have been
significantly improved from the data of the original ORIGEN code. The
sources of the decay data have been documented for both ORIGEN2°® and
ORIGEN-S.® While the data for some of the nuclides of less importance
may differ, the two libraries contain identical decay data for the
nuclides producing essentially all of the spent-fuel source intensity.

There is a considerable difference in the methods used by the codes
in the production of their cross-section libaries, ORIGEN2 uses
libraries of burnup-dependent cross-section constants derived from
separate reactor analyses for specific types of reactors and fuel
compositions. 7»%5%>1% ORIGEN-S uses burnup- and reactor-dependent
libraries produced by SAS2 or the code may be used directly with basic
libraries. 36,111,112 The primary function of SAS2 is to compute photon
and neutron dose rates from shipping casks containing spent-fuel
assemblies. The spent-fuel composition of these assemblies, specified
by the unit-cell description and operating history input to the case,
is computed in a depletion analysis performed by functional modules
of SCALE.

3. PHOTON SOURCE SPECTRA

One of the functions of ORIGEN2, ORIGEN-S and SAS2 is the
determination of photon source spectra from spent fuel. These sources
may be computed at various cooling times for fuel from different types
of reactors, in addition to different fuel loadings and power histories.
The data used by these codes, in converting the nuclide inventories of
the spent fuel to a photon spectrum, is taken from the ORNL Master
Photon Data Base.® Photon spectra produced by ORIGEN2 have an energy-
group-structure that is frequently used in shielding analyses. The
energy~-group-structure used by ORIGEN-S may be input by the user,
whereas, SAS2 applies that of the photon cross-section library requested
for the shielding analysis.,

3.1. THE MASTER PHOTON DATA BASE

The Master Photon Data Base contains data from five different types
of photon~-production processes:
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. gamma rays and x-rays from delayed radioactive decay,
. gamma rays from (alpha,n) reactions,

. prompt fission gamma rays from spontaneous fission,

. delayed gamma rays from spontaneous fission,

. bremsstrahlung from positron and electron deceleration.

3.1.1. Gamma Rays and X-rays from Delayed Decay

The predominant part of the photon source. spectrum from spent fuel
is from the gamma rays produced by the decay of fission and activation
products. The energy-dependent photon-intensities for both the gamma-
rays and x-rays, including that produced by internal conversion, were
taken from the Evaluated Nuclear Structure Data File (ENSDF),IS’
which contains photon data on more than 400 nuclides.

Photon intensities, I, in the data base and their associated
energy, Ej, are converted to energy group intensities, G, by conserving
energy. The following equation is applied for this adjustment:

G = I(E/E), (4)
where EG is the arithmetic average of the energy group boundaries.

3.1.2. Gamma Rays from (Alpha,n) Reactions and Spontaneous Fission

Many of the isotopes in the spent fuel emit alpha-particles that
may interact with the !70 and !%0 atoms in oxide fuel, producing
neutrons and prompt gamma rays during the process. The measured gamma
ray spectrum produced by the reaction of alpha-particles from 238Pu with
180 atoms was used for developing3>!5>16 approximate spectra for alpha-
emitters in the data base,

The spectral distribution of the prompt and delayed spontaneous
fission photons are computed from equations fit to the photon spectrum
from neutron-induced fission of 23°U.17 The intensities of the spon-
taneous fission product gamma rays are assumed to be 0,75 times that
from prompt fission photons.!8

The photons from (alpha,n) reactions and spontaneous fissions,
normally, are a very insignificant part of the source in spent fuel.
After fission products are extracted from the heavy metals in a
processing plant, however, the gamma ray production in the actinides
from these reactions can become important. Also, essentially all of the
low intensities above 4 MeV in the spent fuel spectrum is due to
spontaneous fission.



3.1.3. Bremsstrahlung Production

A significant source of photons in spent fuel is the
bremsstrahlung radiation, which is generated as a continuous spectrum
when electrons or positrons are decelerated in the Coulomb field of
nuclei. Thus, bremsstrahlung data for electron or positron emitters
were included in the Master Photon Data Base, Since the theory
indicates that only a relatively small bremsstrahlung intensity is
derived from alpha-particles, it was not included. '

First, in the determination of bremsstrahlung data, the continuous
energy-dependent electron and positron spectra of the nuclide is
computed from the Log-f Tables derived!® from theory of beta decay.
This model, also, is used in producing average beta energies for ENSDF.
Then, a model for computing the bremsstrahlung spectrum from the beta
emission spectrum is applied. The details of this bremsstrahlung model
are described in the documentation on the EDISTR code.?’ While the
calculation is patterned after that in a code developed by Van Tuyl, 2!
it applies a more exact beta spectrum, improved cross sections, and the
ionization energy loss accounts for differences between electrons and
positrons.

The bremsstrahlung radiation is an important part of the total
photon source spectrum from spent fuel. It has significant intensities
for the energy range between 0 to 4 MeV. As the photon energy
increases, the intensity from bremsstrahlung usually decreases more
rapidly than that from delayed decay. Calculations, comparing the
bremsstralung source with the total photon source, indicated about 1/3
of the photons and from 7 to 10% of the total energy are from
bremsstrahlung. By observing these spectra and the energy-group dose
rates of a somewhat typical shielding problem, it was indicated that
10-20% of the total photon dose rate was due to bremsstrahlung
radiation.

3.2. EXAMPLES OF PHOTON SPECTRA

Examples of photon source spectra and associated data are
shown in Figs. 1-5. Fig. 1 was produced by ORIGEN2 for several
cooling times for PWR fuel having a burnup of 33,000 MWd/MTU and an
initial enrichment of 3.2 weight ¢ 235y, Energy midpoints of the group
structure are listed in the first column and spectra are shown in
columns under each cooling time. The principal nuclides contributing to
groups at 1.25, 1.75 and 2.25 MeV are shown in Fig. 2, based upon a
print cutoff of 1% of the group intensity of any of the spectra. Fig. 3
shows the photon spectrum of a PWR assembly cooled to 90 days, as
produced by  SAS2. It includes sources from all nuclides in the
composition of spent fuel, i.e. the fission products, the heavy metals,
the clad and the structural materials, Fig. 4 is a plot comparing three
broad groups of a PWR spent-fuel spectrum with that for the same source
in 0.01 MeV group intervals, as computed by  ORIGEN-S, It
illustrates the pronounced variations of the intensities in the detailed



PHOTON SPECTRUM FOR FISSION PRODUCTS

DECAY OF SPENT PWR-U FUEL

18 GROUP PHOTON RELEASE RATES, PHOTONS/SECOND
ONE METRIC TON OF PWR-U FUEL:33,000 MWD/MTIHM
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Figure 1. Fission Product Photon Spectra at Four
' Cooling Times.
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Figure 2 (cont'd)
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Figure 2 (cont'd)

PRINCIPAL PHOTON SOURCES IN GROUP 13, PHOTONS/SEC
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PR144 3.5T9E+14 2.272E+14 1.U456E+14 5.9T4E+13 4,129E+12
EU156 1.233E+15 2.966E+11 7.109E+07 4.084E+00 0.0



GAMMA SOURCE SPECTRUM FOR GAMMA LINES (SAS2)

90.00 DAY TIME OF THE REQUESTED NUCLIDES

ENERGY INTERVAL IN MEV PHOTONS / SECOND MEV / SECOND
1.0000E-02 TO 5.0000E-02 2.1970E+16 6.5911E+14
5.0000E-02 TO 1.0000E~-01 6.8519E+15 5.1389E+14
1.0000E-01 TO 2.0000E-01 8.3370E+15 1.2505E+15
2.0000E-01 TO 3.0000E-01 1.6638E+15 4,1594E+14
3.0000E-01 TO 4.0000E-01 1.2949E+15 4 ,5323E+14
4 ,0000E~01 TO 6 .0000E-01 1.0888E+16 5.4439E+15
6 .0000E-01 TO 8.0000E-01 3.8119E+16 2.6684E+16
8.0000E-01 TO 1.0000E+00 1.T085E+15 1.5376E+15
1.0000E+00 TO 1.3300E+00 8.0689E+14 9.4002E+14
1.3300E+00 TO 1.6600E+00 5.458TE+14 8.1607TE+14
1.6600E+00 TO 2.0000E+00 3.7805E+13 6.9184E+13
2.0000E+00 TO 2.5000E+00 1.6281E+14 3.6633E+14
2.5000E+00 TO 3.0000E+00 1.0535E+13 2.8972E+13
3.0000E+00 TO 4 .0000E+00 2.9931E+11 1.04T6E+12
4 .0000E+00 TO 5.0000E+00 8.2902E+06 3.7306E+07
5.0000E+00 TO 6 .5000E+00 3.3245E+06 1.9116E+07
6 .5000E+00 TO 8.0000E+00 6 .51T1E+05 L4, T249E+06
8.0000E+00 TO 1.0000E+01 1.3830E+05 1.244T7E+06
TOTALS 9.2398D+16 3.9179D+16
TOTAL ENERGY FROM NUCLIDES WITH SPECTRUM DATA = 3.9175E+16
TOTAL ENERGY FROM NUCLIDES WITH NO SPECTRUM DATA = 4 .3040E+12

Fig. 3. Photon Spectrum from all Nuclides in a PWR Spent-Fuel Assembly
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spectrum. A sample of the gamma-ray and x-ray data in the ORNL Master
Photon Data Base is shown in Fig. 5.

4. NEUTRON SOURCE SPECTRA

While all of the codes considered in this report compute neutron
source strengths, only ORIGEN-S and SAS2 currently are capable of
calculating the neutron source spectra. Methods of wusing neutron
sources from ORIGEN2, which are less automatic, are not reviewed here.

4.1. DESCRIPTION OF SAS2 AND ORIGEN-S NEUTRON SOURCE SPECTRUM MODEL

The neutron source used by SAS2 and ORIGEN-S includes that produced
from both spontaneous fission and (alpha,n) reactions due to heavy
nuclides. The neutrons from photofission and photoneutron reactions are
excluded, since it was determined that their intensity is an
insignificant part of the spent-fuel sources of interest.

4.1.1. Spontaneous Fission Neutron Source Strength

The major part of the neutron source is produced from spontaneous
fission of the heavy nuclides. The types of data required to compute
the neutron production rate from this process include the spontaneous
fission half-life, the average neutron yield per spontaneous fission,
Vgfs» and the quantity of each contributing nuclide. Spontaneous
fission half-lives for the more significant nuclides were taken
from Kocher's compilation of ENSDF decay data.l“ For several less
important isotopes, unmeasured half-lives were estimated with a
correlation between measurements and so-called fissility parameters.2??
The Vg data are taken from Ref., 23. Measured Vgf values are avail-
able for 21 nuclides, including the most significant. An equation,
derived?® to compute Vg £ produces values which are within two experi-
mental standard deviations for all except three nuclides. This equation
is wused by SAS2 and ORIGEN-S for those nuclides that do not have
measured data.

4.1.2. (Alpha,n) Reaction Neutron Source Strength

A significant part of the neutron source is produced from
170(alpha,n) and '®0(alpha,n) reactions in the UO, in the spent fuel.
Thin target cross sections and alpha stopping powers are required to
properly compute this type of neutron yield. Improved measurements of
thin target (alpha,n) cross sections for !70 and !®0 were performed by
Bair and del Campo.?* Also, their research included the computation of
thick target energy-dependent (alpha,n) yields for 238y0,, with an
accuracy estimated to be within 10%. SAS2 applies these data to
weighted energy averages of alpha energy-intensity data.lt Decay
constants and alpha branching fractions are taken from the ORIGEN-S

library.
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4,1.2. Computing the Neutron Spectral Distribution

Neutrons produced from **?Cm and %2““Cm are an extremely large part
- of the spent fuel neutron source. Calculations of isotopic
contributions to the neutron source in spent PWR fuel, during decay
times in the range from discharge to 10 years, indicated only a few
percent is produced from other nuclides. The next largest contribution
was (alpha,n) production from 2%®Pu. The neutron energy spectra of both
the spontaneous fission and (alpha,n) reactions due to the two curium
isotopes 25,2% and 238Pu27 were determined for the isotopic power gen-
erator project. The measured spontaneous fission neutron spectrum
of 24%%Cm was found to be quite similar to that from 235U and 252Cf.
Thus, the spectrum for 2%2cm  was " computed?® from these measurements.
The (alpha,n) neutron spectra were determined by extrapolating the
neutron spectrum from Po-0-0 source measurements?® to the alpha energies
of **?cm, **“Cm and 2°®pu.

The energy distribution of the spontaneous fission neutron spectrum
is computed by SAS2 from the spectra for 2“2Cm and 2““Cm, described
above, using the calculated concentrations of the two isotopes. This
spectrum is then renormalized to include the total neutron source from
all spontaneously fissioning isotopes. A similar calculation, using the
data for all three of the above isotopes, is performed for the (alpha,n)
neutron spectrum. The spectra are collapsed from the energy-group-
structure of the data to that of the SCALE library requested for the
shipping cask analysis. The procedure uses uniform distributions
within each group and sums the fractional fine-group source values based
upon energy fractions common to both groups in the two group-structures,
The total neutron source spectrum is then computed as the sum of the
spontaneous fission and (alpha,n) spectra.

Measurements of isotopic spectra, other than those used by SAS2,

have been reported’’® for the dioxides of 2°2Cf and 2“2Cm. A comparison
y&;h the data applied by SAS2 indicates that the differences in the

Cm spectrum in the lower neutron energy range are approximately
10% and those in the higher energy range, which includes the (alpha,n)
produced neutrons, are in the viecinity of 20%.

4.2. EXAMPLES OF NEUTRON SPECTRA

Fig. 6 shows the neutron source spectrum of a PWR assembly cooled
to 90 days, as computed by SAS2. Even though the lower cutoff of the
spectrum is 0.3 MeV, the remaining lower energy groups are required in
the case for the slowing down of neutrons in the shielding analysis.

zugig. 7 is a plot of a fine-group-structure spectrum of 1 kilogram
of Cm. It illustrates the larger spontaneous fission peak and the
high energy hump along the side of the peak, due to (alpha,n) source

production.
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NEUTRON SOURCE BY GROUPS

GROUP SPON. FISSION (ALPHA,N) TOTAL
1 4 ,398E+06 0.0 4 ,398E+06
2 4 ,864E+0T 9.138E+06 5.TT8E+07
3 5. 2T6E+07 1.014E+07 6 .290E+07
y 3.022E+07 1.417E+06 3.16 4E+07
5 4. 143E+07 5.181E+05 4,195E+07
6 § ,5T75E+07 9.592E+04 4 ,585E+07
7 8.991E+06 1.750E+04 9.008E+06
8 0.0 0.0 0.0
9 0.0 0.0 0.0
10 0.0 0.0 0.0
11 0.0 0.0 0.0
12 0.0 0.0 0.0
13 0.0 0.0 0.0
14 0.0 0.0 0.0
15 0.0 0.0 0.0
16 0.0 0.0 0.0
17 0.0 0.0 0.0
18 0.0 0.0 0.0
19 0.0 0.0 0.0
20 0.0 0.0 0.0
21 0.0 0.0 0.0
22 0.0 0.0 0.0
23 0.0 0.0 0.0
24 0.0 0.0 0.0
25 0.0 0.0 0.0
26 0.0 0.0 0.0
27 0.0 0.0 0.0

2.322E+08

2.132E+07

2.535E+08

Fig. 6. Neutron Source Spectrum in the 27-Group Structure
of a SCALE Library.
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5. RANGE OF APPLICABILITY

The methods of computing photon and neutron spectra discussed in
this report apply only to discharged fuel or other sources outside of
the reactor environment. The photon spectra of fuel in an operating
reactor include, also, the prompt photon spectra due to (n,gamma),
fission and other reactions.

During the first hour, or possibly several hours, after reactor
shutdown there is a significant neutron source from photoneutron
reactions. At longer cooling times only insignificant fractions of the
neutron source are caused by the usual photoneutron target materials,
the uranium fuel and the tritium in a water coolant. However, the
neutron source spectrum model does not account gor aI%arge increase in
the tritium or extremely large quantities of Li, "Be, CorF.

The photon source is usually dominated by the contributions from
fission products, and possibly one or two activation products (e.g.,
60Co) of the clad and assembly structural materials. The low intensity
from high energy photons from the heavy metal isotopes may contribute a
comparable fraction to the computed dose rates, only, for 1long cooling
times and extremely thick shields. The calculation of isotopic
inventories is more sensitive to cross sections for heavy metals than it
is for fission products. Cross~section processing in the depletion
analyses are performed with a point depletion model instead of a more
complete multidimensional model. Uncertainties in the cross sections,
the neutron spectra data and the calculated neutron source strengths
cause the computed spectra of the neutrons to have appreciably more
uncertainty than that of the photons,

Spent fuel source spectra can be sensitive to the reactor power
history. This sensitivity 4is most pronounced for neutron spectra at
either short or long cooling times where the reactor was shut down for
a long time during the middle of the fuel's residence time. Also, power
histories can be somewhat important for photon spectra computed at
short cooling times. Thus, spent fuel source spectra are more correctly
described as dependent on: (1) a reactor type, (2) assembly power
history, (3) initial 23°U enrichment, (4) assembly burnup, and (5) a
cooling time,

The dose rates computed for two monoenergetic photon sources
shielded with a typical shield thickness are highly dependent on the two
photon energies. Adjoint flux calculations have indicated that the
ratio of the importance of photons in two adjacent energy groups may be
as great as a factor of two or three, for significant groups in a
typical 18-group structure. Thus, the benefit of finer group intervals
should be properly balanced against computer cost in selecting an
appropriate energy-group-structure. Also, the conversion of one photon
spectrum having a broad-group-structure to a spectrum of another group
structure may significantly reduce its quality.
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6. CONCLUSIONS

The methods and, in particular, the data applied in computing
photon source spectra described in this report, due to the contributions
of numerous researchers, represent a notable achievement in the field of
radiation science. Also, there has been a significant improvement over
previous methods of computing neutron source spectra. All three of the
codes described here, including the data bases, are available from the
Radiation Shielding Information Center (ORNL).
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