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IMPROVED PHOTON-PRODUCTION DATA FOR THERMAL NEUTRON
CAPTURE IN THE ENDF/B-VI EVALUATIONS

By

Stephanie C. Frankle, Robert C. Reedy, and Phillip G. Young

Abstract

Prompt gamma-ray spectroscopy is used in a wide variety of applications
for determining material compositions. High-quality photon-production
data from thermal-neutron capture reactions are essential for these
applications. Radiation transport codes, such as MCNP™ * are often
used to design detector systems, determine minimum detection
thresholds, etc. These transport codes rely on evaluated nuclear
databases such as ENDF (Evaluated Nuclear Data File) to provide the
fundamental data used in the transport calculations. Often the photon-
production data from incident neutron reactions in the evaluations are of
relatively poor quality. We have compiled the best experimental data for
thermal-neutron capture for the naturally occurrin7g isotopes for elements
from hydrogen through zinc as well as for """ %Ge, 9gm, >G4,
8lTa and 9218318418y This compilation has been used to update the

ENDF evaluations for 'H, “He, *Be, N, 0, F, Na, Mg, “’Al, s, S,
35'37C|, K, Ca, 458C, Ti, 51V, 50'52'53'54CI’, SSMI’], 54'56’57’58Fe, 58,60,61,62,64Ni

63,65Cu and 182,183,184,186W

. In addition, the inelastic cross sections and
corresponding secondary-photon distributions were updated for 1%0.
Complete new evaluations were submitted to ENDF for ***’CI. This report
describes the changes made to each ENDF evaluation, provides a
summary of the strongest gamma rays from radiative capture for each
evaluation, and presents the compilation of experimental data for
70,72,73,74,7BGe, 1498m, 155'1576d, and 181-|-a.

*MCNP is a trademark of the Regents of the University of California, Los Alamos National Laboratory.



l. Introduction

We have modified evaluations for inclusion in future releases of Evaluated
Nuclear Data File (ENDF/B-VI)' Release 6 for the following nuclides: *H, “He, °Be, *N,
160, 19F, Na, Mg, 27A|, S, 328, 35’37C|, K, Ca, 45SC, Ti, 51V, 50’52'53‘54Cr, 55Mn, 54,56,57,58Fe’
°8.6061,6264\j 9385C and 184183184188 Eor most of these evaluations, the prompt
photon-production data for thermal neutron capture have been modified; in particular,
the best experimental data have been incorporated into the corresponding ENDF
evaluation for each of these nuclides. The atomic weight ratio, the ratio of the atomic
weight of the target to the atomic weight of a neutron, was updated for the “He
evaluation. Inelastic cross-sections and corresponding secondary-photon distributions

35,37

were updated for the *°0O evaluation. For **’Cl, complete new ENDF evaluations were

submitted that incorporated revised thermal capture data.

The motivation behind this work has been discussed extensively in previous
documents.****®* Prompt gamma-ray spectroscopy is used in a wide variety of
applications for determining material compositions. This work was originally begun
under the auspices of the Multispectral Neutron Logging project at Los Alamos National
Laboratory” and continued under the ACTI CRADA’ (Advanced Computational
Technology Initiative Cooperative Research and Development Agreement). Our goal for
all of these projects is to provide the best prompt gamma-ray data for the ENDF

evaluations used to produce data libraries for transport codes such as MCNP.®

Section Il describes the systematic changes made to each evaluation and the
use of the ENDF checking codes on the modified evaluations. A summary of the

specific changes to each ENDF evaluation is given in detail in Section Ill. Section IV

describes the compilation of experimental data for ‘%"#"*"*"°Ge, *°sm, *****'Gd, and

'81Ta isotopes; these data have yet to be incorporated into the corresponding ENDF

evaluations.



Il. Comments on ENDF Evaluation Modifications

We used the most recent version of ENDF/B-VI evaluations as the basis for each
of our revisions. After modification, each evaluation was run through the STANEF code
to convert the data to standard numerical form and to create a directory in File 1. The
evaluations were then run through the standard ENDF/B checking codes CHECKR,
FIZCON, and PSYCHE. The CHECKER code checks that all data are in correct
ENDF/6 format. FIZCON tests that the evaluations have followed proper procedures,
such as the appropriate use of center of mass and laboratory frames of reference, and
performs simple physics checks as well. An example of the latter is the very useful
check that all partial cross sections sum to the appropriate total cross sections. Finally,
PSYCHE performs more sophisticated physics checks, such as verifying the properties
of resonance parameters and testing for conservation of energy in reactions. All
problems identified by the checking codes were corrected, including a number of

problems already present in the ENDF/B-VI evaluations that we modified.

We updated all Q values in File 3 for MT=102 (radiative capture) using the Audi-
Wapstra 1995 mass tables.? In general, the number of discrete photons from thermal-
neutron-induced radiative capture in File 12 was significantly increased. Continuum
distributions were included in several cases — either to reduce the number of discrete
photons by combining discrete photon data or to provide data on unresolved or
unmeasured photons (from theoretical calculations). In all cases except for **N, the
radiative capture photon angular distributions were assumed isotropic, and the File 14
information was updated to reflect the new number of discrete gamma rays. We
preserved all information already present in the previous ENDF/B files at energies

above our evaluations.

MCNP Version 4C currently allows a maximum of 1000 discrete photons per
nuclide. Elemental evaluations, with contributions from multiple isotopes, can easily
exceed this upper limit; for example, natural K would have a total of 1741 gamma rays.
For these elemental evaluations, we therefore include as discrete gamma rays only
those that have an intensity greater than 0.01 times the maximum gamma-ray intensity

for that element in the File 12 information. The remaining gamma rays are used to form



a background continuum spectrum that is included in the File 15 information. We also
used this procedure for individual isotopes that have greater than 600 discrete gamma

rays.

To properly conserve energy and ensure more accurate heating numbers, the
prompt gamma-ray spectrum was normalized to the total available energy unless a
substantial fraction of the gamma-ray spectrum remained unmeasured. In general,
normalization factors ranged from 0.9572 to 1.1259, with an average of 1.0107+ 0.0204.
The spectra remained unnormalized for “*Ca, ®'Ni, and *##'838418%y; \where only 76%,
56%, 55%, 54%, 25%, and 59% of the total spectrum, respectively, was measured. The

47,49

spectra remained unnormalized for Ti because the strongest gamma ray for each

isotope would have an unphysical yield if normalized. The contribution of “Cca and
7497 to the elemental spectrum was small. For the ®*Ni and *#218318418%y isotopic
evaluations, we used theoretical calculations to estimate the spectrum of unresolved

(and unmeasured) gamma rays.

Appendix A provides the number of evaluated gamma rays, Q-value, the
measured total energy of the gamma-ray spectrum, and the normalization factor for
each isotope. Elemental spectra were constructed from the isotopic evaluated spectra
and were not further normalized. Section IIl provides further isotopic data used to
construct the elemental spectra. The cross sections and atomic fractions used to
construct the elemental spectra were obtained from the Chart of the Nuclides 15
edition.*® The strongest gamma rays for each evaluation are listed in Appendix B.
Isotopic and elemental spectra based on this work are available on the World Wide Web

at

http://www-xdiv.lanl.gov/PROJECTS/DATA/nuclear/photon/thermal.html

Elemental spectra for Z £ 30 will be published in Atomic Data and Nuclear Data

Tables.!?



[ll. Evaluation Modifications for Each Isotope
'H
The energy of the single gamma ray emitted from neutron capture was updated

to 2.2233 MeV. The revised gamma-ray energy takes into account the recoil energy of

the product nucleus.

He
The atomic weight for “He had been given in the ENDF evaluation in place of the

atomic weight ratio. The atomic weight ratio was changed from 4.0015 to 3.968219.

Be

The original ENDF/B-VI Release 0 evaluation for °Be includes photon-production
data for the six strongest gamma rays. The data are represented by 2-keV-wide energy
bins (File 15) using linear-linear interpolation between points; an incident-neutron

energy-dependent yield is specified in File 12.

In our evaluation we use the same gamma-ray spectrum for all incident neutron
energies; the spectrum is comprised 11 discrete photons in File12. Experimental data
from Kennett et al.”? and Jurney13 were used to produce the best representation of the
gamma-ray spectrum at thermal energies. The energies of the gamma rays were
obtained from the level scheme given by Ajzenberg-Selove.™ We then normalized
these 11 discrete gamma rays to a Q value of 6.81238 MeV using a normalization factor
of 0.9981. The resulting spectrum was then incorporated into the File 12 information
using an incident-neutron energy-dependent yield to conserve energy, as in the

previous evaluation.

In addition to the thermal neutron capture data, we also updated the 9Be(n,tl)
cross section to reflect new experimental results on the 9Be(n,tlg) reaction from Nelson

and Michaudon.*®



l4N

The original ENDF/B-VI Release 6 evaluation for **N includes discrete photon-
production data for 34 gamma rays. The discrete photon-production data in File 12 were
used for incident neutron energies from 1.0x10 to 4.00001x10° eV that had a linearly
decreasing yield with incident neutron energy. A continuum contribution with linearly
increasing yield was phased in over the same incident energy range. The highest
energy discrete gamma ray at 10.8291 MeV was given a more complicated yield table

as a function of neutron energy up to maximum of 40 MeV.

The discrete photon-production data were replaced using the experimental data
of Jurney et al.,"® which encompassed the work of Kennett et al.** The yields from the
Jurney data, representing 58 discrete gamma rays, were normalized to a Q value of
10.83339 MeV using a normalization factor of 1.0009. The new photon-production data
replace the yield for the highest energy gamma ray at 10.8291 MeV at incident neutron
energies below 4.00001x10° eV, but maintain the same distributions as in the original
ENDF evaluation for higher incident neutron energies. The remaining discrete photon
data are composed of the other 57 gamma rays. We maintained the same designation
for the primary photons as in the original evaluation. The File 14 information was
revised to reflect the changes in File 12. We corrected an error present in the original
evaluation of the angular distributions for the highest energy gamma ray (10.8291 MeV)
by dividing each Legendre coefficient by 2L+1. All other discrete photons from radiative
capture were assumed to be isotropic. The File 15 continuum information remains

unchanged for this reaction.

160

A new evaluation for neutron reactions on*°O has been completed for incident
energies between 10® eV and 30 MeV. The evaluation is an update of the original
ENDFB-VI, Release 0 evaluation. It is based primarily on experimental data but also
utilizes nuclear theory, both to enhance the available data and to interpolate and
extrapolate the data into unmeasured regions. The experimental data below a neutron
energy of E,, = 6.2 MeV were synthesized by performing a coupled-channel R-matrix

analysis that included incident charged-particle data as well as the neutron data



described here. At higher energies, especially above E,, = 15 MeV, Hauser-Feshbach
statistical / preequilibrium theory calculations were used to supplement the experimental
data. Upon completion, the evaluation to 30 MeV was combined with a recent
evaluation by Chadwick and Young'’ covering the energy range 20 to 150 MeV,
resulting in a consistent evaluated data file over the range E,, = 10® eV to 150 MeV.

The evaluation is fully documented in a forthcoming publication.*®

New experimental data that are essential for the present evaluation are the
®0(n,xg) cross sections and angular distributions measured by Nelson et al.* from
4 to 200 MeV (although only the data to 30 MeV are used here). Previous evaluations of
n + '°0 data have suffered from the scarcity of direct measurements of (n,n’) cross
sections to low-lying levels of *0. Such data are important in many practical problems;
for example, in calculating neutron transport through air, water, or concrete. The
problem of determining *°0O (n,n’) cross sections is made particularly acute by the
pronounced structure in the energy dependence of the cross sections below
E, =20 MeV. An indirect approach is to infer (n,n’)-level excitation cross sections
from angle-integrated (n,n’g) measurements of discrete gamma rays, using the known
level structure and branching ratios of *°0. However, before the experiment of Nelson
and Michaudon, few measurements of full angular distributions existed, and certainly no
previous data cover this energy range in sufficient detail to adequately determine the

structure in the energy-dependent (n,n’) cross sections.

Additional new data that provide important contributions to the present evaluation
are the total cross section measurements by Finlay et al.” that cover the neutron
energy range from 3 to 600 MeV. Again, only the data to 30 MeV are used for the
present work, but the higher energy results were used in the previous evaluation to
150 MeV that was combined with the present evaluation. Other new data that were
important for the present evaluation were the 14-MeV measurements of 16O(n,a)13C

cross sections by Sanami et al.** and the *°O(n,xg) cross sections by Hlavac et al.



Finally, the discrete gamma-ray data given in the ENDF evaluation for thermal
neutron capture on “°0 were consistent with the available experimental data.”***

No changes were made to this part of the evaluation.

19F

The original ENDF/B-VI Release 0 evaluation specified the capture gamma-ray
spectrum in File 6, which used a histogram distribution with a minimum bin-width of
25 keV. The new evaluation has moved this File 6 data to File 15 and replaced the
lowest-energy incident neutron energy bin (1.0x10° — 2.0x10° eV) with a discrete
gamma-ray spectrum in File 12. There are 168 discrete gamma rays based on the
experimental data of Raman et al.”® The total yield of these gamma rays was
normalized to a Q value of 6.60137 MeV, using a normalization factor of 0.9994. The
continuum data above 200 keV are unchanged from Release 0, but the yield data in

MF=12and MT=102 were modified slightly to conserve energy in the reaction.

Na

The original ENDF/B-VI Release 1 evaluation for natural Na, *Na, is equivalent
to ENDF/B-V, which was completed in 1977. The discrete gamma-ray spectrum
specified in File 12 was used from 1x10™ to 2.0x10" eV with a constant yield as a
function of incident neutron energy and with 17 gamma rays specified as primary
photons. The new evaluation replaces this File 12 information with a new spectrum that
has 292 discrete gamma rays and does not designate any primary photons. The
thermal-neutron capture gamma-ray spectrum shape is assumed for all incident
energies, with incident neutron energy-dependent yields to conserve energy. The
energies for 203 gamma rays from known levels are from Endt et al.,”® and the
remaining gamma-ray energies and yields are from Hungerford et al.*” and Tielens et
al.”® We normalized the spectrum to a Q value of 6.95949 MeV using a normalization
factor of 0.9665.

Mg
The original ENDF/B-VI Release 0 evaluation for natural Mg is equivalent to

ENDF/B-V and was completed in 1978. The radiative-capture gamma-ray spectrum was



specified in File 15 using a histogram distribution with a minimum bin-width of 250 keV.

The new evaluation replaces this File 15 information with a new spectrum that has 55

discrete gamma rays with elemental yields 2 0.47% in File 12 and a background

spectrum in File 15 for the incident neutron energy range of 1.0x10™ to 4.0x10* eV.

We normalized the discrete gamma-ray spectrum to the cross-section and atomic-

fraction weighted Q value of 8.41054 MeV at thermal energies. The 55 discrete gamma

rays in File 12 represent 90.2% of the available energy, whereas the background

spectrum accounts for the remaining 9.8%. The radiative-capture gamma-ray data are

unchanged above 40 keV.

Details for the individual isotopes of Mg are given in Tables 1 and 2. The isotopic

spectra were based primarily on the experimental data of Walkiewicz et al.* and

encompassed the work of Prestwich and Kennett.*°

Table 1: Contribution of

24,25,26

Mg to Thermal Radiative Capture in Natural Mg

Q Value o(n,y) Atomic Contribution to
(MeV) (barns) Fraction Natural Mg (%)
*Mg 7.33073 0.053 0.7899 63.28
*Mg 11.09316 0.2 0.1 30.23
*Mg 6.44340 0.039 0.1101 6.49
Table 2: Information on Thermal Radiative Capture in 24’25'26Mg|
Number of Q Vvalue Total Energy | Normalization
Gamma Rays (MeV) Observed Factor
*Mg 33 7.33073 7.38790 0.9923
Mg 212 11.09316 10.9719 1.0111
*®Mg 35 6.44340 6.41490 1.0044




27A|

The original ENDF/B-VI Release 6 evaluation for >’Al includes discrete photon-
production data for 89 gamma rays. The discrete photon-production data in File 12 are
used for incident neutron energies from 1.0x10 to 1.0x10* eV. Between incident-
neutron energies of 1.0x10* to 1.0x10° eV, the discrete gamma-ray yields decrease

linearly to zero and a continuum representation is linearly introduced.

For our evaluation, we normalized the experimental data from Schmidt et al.,*!
which includes 280 discrete gamma rays, to a Q value of 7.725110 MeV using a
normalization factor of 0.9966. We compared the experimental data from Schmidt with
measurements from Islam et al.,** Prestwich et al.,* Sushkov et al.,** and Stelts et al.*
This comparison suggests that Schmidt’s yields may be low at higher gamma-ray
energies, but the total energy release from Schmidt is in good agreement with the
available energy and no changes were made. Thus, we substituted the Schmidt results
for discrete gamma-ray yields into the evaluation up to an incident-neutron energy of
10 keV, with a linear interpolation to the original continuum evaluation at 100 keV.
Isotropic angular distributions were specified in File 14 for the discrete photons. The
continuum photon-production data from radiative capture in files 12, 14, and 15 remain

unchanged above 100 keV.

Additionally, a special version of the new evaluation was produced that includes
the delayed gamma ray from ?®Al at 1.7791 MeV, but this evaluation will not be
submitted to ENDF.

BZS

The original ENDF/B-VI Release 0 evaluation for 23 is equivalent to ENDF/B-V
and was completed in 1977. The radiative-capture gamma-ray spectrum was specified
in File 15 using a histogram distribution with a minimum bin-width of 250 keV. The new
evaluation replaces this File 15 information with a new spectrum that has103 discrete
gamma rays in File 12. The thermal-neutron capture gamma-ray spectrum shape is
assumed for all incident-neutron energies, with energy-dependent yields to conserve

energy. The gamma-ray energies for the new spectrum, from Raman et al.,** are in

10



good agreement with the measurements of Kennett et al.*" for gamma rays with
energies above 1.697 MeV. We normalized the spectrum to a Q value of 8.64165 MeV

using a normalization factor of 1.0031.

S
The original ENDF/B-VI Release 0 evaluation for natural S is equivalent to

ENDF/B-V and was completed in 1979. The radiative-capture gamma-ray spectrum was
specified in File 15 using a histogram distribution with a bin-width of 500 keV. The new
evaluation replaces this File 15 information with a new spectrum that has 29 discrete
gamma rays with elemental yields of 30.64% in File 12 and a background spectrum in
File 15 for the incident neutron energy range of 1.0x10” to 2.0x10" eV. We normalized
the discrete gamma-ray spectrum to the cross section and atomic-fraction weighted

Q value of 8.60238 MeV at thermal energies. The 29 discrete gamma rays in File 12
represent 94.6% of the available energy, whereas the background spectrum accounts
for the remaining 5.4%. The thermal-neutron capture gamma-ray spectrum shape is
assumed for all incident-neutron energies, with energy-dependent yields to conserve

energy.

Details for the individual isotopes of S are given in Tables 3 and 4. The spectrum
for S, discussed in detail in the previous subsection, accounts for 97% of the
elemental spectrum at thermal energies. The isotopic spectra of %3 and *s were also

based on the measurements of Raman et al.*

Table 3: Contribution of 3*%*3%3°s to Thermal Radiative Capture in Natural S
Q Value o(n,y) Atomic Contribution to
(MeV) (barns) Fraction Natural S (%)
%2g 8.64165 0.53 0.9502 96.99
B3 11.41703 0.45 0.0075 0.65
¥g 6.98590 0.29 0.0421 2.35
36g 4.30462 0.20 0.0002 0.01

11



Table 4: Information on Thermal Radiative Capture in

32,33,34,36
S

Number of Q Vvalue Total Energy | Normalization
Gamma Rays (MeV) Observed Factor
%2g 103 8.64165 8.6152 1.0031
B3 271 11.41703 10.1399 1.1259
¥g 59 6.98590 6.7184 1.0398
36g 15 4.30462 4.3425 0.9911
35,37C|

The original ENDF/B-VI Release 0 evaluation for natural Cl is equivalent to
ENDF/B-V and was completed in 1967. We performed entirely new evaluations for the

naturally occurring isotopes of Cl, %¢l, and ¥'Cl, at all incident-neutron energies.

The original discrete gamma-ray spectrum from radiative capture in File 12 for
natural Cl had 31 photons and used a constant yield at all incident neutron energies.
In our evaluation we updated the photon-production data over the entire incident-
neutron energy range and incorporated discrete gamma-ray Yyields for incident-neutron
energies from 1.0x10™ to 1.0x10° eV. The radiative capture spectrum for *Cl is
composed of 403 gamma rays and is normalized to the Q value of 8.57977 MeV. The
radiative capture spectrum for >’Cl includes 79 discrete gamma rays and is normalized
to a Q value of 6.10783 MeV. Isotropic angular distributions were specified in File 14 for
the discrete photons for both **Cl and *’Cl. A thorough discussion of the experimental
data used to determine these spectra is given in Adams and Frankle.® Above an
incident-neutron energy of 1.0x10° eV, a continuum representation is used for gamma

rays from radiative capture, based on the theoretical analysis summarized below.

The basis for the new evaluations in the resonance region is the JENDL3.2
isotopic evaluation. Above the resonance region (226 keV for %Cl and 202 keV for 37CI),
all reactions in the new evaluation are obtained from a theoretical analysis with the

GNASH Hauser-Feshbach/ preequilibrium model code® that is optimized to the

12



somewhat limited experimental database. We obtained complete new cross sections
and secondary distributions for both isotopes, including full energy-angle information on
emission neutron, proton, deuteron, alpha, and gamma-ray reactions. The details of the

complete evaluations will be given in a forthcoming report.*°

K

The original ENDF/B-VI Release 0 evaluation for natural K is equivalent to
ENDF/B-V, and was completed in 1967. The gamma-ray spectrum specified in File 12
has 47 discrete gamma rays with a constant yield from an incident-neutron energy of
1.0x10 to 2.0x10” eV. The new evaluation replaces this data with a new spectrum that
has 76 discrete gamma rays with elemental yields 2 0.85% in File 12 and a background
spectrum in File 15 obtained by binning 1665 weaker discrete gamma rays. We
normalized the spectrum to the cross section and an atomic-fraction-weighted Q value
of 7.79080 MeV at thermal energies. The 76 discrete gamma rays in File 12 represent
72.5% of the available energy, whereas the background spectrum accounts for the
remaining 27.5%. Details for individual isotopes of K are given in Tables 5 and 6. As
in the original evaluation, the gamma-ray spectrum shape is assumed for all incident-

neutron energies, with incident-neutron energy-dependent yields to conserve energy.

The spectrum for %K was based primarily on the experimental data of von Egidy
et al.,** with input from Op Den Kamp and Spits** and Johnson and Kennett.** The
spectrum for “°K was based on work by B. Krusche et al. (1990),* and the spectrum
for *'K was based on B. Krusche et al. (1985).* Gamma-ray energies for these

isotopes were adjusted based on the level schemes given in Endt.?®

Table 5: Contribution of ***%*K to Thermal Radiative Capture in Natural K

Q Value o(n,y) Atomic Contribution to

(MeV) (barns) Fraction Natural K (%)
K 7.79956 2.1 0.932581 95.06
Ok 10.09526 30 0.000117 0.17
4 7.53383 1.46 0.067302 4.77

13



Table 6: Information on Thermal Radiative Capture in

39,40,41
K

Number of Q Value(MeV) | Total Energy | Normalization
Gamma Rays Observed Factor
3K 432 7.79956 7.86291 0.9919
40k 586 10.09526 10.09347 1.0002
Ak 723 7.53383 7.50611 1.0037

Ca

The ENDF Release 6 evaluation for natural Ca includes photon-production data
from radiative capture in File 15, using 10-keV histogram energy bins and citing a
constant yield from an incident-neutron energy of 1.0x10™ to 2.0x10" eV. This
evaluation has been modified in File 12 to a discrete gamma-ray spectrum comprising
31 gamma rays with elemental yields 3 0.84%, representing 91.9% of the available
energy. The atomic-fraction and cross-section weighted Q value for natural Ca at
thermal energies is 8.35632 MeV. We combined the remaining discrete gamma rays
into a continuum distribution in File 15 for this evaluation. The thermal-neutron capture
gamma-ray spectrum shape is assumed at all incident neutron energies, with linearly
increasing yields to conserve energy. We obtained this compilation of gamma rays for
natural Ca from the best experimental data for the naturally occurring isotopes,
4042434498489 The gamma-ray spectrum for natural Ca accounts for 99.4% of the
available energy. The 0.6% discrepancy is the result of missing gamma rays from “Ca.

Details for the individual isotopes of Ca are given in Tables 7 and 8.

For “°Ca we used the branching ratios in Endt® for decay from the compound
nucleus. For other gamma rays, we adopted Gruppelaar and Spilling.*® The 42 capture
gamma rays were normalized to a Q-value of 8.36277 MeV with a normalization factor
of 1.0025.

14




For **Ca we adopted the energies and yields in Ray E. Birkett's University of
California thesis.*’ The 63 capture gamma rays were normalized to a Q-value of
7.93306 MeV with a normalization factor of 1.0071.

We adopted the energies and yields for “*Ca from White and Birkett.** The data
are not complete and account for only 75.9% of the available energy. The yields

remained unnormalized for this isotope.

The energies and yields we adopted for **Ca were those in Burrows*® (from the
National Nuclear Data Center;*° relative yields were multiplied by 0.77). Burrows
generally adopted the energies of Birkett’” and yields of Gruppelaar et al.>* The results
are in fairly good agreement with those of Arnell et al.>* The 51 capture gamma rays

were normalized to a Q-value of 7.41483 MeV with a normalization factor of 0.9940.

The only data for **Ca(n, g) are from Cranston et al;>> 10 capture gamma rays
were normalized to a Q-value of 7.27617 MeV with a normalization factor of 1.0182.

The evaluation for *Ca(n, g) is an average of two data sets: Arnell et al.>* and
Beer et al.** The 3 capture gamma rays were normalized to a Q-value of 5.14667 MeV
with a normalization factor of 1.00002.

40,42,43,44,46,48

Table 7: Contribution of Cato Thermal Radiative Capture in Natural Ca

Q Value o(n,y) Atomic Contribution to

(MeV) (barns) Fraction Natural Ca (%)
Oca 8.36277 0.41 0.96941 92.50
“2Ca 7.93306 0.7 0.00647 1.05
$Ca 11.13206 6 0.00135 1.89
“ca 7.41483 0.84 0.02086 4.08
“®Cca 7.27617 0.7 0.00004 0.01
BCa 5.14667 1.1 0.00187 0.48
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40,42,43,44,46,48
C

Table 8: Information on Thermal Radiative Capture in a
Number of Q Value Total Energy | Normalization

Gamma Rays (MeV) Observed Factor

“ca 42 8.36277 8.34174 1.0025

*Ca 63 7.93306 7.87745 1.0071

®Ca 279 11.13206 8.44538

*Ca 51 7.41483 7.45939 0.9940

*Ca 10 7.27617 7.14587 1.0182

*®ca 3 5.14667 5.14657 1.00002

45SC

The original ENDF/B-VI Release 2 evaluation for *>Sc contained photon-
production data for radiative capture in File 15 in histogram format. The spectrum in
File 15 and the yield specified in File 12 are unphysical. We therefore eliminated the
original ENDF data completely and replaced it with a discrete gamma-ray spectrum in
File 12 that is used for all incident-neutron energies. The thermal-neutron capture
gamma-ray spectrum shape is assumed for all incident-neutron energies, with energy-
dependent yields to conserve energy. The discrete gamma-ray spectrum is composed
of 480 gamma rays, based on the experimental data from Tielens et al.>® For the 435
gamma rays from known levels, energies were calculated using those of Peker.”® The
total gamma-ray yield was normalized to a Q value of 8.76069 MeV using a

normalization factor of 0.9572.

Ti

The ENDF Release 0 evaluation for natural Ti is equivalent to that of the
ENDF/B-V evaluation performed in 1977. The radiative-capture gamma-ray spectrum
was specified in File 15 using a histogram distribution with a minimum bin-width of
250 keV. The new evaluation replaces this File 15 information with a new spectrum that

has 21 discrete gamma rays in File 12 and a background spectrum in File 15 for the
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incident-neutron energy range of 1.0x10 to 1.46x10° eV. The 21 discrete gamma rays
with elemental yields of 2 0.89% in File 12 represent 90.3% of the available energy,
whereas the background spectrum accounts for 9.1%. As the *"*°Ti data remained
unnormalized, 0.6% of the available energy is unaccounted for in the elemental

spectrum. Details for the individual isotopes of Ti are given in Tables 9 and 10.

For “°Ti, the energies and relative yields were adopted mostly from Burrows.>’
Burrows’ relative yields were multiplied by a factor of 2 to get an estimate of the
"absolute"” yields. These absolute yields are not well known, but account for only 0.8%
of the spectrum for elemental Ti. The yields were normalized to a Q value of 8.87778

MeV with a normalization factor of 1.1042.

For *'Ti, the energies and yields of Ruyl et al. >® were adopted. These data are in
good agreement with those of Fettweis and Saidane.”® The yields were not normalized

to the Q-value because the gamma ray at 0.9835 MeV would have an unphysical yield.

The gamma-ray yields for “*Ti were adopted from Ruyl and Endt,*° and the
gamma-ray energies were adopted from this reference or from Burrows®" for the
79 gamma-ray transitions between known levels. The yields were normalized to a
Q value of 8.14243 MeV with a normalization factor of 1.0084.

The gamma-ray yields for “*Ti were adopted from Ruyl et al.;*®

the gamma-ray
energies were adopted from the same reference or from Burrows® for the 88 gamma-
ray transitions between known levels. The yields were not normalized to the Q-value

because the gamma ray at 1.5538 MeV would have an unphysical yield.

For °°Ti, the gamma-ray energies were adopted from Zhou;®® the yields were
adopted from the same reference and from Arnell et al.* The yields were normalized to
a Q value of 6.37238 MeV with a normalization factor of 1.0514.
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Table 9: Contribution of **"*%4%%Tj {0 Thermal Radiative Capture in Natural Ti

Q Value o(n,y) Atomic Contribution to

(MeV) (barns) Fraction Natural Ti (%)
46T 8.87778 0.6 0.0825 0.81
AT 11.62669 1.7 0.0744 2.06
48 8.14243 7.9 0.7372 95.04
497 10.93922 2.2 0.0541 1.94
50T 6.37238 0.177 0.0518 0.15

46,47,48,49,50:
T

Table 10: Information on Thermal Radiative Capture in i

Number of Q Value Total Energy | Normalization
Gamma Rays (MeV) Observed Factor
46T 30 8.87778 8.0399 1.1042
AT 219 11.62669 10.0915
48T 97 8.14243 8.0746 1.0084
A9 124 10.93922 10.1812
%07 16 6.37238 6.0608 1.0514

51V

The original ENDF/B-VI Release 0 evaluation for natural V, 99.75% atom fraction

>lv/, contained photon-production data for radiative capture was in histogram format in
File 15. The continuum data in File 15 represented discrete gamma rays by using a

bin-width of 0.5 keV at the gamma-ray energy. We have replaced this representation
with 306 discrete gamma rays in File 12, based on the experimental data for >*V from

.%° with an additional 8 low-energy gamma rays from Huo.% At thermal

Michaelsen et a
neutron energies, 99% of the capture reactions for natural V are by *lV. The thermal-

neutron capture gamma-ray spectrum shape is assumed for all incident-neutron
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energies, with energy-dependent yields to conserve energy. The total gamma-ray yield

was normalized to a Q value of 7.31330 MeV using a normalization factor of 1.0250.

50,52,53,54
Cr

The ENDF/B-VI Release 6 evaluations for °*°?**>*Cr have been updated to
include discrete photon-production data for radiative capture, MT=102. The original
evaluations in File 15 represent photon production from radiative capture using
histogram bins with varying energy widths, but typically on the order of 100 keV. To
obtain discrete gamma-ray data for each isotope, a study of available experimental data

was completed.®’

Experimental data from Kopecky®® were used for *°Cr, resulting in 71 discrete
gamma rays. These data are equivalent to what is currently in the Evaluated Nuclear
Structure Data File (ENSDF)69 database. The total yield was normalized to a Q value
of 9.26170 MeV with a normalization factor of 1.0028. However, it appears that the
published data of Kopecky were probably normalized by a factor of 1.18.

Data from ENSDF were used for *Cr, resulting in 11 discrete gamma rays. The
discrete gamma rays in ENSDF are from Kopecky et al.”® and Rudak and Firsov.”* The
gamma-ray energies were calculated using the level energies of Huo.”* We normalized
the total yield to a Q value of 7.93923 MeV with a normalization factor of 1.0632.

Data from ENSDF were used for *°Cr, resulting in 89 discrete gamma rays. All of
the discrete gamma rays in ENSDF are from Hofmeyr.”® The total yield was normalized
to a Q value of 9.71909 MeV with a normalization factor of 1.0341.

Data from ENSDF were used for >*Cr, resulting in 85 discrete gamma rays, all
of which are from White and Howe.” The total yield was normalized to a Q value of
6.24635 MeV using a normalization factor of 1.0202. For each of these evaluations, the
discrete gamma-ray data were added to the evaluation in File 12. The File 12 data are
used over an incident-neutron energy region of 1.0x107° to 1.0x10% eV, taking the place
of the File 15 data for this energy region in the original evaluation. Isotropic angular

distributions were specified in File 14 for the discrete photons.
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55Mn

The original ENDF/B-VI Release 5 evaluation for >>Mn was completed in 1988
and minor corrections were made in 1997. It is a modern evaluation and incorporates
the photon-production data for radiative capture in File 15 in a histogram format with a
bin-width of 25 keV. We replaced the histogram data with a new discrete photon
spectrum including 321 photons over the incident-neutron energy region from 1.0x107
to 1.0x10° eV and linearly phased out the discrete spectrum between neutron energies
of 10 to 100 keV.

There are several complete sets of experimental photon-production data for
gamma rays with energy above 2.0 MeV. For gamma rays with energy below 2.0 MeV,

the data are poor, with much scatter among the very few sets.

For the yields of most gamma rays from the capture of thermal neutrons by >Mn,
we adopted those in the evaluation of Huo et al.,”” who adopted the gamma rays of van
Assche et al.”® for photon energies below 717 keV. For nine gamma rays with energies
between 558 and 1988 keV, Huo et al. adopted the gamma rays from Orphan et al.,”’
which are more intense than those in Rasmussen et al.” by a factor of 1.161. Above a
gamma-ray energy of 2.0 MeV, Huo et al. adopted the results of Colenbrander and

Kennett.”®

Gamma rays in addition to those of Huo et al. were incorporated into the modified
evaluation. We used the gamma-ray branching ratios in Huo® and added three gamma
rays (with energies 307, 1096, and 1343 keV) from the decay of the 2580-keV level
populated by the 4690-keV gamma ray from the capture state. For gamma-ray energies
of 1988 to 2090 keV, we adopted the six yields of Delheij et al.,®* who found that the
yields from both Orphan et al.”” and Colenbrander and Kennett at 1988, 2017, and
2024 keV were too high. The only other published results for gamma rays below 2 MeV,
from Hughes et al.®* and Dorcioman et al.,®® had intensities that tended to be higher

than those adopted by Huo et al.
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The yields adopted by Huo et al. were high because the total energy was 102%
of the available energy. The yields for most gamma rays above 2 MeV were higher than
those in Mellema and Postma,?* Hughes et al., and Alves et al.>® Huo et al. tended to
be too high by a factor of 1.25 for the highest energy gamma rays when compared to
these three data sets. However, the high-energy yields of Huo et al. were similar to
those of Rasmussen et al. Our final evaluation gave a total energy that was 102.6% of
the available energy. Many gamma rays with energies below 2 MeV are still missing,
such as the gamma rays at 1528 and 1617 keV of a preliminary set of results from
Starner and Jurney.86 All other gamma rays in the Starner and Jurney “short-list” of

strong gamma rays for *>Mn are included in our evaluation.

The energies of 173 gamma rays with known levels for transition® were
calculated using a recoil correction. We normalized the final spectrum of 321 gamma

rays to a Q value of 7.27055 MeV using a normalization factor of 0.9746.

54,56,57,58
Fe

The ENDF/B-VI Release 6 evaluations for >*°*°’Fe and the Release 5
evaluations for *®Fe have been updated to include discrete photon-production data for
radiative capture, MT=102. The original evaluations represent photon production from
radiative capture in File 15 using histogram bins with varying energy widths, but typically
on the order of 50 keV. To obtain discrete gamma-ray data for each isotope, a study of

available experimental data was completed.®’

Data from ENSDF were used for **Fe, resulting in 42 discrete gamma rays.
We updated the intensity, or yield, of the gamma ray at 4707 keV to that given in Arnell
et al.?® The total yield was normalized to a Q value of 9.29800 MeV using a

normalization factor of 0.9700.

Experimental data from Vennick et al.*® were used for *°Fe, resulting in 252
discrete gamma rays. Intensities for the two gamma rays, at 122.08 and 136.52 keV,

were taken from Eissa and Honzatko;° data from these two publications are very

21



similar to those in the ENDSF database. The total yield was normalized to a Q value

of 7.64609 MeV using a normalization factor of 1.0016.

Data from ENSDF were used for *’Fe, resulting in 99 discrete gamma rays. The
total yield was normalized to a Q value of 10.04454 MeV using a normalization factor of
1.0262.

Experimental data from Vennick et al.?® were used for *®Fe, resulting in 139
discrete gamma rays. These data are very similar to those contained in the ENDSF
database. The total yield was normalized to a Q value of 6.58090 MeV using a

normalization factor of 1.0013.

For each of these Fe evaluations, the discrete gamma-ray data were added to
the evaluation in File 12. The File 12 data are used over an incident-neutron energy
range of 1.0x10™ to 1.0x10° eV, taking the place of the File 15 data for this energy
range in the original evaluation. Isotropic angular distributions were specified in File 14
for the discrete gamma rays. The maximum evaluation energy was specified in File 1.
For the *®Fe evaluation, the reaction thresholds specified in File 6 for MT=51,52 were

changed to the same as those used in File 3.

58,60,61,62,64p :
Ni

The ENDF/B-VI Release 6 evaluations for >*°%°®2%Njj have been updated to
include discrete photon-production data for radiative capture. The original evaluations
represent photon production from radiative capture in File 15 using histogram bins with
varying energy widths, but typically on the order of a few hundred keV. To obtain
discrete gamma-ray data for each isotope, a study of available experimental data was

completed.®*

Data from ENSDF were used for *®Ni, resulting in 243 discrete gamma rays
based primarily on Harder et al.* The total yield was normalized to a Q value of

8.99951 MeV using a normalization factor of 1.0189.
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Experimental data from Harder et al.** were also used for ®Ni, resulting in 142
discrete gamma rays. The total yield was normalized to a Q value of 7.82005 MeV using

a normalization factor of 1.0194.

Data from ENSDF were used for ®*Ni, resulting in 77 discrete gamma rays,
based mostly on Fanger et al.® Only 56% of the available energy was observed
experimentally. Therefore, the spectrum was not normalized to the Q value before

incorporation into the ENDF evaluation.

Experimental data from Harder et al.”* were used for ®*Ni with the addition of the
3 lowest energy gamma rays from Gardien® for a total of 92 discrete gamma rays. The
total yield was normalized to a Q value of 6.83791 MeV using a normalization factor of
0.9966.

Data from ENSDF were used for ®Ni, resulting in 33 discrete gamma rays based
on Cochavi and Kane,” Ishaq et al.,”” and Arnell et al. (ref. 64). The total yield was

normalized to a Q value of 6.09806 MeV using a normalization factor of 0.9967.

For each of these evaluations, the discrete gamma-ray data were added to the
evaluation in File 12. The File 12 data are used over an incident-neutron energy range
of 1.0x10” to 1.0x10° eV, replacing the File 15 data for this energy range in the original
evaluation. Isotropic angular distributions were specified in File 14 for the discrete

gamma rays.

63,65Cu

The ENDF/B-VI Release 6 evaluations for °*®°Cu have been updated to include
discrete photon-production data for radiative capture. The original evaluations represent
photon production from radiative capture in File 15 using histogram bins with varying
energy widths, but typically on the order of 500 keV. To obtain discrete gamma-ray data

for each isotope, a study of available experimental data was completed.98
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Experimental data from Delfini et al.”® were used for ®*Cu, resulting in 322
discrete gamma rays. The total yield was normalized to a Q value of 7.91602 MeV using

a normalization factor of 0.9998.

100 that resulted in 424

For ®Cu we used experimental data from Delfini et al.,
discrete gamma rays. The total yield was normalized to a Q value of 7.06599 MeV using

a normalization factor of 1.0003.

For each of these evaluations, the discrete gamma-ray data were added to the
evaluation in File 12. The File 12 data are used over an incident-neutron energy region
of 1.0x10” to 1.0x10° eV, taking the place of the File 15 data for this energy region in
the original evaluation. Isotropic angular distributions were specified in File 14 for the
discrete photons. Above an incident-neutron energy of 1.0x10° eV the evaluation is

unchanged.

182,183,184,186
wW

The ENDF/B-VI Release 6 evaluations for 18218218418 have been updated to
include discrete photon-production data for radiative capture. The original evaluations
represent photon production from radiative capture in File 15 using histogram bins of
250-keV width. To obtain discrete gamma-ray data for each isotope, a study of available
experimental data was completed. No improvements were made to the evaluation for
180W as it only contributes 0.2% to the photon production from natural W at thermal
neutron energies. There are few high-quality absolute measurements of gamma-ray

energies and yields for thermal neutron capture on the W isotopes. For 182183184185y

the photon-production data have not been normalized to the Q value because each

spectrum remains incomplete. The Hauser-Feshbach nuclear theory code GNASH**,

which uses the model of Kopecky and UhI***

for gamma-ray strength functions, was
used to calculate continuum photon spectra from unresolved and unmeasured photons

for each of the W isotopes.

182 are from Prokofjev et al.'* A few

103

Most of the experimental data for

additional gamma rays and yields are from Prokofjevs et al.”~ Results from the two
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strongest high-energy gamma rays (6190 and 6146 keV) are somewhat consistent with

104

those in Firestone,” but many other yields vary greatly with the adopted set. Absolute

yields result from using the strongest high-energy gamma rays without interference from
other W isotopes (mainly 6190 and 6146 keV, but also 5165 keV and others) in the

Groshev et al.'® compilation.

For %W, the gamma-ray energies and yields of Firestone,'*® based mainly on

107 108

those of Greenwood and Reich™ " plus some from Bushnell et al.,” were adopted.

Absolute yields were obtained by normalizing Firestone’s yields for major high-energy

gamma rays without interferences (at 7417, 6409, and 6024 keV) to those of

Rasmussen et al.”® and Groshev et al. 1%

The photon-production data for ***W was adopted primarily from Browne.**

Absolute yields are based on the four strongest gamma rays as given by Groshev et

105

al.””". We estimate that the normalization of 0.040 we used to obtain absolute yields for

the Browne data is accurate to +50%.

For **®W, the photon-production data are based primarily on Bondarenko et al.**

We multiplied the relative gamma-ray yields by 0.0526 to obtain absolute yields. The

resulting spectrum is in reasonably good agreement with the data from Firestone.'*

The major gamma rays are consistent with those in Groshev et al.'*®

V. Other Data

70,72,73,74,76 149 155,157
G S Gd

The ENDF evaluations have not been modified for
181

€, m,

Or181

Ta. With the exception of *""Ta, the ENDF evaluations for these isotopes do not

contain any photon-production data, necessitating complete new evaluations to

incorporate the new data. The photon-production data for ***

Ta will be incorporated into
the ENDF evaluation in the future. Because data for isotopes having Z>30 were not
included in our earlier report,11 we include them here for completeness. A sample of the
most intense gamma rays from thermal-neutron capture for these isotopes are given in

Appendix C.
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70,72,73,74,76
Ge

Gamma rays made by the capture of thermal neutrons have been measured
for all 5 isotopes of natural germanium. To obtain discrete gamma-ray data for each
isotope, a study of available experimental data was completed. There are few high-
quality absolute measurements of gamma-ray energies and yields for thermal neutron
capture on the Ge isotopes. The isotopic Ge data for thermal neutron capture are

summarized in Tables 11 and 12.

Table 11: Contribution of "*"*"3*°Ge to Thermal Radiative Capture in Natural Ge

o(n,y) Atomic Contribution to

(barns) Fraction Natural Ge (%)
Ge 3.0 0.2084 28.47
2Ge 0.9 0.2754 11.29
BGe 15. 0.0773 52.79
"“Ge 0.42 0.3628 6.94
*Ge 0.15 0.0761 0.52

70,72,73,74,76
G

Table 12: Information on Thermal Radiative Capture in e
Number of Q Value Total Energy Fraction of
Gamma Rays (MeV) Observed Energy
Observed
Ge 95 7.41595 47472 0.6401
“Ge 54 6.78294 3.8664 0.5700
“Ge 809 10.19620 7.3699 0.7228
"Ge 61 6.50550 3.8475 0.5914
“Ge 14 6.07260 1.3877 0.2285
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Because each spectrum remains incomplete for all 5 Ge isotopes, the photon-
production data have not been normalized to the Q value. The yields adopted here for

all Ge isotopes are higher than those in previous evaluations that adopted the yields of

112

Groshev et al.”™“ GrosheV's yields were based on the yields of Magruder and Smither

(1969).M*° As discussed by Islam et al.,"** all gamma-ray yields for Ge isotopes based
on Magruder and Smither are too low. The yields adopted here are consistent with the

measurements using natural germanium by Rasmussen et al.”®

For the capture of thermal neutrons by "°Ge, the energies and yields of Islam et

114

al.”~" for gamma rays with energies above 4880 keV were adopted. For gamma rays

with energies less than 2000 keV, the measurements of Weishaupt and Rabenstein'*

were adopted and their yields were multiplied by a factor of 3.5088. Gamma rays not in

114

Islam et al. ** or Weishaupt and Rabenstein'** were taken from Groshev et al.,**? and

their yields were multiplied by a factor of 1.7. Most gamma-ray energies are probably

not much better than ~1 keV. They generally agree with the level assignments and level

energies of Bhat'*®

114

to ~1 keV or better. The yields of the high-energy gamma rays of
Islam et al.”™" are reported to be good to about 10%. Most other yields have
uncertainties of ~25-50%. The set is not complete, missing about 36% of the total
energy and more than one-half of the gamma rays from the capture level. The sum into
the ground state is 149%; most of the low-energy gamma rays that decayed into the

ground state have more gamma rays decaying out than decaying into those levels.

For "“Ge, energies and yields of the gamma rays with energies above 4890 keV

114

were taken from Islam et al. .~ For gamma rays with energies less than 2000 keV,

the yields of Weishaupt and Rabenstein**® were used and multiplied by a factor of 2.

Gamma rays not found in these two references were taken from Groshev et al.'*?

Except for the results using Islam et al.,***

117

these yields are usually 2.0 times those
adopted by King and Chou.”" Most gamma-ray energies are probably not much better
than ~1 keV. The gamma-ray energies generally agree with the level assignments and
level energies of King and Chou to ~1 keV or better. The yields of the high-energy
gamma rays of Islam et al.'** are reported to be accurate to about 10%. Most other

yields are estimated to have uncertainties of ~25 to 50%. The set is not complete,
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missing about 43% of the total energy and about one-half of the gamma rays from the
capture level. The sum into the ground state is only 7.6%, although the sum of gamma
rays into the 0-, 13.27-, and 66.72-keV levels is 71%. The sums into and out of various

levels usually do not agree well.

The photon-production data for ">Ge were adopted from Islam et al.™** For
gamma rays not in Islam et al., we used the energies and 1.5 times the yields of C.

Hofmeyr et al. (private communication, 1985) as reported in Farhan.'®

Most gamma-
ray energies are probably not much better than ~0.5 keV. They generally agree with the
level assignments and level energies of Farhan to ~0.5 keV or better. The yields of the

high-energy gamma rays of Islam et al.***

are reported to be good to about 10%. Most
other yields are estimated to have uncertainties of ~25% or more. The set is not

complete, missing about 28% of the total energy and 74% of the gamma rays from the
capture level. The sum into the ground state is 83% (mainly the 596-keV gamma ray).

The sums into and out of various levels usually do not agree well.

For “Ge, the energies and yields of most gamma rays with energies above

4700 keV were adopted from Islam et al.™**

For most other gamma rays, the energies
and yields of Groshev et al."*? were used; the yields were multiplied by a factor of 2.
For four gamma rays with energies less than 317 keV, the energies and yields of
Weishaupt and Rabenstein™*> were adopted; the yields were multiplied by a factor of 2.
For 16 gamma rays with energies below 1502 keV that were not in the above
references, we used the sum of the yields of gamma rays into these levels and the
gamma rays from the de-excitation of these levels from Farhan and Rab'?, Except for

the results using Islam et al. ***

and the 16 decay gamma rays, these yields are 2.0
times those adopted by Farhan and Rab. Most gamma-ray energies are probably not
much better than ~0.5 keV. They generally agree with the level assignments and level
energies of Farhan and Rab to ~0.5 keV. The yields of the high-energy gamma rays of

Islam et al. 1**

are reported to be good to about 10%. Most other yields are estimated
to have uncertainties of ~25 to 50%. The set is not complete, missing about 41% of the
total energy and over one-half of the gamma rays from the capture level. The sum into

the ground state is 79%. Sums into and out of various levels usually do not agree well.
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For °Ge, the photon-production data are based on the results of Groshev et al.

120

12 and Hasselgren.*?° As with the gamma-ray yields adopted for most other Ge

112

isotopes, the yields of Groshev et al. ~“ were doubled. The yields of Farhan and

Singh,*! based on Hasselgren, were also doubled. Thus the adopted yields are about
twice those of Farhan and Singh. Most gamma-ray energies are probably not known to
better than ~1 keV. They generally disagree with the few level assignments and level
energies of Farhan and Singh by more than ~1 keV. It is estimated that the yields have
uncertainties of the order of 50% or more. The set is very incomplete, having only 23%
of the total energy and 22% of the decays from the capture level. The sum of decays

into the ground state is ~1%.

l498m

149

The isotope ““Sm captures about 98.7% of the thermal neutrons captured by

natural samarium. The data for this isotope tend to be very incomplete. For the best set
of intensities, the report values often had to be adjusted by factors up to ~50%. For

gamma-ray energies when the levels were known, the level energies from der

122

Mateosian and Tuli"*“were used. For all intensities and the energies for gamma rays

when the levels were not known, the results adopted were those of Smither*?®

below 2331 keV) and Reddingius and Postma™**

(energies
(energies above 5398 keV). For

gamma rays not included by those 2 papers, the data of Groshev et al.**

were adopted.
For additional gamma rays, the results of Rasmussen et al.”® were used. (The data from
Rasmussen et al. may include some of the stronger gamma rays from other Sm

isotopes.)

The 334-keV gamma ray accounts for about 96% of the decays to the ground
state. Because the sum into the ground states of many high-Z isotopes are usually fairly
complete, the sums of all intensities to the ground state were normalized to
~99%. Only 4% of the decays from the capture level are known. The energies of many
of these gamma rays are poorly known. The stronger ones are probably known to ~1
keV if the levels are not known and better if the levels are known (most levels are now
known to ~0.1 keV or greater). The intensities of most gamma rays are probably not

known to ~20%, and intensities for weaker gamma rays could be worse. The data for
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the 450 adopted gamma rays account for only 26.98% of the total energy for capture by
°Sm at7985.76 keV.

155,157
Gd

The isotopes >°Gd and **'Gd capture about 18.5% and 81.5%, respectively, of

the thermal-neutron capture by natural gadolinium.

For the energies and intensities of 1006 **°

126

Gd-capture gamma rays, the results

and Klora et al.*?’

used were those of Backlin et al. When both had the same gamma
ray, their data were averaged. If one source had only one gamma ray and the other
had two gamma rays very close in energy, the source that resolved the two gamma rays
was used. The data in both sets agreed very well and their reported intensities were
adopted. The energies are very consistent with the levels in Helmer,"*® who only had
the Bachlin et al. data. The energies are good to ~0.1 keV for low energies and

~0.5 keV for the highest energies. The relative yields are generally good to ~10%.
About 86% of the decays into the two lowest levels of *°Gd are in the adopted set,
which seems a reasonable sum. Thus, the absolute yields are probably good to ~10%
for the stronger gamma rays. However, many gamma rays are missing because the
sum from the capture level is only 18%; only 38.72% of the total energy of 8536.40 keV

is accounted for.

For the energies and relative intensities of 906 *°
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Gd-capture gamma rays, the
values adopted were those of Greenwood et al.”” For the absolute yields for the low-
and high-energy data sets of Greenwood et al., the normalization factors of Helmer™*°
were adopted. The sum into the two lowest states (0 and 79.5 keV) is about 69%, which
might be low by a factor of ~1.4 (assuming that ~95% of such decays should have been
measured). The sum from the capture state is only 18%, and only 27.82% of the total
possible energy of 7937.33 keV is present. Thus, the set is far from complete. The
energies are probably good to ~0.1 keV for the stronger gamma rays. The relative
intensities of Greenwood et al. have uncertainties of ~10% or more. The absolute
intensities probably are not much better than ~25%, and possibly off by ~40%, for the

stronger gamma rays.
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For the capture of thermal neutrons by natural tantalum, ***

Ta captures about
99.7% of the neutrons. Three sets of data were used for both energies and relative
intensities of the capture gamma rays. From 44 to 988 keV, the data of Van den Cruyce

131 \were used. For 3882 to 6063 keV, the data used were those of Helmer et al.'*

et al.
For gamma-ray energies between those in these two data sets, the data of Rasmussen
et al.”® were used. The low-energy data of van den Cruyce et al. are consistent with
those of Helmer et al. The high-energy data of Helmer et al. are consistent with those

of Wasson et al.***

To convert the relative intensities of van den Cruyce et al. (at low
energies) and those of Helmer et al. (at high energies) to intensities per 100 neutron
captures, Firestone™* recommended multiplying both sets of intensities by 0.072
(x0.002). Using these factors, the sum from the capture state is ~100% and that into
the ground state is ~14%. However, the normalized intensities in those two energy
regions differ from the stronger gamma rays in Rasmussen et al.”® by factors of 5 and
10, respectively. The yields of Rasmussen et al. were adopted as absolute, which
required multiplying the van den Cruyce et al. low-energy intensities by 0.36 and the
Helmer et al. high-energy intensities by a factor of 0.0072. The sum into the ground
state is now 72% — and an additional 22% decays to the 16-keV level of 18219 —
making the ground-state sum about 94%. For most heavy nuclei, decays into the
ground state tend to be much closer to 100% than decays from the capture state, so the
resulting sums are reasonable. The 673 adopted gamma rays account for 28.66% of the
total available energy of 6063.00 keV. The reported "absolute” intensities of Groshev et

1% at high energies are similar to those of Rasmussen et al.”® to within ~50%. The

al
energies are probably good to ~1 keV. The intensities are probably uncertain by ~50%

or possibly more.

V. Summary

We have compiled the best experimental data for thermal-neutron capture for the

naturally occurring isotopes of elements from hydrogen through zinc and for

012737416 149gm 199137Gq 1817, and 182183184186y - This compilation has been
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used to update the ENDF evaluations for 'H, “He, °Be, N, *°0, *°F, Na, Mg, ?’Al, S,

325, 35'37C|, K, Ca, TI, 458C, 51V, 55Mn, 50,52,53,54Cr1 54’56‘57’58Fe, 58'60'61'62'64Ni, 63'65CU, and

182,183.184.186\/  |n addition, the inelastic cross sections and corresponding secondary-

photon distributions were updated for 180, Complete new evaluations incorporating the

35,37

improved photon-production data were submitted to ENDF for Cl. An error in the

atomic weight ratio was corrected for the “He evaluation. The strongest gamma rays for

the modified evaluations and for the compilation of experimental data for "*"*"*"*7°G

1498

e,
m, ®>**’Gd, and **'Ta are given in the appendices.

The improved photon-production data were incorporated into File 12 of the ENDF
evaluations. For all evaluations except **N, the radiative-capture photon angular
distributions were assumed to be isotropic. For N, we corrected an error present in
the original evaluation of the angular distributions for the highest-energy gamma ray
(10.8291 MeV) by dividing each Legendre coefficient by 2L+1. All other gamma rays
were assumed to be isotropic in the original N evaluation. The Q values were updated
in File 3 for radiative capture (MT=102) in each modified evaluation. The suite of ENDF
checking codes was run and any problems identified by the checking codes were
corrected.

The photon-production data for thermal-neutron capture reactions has been
greatly improved in the ENDF evaluations. Modeling for prompt gamma-ray
spectroscopy applications has been improved substantially with the modified
evaluations. An MCNP library based on the modified evaluations will be produced in the

near future.
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Appendix A

Normalization Factors used in the ENDF Evaluations for

Isotopic Prompt Gamma-Ray Spectra from Thermal Neutron Capture
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Isotope Number of Q-Vvalue Measured Normalization
Gamma Rays (MeV) Total Energy Factor
(MeV)

°Be 11 6.81238 6.8253 0.9981
N 58 10.83339 10.8236 1.0009
9k 168 6.60137 6.6053 0.9994
“Na 292 6.95949 7.2007 0.9665
Mg 33 7.33073 7.3879 0.9923
Mg 212 11.09316 10.9719 1.0111
*Mg 35 6.44340 6.4149 1.0044
2TAl 280 7.725110 7.7515 0.9966
23 103 8.64165 8.6152 1.0031
S 271 11.41703 10.1399 1.1259
g 59 6.98590 6.7184 1.0398
®s 15 4.30462 4.3425 0.9911
¥l 403 8.57977 8.5438 1.0070
3c 79 6.10783 6.0779 1.0049
¥K 432 7.79956 7.8629 0.9919
K 586 10.09526 10.0935 1.0002
K 723 7.53383 7.5061 1.0037
“Ca 42 8.36277 8.3417 1.0025
“Ca 63 7.93306 7.8775 1.0071

BCa 279 11.13206 8.4454
“Ca 51 7.41483 7.4594 0.9940
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Isotope Number of Q-Value Measured Normalization
Gamma Rays (MeV) Total Energy Factor
(MeV)

“Ca 10 7.27617 7.1459 1.0182
BCa 3 5.14667 5.1466 1.00002
sc 480 8.76069 9.1524 0.9572
7] 30 8.87778 8.0399 1.1042

i 219 11.62669 10.0915
BT 97 8.14243 8.0746 1.0084

“Ti 124 10.93922 10.1812
O7Ti 16 6.37238 6.0608 1.0514
>ty 306 7.31130 7.1328 1.0250
cr 71 9.26170 9.2358 1.0028
2Cr 11 7.93923 7.4672 1.0632
SCr 89 9.71909 9.3985 1.0341
Cr 85 6.24635 6.1226 1.0202
>Mn 321 7.27055 7.4598 0.9746
>Fe 42 9.29800 9.5865 0.9699
Fe 252 7.64609 7.4515 1.0016
>'Fe 99 10.04454 10.0316 1.0262
Fe 139 6.58090 6.5783 1.0013
N 243 8.99951 8.8421 1.0189
ONij 142 7.82005 7.6757 1.0194

®INi 77 10.59733 5.9117
2N 92 6.83791 6.8612 0.9966
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Isotope Number of Q-Value Measured Normalization
Gamma Rays (MeV) Total Energy Factor
(MeV)

*Ni 33 6.09806 6.1176 0.9967

%3Cu 322 7.91602 7.9165 0.9998

®cu 424 7.06599 7.0649 1.0003

182y 446 6.19074 3.4141

183y 269 7.41180 3.9962

184w 87 5.75378 1.4661

180y 533 5.46675 3.2479
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Appendix B

Prompt Gamma-Ray Spectra from Thermal Neutron Capture
for the Updated ENDF Evaluations

Prompt gamma rays having intensities greater than 0.01 times the strongest gamma ray

for a given isotope or element are given in the following listing. Complete gamma-ray

spectra are available for all the isotopes on the WWW at
http://www-xdiv.lanl.gov/PROJECTS/DATA/nuclear/photon/thermal.html
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Be-9 Total nunmber of ganma rays 11

= g = g = | g
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/ 100)
853. 6 23.5 3367.6 33.0 5956. 6 1.5

2590.0 22.6 3443. 6 10.6 6809. 9 65. 4
N 14 Total nunber of gammma rays 58

= g = g = r

(keV) (#/1 0) (keV) (#/ 100) (keV) (#/ 100)
1678. 3 8.0 3013.6 0.6 5533. 4 19.6
1681.2 1.6 3532.0 8.9 5562. 1 10.7
1854. 0 0.7 3677.7 14.5 6322. 4 18.2
1884. 8 18.8 3855. 6 0.8 7299.0 9.4
1988. 5 0.3 3884.2 0.6 8310. 2 4.1
1999.7 4.1 4508. 7 16.7 9149.0 1.5
2520. 4 5.6 5269. 2 29.9 10829. 1 14.3
2830. 8 1.7 5297. 8 21.2

F-19 Total nunber of gamma rays 168

E, P E, P E, P
(keV) (#/1 0) (keV) (#/ 100) (keV) (#/100)
166. 8 4.6 2179.1 1.0 3488.1 7.6
325.7 0.4 2194.2 1.4 3586. 2 3.0
556. 4 2.1 2229.8 0.5 3589.5 1.9
583. 6 37.8 2255. 8 0.9 3679.9 0.9
656. 0 20.8 2310.0 0.4 3741. 4 0.6
661. 6 1.6 2324.1 1.2 3823.1 1.1
662. 2 1.1 2427. 8 2.0 3964.9 4.6
665. 2 15.6 2431.1 3.7 4046. 7 0.4
822.7 2.3 2431.4 0.7 4081. 8 0.6
978. 2 0.6 2447. 6 1.5 4173.5 1.8
983.5 12.2 2469. 3 2.1 4200. 6 1.1

1046. 0 1.9 2504. 5 0.4 4245. 7 1.0
1056. 8 9.9 2519.1 0.7 4335.1 0.5
1148.1 2.8 2529.2 6.1 4556. 8 5.5
1187. 7 0.5 2529. 6 0.9 4708. 2 0.5
1282.1 0.9 2623.2 0.5 4735. 2 0.6
1309.2 8.0 2636. 1 1.0 4757.0 2.0
1371.5 1.5 2655. 7 0.8 4951.9 0.6
1387.9 8.7 2921.0 1.0 5033.5 6.5
1392.2 0.8 2930. 3 0.9 5279. 3 4.4
1542.5 2.9 2965. 9 1.0 5291. 4 2.5
1644.5 0.8 3014. 6 4.3 5360.9 1.2
1843. 7 6.4 3025.1 0.8 5543. 7 4.3
1935.5 0.8 3051. 4 3.1 5554. 6 0.5
1970. 7 0.9 3074.8 2.0 5616. 8 1.4
2009.5 0.5 3112.7 2.5 5935.1 1.0
2043.9 0.7 3219.9 0.6 6016. 7 9.9
2143. 3 2.1 3387.6 0.6 6600. 1 9.9
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Na- nat Total nunber of gamma rays 292

& X & | g & | g

(keV) (#/ 100) (keV) (#/ 100) (keV) (#/100)
.0 43. 4 1914.5 1.2 2865. 6 2.7
472.2 88.9 1927.9 0.9 2904.7 1.2
499. 4 2.3 1950. 2 1.9 2981.9 2.6
563. 2 1.6 2025.1 6.4 3025.9 2.7
778. 2 0.9 2030. 3 4.3 3096. 7 3.7
781. 4 3.3 2071.7 1.2 3099. 9 2.8
835.3 2.0 2208. 4 5.3 3116. 8 0.9
869. 2 18.9 2361.1 1.6 3214.1 1.0
874. 4 13.2 2397.3 1.3 3369.9 2.6
1149. 8 0.9 2414.5 4.7 3504. 8 1.3
1282. 8 1.0 2505. 5 3.4 3587.3 11.2
1322.3 1.1 2517.8 14. 2 3643. 7 1.3
1344. 6 4.0 2595.4 1.0 3878.0 4.0
1373.8 1.1 2752.1 10.1 3981.3 12.5
1633.1 1.0 2763.0 1.0 4187. 3 1.4
1636. 3 4.9 2808.5 3.2 5617. 3 4.4
1899. 6 1.2 2860. 4 3.5 6395. 3 19.2
M- nat Total nunber of gamma rays 280

E | g B lg B
(keV) (#/ 100) (keV) (#/100) (keV) (#/100)
389.7 8.7 2438. 4 7.3 3834.0 0.5
585.1 46. 2 2510.0 0.9 3916.9 47. 6
863.1 0.6 2523.7 1.6 4216. 4 2.3
974.8 9.6 2541. 2 2.2 4322. 7 0.5
984.9 1.0 2828. 2 35.4 4410. 2 1.1
1003. 3 2.5 2881.7 4.3 4528.5 0.5
1129.6 14.1 2938.2 1.5 4602. 9 0.6
1411. 7 2.0 3054.0 12.1 4766. 9 0.5
1615. 3 1.1 3209.0 0.6 4967. 2 2.6
1713.1 2.1 3301.4 8.9 5067. 1 1.5
1767.6 0.5 3319.7 1.5 5402.0 3.3
1775. 3 2.1 3341.0 0.8 5800. 7 0.5
1808. 7 28. 4 3413. 2 5.9 6355. 0 1.5
1896. 7 1.5 3551. 2 1.7 6442.5 0.6
1978. 3 1.6 3561.3 3.9 6742.2 0.6
2132.7 1.4 3691.1 1.0 8153.5 4.6
2189.6 0.9 3744.0 2.2 9282.7 0.7
2353.3 0.7 3810.1 1.5
2426.1 0.8 3831.5 6.7

Al -27 Total nunber of gamma rays 280

E, g E, I E, |

(keV) (#/100) (keV) (#/100) (keV) (#/100)
.6 29.6 983.0 4.4 1193.5 0.6

400.6 0.6 1013. 6 2.7 1283. 6 1.1
831.5 1.3 1074.0 0.6 1342. 3 1.0
865. 9 0.5 1102.1 0.7 1364. 8 0.4
941.7 1.3 1125. 3 0.4 1408. 4 3.1
968. 6 0.4 1173. 4 0.4 1526. 3 1.8
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2096. 3 1.8 2705.4 1.4 3683. 9 2.1
2133.5 2.9 2743.2 1.5 3893.0 1.4
2201.1 0.4 2813. 6 0.9 3974. 7 2.0
2205. 2 1.2 2855.0 1.3 4126.9 16.9
2214.6 5.8 2895. 2 1.7 4165.5 1.0
2245. 2 1.2 3051.0 0.8 4362.1 4.7
2276. 4 0.5 3138.0 2.3 4405. 4 1.0
2285.7 2.3 3202.1 0.5 4415. 4 12.9
2290.0 0.5 3213.1 1.0 4422. 7 2.2
2351.5 1.1 3364.9 8.5 4490. 6 15.2
2422.9 1.9 3538. 4 1.5 4735.1 0.9
2544. 4 0.4 3566. 4 0.9 5352.3 7.6
2569. 0 0.4 3635.3 1.6 6108.0 3.3
K- nat Total nunber of gamma rays 1741
E, P E, P E, P
(keV) (#/ 100) (keV) (#/100) (keV) (#/100)
29.8 81.3 2289.8 2.6 3779.0 0.9
106. 8 1.6 2389.3 1.3 3911. 4 0.9
522.3 1.4 2546.0 2.6 3930.6 1.5
646. 2 2.0 2609. 9 1.3 3943.8 0.9
770.3 40.5 2614.1 1.1 3959.0 1.4
843.5 1.5 2638.9 1.0 3977.9 1.2
891. 4 0.8 2726. 8 1.5 4001. 7 1.5
1086. 7 1.0 2756. 7 1.8 4060. 8 1.4
1158.9 7.4 2799.0 0.9 4135.5 3.2
1247.2 3.6 2806. 4 1.7 4200.0 2.1
1303. 5 2.5 2839.7 1.8 4360. 1 4.1
1373.8 1.2 2917.8 0.8 4384.9 1.4
1480. 1 1.5 3055.3 2.7 4991. 3 2.1
1489. 7 1.1 3262. 3 2.3 5012.5 1.1
1613. 8 5.4 3304. 2 0.9 5042. 4 1.7
1619.0 5.8 3336.3 1.6 5068. 8 1.2
1704. 6 0.9 3348.7 1.1 5173.1 2.2
1795.5 1.3 3403. 4 0.9 5379.9 7.4
1929. 2 1.7 3453.3 1.6 5509. 2 3.0
1956. 5 1.7 3518. 8 1.0 5695. 4 5.3
2007.7 2.4 3527.0 1.0 5729. 2 2.1
2017.5 2.5 3545. 7 4.4 5751.7 5.2
2039.9 2.5 3650. 3 2.1 6998. 7 2.0
2047.3 2.5 3688.5 1.4 7768.9 5.3
2069. 8 1.9 3694. 8 1.3
2073. 8 6.1 3736.8 1.1
Ca- nat Total nunber of gamma rays 448
E | g = I = | g
(keV) (#/ 100) (keV) (#/100) (keV) (#/100)
174.3 3.1 1482. 1 1.2 2606. 6 1.5
519.7 12. 4 1671. 2 1.2 2660. 4 1.2
727.3 1.9 1725. 7 1.8 2768.9 2.6
1126.0 1.0 1942.7 82.1 2811.2 3.5
1150.9 1.0 2001. 8 17.5 2992.3 0.8
1156.9 1.8 2010.1 10.7 3584. 4 3.1
1389. 6 2.0 2290. 3 1.5 3609. 9 7.4
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4465. 8 0.4 5481. 6 0.7 6364. 2 0.6
4499.0 0.7 5499. 9 0.4 6457. 6 0.6
4599.0 0.3 5530.5 0.4 6468. 4 0.5
4617. 8 0.5 5555. 4 0.4 6507. 4 0.4
4628.5 0.3 5568. 5 0.3 6557.0 2.4
4656. 6 0.3 5583. 8 0.6 6640. 9 0.6
4679. 3 0.5 5624.0 0.9 6646. 0 0.5
4720. 7 0.9 5665. 6 0.7 6716. 7 1.6
4823. 1 0.4 5678. 7 0.3 6839.0 2.2
4883. 8 0.6 5743. 2 1.0 6840. 3 3.2
4891. 8 0.6 5780. 6 0.5 6874. 1 0.7
4919. 3 0.5 5803. 6 0.3 7052.3 0.3
4975.0 2.5 5896. 9 2.1 7117. 4 2.0
4993. 7 0.9 5904. 3 0.5 7233.3 0.6
5084. 9 0.5 5977. 2 0.4 7489. 6 0.4
5128. 4 0.5 6046. 2 0.6 7635. 8 2.4
5155.1 0.3 6055. 0 1.4 7671. 4 0.3
5163. 3 0.8 6065. 7 0.3 7924.9 0.5
5210.1 0.6 6097.5 0.4 8132.5 2.5
5267.1 1.8 6170. 2 2.3 8175.1 9.6
5286. 1 0.6 6192. 2 0.5 8315.7 1.9
5335.8 1.0 6201. 3 0.3 8470. 3 0.7
5346.0 0.5 6300. 6 0.9 8532.1 4.9
5363.7 0.4 6309. 1 0.3 8759. 8 0.9
5378.9 0.4 6317.9 3.1
5446. 2 0.7 6349. 8 2.6
Ti - nat Total nunber of gamma rays 486
E, g E, | E, |
(keV) (#/ 100) (keV) (#/100) (keV) (#/100)
341.7 23.8 1589. 3 1.0 3920. 4 1.2
983.5 2.0 1762.0 5.1 4713. 8 0.9
1121.1 1.2 1793.5 2.5 4881. 4 4.3
1381.8 81.9 2943.1 0.9 4966. 8 2.8
1498. 7 4.7 3026. 7 2.0 6418. 4 29.2
1553. 8 1.9 3475.6 1.5 6555. 9 4.9
1585. 9 9.8 3733.6 1.3 6760. 1 44 .4
V-51 Total nunber of gamma rays 306
E, g E, | E, |
(ke (#/ 100) (keV) (#/100) (keV) (#/100)
17.1 5.8 823.2 6.2 1611. 8 0.5
22.8 0.5 846.0 4.9 1622. 4 0.5
124.5 4.3 886.7 0.3 1634.0 0.5
125.0 28.8 982.0 0.4 1664. 2 1.1
147.8 5.0 1001. 6 1.2 1732.5 0.3
295.0 3.9 1254.9 0.5 1775. 4 0.8
419.5 5.6 1307. 3 0.8 1777.9 3.4
436. 6 5.4 1322.9 0.5 1952.9 1.4
645. 7 13.2 1333.6 0.6 2004. 8 0.4
682.0 0.3 1358. 5 3.2 2020. 8 0.5
698. 1 0.8 1401.7 1.5 2083. 7 0.8
712.9 1.1 1418. 8 1.5 2100. 8 0.6
793.5 3.8 1558. 8 6.9 2145.8 3.4
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2410. 4 0.7 4116.9 1.9 5578. 3 0.4
2516.0 0.4 4452. 2 1.2 5752.0 7.7
2711.0 0.4 4486.5 0.4 5892.1 2.5
2841.7 0.7 4771.9 0.3 6464. 8 9.2
2887.5 0.3 4883. 3 1.4 6517. 3 16.9
3502.7 0.7 4992.9 0.7 6874. 1 10.7
3534.1 0.6 5142.3 4.0 7162.8 13.0
3578.1 0.8 5210.1 4.9 7287.9 1.3
3735.3 0.3 5515. 8 8.1 7293.5 2.1
3772.7 0.3 5551. 2 0.6 7310.7 5.1
Cr-50 Total nunber of gamma rays 71
= g E lg E g
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/ 100)
749.0 80. 2 2349.0 2.3 5222.3 2.3
888. 2 2.2 2376. 7 5.4 5490. 6 1.8
1124.0 1.3 2990.1 1.0 5494. 6 2.0
1149. 4 4.5 3017. 4 1.1 6136. 3 7.6
1537.2 1.9 3021. 4 1.5 6372.0 4.0
1899. 3 12.3 3262.9 1.6 7363.2 13.7
2001.1 2.1 3593.5 0.9 8485.0 26.1
2113.4 1.1 4625. 2 1.1 8513.0 37.1
Cr-52 Total nunber of gamma rays 11
E, g E, | E, g
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/ 100)
564.0 17.0 3616. 6 3.8 7374.6 12.1
2120.0 2.6 4322.1 3.3 7938.6 62.1
2320.9 15.9 5269.0 6.0
2670. 8 4.5 5618. 2 15.3
Cr-53 Total nunber of gamma rays 89
E, | E, I E, |
(keV) (#/100) (keV) (#/100) (keV) (#/100)
834.9 81.3 3719.8 4.1 6326. 4 1.2
1784.7 10.2 4847.5 2.0 6645. 6 10.6
1994. 6 3.0 4872. 3 1.1 6890. 2 2.4
2239.1 11.3 5707.1 1.4 7100.1 8.5
2558.5 1.2 5859. 0 1.2 8884. 8 45.5
2601. 9 2.4 6000. 0 5.0 9719. 8 15.1
3177.9 1.4 6283.0 2.1
Cr-54 Total nunber of gamma rays 85
E, | E, I E, |
(keV) (#/100) (keV) (#/100) (keV) (#/100)
241.8 22.5 880. 7 0.7 2202.0 0.7
324.0 1.6 908. 3 8.1 2379.5 1.6
517.7 0.7 1197.2 0.6 2457. 8 0.6
565. 9 12.0 1232.2 0.9 2652. 4 0.8
840.9 3.1 1474. 3 7.1 2687.0 0.9
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2894. 3 1.5 3548.5 0.9 5680. 4 2.2
2930. 6 0.6 3558. 6 1.5 6004. 4 13.7
3221.1 1.9 4771. 8 13. 4 6246. 4 56.6
3351.5 2.8 5421.3 2.2
vh- 55 Total nunber of gamm rays 321
= g = g = | g
(ke (#/ 100) (keV) (#/ 100) (keV) (#/ 100)
26. 6 35.1 2147. 3 0.5 4230. 6 0.4
83.9 19.5 2176. 6 1.1 4267.1 0.7
104. 6 10.7 2183.1 0.5 4380. 8 0.5
188.5 2.4 2205. 3 0.9 4445, 8 0.8
212.0 12. 7 2210. 6 1.6 4550. 3 0.7
215.1 0.9 2294.5 1.1 4565. 9 1.9
229.9 0.4 2331.2 1.9 4588. 5 0.4
271.2 7.8 2338. 4 0.7 4643.9 0.8
274. 3 0.4 2342. 4 0.4 4689. 8 1.0
314. 4 9.2 2368. 4 0.5 4724.5 2.7
306.6 0.4 2429. 2 0.4 4828. 5 1.2
335.5 0.8 2437. 8 0.4 4841.0 0.6
341.0 0.6 2594.5 0.5 4873. 8 0.7
354.1 0.6 2598. 6 0.4 4907. 7 0.7
375.2 0.8 2610. 6 0.4 4935.0 0.4
454. 3 2.8 2622.7 0.6 4949. 1 2.0
459.7 1.6 2677.7 0.8 4969. 5 0.4
504.9 0.6 2832.9 0.4 5015. 4 6.0
541. 4 0.4 2864. 4 0.4 5035.1 1.0
558. 7 0.5 2926.9 0.4 5067.0 2.7
611.5 0.7 2970. 2 0.5 5180. 4 3.7
716.2 0.7 3003.2 0.6 5198.9 0.8
864. 6 0.4 3047.5 0.4 5253.7 1.2
1055. 4 0.8 3267.0 0.5 5404. 3 0.4
1139.3 2.9 3346.9 0.5 5432.9 1.3
1256. 6 1.4 3399.6 0.4 5436. 6 1.2
1322. 6 1.1 3408.9 3.1 5525. 8 6.5
1402.0 3.4 3498. 6 0.5 5760. 3 1.7
1509. 9 2.6 3580. 4 0.4 5919. 3 0.8
1705. 4 1.4 3626. 8 0.7 6031. 2 0.5
1747.0 3.2 3642.0 0.6 6104. 2 1.9
1876. 2 0.9 3752.0 0.4 6429.7 0.7
1915.0 1.9 3814.8 1.0 6783.8 3.3
1987. 6 1.1 3820.2 0.6 6929.1 2.3
2044.7 2.0 3857.6 0.6 7058.0 10.7
2063. 2 1.3 3927.1 0.4 7159.5 5.8
2090. 4 0.8 3979. 2 0.4 7243. 4 12.0
2122.5 0.5 4104. 4 0.4 7270.0 3.4
2138.5 0.4 4222.7 0.7
Fe- 54 Total nunber of gamma rays 42
E, Iy E, | E, Iy
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/ 100)
412.0 18.4 1315.0 0.8 1872.0 0.8
931.0 2.0 1506. 0 0.7 1918.0 2.0
1240.0 1.0 1638.0 1.6 2052.0 1.9
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2470.0 3.8 3552.0 1.4 5391.1 1.2
2618.0 2.3 3792.0 1.8 5507.5 2.3
2670.0 1.4 3906.0 0.8 5745. 4 2.2
2791.0 0.7 4180.0 0.8 6268. 9 3.1
2873.0 1.1 4455. 0 1.6 6617.0 0.7
3005.0 1.0 4495.0 3.3 6826. 8 1.8
3028.0 2.5 4589. 6 2.5 7246. 3 1.9
3380.0 1.4 4707.0 1.2 8886. 4 11.9
3508. 0 1.0 4802. 8 2.8 9297.8 64.0
Fe- 56 Total nunber of gamm rays 252
= g = I = l
(keV) (#/ O ) (keV) (#/ 100) (keV) (#/100)
122.1 3.8 2091.9 0.4 3412.9 1.6
136.5 0.5 2129.5 0.7 3436. 4 1.6
230. 3 0.9 2682.5 0.4 3921.5 1.3
352.4 9.5 2696. 6 0.3 4218.0 3.8
366. 8 1.7 2721.2 1.4 4405. 7 1.6
569. 9 0.5 2753.0 0.4 4462.5 0.5
692.0 4.8 2755.9 0.6 4675.1 0.4
898. 3 1.9 2832.5 0.5 4809. 8 1.9
920.9 0.8 2873.7 0.4 4948. 3 0.8
1019.0 1.7 2954.0 0.4 5730. 6 0.5
1197. 3 0.4 3103.1 0.7 5920. 4 9.6
1260. 6 2.5 3186.0 0.7 6018. 4 9.9
1358. 7 0.9 3225.3 0.3 6380.5 1.1
1612. 8 5.4 3239.3 0.3 6717. 4 0.5
1722. 4 0.3 3267.1 1.3 7278.8 6.0
1725.3 6.3 3291.1 0.3 7631.2 29.0
2066. 2 0.5 3356. 3 0.3 7645. 6 25.0
Fe- 57 Total nunber of gamma rays 99
= g = g = 4

(keV) (#/ 100) (keV) (#/ 100) (keV) (#/100)
524.7 1.2 2820.0 1.9 5044.0 11.0
810.5 67.7 2876.0 5.8 5493.9 11.2
863. 6 18.6 3071.0 1.6 5600. 2 1.1
1107. 3 3.5 3162.0 1.4 5691. 6 2.6
1306.0 0.8 3205.0 0.8 5721.8 2.6
1322.5 1.1 3326.0 5.8 5747.0 2.5
1446. 3 3.6 3486.0 1.0 5905. 6 2.6
1662.5 0.9 3540.0 1.8 6028. 7 1.2
1674.2 18.1 3740.0 1.1 6163. 1 3.4
1862.5 1.6 3881.8 1.4 6414. 3 1.6
1971.0 7.5 4139.9 2.5 6506. 4 7.0
2065. 5 6.5 4298. 1 1.0 6960. 7 10.8
2137.6 0.7 4322.1 2.2 7262.2 11.7
2273.3 13.3 4443.0 0.7 8369. 7 12.1
2433.5 2.1 4521.0 0.8 9233.7 2.3
2490. 6 0.7 4626. 5 3.4 10044.1 2.8
2513.5 1.6 4749. 8 3.1

2726.0 7.4 4823.9 2.5

2781.0 3.5 5001. 0 1.5
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Fe- 58 Total nunber of gamma rays 139

= Ly = g = g
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/100)
287.0 59.1 1569. 9 0.7 3340. 8 1.1
439. 4 0.8 1598. 8 0.6 4011.5 0.7
570. 8 4.9 1719.9 0.7 4133. 4 3.6
591.2 3.3 1722.1 0.7 4618. 9 3.4
727.4 20. 2 1918. 7 5.7 4661. 8 8.2
841.2 0.8 1961.9 0.8 5419.5 7.1
875.1 1.0 2160. 2 2.3 5854. 3 14.9

1192.5 0.7 2908. 6 0.6 6293. 6 47.1
1211.2 2.0 3114.0 1.0 6580. 9 3.4
1235.5 2.4 3239.5 1.0

Ni - 58 Total nunber of gamma rays 243

E, g E, I E, |
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/ 100)
339.4 7.2 1950.1 1.7 5817. 2 3.7
465. 0 23. 4 2554. 1 1.6 5973.0 0.9
878.0 7.7 2842.1 1.8 6105. 3 2.4

1188. 8 1.8 3221.1 0.5 6583. 9 2.7

1301.5 1.8 3675. 2 1.0 7697.1 1.3

1340. 3 0.7 4858. 6 1.5 8120.5 4.4

1537.0 0.6 5312. 6 1.8 8533. 4 24. 2

1734.8 0.5 5435. 8 0.6 8998. 4 51.0
Ni - 60 Total nunber of gamm rays 142

E, g E, | E, g
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/ 100)
656. 1 1.0 2124.0 6.4 6719.9 2.4
816.7 1.8 4404. 7 0.7 7536. 5 30.9
938. 6 0.7 4674.9 0.9 7819.4 54.3

1099. 7 1.3 5695. 7 6.6
1185. 3 2.3 6634. 3 1.3
Ni -61 Total nunber of gamma rays 77

E, g E, I E, |
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/100)
464. 6 1.5 1985.1 4.1 6179.0 1.0
756. 8 1.6 2084. 2 4.0 6445. 0 1.2
875.6 14. 3 2097. 3 7.2 6532.0 1.8

1092.5 0.9 2301.4 10. 4 6623.0 1.7
1128. 7 6.8 2345. 6 4.5 6738.0 1.2
1163. 3 5.8 2799.4 1.8 6748.0 1.3
1172.8 76.0 3158.0 1.7 7073.0 1.5
1185.9 2.5 3270.0 1.6 7078.0 3.6
1220. 8 5.2 3370.0 1.6 7326.0 4.8
1718. 3 1.2 3860.0 1.6 7338.0 1.4
1761.0 1.0 3972.0 1.2 7436.0 2.0
1886. 2 1.7 4061.0 0.9 7703.4 4.0
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8302.5 0.8 9422.3 5.0
8551. 3 4.6 10594. 6 3.7
Ni - 62 Total nunber of gamm rays 92
E, g E, | E, |
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/ 100)
155.5 7.0 845.7 4.2 6319.5 4.0
362. 4 2.9 1168.2 1.2 6681. 9 1.4
483. 4 3.8 5513.9 1.6 6837. 4 84.2
517.9 0.9 5836. 2 6.3
Ni - 64 Total nunber of gamma rays 33
= g = g = r
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/ 100)
63. 6 12.0 1107. 4 .6 5405. 8 8.9
310.2 21.9 1346.0 2.4 5787.8 17.6
382.0 0.7 3386.7 0.8 6034. 8 66. 8
629.0 7.0 3951. 4 1.1
692. 6 1.4 4680. 3 3.8
Cu- 63 Total nunber of gamma rays 323
E, Iy E, | E, g
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/ 100)
159. 3 15.2 1158.8 0.7 5408. 9 0.4
203.0 4.9 1241.5 0.5 5418.5 1.8
212. 4 1.0 1242. 6 0.5 5615.0 0.5
264.9 0.8 1298.1 0.4 5636. 2 0.4
278. 3 24.0 1320. 3 0.7 5771.5 0.5
343.9 5.9 1361.8 0.5 6010. 8 1.6
376.9 0.7 1521.2 0.4 6063. 7 0.6
384.7 1.5 1683. 1 0.5 6321.5 0.4
449.5 1.1 1852. 6 0.4 6394.9 1.4
460. 8 0.4 2497.9 0.8 6595. 6 0.6
468.0 1.8 3588.5 0.3 6618. 2 1.1
494.9 0.7 3591. 4 0.5 6674.9 2.0
503.7 1.6 3844. 4 0.5 6989.0 3.5
534.1 0.7 4133.1 0.4 7037.8 0.4
579. 8 2.5 4286. 6 0.3 7177.1 2.6
608. 8 7.8 4320. 2 1.3 7253.1 4.1
617. 4 0.7 4475. 7 0.5 7307. 3 9.0
648. 8 2.9 4497.0 0.4 7572.3 1.7
663. 1 2.0 4504.0 0.5 7638.0 16. 2
767.8 0.7 4603. 1 0.5 7756.9 1.6
878.3 1.0 4658. 5 0.8 7916. 3 33.1
962.7 0.4 5183.9 0.4
1019. 6 0.4 5190.1 0.7
1138.8 0.8 5258.7 1.0
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Cu- 65

&
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543.
547.
552.
724.
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62

1085.
1100.
1128.
1164.
1192.
1262.
1289.
1294.
1370.
1380.
1407.
1411.
1416.
1424.
1437.
1455.
1463.
1470.
1485.
1504.
1510.
1523.
1529.
1555.
1564.
1569.
1573.
1581.
1587.
1595.
1602.
1610.
1615.
1627.
1633.
1652.
1661.
1672.
1684.
1691.
1725.
1735.
1764.
1789.
1795.
1818.
1837.
1848.
1853.
1869.
1885.
1891.
1897.
1944.
1957.
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1967.
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2022.
2028.
2080.
2118.
2129.
2162.
2177.
2184.
2202.
2236.
2267.
2304.
2325.
2346.
2351.
2369.
2393.
2404.
2433.
2458.
2476.
2481.
2488.
2493.
2500.
2511.
2517.
2523.
2562.
2567.
2574.
2591.
2747.
2849.
2928.
2947.
2979.
2985.
3084.
3093.
3159.
3173.
3203.
3211.
3275.
3290.
3306.
3344.
3357.
3379.
3408.
3418.
3422.
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3475.
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3492.
3503.
3561.
3567.
3575.
3579.
3597.
3655.
3668.
3673.
3688.
3706.
3710.
3740.
3757.
3763.
3773.
3798.
3807.
3821.
3867.
3887.
3898.
3907.
3943.
3955.
3981.
4014.
4026.
4064.
4091.
4132.
4162.
4246.
4304.
4321.
4367.
4379.
4460.
4518.
4557.
4562.
4634.
4719.
4881.
5164.
5256.
6144.
6190.
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W 183

&
(kev)

111

124.
215.
226.
252.
295.
318.
3309.
382.
384.
418.
482.
607.
635.
641.
646.
687.
710.
711.
724.
743.
746.
757.
763.
769.
769.
792.
797.
810.
871.
882.
891.
894.
903.
920.
930.
996.
1004.
1007.
1010.
1013.
1018.
1022.
1060.
1098.
1121.
1126.
1256.
1275.
1313.
13109.
1338.
1373.
1386.
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Tot al

(#/ 100)
19.

nunber of gamma rays 269
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&
(kev)

1391

1412.
1431.
1444.
1487.
1500.
1502.
1503.
1523.
1543.
1554.
1570.
1585.
1608.
1624.
1629.
1633.
1697.
1735.
1765.
1786.
1808.
1826.
1834.
1848.
1854.
1869.
1877.
1895.
1902.
1920.
1945.
1949.
1978.
1986.
1995.
2002.
2015.
2035.
2056.
2097.
2110.
2135.
2183.
2258.
2267.
2284.
2328.
2370.
2389.
2458.
2690.
2703.
2733.
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(#/ 100)

&
(kev)

3349.
3449.
3528.
3604.
3640.
3667.
3696.
3707.
3724.
3759.
3776.
38309.
3864.
3956.
3962.
4025.
4120.
4146.
4160.
4184.
4226.
4242.
4275.
4299.
4306.
4342.
4375.
4384.
4393.
4442,
4460.
4491.
4596.
46009.
4647.
4653.
4680.
4690.
4703.
4797.
4892.
4952.
4971.
5007.
5015.
5021.
5040.
5116.
5164.
5242.
5284.
5312.
5321.
5348.
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5375.3 0.2 6024.5 3.4 7300.0 1.5
5533.7 0.5 6190. 6 2.5 7411.2 5.8
5783.5 0.2 6289. 5 2.2
5796. 7 2.2 6408. 5 4.1
5979.9 0.3 6507. 7 0.9
W 184 Total nunber of gamma rays 87
= lq = g = g
(keV) (#/ 100 (keV) (#/ 100) (keV) (#/100)
107.8 0.1 768. 3 0.6 1195.7 1.2
110. 4 0.1 788. 1 0.9 1330. 4 1.1
164.9 0.0 804.0 0.6 1345. 6 0.8
173.5 0.3 822.5 2.6 1408.0 1.0
177.0 0.5 840.0 0.5 1452. 0 1.0
188. 4 0.1 888. 8 1.0 1458. 3 0.9
221.2 0.1 894.6 1.4 3873.3 0.3
239.5 0.1 903.3 1.7 4097.5 0.2
265. 6 0.3 912. 6 2.9 4182. 2 0.2
272. 8 0.4 944. 3 0.8 4218. 7 1.3
294.0 0.1 949.1 0.3 4312. 8 1.1
316.0 0.1 975.7 0.6 4395. 3 0.3
416.9 0.5 993.0 0.3 4468. 7 0.9
418. 4 0.6 1007. 4 0.9 4508. 5 0.2
450. 7 0.8 1027. 8 1.0 4535. 8 2.9
463. 8 0.2 1031.9 1.2 4573. 6 4.0
482. 6 0.1 1048. 0 0.3 4691. 7 0.3
517.3 0.6 1075.0 0.3 4746. 3 2.2
570.1 1.2 1098. 0 0.3 4932.0 1.1
580.5 0.8 1104.0 0.3 4980. 5 0.6
636. 6 1.7 1110.0 0.3 4986. 8 0.7
640. 1 2.1 1122.6 0.9 5025. 3 0.3
664. 2 2.6 1126. 4 1.8 5091.7 2.6
675.2 0.7 1153. 3 0.4 5659. 0 0.1
715. 4 0.3 1158. 4 1.0 5730.0 0.1
734.0 0.6 1165.1 2.1 5754. 1 1.5
744.7 1.2 1173. 7 0.8
757.5 1.8 1181.6 3.1
W 186 Total nunber of gamm rays 533
E, g E, | E, |
(keV) (#/ O ) (keV) (#/ 100) (keV) (#/ 100)
77.3 2.1 162. 4 0.1 376.9 0.6
98.5 0.4 201. 4 3.3 390.7 0.2
102.0 1.7 204.8 1.5 424.0 0.7
124.2 1.7 226.1 1.0 428.5 0.2
127.6 2.8 253.6 0.4 465. 8 0.2
129.0 0.4 273.1 3.5 474. 1 0.9
141.0 0.3 276. 2 0.2 489. 4 0.1
143.2 0.3 290.1 0.8 495, 2 0.2
145. 8 13.1 303.4 0.7 500.1 0.7
148.9 0.4 331.0 0.2 528.1 0.4
157.5 0.4 355.0 0.5 531.3 0.8
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533.
541.
546.
548.
557.
565.
567.
577.
588.
598.
601.
605.
611.
616.
629.
635.
640.
647.
655.
657.
659.
661.
663.
670.
694.
706.
713.
726.
738.
745.
759.
762.
770.
775.
782.
785.
789.
803.
807.
814.
816.
831.
833.
837.
852.
861.
863.
866.
872.
877.
881.
889.
891.
894.
909.
911.
914.
929.
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933.

936.

941.

979.

989.

990.
1008.
1012.
1015.
1018.
1027.
1057.
1060.
1065.
1067.
1071.
1078.
1082.
1088.
1094.
1105.
1107.
1126.
1135.
1140.
1169.
1179.
1184.
1228.
1231.
1272.
1287.
1296.
1328.
1341.
1346.
1359.
1384.
1400.
1408.
1414.
1437.
1450.
1454.
1466.
1487.
1501.
1524.
1535.
1546.
1565.
1587.
1601.
16109.
1628.
1640.
1646.
1653.
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1677.
1691.
1700.
1759.
1771.
1785.
1792.
1827.
1905.
1909.
1919.
1924.
1937.
1946.
1955.
1965.
1976.
2024.
2028.
2037.
2044.
2062.
2071.
2082.
2090.
2095.
2100.
2125.
2136.
2139.
2151.
2160.
2175.
2198.
2211.
2242.
2252.
2283.
2291.
2296.
2322.
2345.
2349.
2362.
2396.
2408.
2415.
2421.
2424,
2431.
2442,
2453.
2472.
2482.
2495.
2504.
2509.

COONOPRARWUINUIOOOOOODOPAP,RWPAROOOWNPOOONWPARWRPRONOUONPAPWRANONOPRPOUUIUIOOUTFRL 000 OWN

COOO00O000000000000O00000000000000000000000000000000000000000
WRRANRPRANWNNNRPOWIROWONWONRNRERRPNNNONWOWONWNWNRNNNNOMNWONNRERANNW®WERN P

65



66

2513.
2520.
2529.
2538.
2553.
2557.
2564.
2585.
2590.
2602.
2606.
2618.
2629.
2636.
2661.
2677.
2685.
2690.
2704.
2708.
2739.
2745.
2752.
2761.
2769.
2787.
2805.
2814.
2831.
2839.
2843.
2849.
2878.
2900.
2911.
2914.
2933.
2939.
2953.
2974.
2996.
3007.
3041.
3051.
3056.
3115.
3123.
3161.
3184.
3192.
3207.
3225.
3234.
3239.
3298.
3316.
33209.
3343.
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3423.
3470.
3487.
3493.
3511.
3530.
3535.
3561.
3576.
3622.
3739.
3761.
3775.
3804.
3823.
3848.
3902.
3921.
3966.
4016.
4083.
4119.
4137.
4153.
4159.
4250.
4332.
4385.
4448.
4478.
4487.
4558.
4575.
4627.
4651.
4685.
5262.
5321.
5467.
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Appendix C

Prompt Gamma-Ray Spectra from Thermal Neutron Capture

for 70,72,73,74,76Ge’ 1498m, 155'157Gd, and 181Ta

Prompt gamma rays having intensities greater than 0.01 times the strongest gamma ray

for a given isotope or element are given in the following listing. Complete gamma-ray

spectra are available on the WWW at
http://www-xdiv.lanl.gov/PROJECTS/DATA/nuclear/photon/thermal.html
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Ge-70 Total nunber of gammma rays 95

= g = g = | g
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/100)
174.9 34.7 851.0 2.8 4032. 8 1.0
247. 3 2.7 883.5 2.3 4075. 7 0.6
283.5 2.3 886. 4 1.9 4155.1 0.5
306. 2 3.1 916. 6 2.0 4313.5 0.5
308.2 2.2 920.2 2.1 4340. 6 0.7
326.0 12.9 935.1 1.9 4391. 7 1.1
331.3 2.0 1017. 4 1.9 4514. 3 1.0
343.6 0.6 1033.7 1.1 4635. 8 0.5
350.1 1.9 1095. 8 13.6 4881. 8 2.1
365. 4 0.8 1139. 4 11.3 4951.0 0.4
391.3 5.5 1204.5 0.8 4980. 6 0.5
444. 8 2.1 1298. 8 10.5 5064.0 1.0
457. 2 1.1 1349.0 0.7 5158. 8 0.9
499.9 35.9 1378.8 3.5 5191.2 0.7
517.7 2.4 1415.7 1.1 5269. 6 1.0
526.6 2.1 1600. 1 0.8 5383.9 1.6
561. 8 1.5 1632.0 3.9 5450. 7 3.5
571.9 3.7 1743. 2 1.1 5672. 3 0.5
580. 1 0.5 1941.0 1.1 5817. 2 3.5
615. 4 2.4 3375.5 1.1 5873. 2 0.4
633.5 1.8 3514.3 0.7 6037. 2 5.5
639. 4 1.4 3549.7 0.7 6116.9 5.3
708. 2 17.3 3710. 3 1.0 6276. 3 2.6
747.0 2.2 3845.9 0.7 6320.0 1.9
788.7 2.9 3859.5 1.0 6584. 3 1.1
798. 3 1.5 3893.9 0.5 6707.5 4.8
808. 2 3.0 3953.0 0.7 6915. 7 3.8
831.3 10.5 3991.1 0.8 7415. 6 1.9

Ge-72 Total nunber of gammma rays 54
E, P E, P E, P
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/ 100)
8.8 7.6 763. 3 3.5 4363.5 0.9
203.9 1.9 769.9 0.5 4381. 2 0.7
233.6 1.4 784.7 1.9 4492.0 0.7
253.0 24.1 975.9 2.1 4572. 3 0.5
284.7 5.3 1250.1 13.8 4594. 0 0.8
297.2 14.9 3140. 8 1.6 4650. 7 0.8
316.9 1.8 3334.5 1.0 4890. 7 0.6
326.0 28.5 3520. 3 0.5 5238.3 0.6
431. 4 8.6 3651.6 0.6 5395.9 0.4
474. 0 5.3 3704. 4 0.6 5518. 3 9.3
488.0 1.8 3789.9 0.9 5650. 9 4.1
528. 4 2.3 3852. 4 0.7 5740. 2 4.8
541. 8 3.0 3898. 4 1.7 5851.0 2.2
560. 3 3.0 4008.0 1.0 5867. 1 0.8
632. 2 2.4 4062. 3 1.7 6227.9 1.5
650. 2 3.8 4076. 6 1.8 6390. 2 10.5
679. 3 1.2 4217.9 1.7 6418. 6 4.8
739.4 3.6 4299. 3 0.6 6717.0 1.4
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Ge-73 Total nunber of gamma rays 809

= | g = g = | g
(keV) (#/ 100) (keVv) (#/ 100) (keVv) (#/ 100)
289. 2 0.9 1205.9 1.3 4423. 6 0.
492.9 6.7 1228. 3 0.8 4686. 3 0.8
516. 3 1.4 1332.1 1.0 4686. 3 1.2
595.9 75.0 1338.1 0.9 4808. 8 0.8
606. 9 1.0 1384. 1 0.9 4952.0 1.0
608. 4 16. 8 1471. 6 3.6 5237.1 1.4
701.5 4.6 1489. 3 2.0 5237.1 2.1
770. 2 1.1 1509. 7 2.5 5348.1 0.8
808. 2 1.3 1573.8 1.1 5368.0 2.5
867.9 44.3 1617.5 1.3 6172.2 0.8
878.1 0.8 1631. 6 1.2 6200. 2 1.0
939.2 2.4 1635.5 1.1 6265.9 1.0
961.1 10.9 1640. 7 0.8 6717.0 0.9
999. 8 5.0 1675.7 0.8 7091. 2 1.5

1101. 3 11. 7 1713.0 1.1 7222.2 0.8
1105. 6 6.2 1755.9 1.0 7260. 1 2.5
1131. 4 4.2 1940.5 3.0 8030.5 1.1
1150. 4 1.1 2073.7 1.2 8498. 6 0.8
1200. 9 0.9 2532.0 0.8 8732.0 1.0
1204. 2 7.6 2785. 8 1.0

Ge-74 Total number of ganma rays 61

E, P E, P E, P
(keV) (#/1 0) (keVv) (#/ 100) (keVv) (#/100)
111.8 0.8 885. 6 0.9 3846. 8 1.0
121.1 0.9 927.2 7.7 3934.9 0.9
124.7 0.6 932.7 1.9 3979.5 0.4
139.2 14.2 1043. 3 3.0 4410.6 2.0
177.3 4.4 1174.6 0.7 4436. 4 3.0
204.0 1.9 1222.0 8.7 4707.0 7.1
253.7 18.6 1248. 8 6.4 4747. 6 0.8
299.7 0.3 1136.9 0.6 4816. 9 3.1
310.7 0.5 1427.0 0.4 4990.0 2.0
316.9 3.2 1501.1 5.2 5003. 2 2.3
445.2 4.7 1545.0 6.3 5075.9 1.1
455.8 3.2 3302.9 0.9 5088. 0 4.3
481. 4 0.8 3337.7 1.1 5368.0 2.5
574.7 26.6 3348. 3 0.7 5620.1 2.3
632. 3 0.4 3502. 2 0.8 5745.0 0.6
679.8 0.3 3553. 3 1.2 5930. 3 2.9
737.1 2.6 3607.5 0.9 6252. 2 11.8
762. 4 2.7 3635.5 0.6 6505. 1 2.8
820.1 1.1 3745. 3 0.6
841.6 3.1 3826.1 0.6
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Ge-76 Total nunmber of ganma rays 14

= g = g = | g
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/ 100)
159.5 0.6 3895. 2 2.1 5049. 1 5.4
195. 6 0.3 4008. 5 1.5 5420. 1 1.5
431.5 1.6 4193. 2 4.9 5444.7 0.5
808. 2 4.5 4514. 3 0.5 5912.9 9.3
850. 8 3.2 4821. 8 0.3

Sm 149 Total nunber of gamma rays 450

= g = I = g
(keV) (#/ 100) (keV) (#/ 100) (keV) (#/ 100)
315.1 1.0 712.2 4.8 1165.6 1.4
333.9 95.6 731.2 1.1 1170. 6 3.3
403.0 1.4 737. 4 10. 4 1176. 6 1.0
439. 4 56.1 748. 1 1.7 1193.7 1.9
485. 9 1.3 831.3 1.2 1263.2 1.3
505.5 10. 3 859.9 1.6 1322.0 1.5
584. 3 9.5 869. 3 1.6 1350. 1 1.8
675.8 3.1 1047.9 2.8

Gd- 155 Total nunber of gamma rays 1006
= g = lg = l
(ke (#/ 100) (keV) (#/ 100) (keV) (#/100)
89.0 20. 4 1067.2 2.3 1646. 2 0.4
199.2 30.0 1073.5 0.4 1682. 2 1.6
262. 6 0.3 1079.2 1.2 1723.8 0.3
296.5 2.6 1119.9 0.9 1738.9 0.4
350.5 0.4 1129. 4 0.8 1756.9 0.4
356. 4 0.7 1153.5 3.3 1762.6 0.3
532.5 0.4 1154. 2 4.6 1818.5 0.5
534.3 0.4 1159.0 6.8 1826. 2 0.6
614.5 0.6 1169.1 1.9 1827.9 0.4
626. 3 1.1 1174.2 1.4 1845.5 0.6
704. 4 0.3 1180. 4 2.7 1857.5 0.5
717.1 0.4 1187.2 4.5 1872.9 0.4
727.1 0.3 1208.9 1.0 1922.9 0.4
727.7 0.4 1218.7 0.9 1937.7 0.3
748. 8 0.3 1222. 4 1.9 1946. 1 0.3
780.2 0.5 1230.7 5.6 1958. 9 0.4
816. 3 0.5 1242.5 2.8 1965. 2 1.1
841.2 1.2 1250. 7 1.6 1981.5 0.3
877.6 0.6 1258.0 0.7 1987.0 0.4
922.3 0.3 1266. 4 0.9 2017. 8 0.7
959.7 1.2 1277.5 2.5 2026.9 0.4
959. 8 1.7 1332. 3 0.3 2032. 4 0.4
960.5 1.3 1334.5 0.4 2127.7 0.5
969. 9 2.5 1366. 5 1.4 2152. 4 0.4
987.9 2.0 1421.5 0.8 2211.5 0.5
1009. 6 0.9 1449. 9 1.5 2214.0 0.4
1032. 4 0.5 1480. 3 0.3 2362.5 0.4
1040. 5 3.0 1605. 2 0.6 2576. 3 0.3
1065. 2 5.6 1628. 2 0.3 4527.1 0.4
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4983.
5093.
5588.
5661.
5696.

&d- 157

72

(ke
79

181.
255.
277.
528.
539.
595.
606.
637.
675.
688.
743.
750.
768.
780.
782.
814.
820.
824.
852.
866.
867.
870.
870.
875.
879.
897.
897.
902.
915.
917.
922.
944.
944.
952.
962.
977.
998.
1000.
1004.
1007.
1010.

OO ONO

Tot al

NWOORARRPRPFPOORUIUTIOODOOWOONNOORFRPFOWRMARPPRPOMNIOANOOOUINOO

Coo0oo
B WWW

5786. 7
5884.1
6033. 9
6345. 6
6349. 5

nunber of gamma rays

1

CORPORPWIOOPOORPOWNOOOOOOO0O0O0O0ONOOOOOO0OO0O0ORO®O
CWRNUOOUNAMAOINNRAWORADRNONNNUWWONWARMWRWNWONDWR ©W-

(#/ 100)
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Ta-181  Total nunber of gammma rays 673

E l g = lg = g
(ke (#/ 100) (ke (#/ 100) (keV) (#/ 100)
44. 6 0.7 92.5 0.9 195. 1 1.0
46.5 1.7 94. 2 2.1 210.5 1.2
47.8 1.8 95. 2 1.1 214. 2 0.8
53.1 0.7 96. 6 0.4 228. 7 0.5
54.0 0.6 97.5 0.9 233.7 1.0
54. 1 0.5 97. 8 4.3 237.3 0.4
54.5 0.7 99. 8 4.3 244.8 0.5
55. 8 1.1 100. 6 0.8 246. 2 0.4
56. 7 1.0 103.5 0.6 252.8 0.4
56. 7 1.3 104. 1 1.0 259. 2 0.4
57.1 0.6 104. 6 0.4 260. 1 0.5
57.1 0.6 105. 8 0.6 270. 4 36.0
58. 1 0.7 105. 9 0.6 274.9 0.5
58. 4 0.5 106. 0 0.5 275. 4 0.5
58.9 0.4 107.9 1.8 297.1 8.6
58. 9 0.7 108. 2 0.5 322.6 0.5
59.3 1.0 112.3 0.5 346.5 1.3
59. 3 2.1 114.3 8.3 349.9 0.5
59. 7 0.6 114. 4 2.4 360.5 2.5
64.0 0.5 114.7 2.7 373.9 0.7
65.5 0.6 117.0 0.6 377.3 1.7
65. 6 1.1 118.9 2.7 382.2 0.9
65. 6 1.4 119.5 0.5 394.0 0.4
65. 7 1.5 119.7 0.6 397.0 0.9
66. 4 0.8 121.5 0.4 398.9 0.4
66. 4 0.5 122.6 0.5 401. 2 0.6
66. 4 0.4 122.7 1.4 402. 4 0.4
66.5 0.4 123.0 1.0 402. 6 16.9
67.2 0.6 125. 0 0.4 406. 2 0.7
67. 4 0.8 125.1 0.8 406. 9 0.5
69.5 0.6 130. 2 0.5 420. 4 0.5
71.9 0.8 132.6 0.4 443. 6 0.6
72.6 1.1 132.7 0.4 466. 7 0.5
72.9 0.6 133.7 0.4 473. 8 0.7
72.9 0.8 133.9 16. 6 477. 4 0.5
73.2 0.8 139.5 1.9 478.7 0.5
73.3 2.0 139.7 0.4 480.0 0.8
73.5 0.8 141.2 1.2 481. 2 1.4
73.6 1.0 142.3 0.6 489. 5 0.5
74.3 2.0 143. 2 3.6 495. 1 0.5
74.3 0.9 146. 8 2.9 499. 1 0.6
75. 4 1.1 154. 1 1.6 499. 3 0.5
75.5 1.3 156. 1 3.6 501. 1 0.5
76.6 0.4 156. 2 0.6 506. 0 0.4
78.0 0.5 159. 1 0.8 507. 7 0.9
79.3 0.5 167. 4 0.4 508. 9 0.8
82.7 1.6 171. 6 0.7 509. 9 0.8
82.9 0.4 173.2 20.9 510. 7 0.6
83. 4 0.8 173.3 0.7 511.2 2.5
85. 3 0.7 176. 2 2.4 512. 4 0.7
85. 6 0.9 177.3 0.5 513. 1 0.6
86.5 0.7 178.6 1.2 530. 6 0.5
90. 1 0.7 182.8 0.7 535. 3 1.0
91.5 0.4 190. 3 2.8 536. 8 0.4
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