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I. Introduction 
 
In recent years substantial progress has been achieved in the field of Prompt 
Gamma-ray Activation Analysis (PGAA).  The PGAA application also incorporates 
the use of short-lived activation analysis products.  Recently, new precise k0 
measurements for PGAA were performed at the Budapest Reactor.  As part of an 
IAEA CRP, these data were combined with data from the Evaluated Nuclear 
Structure Data File (ENSDF) and the literature to create the Evaluated Gamma-ray 
Activation File (EGAF).  Much of the data contained in EGAF pertains directly to the 
k0 values used in NAA, and there is an opportunity to evaluate the data from both 
communities to develop better databases for both applications.  Additional data 
needs for Fast Neutron Activation Analysis (FNAA), will also be discussed. 
 
II. Prompt Gamma-ray Activation Analysis (PGAA) 
 
PGAA is a complimentary method to NAA that uses neutron beams to produce 
prompt γ-rays, following neutron capture, which are used to identify the capturing 
elements as described in Figure 1.   
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  PGAA and NAA 
 
The neutron beams are typically 107 n/s, far less than the thermal flux of a reactor, 
and the emitted γ-ray spectra are usually complex.  These limitations are offset by 
sensitivity to all elements, rapid analysis, and minimal induced radioactivity in the 
samples.  PGAA also uses k0 analysis techniques and includes short-lived NAA 
isotopes in its analysis.  The γ-rays used in PGAA come from the prompt de-
excitation neutron capture state as shown in Figure 2. 
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Figure 2.  Example of a PGAA neutron capture decay scheme for 24Mg(n,γ)25Mg.  
Unlike NAA, most of the γ-rays are emitted immediately following the neutron 
capture.  Here the primary or initial γ-rays de-excite a capture state at 7330.67 keV 
producing a cascade of γ-rays to the ground state. 
 
A typical elemental spectrum for aluminum is shown in Figure 3.  Note that the 1779-
keV γ-ray in this spectrum is from the decay of 28Al (2.24 m).  Short-lived isotopes 
produced by NAA are also used for PGAA.  The k0 value in PGAA is defined similarly 
to that of NAA where 
 

k0 = Mcθaσγa/Maθcσγc  
 

Mc and Ma are the atomic weights of the comparator and analyte respectively, θ is the 
isotopic abundance and σγ = Pγσ0 is the partial γ-ray cross section where Pγ is the γ-
ray transition probability and σ0 is the total radiative neutron capture cross section. 



 

Figure 3.  PGAA spectrum for Al2O3 



 

A.  Budapest Reactor Measurements 
 
For many years PGAA was limited by the lack of a well-standardized k0 database like 
the one for NAA.  Researchers at the Budapest reactor have recently measured k0 
values for nearly all elements from H to U.  Capture gamma ray spectra were 
measured with natural targets using a Compton suppression spectrometer1.  All 
elemental targets were measured together with a chlorine target in order to achieve a 
consistent energy calibration.  The precise energies of two peaks from the 35Cl(n, γ) 
reaction2 were used to determine the energies of two distinct peaks, which were then 
used for the energy calibration of elemental spectra after non-linearity correction.  
The accurate new energy and intensity data were sufficient to identify over 13,000 
gamma rays from 79 elements.   
 
Measurements with composite targets (stoichiometric compounds, mixtures, or 
solutions) yielded accurate normalizing factors, with respect to the H(n, γ) cross 
section, by means of internal k0 standardization3.  Thus, very accurate determinations 
of the partial gamma-ray production cross-sections and related k0-factors became 
possible.  Energies and k0-factors for the most important gamma lines have been 
published4,5 and the data library has been discussed6,7,8.  Partial cross sections for 
the best lines for each element were remeasured9, often with several targets, and γ-
rays from short-lived decay products10 were included, as summarized in Table I. 

 

B.  Evaluated Gamma-ray Activation File (EGAF) 

An IAEA CRP was established to evaluate the Budapest data, and other data from 
the Evaluated Nuclear Structure Data File (ENSDF) and the literature to create a 
comprehensive database of k0 and σγ values.  An IAEA TECDOC containing data for 
35,000 γ-ray from 80 elements has been prepared11 is available on the Internet at 
http://www-nds.iaea.org/pgaa/.  These data are included in the Evaluated Gamma-
ray Activation File (EGAF) which is distributed by the IAEA, and is provided through 
an interactive data viewer at http://www-nds.iaea.org/pgaa/pgaa7/index.html.  

 

1. EGAF Evaluation Methodology 

The procedure for evaluation of the EGAF file proceeded as follows. 

a.   Create literature and Budapest (n,γ) datasets for each isotope�
i)  Literature dataset from ENSDF, Reedy and Frankel, and the more 
recent literature (NSR):  Eγ, Iγ(per 100 neutron captures) 
ii)  Match the Budapest γ-rays by energy and relative σγ to the literature 
dataset: Eγ, elemental σγ(barns) 

b.   Combine literature and Budapest datasets into EGAF dataset 
i)  Least-squares fit of γ-ray energies to level scheme with GAMUT. 
ii)  Least-squares fit of γ-ray intensities and cross sections with GAMUT. 
iii)  Evaluate discrepancies and statistical outliers. 
iv) Create EGAF data file:  Eγ, elemental σγ, normalization to isotopic σγ 

c.  Test EGAF level scheme γ-ray intensity balance. 
i)  Check the level scheme intensity balance 
ii) Compare the total GS γ-ray feedings with BNL-325. 



 

Table I.  Partial γ-ray cross sections for the elements as measured by internal 
standardization at the Budapest thermal guide9.  Decay gamma rays are denoted by 
d in the energy column.

Z El    E�-keV �J

z(E�)-
1 H 2223.2590(10) 0.3326(7) 
3 Li 2032.300(20) 0.038(1) 
4 Be 6809.58(10) 0.0054(5) 
5 B 478(3) 713(5) 
6 C 1261.71(6) 0.00120(2) 
  4945.30(7) 0.00262(3) 

7 N 1884.85(3) 0.01458(6) 
8 O 870.68(3) 0.000175(8) 
9 F 1633.53(3)d 0.0093(3) 

11 Na 472.222(13) 0.497(5) 
12 Mg 584.936(24) 0.0327(7) 
13 Al 1778.92(3)d 0.233(4) 
14 Si 3538.98(5) 0.119(2) 
15 P 636.570(17) 0.031(1) 
16 S 841.013(14) 0.357(7) 
17 Cl 1951.150(15) 6.51(4) 
19 K 770.325(23) 0.91(2) 
20 Ca 1942.68(3) 0.34(1) 
21 Sc 584.80(3) 1.83(3) 
22 Ti 1381.74(3) 5.18(5) 
23 V 1434.10(3)d 5.2(1) 
24 Cr 834.80(3) 1.38(2) 
25 Mn 846.829(1)d 13.3(2) 
26 Fe 7631.05(9) 0.68(1) 
27 Co 229.811(12) 7.18(7) 
28 Ni 464.972(18) 0.843(9) 
29 Cu 277.993(25) 0.893(9) 
30 Zn 1077.336(17) 0.358(4) 
31 Ga 690.943(24) 0.26(3) 
32 Ge 595.879(20) 1.59(4) 
33 As 165.09(3) 1.00(1) 
34 Se 6600.67(12) 0.57(3) 
35 Br 1248.78(12) 0.054(1) 
37 Rb 556+557 0.132(2) 
38 Sr 1836.05(3) 1.02(1) 
39 Y 6080.12(7) 0.85(2) 
40 Zr 213+214 0.125(6) 
41 Nb 499.48(3) 0.065(5) 
42 Mo 778.221(10) 2.04(5) 
44 Ru 539.522(11) 1.5(1) 
45 Rh 470.41(3) 2.50(7) 
46 Pd 616.219(15) 0.638(6) 
47 Ag 657.741(22) 1.93(4) 
48 Cd 558.32(3) 1866(21) 
49 In 5892.38(15) 2.1(2) 
50 Sn 1293.53(6) 0.134(2) 
51 Sb 921.04(4) 0.086(4) 
52 Te 602.723(12) 2.4(2) 
53 I 133.59(4) 1.42(5) 

Z El    E�-keV �J

z(E�)-
54 Xe 667.87(9) 6.9(10) 
55 Cs 5505.46(20) 0.306(4) 
56 Ba 1435.65(6) 0.308(6) 
57 La 567.413(23) 0.333(7) 
58 Ce 662.03(5) 0.233(18) 
59 Pr 176.95(3) 1.06(2) 
60 Nd 696.487(20) 33.2(7) 
62 Sm 334.02(5) 4900(60) 
63 Eu 89.97(8) 1450(20) 
64 Gd 182.12(6) 7680(170) 
65 Tb 74.89(8) 0.35(4) 
66 Dy 184.34(7) 146(3) 
67 Ho 136.67(4) 14.5(7) 
68 Er 184.301(25) 57(2) 
69 Tm 204.41(5) 8.7(1) 
70 Yb 639.73(3) 1.5(1) 
71 Lu 150.34(6) 13.7(4) 
72 Hf 213+214 1.97(4) 
73 Ta 270.48(6) 2.60(4) 
74 W 145.74(9) 0.97(2) 
75 Re 207.92(4) 4.5(2) 
76 Os 186.85(3) 2.08(4) 
77 Ir 351.59(5) 2.42(8) 
78 Pt 355.54(4) 6.17(5) 
79 Au 215.01(3) 7.77(5) 
80 Hg 5967.00(10) 53(2) 
81 Tl 873.16(8) 0.168(6) 
82 Pb 7367.83(12) 0.137(3) 
83 Bi 319.83(4) 0.017(2) 
90 Th 256.25(11) 0.093(4) 
92 U 4060.35(5) 0.186(3) 



 

An example of the least squares energy fit is shown in Table 2.   
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.  First iteration of a least 
squares fit of gamma-ray energies to 
the level scheme for 24Mg(n,γ).  The 
numbers in parentheses represent 
the discrepancy in the number to the 
right, compared to the adopted value, 
expressed in terms of the number of 
standard deviations. The 
uncertainties in each dataset were 
increased and additional iterations 
were performed until χ2/f = 1.  
 



 

Table 3 shows the a similar least squares fit of the γ-ray intensities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.  Fit of γ-ray intensities measured at Budapest (set 1) and from the 
literature (set 2).  A normalization factor is determined for each data set by least-
squares minimization of the uncertainty in the average of all pairs of values. 

 

Intensity data are checked by inspection of the intensity balance through the 
capture gamma decay scheme as shown in Table 4.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The IAEA website provides EGAF data with a periodic table interface, similar to 
that of the k0 website, as shown in Figure 4.  Selection of an element gives a list 
of isotopes for that element, and data for each isotope can be displayed in a 
histogram, as in Figure 5, or a table as in Table 5.  EGAF data can also be 
searched on-line from the IAEA EGAF website as shown in Figure 6 and Table 6. 

Table 4.  Intensity balance in barns from EGAF data for 
24Mg(n,γ)25Mg.  The intensity de-exciting the capture state should 
equat the intensity feeding the ground state, and there should be no 
net feeding to intermediate levels.  Note the excellent agreement 
between net primary and secondary g-ray cross-sections and the 
values compiled by Mughabghab. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The PGAA k0 data in EGAF were calculated with respect to the comparator 
hydrogen.  They can easily be converted to other standards dividing by the k0 of 
the standard γ-ray of interest.  There are about 3000 k0 values for decay (NAA) 
gammas in EGAF.  For example, the 1779-keV Al γ-ray, k0(PGAA)=0.0180(4) 
which agrees with k0=0.0175 from the k0 website.   
 
The total radiative cross-section σ0 can also be derived for many cases where 
the neutron capture decay scheme is sufficiently complete.  In this case the k0 
value can be determined from the decay scheme data available in the Evaluated 
Nuclear Structure Data File (ENSDF)12 and other evaluations.  An example will 
be shown for the reaction 63Cu(n,γ)64Cu(12.7 h) where the 64Cu decay scheme is 
shown below in Figure 4. 
 

 

 

 

Figure 4.  Selection of an element from the periodic table provides a list of 
isotopes whose data can be displayed. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             Figure 5 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  EGAF retrieval menu. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.  Results of retrieval. 



 

C. Determination of k0 values from EGAF 
 
The PGAA k0 values in EGAF were calculated with respect to the comparator 
hydrogen.  They can easily be converted to other standards dividing by the k0 of 
the standard γ-ray of interest.  For conversion to 198Au(411.8γ) standardization, 
the conversion factor is 94.29(15) barns.  There are about 3000 k0 values for 
decay (NAA) gammas in EGAF.  The 1779-keV 28Al decay γ-ray, discussed 
earlier,  gives k0(PGAA)=0.0180(4) which agrees well with k0=0.0175 from the k0 
website.   
 
The total radiative cross-section σ0 can also be derived for many cases where 
the neutron capture decay scheme is sufficiently complete, as was shown for 
23Mg(n,γ) earlier.  In this case the k0 value can be determined from the decay 
scheme data available in the Evaluated Nuclear Structure Data File (ENSDF)13 
and other evaluations.  A simple example is shown in Figure 7 for the reaction 
63Cu(n,γ)64Cu(12.7 h). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  EC and β− decay schemes for 64Cu from the Table of Isotopes14. 
 
The most recent recommended transition probability for the 1345.8 keV γ-ray 
from 64Cu EC decay P1346=0.475(10)15.  From the EGAF σγ data we have derived 
σ0(

63Cu)=4.75(4) b, somewhat greater than the standard value 4.52(2) b of 
Mughabghab16.  As discussed earlier 
 

      k0 = Mcθa Pγaσ0a /Maθc Pγcσ0c 

= 196.96655×0.6917×0.00475×σ0/(63.546×1×0.9554×98.65) 
= 5.13(5)×10-4 (EGAF) 
= 4.88(3)×10-4 (Mughabghab) 
= 4.91×10-4 (k0 webpage) 



 

 
The results are discrepant suggesting that a new evaluation including all of the 
available data will improve the values in the EGAF, NAA, and decay databases.  
Table 7 lists a comparison of k0 values derived from EGAF with those in the k0 
website. 
 
Table 7.  Comparison of Internet k0 values of Blaauw with values derived from 
the EGAF database.
Element E� k0(WWW) k0(EGAF) 
Na 1368.7 4.68E-02 0.0481(13)
 2754.1 4.62E-02 0.0481(13)
Mg 843.7 2.53E-04 2.56(10)E-04
Al 1778.9 1.75E-02 0.0180(4)
Si 1266.2 1.73E-07 1.9(3)E-07
Cl 2166.9 2.66E-03 3.34(10)E-03
K 1524.6 9.46E-04 1.07(2)E-03
Ca 3084.4 1.01E-04 9.9(10)E-05
Ti 320.1 3.74E-04 3.74(4)E-4
V 1434.1 1.96E-01 0.197(4)
Mn 846.8 4.96E-01 0.0497(10)
Ni 1481.8 1.27E-04 1.17(3)E-04
Cu 1039.0 1.86E-03 1.96(5)E-03
Zn 438.6 3.98E-04 4.08(17)E-04
As 559.1 4.83E-02 5.6(3)E-02
 657.0 6.61E-03 7.8(4)E-03
 1216.1 3.78E-03 4.3(2)E-03
Br 554.3 2.38E-02 0.0221(3)
 619.1 1.45E-02 0.0134(2)
 698.4 9.38E-03 8.80(17)E-03
 776.5 2.76E-02 0.0258(6)
 827.8 7.99E-03 7.44(15)E-03
Rb 1076.6 7.65E-04 7.34(15)E-04
Sr 388.5 1.49E-03 1.87(6)E-03
Ru 724.3 8.87E-04 1.84(4)E-03
Rh 51.5 7.43E-02 0.0105(6)
Ag 657.5 3.44E-02 0.0360(11)
In 138.3 1.01E-01 0.093(3)
 416.9 7.54E-01 0.778(23)
 818.7 3.36E-01 0.323(13)
 1097.3 1.60E+00 1.58(3)
 1293.5 2.29E+00 2.38(3)
 1507.4 2.69E-01 0.281(8)
 1753.8 6.67E-02 0.070(2)
 2112.1 4.18E-01 0.437(13)
Sn 331.9 1.18E-04 1.46(5)-04
Sb 564.2 4.38E-02 0.0462(9)
 692.6 2.38E-03 2.50(10)E-03
In 442.9 1.12E-02 0.0096(2)

Element E� k0(WWW) k0(EGAF) 
Cs 127.5 5.48E-03 4.89(16)E-03
Ba 165.9 1.05E-03 1.12(13)E-03
La 328.8 2.87E-02 1.88(4)E-02
 432.5 4.20E-03 2.67(8)E-03
 487.0 6.37E-02 4.19(11)E-02
 751.6 6.19E-03 3.98(8)E-03
 815.8 3.32E-02 2.15(5)E-02
 1596.2 1.34E-01 0.088(3)
Pr 1575.6 6.12E-03 6.33(20)e-03
Nd 211.3 5.26E-04 5.37(21)E-04
Sm 104.3 1.79E-02 0.0198(6)
Gd 360.9 2.72E-03 2.64(8)E-03
Dy 108.2 1.88E-01 0.175(8)
Ho 80.6 5.45E-02 0.0489(14)
Yb 113.8 9.42E-03 5.0(3)E-03
 282.5 1.46E-02 0.0081(3)
 396.3 3.12E-02 0.0171(7)
Lu 113.0 3.63E-02 0.0413(22)
 208.4 6.05E-02 0.072(4)
Hf 214.3 1.61E-01 0.191(5)
Ta 171.6 5.84E-05 6.22(13)E-05
W 134.2 1.13E-02 0.0119(4)
 479.6 2.97E-02 0.0294(8)
 551.5 6.91E-03 6.84(20)E-03
 618.3 8.65E-03 8.5(3)e-03
 625.5 1.48E-03 1.47(5)E-03
 685.7 3.71E-02 0.0367(11)
 772.9 5.61E-03 5.56(17)E-03
Re 137.2 4.33E-02 0.0592(18)
 155.0 7.77E-02 0.080(3)
Ir 293.5 2.03E-02 0.0191(8)
 328.4 1.03E-01 0.098(4)
Au 411.8 1.00E+00 1.000(2)
U 106.1 6.19E-03 6.33(13)E-03
 209.8 7.80E-047.96916)E-04
 228.2 2.77E-03 2.51(8)E-03
 277.6 3.40E-03 3.34(7)E-03
 315.9 3.68E-04 3.72(8)E-04
 334.3 4.81E-04 4.82(10)e-04

 



 

 III.  Activation Analysis with Neutron Generators 
 
Neutron generators offer the possibility of doing activation analysis away from 
reactors in small laboratories.  New designs promise fast neutron rates of 
1012(D+D, 2.5 MeV) to 1014(D+T, 14 MeV) n/s17.  Figure 8 shows the 1010 n/s 
D+D neutron generator facility at LBNL. 
 

 
 
Figure 8.  The LBNL neutron facility on the left, the co-axial neutron generator on 
the right.  The polyethylene moderator/shielding are pulled back to show the 
generator. 
 
A.  NAA applications with neutron generators 
 
The maximum thermal neutron flux produced at the LBNL neutron generator was 
105 n/cm2s measured using 5 cm polyethylene moderator.  Although the γ-ray 
background was very high from the moderator, we were able to see all of the 
neutron generator components in the PGAA spectrum as indicated in Figure 9.  
Improved moderator materials and neutron guides would be required to make 
PGAA a practical application with neutron generators. 
 
Although the neutron generator thermal flux is low, we have found that NAA can 
be applied successfully for identifying many elements, especially when the 
capture isotope half-life is short.   Figure 10 shows an example for the NAA 
analysis of cobalt with the LBNL neutron generator.  Sensitivity to mg amounts of 
many materials makes NAA with a neutron generator suitable for bulk analysis of 
unknown samples. 

Neutron Generator 

Shielding Structure 

Control Rack 



 

Figure 9.  PGAA Spectrum of LBNL Neutron 
Generator Moderator and Shielding 15 Observed 
elements: 
  

H, C – polyethylene 
Ti –generator  target 
Fe, Al – supports 
Si, O – concrete  floor 
Cu, Zn – cooling lines 

B – neutron shielding 
Pb – gamma shielding 
Cl – PVC 
Na, Ni, Cr - other 



 

 
 
 
 
 
 
 
 
 
 
 
B.  Fast Neutron Activation Analysis (FNAA) with Neutron Generators 
 
An alternate to NAA analysis with neutron generators is FNAA using fast 
neutrons without moderation.  Nuclear reactions, including (n,n’), (n,p), (n,α), and 
(n,fission) can be used to produce radioactive products for off-line analysis.  
These cross sections are typically much lower than thermal neutron activation 
cross sections, but the sample can be placed much closer to the generator 
increasing the neutron flux by factors of 100-1000.  Figure 11 shows the 
spectrum for analysis of mercury by the 199Hg(n,n’) reaction. 
 

 
 
Another application of FNAA is the detection of uranium by the (n,fission) 
reaction.  This method has been demonstrated with thermal neutrons18 where the 
large fission cross section for 235U (582.6 b) compensates for the low abundance 
(0.72%).  This technique requires detection of fast delayed fission neutrons or 
high-energy decay γ-rays from short-lived fission products.  However, quantitative 

Figure 10.  60Com (10.5 min) spectrum.  
NAA analysis of 1 g sample of cobalt 
metal bombarded for 10 min and 
counted for 12 minutes. 
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Figure 11.  199Hg(n,n’)199Hgm(42.6 min) 
NAA analysis of 50 g sample of HgSO4 
bombarded for 30 min and counted for 
30 min. 
 



 

detection of uranium is problematic as discussed below.  Uranium detection with 
fast neutrons is nearly as effective because the fast neutron induced fission 
cross-section for En>2 MeV ranges from 0.1-1 barns for the abundant 238U.  
Figure 12 shows an example of the analysis of uranium using high-energy γ-rays, 
and Figure 13 indicates the background rate of spontaneous fission delayed 
neutrons from 238U. 
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Figure 12.  Detection of uranium by 
high-energy fission product gamma 
rays.  The top spectrum records the 
decay of depleted uranium counted 
for one hour, and the bottom 
spectrum shows the same sample 
counted for 6 minutes following a 
10-minute bombardment.  The 
energies of gamma rays from the 
decays of 90Rbm+g are indicated. 
 

Figure 13.  Comparison of background 
and spontaneous fission rates 
measured with a 3He detector 10 cm 
from 14.65 kg of depleted uranium.  
238U spontaneously fissions with a rate 
of ≈6 fissions per second per kg. 



 

C. Quantitative analysis with fast neutrons 
 
Elemental quantitative analysis with fast neutrons is complicated by the lack of a 
well-calibrated cross section or k0 database.   This is further complicated by the 
fact that different laboratories may use neutron beams of different energies.  The 
analysis of uranium by detection of high-energy fission product γ-rays was 
demonstated to be quantitative by Molnar et al17 as shown in Figure 14. 
 

 
Figure 14.  Spectrum of prompt (upper) and fission product decay (lower) 
gamma rays produced following the irradiation of Uranium, enriched to 36% 235U, 
with cold neutrons from the Budapest Reactor.  The decay spectrum was 
acquired with a neutron beam chopper set to a 20 ms activation phase and 16 
ms counting interval. 
 
The uranium product fission yields are different for fast neutrons, as shown in 
Table 8 where we compare the analysis of the thermal neutron data from 
Budapest with the LBNL fast neutron data.  Comparison with the standard fission 
yields from ENDF-34919 is good for thermal neutrons but poor for fast neutrons. 
 



 

Table 8.  Comparison of measured and semi-empirical fission product gamma ray 
yields.  Cold neutron measurements were performed at the Budapest Reactor and 
D+D measurements at the Berkeley Neutron Generator Facility.  Semi-empirical 
values were obtained from the compilation of England and Rider (ENDF-349)13. 
 

Relative Fission Yields 

Experiment ENDF-349 Fission 
Product 

E� 
(keV) 235U(cold) 238U(2.5 MeV)  Thermal Fast 239Pu(thermal) 

90mRb(258 s) 3317.00(17) 77 145 70 44 33 
95Y(10.3 m) 3575.84(20) 147 325 162 226 88 
90Rb(158 s) 4135.47(20) 100 100 84 84 84 
90Rb(158 s) 4365.82(24) 95 96 100 100 100 
 
Detection of delayed fission neutrons or fission product activity is complicated by 
induced fission reactions within the target.  This was demonstrated in the 
analysis of the 235U/238U ratios that I measured in archaeological artifacts from 
Paleoindian sites20.  A summary of our results measured at the McMaster 
University Reactor is shown in Figure 15. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15.  Analysis of 235U/238U ratio in Paleoindian cherts by NAA.  The line is 
only to guide the eye.  The expected ratio is 0.72.



 

The analysis of 238U was done using NAA and detecting of the 239U� 239Np 
decay series, and 235U analysis was performed by delayed neutron counting.  
Note that only the highest concentration Uraninite sample appeared to have the 
normal ratio of 0.72%.  It has been well established that virtually all terrestrial 
uranium samples have normal 235U/238U ratios, so these results indicate either 
extraordinary materials or a subtle mistake in the analysis. 
 
We performed a second analysis of these samples at the USGS using thermal 
ionization mass spectrometry (TIMS) and measured the results shown in Table 9. 
 
 

Table 9.  Measurements of the 238U/235U ratios in paleoindian artifacts using 
TIMS.  The normal expected ratio is 137.9. 

 

 
 
In these measurements all of the samples agreed well with the expected values. 
 
What happened?  Note that there is a clear trend of increasing depletion with 
decreasing concentration.  The explanation lies in the fact that thermal neutrons 
induce additional neutrons by the fission of uranium in the target.  If the target 
has a large uranium concentration, as is the case of the Uraninite standard, then 
the total effective neutron flux will be higher than when the concentration is lower.  
More delayed neutrons will be emitted from higher concentration uranium 
samples, and low concentration samples will appear to be depleted.  In our 
measurements, the method was calibrated with Uraninite and extrapolated to 
lower concentrations leading to the results we observed. 
 
 
 



 

D. Extension of the EGAF database to fast neutrons. 
 
Few systematic measurements of fast neutron cross sections are available.  One 
exception is the Atlas of Gamma-ray Spectra from the Inelastic Scattering of 
Reactor Fast Neutrons21.  Reactor energy neutrons with an average energy of 1 
MeV were used to irradiate 72 elemental targets from Li to U.  Gamma ray 
spectra were measured for each target, and the analyzed transitions were 
assigned to their associated reactions.  Gamma-ray data were measured on a 
relative intensity scale for each target, and absolute normalizations with respect 
to the 847-keV γ-ray in Fe were reported.  It will be straightforward to convert the 
γ-ray intensities into cross sections and k0 values.  We plan to add these data to 
the EGAF database thus producing the first comprehensive k0 database for fast 
neutrons. 
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