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The systematics of (n, �) reaction cross-sections at 14.5
MeV neutron energy
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Abstract : A comprehensive review of the experimental data for 14.5 MeV neutron induced reaction cross-
sections for (n, �) reaction has been made for the isotopes having Z up to 82. Two different parameter groups
have been considered by the classification of nuclei into odd-mass and even-even nuclei. The empirical formulae
with two parameters for the evaluation of (n, �) reaction cross-sections are discussed in the present study. The
odd-even effects have been observed as the cross-sections of odd-mass nuclei are higher as compared to their
neighboring even-even nuclei. The shell effects have also been established at magic nucleon numbers for these
reaction cross-sections.

Keywords : Cross-sections, shell effects, odd-even effects, magic numbers.

PACS Nos. : 25.40.-h,  28.20.-V

1. Introduction
When a nucleon interacts with a nucleus, different processes can take place. The
primary reactions like (n, n �), (n, p) and (n, �) induced by 14 MeV neutrons are quite
prominent for the designing concept of fusion and fission reactors, study of reaction
mechanism, in extracting useful information about nuclear structure, neutron dosimetry,
radiation damage to materials, activation analysis, shielding etc. For fast neutron
dosimetry via multiple foil activation technique, an extensive knowledge of activation
cross-sections, especially in the energy range of 14 MeV, is needed. In studies on low
yield reactions like (n, d), (n, t) and (n, He3), where thick samples are commonly used,
the (n, p) and (n, �) reactions leading to activation products are ideally suited as
internal flux monitor reactions.
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Nuclear cross-section data are generated mostly by nuclear physics experiments
and also by nuclear theory using nuclear reaction model codes. Many of the nuclides
produced in the reactor have short half lives, so they are unstable and it is not
possible to measure their cross-sections directly. A large number of empirical and
semi-empirical formulae with different parameters for cross-section calculation of the
reactions like (n, p), (n, �) and (n, 2n) at the different neutron energies have been
proposed by several authors [1–16]. Belgaid and Asghar [17] obtained a semi-empirical
formulae which includes five parameters and have shown for the first time a strong
dependence of the (n, p) cross-sections in terms of the parameter (2Z – 1)�A. In the
present work, an attempt has been made to develop an empirical relation for (n, �)
reaction cross-sections at 14 MeV neutron energy using least square fitting which
shows the Z�A dependence of the (n, �) cross-sections. Such empirical relation can
be very useful for predicting cross-sections of the isotopes when experimental data are
not available. The odd-even effects have been shown by the plots of �n,� vs. Z. The
shell effects have also been established at magic nucleon numbers.

2. Results and discussion
The experimental data for (n, �) reaction cross-sections at 14.5 MeV neutron energy
have been collected from the references listed in CINDA-2007 [18] and from the report
by Pashchenko [19].

2.1. Odd-even effect :
The nuclei with even number of both protons and neutrons are most stable, while
odd-odd nuclei are the least stable. The nuclei having even number of protons and odd
number of neutrons and vice-versa are known as odd-mass nuclei and have intermediate
degree of instability. Hence, the odd-even nuclei have higher cross-sections than their
neighboring even-even nuclei and this odd-even effect is distinctly marked when neutron
excess is small i.e., for lighter nuclei.

The plots of �n,� vs. Z for “the most abundant isotopes or the isotopes having
comparable abundances” have been shown in Figures 1(a) and 1(b) for even-even,
odd-mass and odd-odd isotopes and are discussed below.

In Figure 1(a), for Z up to 45, the odd-even effect is clearly visible, as the cross-
section values are less for even-even nuclei as compared to their neighboring odd-mass
nuclei. The cross-sections of odd-even isotopes 37Cl20,

51V28, 87Rb50, 89Y50 following the
behavior of magic neutron numbers N = 20, 28 and 50 are low as compared to their
neighboring even-even isotopes. There are few exceptions in the lower mass region
which are difficult to explain. The cross-section of odd-odd nuclei are also higher as
compared to their neighboring even-even and odd-mass nuclei.

Figure 1(b), for Z = 45–75, clearly shows odd-even effects with the exceptions
of 139La82 and 141Pr82 which follow the expected behavior of very low cross-sections �n,�

having magic neutron number N = 82. In heavy mass region the cross-sections for
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even-even and odd mass nuclei do not differ much. It is noticed that with increase in
Z the difference in Q-values is small, the odd-even effects decrease gradually and
finally disappear in heavy mass region.

2.2. Empirical relation :
An empirical relation for (n, �) reaction cross-sections have been derived using least
squares fitting. A regression model has been developed which predicts the cross-
sections vs. Z�A for the isotopes having 0.39 � Z�A � 0.49. Different regression
equations were tried and the exponential trend was found to give the best fit equation
as shown in Figure 2(a). The empirical relation thus obtained for (n, �) reaction cross-
sections is given by

�n,� = a(A1�3 + 1)2exp(bZ�A)          (mb) (1)

Figure 1. Plot of �n,� vs. Z for the isotopes which are most abundant or  having comparable abundances for
(a) Z = 3–45 and (b) Z = 46–75.

(a)

(b)
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where a and b are fitting parameters. They have the following values :
a = 1.4 × 10–14, b = 70.1596

The coefficient of determination is given by R 2 = 0.9419.
The validity of these fittings is defined by R-square i.e. coefficient of determination

or square of the correlation coefficient which when equals to 1, indicates the best fit
[16,20]. It is the % variability defined by the fitting equation. The model which gives
maximum R 2 is selected, as this interprets the maximum variability in data set.

The values predicted with the above equation are compared with the experimental
data. Such comparison [16,21] of the predicted cross-sections with the experimental
values shows that the agreement is quite satisfactory.

Figure 2(b) shows the dependence of �n,� on the alpha particle separation energy
(S

�
) of the target nucleus. The empirical relation thus obtained is given by

�n,� = a(A1�3 + 1)2exp(bS
�
)               (mb) (2)

Here the fitting parameters a and b have the following values :
a = 0.064, b = 0.3033

The coefficient of determination is given by R 2 = 0.4924.
From Figures 2(a) and 2(b) it is concluded that the quality of fit is not good

when we choose S
�
 over the proton fraction (Z�A). Hence we prefer �n,� vs. Z�A plot.

Here it is to mention that when we plot the global data (all the data together),
the odd-even effect is not prominent. So we can ignore this effect when we choose the
variable as Z�A.

2.3. Shell effect :
The plots of �n,� vs. Z and N in the region of magic nuclei Z = 20, 28, 50 and
N = 20, 28, 50 are found to show shell effects.

Figure 2(a). Plot of �n,� vs. Z�A for nuclei having 0.39 � Z�A � 0.49.

(a)
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In the region from N = 12–52, plots of �n,� vs. N have been shown in Figure
3(a) for N–Z = 2, 3 and 8. For N–Z = 2, the shell effect is clearly satisfied with
minima at N = 28 for 54Fe28, as compared to the neighboring isotopes. When N–Z =
3 and 8, one sided minima have been observed at magic neutron numbers N = 20 and
28 as no data are available on their left side.

Figure 3(b) shows region from Z = 20–44 with neutron excess N–Z = 5, 6 and
8. When N–Z = 5, the shell effect is distinct for 28Ni61. It is odd-even nuclei with
minimum cross-section when compared with neighboring odd-even nuclei 27Co59 and
29Cu63 having the same neutron excess. When N–Z = 6 and 8, at Z = 20 the trend
shows one sided minima for 20Ca46 and 20Ca48 due to non-availability of data points on

Figure 3(a). Plot of �n,� vs. N for the isotopes having N–Z = 2, 3 and 8.

Figure 2(b). Plot of �n,� vs. S
�
.

(b)

(a)
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left side of Z = 20 for same neutron excess. Also at Z = 28, 28Ni64 shows minima
as compared to the cross-section of 30Zn68.

Figure 3(c) shows plots of �n,� vs. N having shell effect with minima at N = 50
for the isotopes 90Zr50,

89Y50,
 87Rb50 and 86Kr50 for N–Z = 10, 11, 13 and 14 respectively,

as compared to their neighboring isotopes.

Figure 3(b). Plot of �n,� vs. Z for the isotopes having N–Z = 5, 6 and 8.

Figure 3(c). Plot of �n,� vs. N for the isotopes having N–Z = 10, 11, 13 and 14.

For Z = 40–62, Figure 3(d) shows the plots of �n,� vs. Z, when N–Z = 16,19
and 20. The shell effect has been observed with minima at Z = 50 for N–Z = 16 and
20. For N–Z = 19, the trend shows one sided minima due to non-availability of data
points on the left side of Z = 50 for the same neutron excess.

Figures 4(a)–4(c) shows the correlation between cross-sections against A for the
isotopes having A = 4n number (i.e. for C-12, O-16, Ne-20,…., Ca-40 isotopes), 4n+1
number (i.e. for Be-9, C-13,…,Si-29), 4n+2 number (i.e. Mg-26, Si-30,…,Ni-58), 4n+3

(b)

(c)
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number (i.e., Ca-43 and Ti-47), 4n+4 number (i.e., S-36, Ar-40,…, Zn-64), 4n+5 number
(i.e., Ti-49,…, Ni-61), 4n+6 number (i.e., Ca-46, Ti-50,…, Kr-78), 4n+8 number (i.e.,
Ca-48, Ni-64,…, Ru-96), 4n+9 number (i.e., Ge-73 and Se-77), 4n+10 number (i.e.,
Zn-70, Ge-74,…, Pd-102), 4n+11 number (i.e., Kr-83, Sr-87,…, Ru-99), 4n+12 number
(i.e., Ge-76, Se-80,…, Sn-112), 4n+13 number (i.e., Mo-97, Ru-101 and Pd-105), 4n+14
number (i.e., Se-82, Kr-86,…, Sn-114), 4n+16 number (i.e., Zr-96, Mo-100,…, Xe-124),
4n+17 number (i.e. Cd-113 and Sn-117), 4n+18 number (i.e. Pd-110, Cd-114,…,
Ba-130), 4n+19 number (i.e., Sn-119 and Te-123) and 4n+20 number (i.e., Cd-116,
Sn-120,…, Sm-144). For these nuclei the cross-sections behave in a smooth manner
as in Figures 4(b) and 4(c). From these Figures we see that no strong odd-even and
shell effects have been observed, whereas when we select the data for most abundant

Figure 3(d). Plot of �n,� vs. Z for the isotopes having N–Z = 16,19 and 20.

Figure 4(a). Plot of �n,� vs. A for the isotopes having Z-even and A = 4n (with N = Z), 4n+1 (with N–Z = 1), 4n+2
(with N–Z = 2), 4n+3 (with N–Z = 3), 4n+4 (with N–Z = 4) and 4n+5 (with N–Z = 5).

(d)

(a)
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isotopes or the isotopes having comparable abundances, the odd-even effects have
been observed as in Figures 1(a) and 1(b).

It has been observed from these Figures that, on the average, for the same
incident neutron energy, the (n, �) reaction cross-sections decrease with the increase
in mass number of the target nuclei. The similar variation was observed by Qaim et al.
[22] in case of (n, t) reaction cross-sections of 27Al, 59Co and 93Nb. This is due to
the fact that for medium and heavy mass nuclei (Z between 15 and 92), as a result
of high negative Q-values and the increasing coulomb barrier for emission of charged

Figure 4(b). Plot of �n,� vs. A for the isotopes having Z-even and A = 4n+6 (with N–Z = 6), 4n+8 (with N–Z = 8),
4n+9 (with N–Z = 9), 4n+10 (with N–Z = 10), 4n+11 (with N–Z = 11) and 4n+12 (with N–Z = 12).

Figure 4(c). Plot of �n,� vs. A for the isotopes having Z-even and A = 4n+13 (with N–Z = 13), 4n+14 (with N–Z
= 14), 4n+16 (with N–Z = 16), 4n+17 (with N–Z = 17), 4n+18 (with N–Z = 18), 4n+19 (with N–Z = 19) and 4n+20
(with N–Z = 20).

(b)

(c)
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particles, the (n, charged particle) reaction cross-sections in heavier nuclei are
expected to be small.

3. Conclusion
The odd-even effects have been observed as the cross-sections of odd-mass nuclei are
higher than their neighboring even-even nuclei. In heavy mass region, the odd-even
effect is diluted since with the increase in Z, the difference in Q-values of odd-mass
and even-even nuclei gets smaller and neutron excess becomes larger. So, the odd-
even effects decrease gradually and finally disappear.

The new empirical relation obtained may be very useful for the quick estimation
of the cross-sections, where experimental data are not available as well as in testing
new experimental results. It is found that Z�A is a good parameter to describe the
variation of �n,�. We have tried plotting �n,� vs. S

�
, but the overall quality of fits is

better with Z�A as the variable. There are few exceptions which cannot be predicted
by these formulae and which are difficult to explain. When we plot the global data, the
odd-even effect is not prominent. Hence, we can ignore this effect, when we choose
variable as Z�A in Figures 1(a) and 1(b). The shell effects have also been predicted
at magic nucleon numbers.

Acknowledgment
The authors are thankful to Dr. S Kailas, Associate Director, Physics Group, Bhabha
Atomic Research Centre, Mumbai, India for his help and critical suggestions during this
study.

References

[1] F I Habbani and K T Osman Appl. Radiat. Isot. 54 283 (2001)

[2] M Belgaid and M Asghar Nucl. Instr. and Meth. B149 383 (1999)

[3] Yu A Shubin, A Yu Konobeyev and V P lunev Nucl. Instr. and Meth. B108 233 (1996)

[4] I Kumabe and K J Fukuda Nucl. Sci. Tech. 24 839 (1987)

[5] E Tel, A Aydinand G Tanir Phys. Rev. C75 034614 (2007)

[6] A Aydin, E Tel and B Sarer Phys. Scr. 75 299 (2007)

[7] C H M Broeders and A Yu Konobeyev Nucl. Phys. A789 130 (2006)

[8] M Belgaid, A Tassadit, F Kadem and A Amokrane Nucl. Instr. and Meth. B239 303 (2005)

[9] E Tel, B Sarer, S Okuducu, A Aydin and G Tanir J. Phys. G : Nucl. Part. Phys. 29 2169 (2003)

[10] M Belgaid and M Asghar Nucl. Instr. and Meth. 142 463 (1998)

[11] E Tel, B Sarer, S Okuducu, A Aydin and G Tanir Acta. Phys. Slov. 54 191 (2004)

[12] A Yu Konobeyev and Yu A Korovin Nucl. Instr. and Meth. B103 15 (1995)

[13] A Yu Konobeyev and Yu A Korovin Nuovo Cimento A 112 1001 (1999)

[14] S Ait-Tahar Z. Phys. A-Hadrons & Nuclei 348 289 (1994)

[15] Y Lishan, Z Enchen and C Dunjiu Radiat. Eff. 92 257 (1986)

[16] S L Goyal and P Gur Pramana-J. Phys. 72 355 (2000)



�������	��
����������������������


[17] M Belgaid and M Asghar Appl. Radiat. Isot. 49 1497 (1998)

[18] http://www.nndc.bnl.gov/exfor7/cinda.htm, Computer Index of Nuclear Reaction Data (CINDA) Database
version of June 29, 2007

[19] A B Pashchenko Reaction cross-sections Induced by 14.5 MeV and by Cf-252 and U-235 Fission
Spectrum Neutrons, Report INDC (CCP)-323/L IAEA (Nuclear Data Section : Vienna, Austria) (1991)

[20] M Maiti, M Nandy, S N Roy and P K Sarkar Pramana-J. Phys. 60 143 (2003)

[21] S L Bansal (née goyal) and R K Mohindra Indian J. Phys. 69A 361 (1995)

[22] S M Qaim, R Wölfle and H Liskien Phys. Rev. C25 203 (1982)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 215
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.04651
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 215
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.04651
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


