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The discrete γ radiation in the interaction of 14.9-MeV neutrons and a natural silicon sample is investigated
with a total γ -radiation measurement (TGRM) technique. Fifty prompt γ lines, one delayed γ line, and seven
final nuclei are identified. Forty-one possible transitions are designated. Differential production cross sections of
40 γ lines at 40◦, 55◦, 90◦, 125◦, and 140◦ are determined. Using relative differential production cross sections,
accurate integral isotopic cross sections of the 28Si(n,p)28Al reaction are determined, and partial integral isotopic
cross sections of the 28Si(n,n′)28Si, 28Si(n,α)25Mg, 29Si(n,n′)29Si, and 30Si(n,n′)30Si reaction channels are also
estimated. The present results are in good agreement with some recent experimental and evaluated results.
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Natural silicon has important applications in many new
technology fields, such as nuclear detectors, semiconductor
integrated circuits, solar energy, and fusion energy. Especially,
the investigation by Peit et al. [1] showed that Si and its
composites with C (SiC) can offer structural materials with low
radioactivity and afterheat and high operating temperatures
for fusion reactors. Therefore, accurate knowledge of the
behavior of natural silicon in a 14-MeV neutron irradiation
field is very important for the development of fusion energy
technology, such as production probabilities of γ rays, neu-
trons, protons, and α particles from Si(n,xγ ) reactions and
hardening, embitterment, and creep of Si material induced
by fast neutron irradiation. However, existing experimental
results for the Si(n,xγ ) reaction induced by 14-MeV neutrons
[2–16] still suffer from some defects. For example, the number
of identified γ lines is lower, data accuracy is very poor
(in general, >10%), and the discrepancy between different
data groups is very large. At the end of the last century we
established a pulsed-beam, fast neutron, time-of-flight (TOF)
spectrometer and developed a total γ -radiation measurement
(TGRM) technique used in (n,xγ ) experiments at the neutron
physics laboratory at Beijing Normal University [17,18].
TGRM combines the usual measurement technique of prompt
γ radiation with the lifetime correction method of delayed γ

radiation, so that it can quantitatively determine γ -radiation
yields not only for a prompt component but also for a delayed
component in a TOF experiment simultaneously. In this work,
we report some new results on the investigation of discrete
γ radiation in the interaction of 14.9-MeV neutrons with a
natural silicon obtained by the TGRM technique.

The experiment was carried out in a pulsed Cockcroft-
Walton accelerator. The sample is a cylindrical crystal silicon
3.0 × 3.0 cm in diameter and weighing 50.52 g. The repetition
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frequency of the pulsed deuteron beam is 3.2 MHz. Neutrons
incident on the sample are produced from the T(d,n)4He
reaction. The neutron energy in the 0◦ direction with respect to
the deuteron beam is 14.9 ± 0.5 MeV, and the average intensity
is ∼5 × 108 n/s in 4π sr. The neutron flux incident on the
sample is determined by the counts of the associated particles
of 4He, which are measured by an Au-Si detector. Absolute
γ -ray yields are measured by a coaxial Ge(Li) detector. The
TOF technique is employed to reduce the background caused
by the primary and scattered neutrons. Two time gates, 30
and 160 ns, which cover the time regions containing total
prompt radiation and partial delayed radiation, respectively,
are set to record the total γ -ray spectrum (containing total
prompt and partial delayed γ radiation) and the pure delayed
γ -ray spectrum, respectively. Measurements are made at 40◦,
55◦, 90◦, 125◦, and 140◦ relative to the incident neutron
direction. The elemental differential production cross section
of a discrete γ ray with energy Eγ at angle θ with respect to the
incident neutron direction can be calculated by the following
formula:

dσ

d�
(Eγ , θ ) = Nγ (Eγ , θ )

4πφnNε(Eγ )
f, (1)

where φn is the number of neutrons incident on the sample.
Nγ (Eγ , θ ) is the yield of γ radiation with energy Eγ detected
in the θ direction. For a pure prompt γ line, it is the net count in
the full-energy peak. For pure delayed γ radiation and mixed
γ radiation, it can be calculated by the lifetime correction
method [17]. ε(Eγ ) is the absolute detection efficiency of the
full-energy peak by the Ge(Li) detector for a γ ray with energy
Eγ . N is the number of atoms per unit area of the sample in
the incident neutron direction. f is the correction factor to
neutron flux and γ -ray yields. Details of the experiment and
data analysis are the same as for measurements of aluminum
samples [18].

Figures 1 and 2 show the total and the delayed γ -radiation
energy spectra, respectively, after subtraction of the respective
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FIG. 1. Total γ -ray spectrum for the interaction of 14.9-MeV
neutrons with natural silicon (θ = 90◦).

background spectra without sample at 90◦. According to
the systematic knowledge of 14.9-MeV neutron-induced
28,29,30Si(n,xγ ) reactions, 50 prompt γ lines, 1 delayed γ line,
and 7 final nuclei are identified. Forty-one possible transitions
are designated. The elemental differential production cross
sections of 40 γ lines at 40◦, 55◦, 90◦, 125◦, and 140◦ are
determined. The 511-keV line comes from the annihilation
radiation background in Figs. 1 and 2. The 139.7-keV line
comes from 75mGe in the Ge(Li) detector material, and
the 197.1-keV line comes from 19mF in the surrounding
materials; only the 1778.8-keV line is delayed γ radiation
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FIG. 2. Delayed γ -ray spectrum for the interaction of 14.9-MeV
neutrons with natural silicon.

coming directly from the natural silicon sample in Fig. 2. The
preceding partial results are listed in Table I. To shorten this
report, of the elemental differential production cross sections
at five angles, only those at 90◦ are listed in Table I. Many
of the data at other angles will be given in another report. In
Table I, DEP and SEP represent double and single escape
peaks, respectively. We found 10 escape peaks in similar
investigations for the first time.

In Table I, 1778.8p and 1778.8d represent the prompt
and the delayed 1778.8-keV lines that are produced
from 28Si(n,n′γ )28Si* and 28Si(n,p)28Al(β−)28Si*(γ ) (f1/2 =
2.24 m) processes, respectively. Figure 3 shows the angular
distributions of the isotopic differential production cross sec-
tions for the three components of 1778.8-keV lines; Figs. 3(A),
3(B), and 3(C) show the angular distributions of the prompt +
delayed, prompt, and delayed components, respectively. The
respective Legendre polynomial fitting curves were obtained
from the present experimental data, and their coefficients are
shown in Fig. 3. Some previous experimental data [2,5,6] are
also shown in Fig. 3 for comparison.

Using the relative differential production cross sections, the
accurate integral isotopic cross sections of the 28Si(n,p)28Al
reaction are determined, and the partial integral isotopic cross
sections of the 28Si(n,n′)28Si, 28Si(n,α)25Mg, 29Si(n,n′)29Si,
and 30Si(n,n′)30Si reaction channels are also estimated (see
Table II). In general, the integral reaction cross sections
obtained by the γ -production cross sections can only be
regarded as estimates and references for the actual reaction
cross sections because the integral cross section of a reaction
channel is obtained by summing the corresponding differential
γ -production cross sections for ground-state γ transitions. In
general, this integral reaction cross section is smaller than
the actual reaction cross section, for many reasons [19]. For
example, for some reactions with a high threshold, close to
14 MeV, the partial residual nuclei are possibly in the ground
state, so that no discrete γ ray is observed. For example, the
threshold energies of the 28Si[(n,np) + (n,d)]27Al reaction are
12.0 and 9.69 MeV, respectively, and both theoretical and
experimental investigations show that for the 14-MeV neutron-
induced 28Si[(n,np) + (n,d)]27Al reaction, the probability
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TABLE I. Differential production cross section of the total γ

radiation from interactions of 14.9-MeV neutrons with a natural
silicon sample.

Eγ Final Transition Cross section
(keV) nucleus (keV) (mb/sr, 90◦)

389.7 25Mg 974.8 to 585.1 1.54 ± 0.10
400.6 28Al 1372.8 to 972.2 0.30 ± 0.05
568.2 0.44 ± 0.05
585.1 25Mg 585.1 to 0 3.43 ± 0.19
756.6 28Si DEP of 1778.8
835.0 25Mg 2801.1 to 1964.6 0.21 ± 0.05
843.8 27Al 843.8 to 0 0.65 ± 0.06
865.0 28Al 2485.0 to 1620.1 0.33 ± 0.06
941.4 28Al 972.2 to 30.6 0.77 ± 0.07
974.6 25Mg 974.8 to 0 2.13 ± 0.13
983.4 28Al 1014.0 to 30.6 1.56 ± 0.09
989.7 25Mg 1964.6 to 974.8 0.55 ± 0.14
1014.0* 28Al 1013.6 to 0 1.32 ± 0.15

27Al 1014.5 to 0
1266.9 28Si SEP of 1778.8
1273.2 29Si 1273.2 to 0 0.71 ± 0.11
1289.0 28Si 9702.0 to 8413.3 0.48 ± 0.12
1342.1 28Al 1372.8 to 30.6 0.45 ± 0.09
1368.0 27Al 2210.0 to 843.8 0.37 ± 0.07
1379.6 25Mg 1964.6 to 585.1 0.81 ± 0.10
1534.6 28Si 8413.3 to 6878.6 0.78 ± 0.19
1589.6 28Al 1620.1 to 30.6 0.57 ± 0.10
1595.7 28Si 11 298 to 9702.0 0.60 ± 0.10
1605.1 28Al 3876.0 to 2272.0 0.62 ± 0.09
1611.8 25Mg 1611.7 to 0 0.86 ± 0.10
1618.8 28Al 1620.1 to 0 0.89 ± 0.13
1623.4 28Al 1622.7 to 0 1.16 ± 0.11
1761.5 25Mg 2736.0 to 974.8 0.57 ± 0.10
1778.8p 28Si 1778.8 to 0 24.3 ± 1.0
1778.8d 28Si 1778.0 to 0 16.9 ± 0.7
1808.7 26Mg 1808.7 to 0 0.35 ± 0.10
1816.6 28Si DEP of 2836.5
1964.7* 28Si 11445 to 9479.5 0.39 ± 0.10

25Mg 1964.6 to 0
2028.2 29Si 2028.2 to 0 0.54 ± 0.09
2235.4 30Si 2235.5 to 0 0.90 ± 0.09
2265.8 28Al 4846.0 to 2582.0 0.49 ± 0.11
2272.4 28Al 2272.0 to 0 0.69 ± 0.10
2277.5 25Mg 5012.0 to 2736.0 0.47 ± 0.10
2327.6 28Si SEP of 2836.5
2581.1 28Al 2581.0 to 0 0.93 ± 0.30
2838.6 28Si 4617.8 to 1778.8 3.94 ± 0.46
3203.5 28Si 9480.0 to 6276.5 0.93 ± 0.19
3473.6 28Si DEP of 4497.6
3986.6 28Si SEP of 4497.6
4077.7 28Si DEP of 5099.7
4497.6 28Si 6276.5 to 1778.8 1.04 ± 0.20
4588.7 28Si SEP of 5099.7
5099.7 28Si 6878.6 to 1778.8 1.87 ± 0.41
5856.6 28Si DEP of 6878.6
6381.8 28Si SEP of 6878.6
6878.6 28Si 6878.6 to 0 2.19 ± 0.37

populated in the ground state of the residual 27Al is much
higher than the one populated in the excited state of 27Al* [11].
Therefore, the integral cross section obtained by summing the
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FIG. 3. (Color online) Angular distribution of the differential
isotopic production cross section of 1778.8-keV γ rays produced in
14.9-MeV neutron-induced 28Si(n,xγ )reactions. Angular distribution
of production cross sections of (a) the prompt + delayed components,
(b) the prompt component, and (c) the delayed component in
1778.8-keV γ rays.

differential production cross sections of the γ lines transiting
to the ground state of 27Al (24.5 mb) is much smaller than
the actual integral cross section (∼160 mb). That is, this
cross section can, in general, be considered an estimation of
the minimum value of the actual reaction cross section. The
integral cross section of the 28Si(n,p)28Al reaction obtained
with the foregoing method is 111 ± 10 mb, which is much
smaller than the recent evaluation value (248 mb) [20].
However, there is a method with which the precise cross section
of the 28Si(n,p)28Al reaction can be obtained. 28Al is a nucleus
with β− decay (f1/2 = 2.24 m), the ground state of which
reaches the first excited state of 28Si (1778.8 keV) through β−
decay with a 100% branching ratio, and the first excited state
of 28Si transits to the ground state of 28Si through 1778.8-keV
γ radiation with a 100% branching ratio, so that only the
delayed 1778.8-keV γ radiation (f1/2 = 2.24 m) can contain
the complete 28Si(n,p)28Al reaction process and completely
avoid total uncertainty. Therefore, the accurate integral cross
section of the 28Si(n,p)28Al reaction channel can be obtained
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from the angular distribution of the differential production
cross section of the delayed 1778.8-keV γ radiation. The
result for the 28Si(n,p)28Al reaction listed in Table II (248.0 ±
2.5 mb) was determined by means of this method, which is in
precise agreement with the recent estimated value (248 mb)
[20].

Analyzing the foregoing results leads us to several con-
clusions. First, compared to the earlier results reported by
other laboratories [2–16], the present work provides much
richer information on 14-MeV neutron-induced 28Si(n,xγ )
reactions. In the present work, 50 γ lines are identified and
the differential production cross sections of 40 γ lines are
determined, which is about three times more than the number
identified in all previous work. In addition, the present work
provides complete angular distribution data at five angles for
the 40 γ lines observed and the reaction cross section data for
the eight reaction channels. Second, the present data accuracy
is greatly increased compared to that of earlier experimental
results [2–16]. This is especially true for the data accuracy of
the several characteristic γ lines with substantial radiation
yields, such as 585.1, 1778.8, and 2838.6 keV. Here the
accuracies reach 3%–5%. Even the accuracy of the activation
cross section reaches 1%. Third, the present results are in good
agreement with the results of Engesser and Thompson [2],
Abbondanno et al. [5], Drake et al. [6], Grenier et al. [8], and
Buchanan et al. [9], although there are larger differences in
the experimental conditions and methods. Finally, it can be
seen from Table II that for the integral cross sections of the

TABLE II. Integral isotopic cross sections of some reactions of
14.9-MeV neutrons with natural silicon.

Reaction Integral isotopic cross section (mb)

This work Calculated value [20]

28Si(n,p)28Al 248.0 ± 2.5 248
28Si(n,n′)28Si 405 ± 18.0 460
28Si(n,α)25Mg 93.0 ± 5.0 165
28Si[(n,np) + (n,d)]27Al 26.0 ± 3.0 160
29Si(n,n′)29Si 309.0 ± 31.0 460
29Si(n,α)26Mg 129.0 ± 13.0 130
30Si(n,n′)30Si 372.0 ± 37.0 471

28Si(n,p)28Al reaction, the present result (248.0 ± 2.5 mb) is
in precise agreement with the recent estimated value (248 mb)
[20]. This shows that the TGRM technique combining both
the prompt and the delayed γ -radiation yield measurements is
very reliable.
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