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Abstract

Prompt gamma rays induced by inelastic scattering of fast neutrons on aluminum, titanium and copper were measured at an
angle of 90° between fast neutron beam and detector of the instrument FaNGaS, operated by Jiilich Centre of Neutron Sci-
ence at Heinz-Maier-Leibnitz Zentrum in Garching. The fast neutron flux was 1.40 108 cm~2 s~! with the average energy of
2.30 MeV. Intensities and neutron spectrum averaged isotopic partial cross section for production of 214 gamma lines (22
for aluminum, 72 for titanium and 120 for copper) are presented. The results are consistent with the literature data. However,
the new sets of gamma lines are recommended to replace the old datasets from fast neutrons reactors with several new lines
also recognizing a few false identifications. Additionally, the detection limits of aluminum, titanium, copper, iron and indium

were determined as 1.0, 0.4, 0.9, 0.5 and 1.3 mg, respectively, for a counting time of 12 h.
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Introduction

FaNGasS (Fast Neutron induced Gamma-ray Spectrometry)
is a unique instrument which uses the intense fission neutron
beam delivered by the SR10 channel (Strahlrohr 10) of the
research reactor FRM II (Forschungs-Neutronenquelle Heinz
Maier-Leibnitz) to investigate fast-neutron induced prompt
gamma-ray emission [1, 2]. FaNGaS offers new possibili-
ties for the chemical analysis of large or small samples as
a complementary method to conventional thermal- or cold-
neutron based PGAA (Prompt Gamma Activation Analysis).
Furthermore, it has an ultimate goal to create a modern and
comprehensive data catalogue on (n,n"y)-reactions. Fast
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neutrons are generated by thermal neutron fission of 23U
in uranium silicide converter plates immersed in the reactor
pool. The fast neutron beam is extracted through a beam port
and a set of collimators into an irradiation room. The detec-
tion of neutron-induced gamma radiation is performed with
a well shielded high-purity germanium detector positioned
perpendicular to the neutron beam axis. In previous works
we reported on the prompt gamma-rays induced by fast neu-
trons on iron [3] and on the prompt and delayed gamma rays
produced by epithermal and fast neutrons on indium [4]. In
this work, the results from the measurement of aluminum,
titanium and copper are presented and compared to the data
provided in the “Atlas of Gamma-rays from the Inelastic
Scattering of Reactor Fast Neutrons” published in 1978 by
Demidov et al. [5]. Additionally, the detection limits of the
elements investigated in this work as well as of iron and
indium were determined.

Experimental

Prompt gamma radiation induced by inelastic scattering of
fast neutrons on pure aluminum (m=0.343 g, S=2.3%x2.3
cm?), titanium (m=0.772 g, S=2.6x2.6 cm?) and copper
(m=0.583g,S=1.6x1.6 cmz) foils of natural composition,
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respectively, was studied with the FaNGasS set-up described
in [3]. The foils with a thickness of 0.025 cm were irradi-
ated with their surface perpendicular to the neutron beam of
quadratic shape (6 X 6 cm?). The fast neutron flux at sample
position was (1.40+0.05)x 108 cm™2 s~! and the average
neutron energy 2.30 MeV. The irradiation time was 9.7 h
for aluminum, 8.2 h for titanium and 11.8 h for copper. The
gamma-ray spectra were collected during neutron irradiation
for 8.0, 6.5 and 9.5 h (live times), respectively. The meas-
urement was performed at an angle of 90° between neutron
beam axis and spectrometer at a sample-to-detector distance
of 67 cm. The spectra were analyzed with the software
HYPERMET-PC [6]. Previous beam background analysis
[3] was taken into account for gamma lines identification
and correction of possible interferences. Part of the spectra
and beam background in the energy range 750-3050 keV,
are shown in Fig. 1. The scattering of fast neutrons towards
the detector leads to an increase of the count rates of back-
ground lines by mean factors of 1.10+0.05 for aluminum,
1.27+0.09 for titanium and 1.22 +0.08 for copper. These
factors were used for correcting possible background inter-
ferences. The assignment of the gamma rays to the corre-
sponding isotopes was carried out using the database NutDat
3.0 [7] and nuclear data provided in [8—15].

Method

The net peak area P, of a gamma ray of energy Ey may be
expressed by the following relation:

m
P, = ]\_/INAthyO'Eyq)fnnyg<tb’[“’[‘/2> M

where m (g) is the amount of element, M (g mol™!) the molar
mass of the element, N, the Avogadro number, / the abun-
dance of the isotope considered, £, the full energy peak effi-
ciency, (o, ) (cm?) the fast neutron spectrum averaged iso-
topic cross section for gamma-ray production, ® (cm =2 s~ 1)
the fast neutron flux, f, a factor for neutron self-shielding
and fg, a factor for gamma-ray self-absorption. For prompt
gamma rays the term g(1,,.1,. 1, ;,) reduces to 7, the counting
(live) time. For delayed gamma rays emitted from the decay
of activation products it may be expressed by:

tc'tl/2 _l;12~1b
8ty tentyyy) =1, — ek l—e "~ )

where 7, is the irradiation (real) time, and 7, , the half-life of
activation product.

The value of (o, ) is connected to the effective cross
section (o) of the considered reaction through the absolute
intensity of the gamma ray /,, including the contribution of
internal conversion, as:

@ Springer
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In the case of (n,n"y)-reactions (o}, ) depends on the meas-
urement angle, i.e. the angle between the neutron beam
direction and the detector owing to the anisotropy of the
gamma emission.

As the foils are very thin, the corrections for neutron
absorption and multiple scattering can be neglected, i.e. f,
~1. The gamma-ray self-absorption of the foils was deter-
mined numerically using the Monte Carlo transport simula-
tion code PHITS (Particle and Heavy Ion Transport code
System) Version 3.02 [16] as described in [4]. The depend-
ence of the factor for gamma-ray self-absorption f, on the
gamma energy Ey is shown on Fig. 2 and was approximated
with the following semi-empirical function:

ny =aygtay- (1 - e_azlEy) + a3(1 - e_a4'EV) )

The parameters a; obtained from the fit of the data with
relation (4) are given in Table 1.

The intensity of the gamma rays of aluminum, titanium
and copper, respectively, were calculated relative to the
element-specific reference gamma line used in [5]. The
relationship between the measured intensities (/) and the
intensities (/) determined in [5] was analyzed with the
following semi-empirical function:

Ip=a- (IRD)h (5)

with a and b the coefficients returned by the fit of the data.
Additionally, the consistency between the sets of data was
derived from the distribution of the residuals in unit of
standard deviation [c], calculated, as:

]R - IRD
(SIR)Z + (S’RD)Z

Possible interferences from delayed gamma rays of acti-
vation products induced by (n,p) and (n,a) reactions were
evaluated by means of Eq. (1) and (2) using the reaction
cross sections for a fission spectrum given in [17] and in
the case of aluminum and titanium those determined in [3].

R =

6)

Gamma rays of aluminum

Twenty two prompt gamma lines due to inelastic scat-
tering of fast neutrons on aluminum were measured (see
Table 2). In comparison with the work of Demidov et al.
[5] one additional gamma line at 3395.6 keV was detected.
The gamma lines listed at energies 2371.7, 2664.5 and
2940.6 keV in [5] are not observed in our measurement.
However, they are reported in the database NuDat 3.0 at
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Fig.2 Dependence of the
gamma-ray self-absorption fg,
on the gamma energy Ey for the — ﬁ% 8 6
aluminum, titanium and copper
foils. The solid lines represent
the fit of the data with Eq. (4)
0,7 A
06 - ® A!um?num
© Titanium
0 © Copper
0,5 T T T T
0 1000 2000 3000 4000 5000
Ey (keV)

Table 1 Fit parameters of Eq. (4) for determination of the gamma-ray
self-absorption factor fg,

Aluminum Titanium Cooper
a, 0.6006 —0.3475 —-1.1710
a, 0.3837 13164 2.1037
a, 0.0607 0.0441 0.0338
ay 0.0110 0.0221 0.0501
a, 9.8332- 10~ 1.6997-1073 2.3452:1073
12 0.9993 0.9994 0.9997

12 is the coefficient of determination for the goodness of the data fit

similar energies, 2368.7, 2665.8 and 2942.1 keV deexcit-
ing the same levels assigned by Demidov. The fact that
the strongest gamma from each level is also observed by
Demidov makes their assignments plausible. The 4307-keV
line given in [5] is neither mentioned in NuDat 3.0 and nor
observed in our spectrum. The 843.7-keV (I, = 71.8%) ray
of 7 Mg (T,,=9.46 min) induced by the ngl(n,p)” Mg
reaction and the 1368.6-keV (/. y = 100%) and 2754.0-keV
(I, = 99.94%) rays of **Na (T, =14.96 h) induced by the
27 Al(n,a)**Na reaction were found to interfere significantly
with the prompt gamma lines of same energy. Their contri-
butions to the net count rates were estimated to 4.0 +0.2%,
39+ 3% and 54 +4%, respectively. The intensities of the cor-
responding aluminum gamma rays were corrected accord-
ingly. The intensities of the gamma rays were calculated
relative to the 1014-keV line (100%), and they are given with
the values determined in [5] in Table 2. The relationship
between the relative intensities is shown in Fig. 3a and is

@ Springer

expressed by Eq. (5) with a =0.94 +0.05 and » =1.01 +0.03.
The histogram of the residuals R calculated from Eq. (6) is
given in Fig. 4a. Its fit with a Gaussian shows an agreement
between the data at the 0.7 level, indicating a good consist-
ency. The (o, )-values calculated by means of Eq. (1) are
given in column 4 of Table 2.

Gamma rays of titanium

A total of 72 prompt gamma lines of titanium were iden-
tified, 11 related to *°Ti, 18 to *'Ti, 35 to **Ti, 7 to **Ti
and 1 to *°Ti (see Tables 3,4,5 and 6). Most of the gamma
lines given in [5] were measured and additional lines
were detected: 2683.3, 2954.2 and 3904.5 keV for “OTi,
243.5,2245.2,2460.4, 2679.0, 2799.4 and 3738.2 keV for
*'Ti and 972.2, 1195.6, 1486.4, 2084.7, 3360.3, 3402.8,
3596.9, 3738.2, 3807.8 and 4310.3 keV for **Ti. Gamma
lines listed at energies 134.8, 708.2, 962.8, 1613.6, 1911.2,
1932.6, 2088.2, 2140.5, 2575.1 and 3287 keV in [5] were
not observed. These lines are not mentioned in the data-
base NuDat 3.0 except the 1614-keV line whose place-
ment in the level scheme of “*Ti is uncertain. It should be
mentioned here that the unobserved lines other than the
138.4-keV line were earlier reported as tentative assign-
ments by Demidov and were not placed in any titanium
decay scheme. The fact that they are not observed in
our measurement helps provide support that they do not
belong to titanium. The 138.4-keV gamma was assigned
to the 3358.9-keV 3~ level in **Ti by Demidov. However,
no similar energy gamma from the corresponding level
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Ta|g|7e 2 . Prompt gamma rzflys This work From Demidov Atlas [5] R

of “’Al induced by inelastic

scattering of fast neutrons Ey (keV) PEy/ Ix(relative) (%) (GEY)(mb) Ey (keV) Ixp(relative) (%)

ey iy (X 107%)
(Count)

170.47 £0.04 1.61£0.06 3.83+0.23 5.22+0.27 170.6+0.2° 49+0.1 —-4.27
792.39+0.10 1.05+0.15 2.50+£0.37 3.40+0.50 793.0+0.2 31+03 —1.26
843.13+0.03% 24+1 57+4 78 +4 843.75 60+4 -0.53
954.72+0.27 0.17+£0.03 0.40£0.07 0.55+0.10 955.2+0.2 0.50+0.10 -0.82
983.83+0.08 0.68+0.06 1.62+0.16 220+0.20 984.50+0.15 1.7+0.3 -0.23
1013.86+0.03 42+2 100 136+8 1014.40+0.15 100 -
1367.79+0.22° 0.10+0.02 0.24+0.05 0.32+0.07 1369.3+0.8 0.30+0.10 -0.54
1507.35+0.22  0.12+0.02 0.29+0.05 0.39+0.07 1507.3+0.7 0.30+0.10 -0.09
1720.56+0.09  7.15+0.80 17+2 23+3 1720.8 £0.3 14+2 1.06
1939.83+0.16  0.20+0.03 0.48+0.07 0.64+0.10 1940.2+0.4 0.4+0.2 0.38
2211.64+0.12 20+2 48 +5 65+7 2211.8+0.2 5245 —-0.56
2298.79+0.15  0.60+0.05 1.43+0.14 1.95+0.18 2299.2+0.5 1.6+0.2 -0.69
2734.38+0.25 1.47+0.13 3.50+0.35 4.77+£0.45 2735.3+0.5 34+03 0.22
2753.34+0.33%  0.05+0.01 0.12+0.02 0.16+£0.03 2754.0+1.5 0.20+0.10 -0.78
2835.13+0.29  0.39+0.09 0.93+0.21 1.26+£0.29 2835.8+0.7 1.1+0.2 —-0.56
2982.06+0.30 2.92+0.08 6.90+0.38 947+043 2981.3+0.4 7.7+0.13 -1.99
3003.30+0.18  6.78+0.30 16+1 22+1 3004.5+0.3 18+3 -0.63
3210.94+0.69 1.20+0.10 2.85+0.27 3.89+0.35 3210.4+0.7 21+0.4 1.55
3395.56+0.63 0.19+0.03 0.45+0.07 0.61+0.10 — - -
3957.01+0.57 0.29+0.06 0.69+0.15 0.94+0.20 3954.9+1.1 0.6+0.3 0.27
4412.42+0.87 0.48+0.08 1.14+0.20 1.55+0.26 4413.4+0.8 1.1+0.4 0.09
4581.3+1.0 0.81+0.09 1.93+0.23 2.63+0.30 4582.0+0.8 1.4+0.5 0.96

Ey is the gamma-ray energy, Pg, /e, fg, the net count in the gamma-ray peak divided by the full-energy-
peak efficiency and the gamma-ray self-absorption factor,I the relative intensity of the gamma-ray and
(op,) the fast neutron spectrum averaged isotopic cross section for gamma ray production at an angle of
90° between neutron beam and detector determined with Eq. (1). R is the residual calculated by means of

Eq. (6)

2corrected for the contribution of the delayed gamma ray at 843.7 keV of 2’ Mg

b

corrected for the contribution of the delayed gamma rays at 1368.3 and 2754.0 keV of 2*Na

“probably affected by the 175-keV of "'™Ge

is reported in NuDat 3.0, even though it is conceivable
that a gamma of this energy could be associated with an
electric-dipole (E1) transition from this 37 level to the
3224-keV 3% level. Such a transition was not observed in
our measurement which agrees with NuDat 3.0 but is at
odds with Demidov’s findings. Interferences from delayed
gamma rays of activation products induced by (n,p) and
(n,a) reactions were found to be negligible. The intensities
of the gamma rays calculated relative to the 983.5-keV
line of **Ti (100%) are given with the values determined
in [5] in Tables 3, 4, 5 and 6. The relationship between the
values is expressed by relation Eq. (5) with a =0.98 +0.04
and b =1.06+0.03 as shown in Fig. 3b. The fit of the
histogram of the residuals R with a Gaussian shows an
agreement between the data at the 0.8c level, indicating a

good consistency (Fig. 4b). The (o, )-values are given in
Tables 3, 4, 5 and 6.

Gamma rays of copper

A total of 120 prompt gamma lines induced by inelastic scat-
tering of fast neutrons on copper were identified, 82 associ-
ated to *Cu and 38 to ®Cu. (see Tables 7 and 8). Further,
the 156-keV prompt gamma line of **Ni produced by the
63Cu(n,p)(’3Ni reaction was also observed. On the other hand,
the 525-keV line assigned in [5] to 93Ni was not observed.
This line is also not reported in the database NuDat 3.0.
Most likely it was a background line that was observed dur-
ing the Demidov’s measurement, thus, it is not expected
to be observed in the absence of interference. Most of the

@ Springer
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Fig.3 Relationship between
the relative intensities / of the
prompt gamma rays induced by
fast neutron inelastic scattering
on a aluminum, b titanium and
¢ copper measured in this work
and the relative intensities /5,
tabulated in Demidov Atlas [5].
The solide line represents the fit
of the data with Eq. (5)
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Fig.4 Comparison of the rela-
tive intensities of the prompt
gamma rays induced by fast
neutron inelastic scattering

on a aluminum, b titanium

and ¢ cooper obtained in this
work with the data tabulated in
Demidov Atlas [5] in the form
of a histogramm of the residuals
R in unit of standard deviation
[o] calculated with Eq. (6).

The values of R are given in
Tables 1, 2, 3,4, 5,6 and 7. The
solid line represents the fit of
the data with a Gaussian
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Talzlﬁe 3 Prompt gamma rgys This work From demidov atlas [5] R
of *Ti induced by inelastic
scattering of fast neutrons Ey (keV) Pry/ Ix(relative) (%) (GEY)(mb) Ey (keV) Ixp(relative) (%)
gy fv(x 107
(Count)
888.63+0.03 154+0.5 10.40+0.44 584+28  889.24+0.15 9.7+0.8 0.81
1048.2+0.1 0.71+0.10 0.48+0.07 27+4 1048.8+0.7 0.40+0.15 0.48
1120.09+0.03 3.12+0.10 2.11+0.09 118+6 1120.5+0.6 1.9+0.6 0.35
1721.0+0.1 0.50+0.10 0.34+0.07 19+4 17224+1.0 0.25+0.10 0.73
2071.8+0.1 0.43+0.09 0.29+0.06 16+3 2072.6+0.8 0.40+0.10 —-0.94
22773+0.2 0.21+0.03 0.14+0.02 8+1 22789+1.0 0.15+0.05 -0.18
2345.3+0.3 0.22+0.03 0.15+0.02 8+1 23469+1.0 0.25+0.15 —0.66
2683.3+0.3 0.20+0.03 0.13+0.02 8+1 - - -
2954.2+0.3 0.20+0.03 0.13+0.02 8+1 - - -
3166.3+0.5 0.21+0.03 0.14+0.02 8+1 3168.3+1.8 0.15+0.05 -0.18
3904.5+0.5 0.20+0.03 0.14+0.02 8+1 - - -

Ey is the gamma-ray energy, Pg, /e, fz, the net count in the gamma-ray peak divided by the full-energy-
peak efficiency and the gamma-ray self-absorption factor,I the relative intensity of the gamma-ray and
(op,) the fast neutron spectrum averaged isotopic cross section for gamma ray production at an angle of
90° between neutron beam and detector determined with Eq. (1). R is the residual calculated by means of

Eq. (6)

Talzl7e 4 Prompt gamma r.ays This work From demidov atlas [5] R

of *'Ti induced by inelastic

scattering of fast neutrons Ey (keV) Pry/ Ix(relative) (%) (csEV Ymb) Ey (keV) Ixp(relative) (%)

ey (X 107%)
(Count)

159.24+0.03 20+4 13.5+2.7 840+170 159.4+02 17+x2 —1.04
243.5+0.2 0.11+0.03 0.07+0.02 46+13 - -
1092.04+0.03 3.34+0.10 2.26+0.09 140+6 1092.8+04 2.1+04 0.39
1284.17+0.04 1.25+0.05 0.84+0.04 52+3 1284.9+0.7 0.75+0.20 0.44
1389.73+0.06  0.73+0.05 0.49+0.04 31+2 1390.7+0.4 0.50+0.10 —-0.09
1550.02+0.06  0.81+0.30 0.55+0.20 34+13 1549.7+0.8 0.45+0.15 0.40
1792.4+0.2 0.33+0.06 0.22+0.04 14+3 1793.3+1.0 0.15+0.05 1.09
1824.2+0.1 0.81+0.20 0.55+0.14 34+8 1825.4+0.5 0.55+0.10 0
2006.4+0.3 0.39+0.05 0.26+0.03 16+2 2008.7+0.7 0.40+0.10 —1.34
2163.9+0.2 1.01+0.20 0.68+0.13 42+8 2161.9+0.8 0.55+0.15 0.64
22452+0.3 0.26 +0.05 0.18+0.03 11+20 - - -
2259.17+0.09 0.49+0.03 0.33+0.02 21+1 2260.5+0.8 0.30+0.10 0.29
2296.4+0.2 0.45+0.04 0.30+0.03 19+2 2297.8+0.7 0.30+0.10 0
2460.4+0.2 0.22+0.08 0.15+0.05 9+3 - - -
2550.0+0.3 0.12+0.03 0.08+0.02 5+1 25499+1.5 0.10x+0.05 -0.37
2679.0+0.3 0.15+0.05 0.10+0.03 6+2 - - -
2799.4+0.2 0.08+0.02 0.05+0.01 34+09 - - -
3738.2+0.2 1.16+0.07 0.78 +£0.05 49+2 - - -

Ey is the gamma-ray energy, Pg, /e, fz, the net count in the gamma-ray peak divided by the full-energy-
peak efficiency and the gamma-ray self-absorption factor,I the relative intensity of the gamma-ray and
(op,) the fast neutron spectrum averaged isotopic cross section for gamma ray production at an angle of
90° between neutron beam and detector determined with Eq. (1). R is the residual calculated by means of

Eq. (6)
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Talz!;e 5 Prompt gamma rgys This work From demidov atlas [5] R

of *Ti induced by inelastic

scattering of fast neutrons Ey (keV) Pgy/ Ix(relative) (%) (oEy Ymb) Ey (keV) Ixp(relative) (%)

epyfrr(x 107%)
(Count)

423.01+0.07  1.14+0.09 0.77+0.06 4.83+042 423.6+0.5 0.65+0.20 0.57
927.7+0.05 1.32+0.06 0.89+0.05 559+032 928.1+0.6 0.80+0.10 0.80
943.45+0.03  2.49+0.09 1.68+0.08 10.6+0.5 944.2+0.6 1.8+0.3 -0.39
972.25+0.09  0.41+0.05 0.28+0.04 1.74+0.22 - - -
982.9+0.03 148 +4 100.0 627+27  983.49+0.10 100 -
1037.3+0.5 0.50+0.11 0.34+0.08 2.12+048 1037.7+0.5 0.35+0.15 -0.06
1062.98+0.07 0.14+0.02 0.09+0.01 0.59+0.09 1063.0+1.0 0.35+0.15 -1.73
1195.6+0.2 0.11+0.02 0.07+0.01 047+0.09 - - -
1311.48+0.03 13.6+0.4 9.19+0.37 58+3 1312.2+0.2 8.1+0.10 2.84
1431.3+0.5 0.39+0.05 0.26+0.03 1.65+0.22 1430.6+0.12 0.30+0.15 -0.26
1436.81+0.05 13.0+0.4 8.78+0.35 55+3 1437.5+0.2 7.7£0.10 2.97
1486.4+0.2 0.29+0.04 0.19+0.03 1.22+0.17 - - -
1749.8 +0.1 0.49+0.04 0.33+0.03 2.07+0.18 1750.4+0.8 0.40+0.10 -0.67
2013.67+0.04 2.04+0.40 1.37+0.27 8.6+1.7 20142+0.5 1.2+0.2 0.50
2035.5+0.3 0.23+0.05 0.16+0.04 097+0.21 2037.2+14 0.15+0.05 0.16
2084.7+0.6 0.27+0.05 0.18+0.03 1.14+0.21 - - -
2239.9+0.3 3.30+0.10 2.23+0.09 14+£0.6 2240.5+0.3 23+0.3 -0.22
2374.14+£0.05 4.67+0.20 3.15+0.16 19.8+1.1 2375.4+0.3 3.6+0.5 —0.85
2386.3+0.1 3.20+0.10 2.16+0.09 13.6+0.6 2387.3+0.4 20+04 0.48
2420.2+0.1 0.87+0.06 0.59+0.04 3.68+0.28 2420.8+0.6 0.50+0.02 2.01
2468.6+0.4 0.17+0.03 0.11+0.02 0.72+0.13  2470+2 0.20+0.10 —0.88
2631.5+0.1 1.74+0.07 1.17+0.06 7.37+0.39 2632.8+0.5 1.5+0.3 —1.08
2715.0+0.2 1.52+0.09 1.03+0.07 6.44+0.44 2715.9+0.5 1.3+£05 -0.53
2754.1+0.1 0.45+0.03 0.30+0.02 1.90+0.14 27545+0.8 0.45+0.10 —-147
2867.2+0.1 1.49+0.07 1.00+0.05 6.31+0.37 2868.2+0.5 0.95+0.20 0.24
3087.7+0.5 0.36+0.05 0.24+0.03 1.52+0.22 3088.7+1.8 0.25+10 -0.10
3227.2+0.5 0.34+0.05 0.23+0.03 1.44+022 32285+14 0.30+0.10 -0.67
3360.3+0.4 0.15+0.03 0.10+0.02 0.63+0.13 - - -
3369.9+0.2 0.32+0.03 0.22+0.02 1.35+0.13 3371.0+2.0 0.35+0.10 -1.27
3402.8+0.2 0.19+0.04 0.13+0.03 0.80+0.17 - - -
3596.9+0.5 0.16+0.03 0.11+0.03 0.68+0.13 — - -
3698.3+0.1 1.02+0.10 0.69+0.07 4.32+045 3700.6+1.5 0.75+0.10 -0.49
3738.2+0.2 1.15+0.07 0.78+0.05 4.87+0.34 — - -
3807.8+0.6 0.16+0.03 0.11+0.03 0.68+0.13 — - -
4310.3+0.5 0.25+0.03 0.17+0.02 1.06+0.13 - - -

Ey is the gamma-ray energy, Pg, /e, fg, the net count in the gamma-ray peak divided by the full-energy-
peak efficiency and the gamma-ray self-absorption factor,I; the relative intensity of the gamma-ray and
(op,) the fast neutron spectrum averaged isotopic cross section for gamma ray production at an angle of
90° between neutron beam and detector determined with Eq. (1). R is the residual calculated by means of

Eq. (6)

gamma lines of copper given in [5] were measured and addi-
tional lines were detected: 954.8, 971.3, 1051.3, 1118.3,
1123.2, 1150.0, 1169.1, 1196.5, 1219.7, 1289.8, 1533.1,
1902.7, 1972.2, 2421.2, 2581.7, 2648.0, 2719.6, 2834.2,
2842.5, 3456.6, 3474.3 and 3565.9 keV for ®*Cu and 255.3,
311.1, 315.1, 343.2, 381.7, 487.8, 1025.8, 1156.7, 1174.5,

1187.1, 1260.2, 1270.5, 1871.5, 1894.4 and 3354.4 keV

for ®>Cu. Both the 1013.5- and 1955.4-keV gamma rays in
Demidov”Atlas are reported as tentative assignments and
are unplaced in the copper decay schemes. The lines are
not mentioned in NuDat 3.0 and were not observed in our
measurement confirming the fact that they do not belong to
copper. It was not possible to identify the lines at 1099.9 and
1357.9 keV due to the interference of the Doppler-broadened
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Table 6 Prompt gamma rays

R SO - This work From demidov atlas [5] R

of ™Ti and *"Ti induced by

inelastic scattering of fast Ey (keV) Pry/egy fey Ix(relative) (%) (GEY)(mb) Ey (keV) Ixp(relative) (%)

neutrons (x107%)

(Count)

340.93+0.05 0.92+0.20 0.62+0.14 53+12 341.6+£06 0.7+£0.2 -0.33
637.8+0.1 0.52+0.06 0.35+0.04 30+4 638.6+0.8 0.25+0.10 0.93
1381.10+£0.03  3.54+0.71 2.39+0.49 202 +41 1381.9+03 1.7+04 1.09
1541.47+£0.03  2.63+091 1.78 +£0.62 152+53 1542.3+03 1.6+04 0.24
1585.25+0.04  1.04+0.04 0.70+0.03 60+3 1586.4+0.5 0.55+0.15 0.98
1622.19+0.05  3.13+0.10 2.11+0.09 180+9 1623.1+£04 19403 0.67
1761.18+0.08  1.39+0.06 0.94+0.05 80+4.0 1762.3+0.6 09+0.2 0.19
1553.07 +£0.03% 6.4+1 4.32+0.69 387+62 1555.0+0.3 3.8+0.8 0.55

Ey is the gamma-ray energy, Pg, /e, fg, the net count in the gamma-ray peak divided by the full-energy-
peak efficiency and the gamma-ray self-absorption factor,I the relative intensity of the gamma-ray and
(Op,) the fast neutron spectrum averaged isotopic cross section for gamma ray production at an angle of
90° between neutron beam and detector determined with Eq. (1). R is the residual calculated by means of

Egq. (6)
4Gamma ray of >°Ti

1356.5-keV line of '°F produced by the interaction of fast
neutrons with the sample holder made of Teflon and of the
1101.3-keV line of *Ge induced by fast neutrons with the
germanium crystal, respectively. The 2095.0-keV line of
Cu (reported at 2094.3 keV in NuDat 3.0) could not be
uniquely identified due to the interference of the 2093.7-keV
line of °’Pb induced by fast neutron on the lead shielding
of the detector which also forms a doublet with the 2092.6-
keV line of ®Cu. Interferences from delayed gamma rays
of activation products induced by (n,p) and (n,x) reactions
were found to be negligible. The intensities of the gamma
rays calculated relative to the 962.0-keV line of “*Cu (100%)
are given with the values determined in [5] in Tables 7 and 8.
The relationship between the values is expressed by Eq. (5)
with a =0.95+0.03 and b =1.02 +0.03 as shown in Fig. 3c.
The fit of the histogram of the residuals R with a Gauss-
ian shows an agreement between the data at the 0.7c level,
indicating a good consistency (Fig. 4c). The (o, )-values are
given in Tables 7 and 8.

Detection limit

Neglecting any neutron and absorption effects, the detection
limit (DL) representing here the smallest amount of pure ele-
ment that can be detected was calculated by means of Eq. (1)
from the minimum peak area P, (c) which can be expressed
according to [18] by

_VZ;BEy 7

Pr,(c) =

@ Springer

with B, the area of the background below the gamma line of
interest and ¢ a predefined value for the relative uncertainty
of the peak area. In the case of the presence of an interfering
line Pp,(c) can be given by

V2 (Puc+2:By,) )

C

PEy(C) =

where P,,, is the net area of the interfering peak.

The detection limits of the elements investigated in this
work as well as those of iron and indium were determined
from their most intense gamma lines for a counting time of
12 h and for c=0.5 corresponding to a peak area uncertainty
of 50% using the beam background spectrum. The fast neu-
tron flux is 1.40 108 cm™ s~! and the sample-to-detector
distance 67 cm. In this case, the smallest amount of pure
element that can be detected is 0.4 mg for titanium (*3Ti,
Ey=982.9 keV, (oEy) = 627 mb), 0.5 mg for iron (*°Fe,
Ey=846.9 keV, (oy,) = 586 mb), 0.9 mg for copper (“*Cu,
Ey =961.5 keV, (o-Ey) = 410 mb), 1.0 mg for aluminum
(*’Al, Ey=1013.9 keV, (oz,)= 136 mb) and 1.3 mg for
indium ("I, By =933.1 keV, (o, )= 222 mb).

Conclusions

The measurement of prompt gamma rays induced by inelas-
tic scattering of fast neutrons on aluminum, titanium and
copper was conducted with the FaNGasS instrument operated
at FRM II. The fast neutron flux at sample position was 1.40
10% cm™2 s~!. The detection of gamma rays was performed
at an angle of 90° between the neutron beam and the spec-
trometer. A total of 22, 72 and 120 prompt gamma lines were
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Talzl3e 7 .Promp t garTlma rain This work From demidov atlas [5] R

of ®Cu induced by inelastic

scattering of fast neutrons Ey (keV) Pry/ Ix(relative) (%) (GEV)(mb) Ey (keV) Ixp(relative) (%)

gy fry(x 107
(Count)

156.10+0.05* 1.59+0.08 2.12+0.22 8.69+0.54 156.7+0.3 3.4+0.6 —2.00
364.14+0.04 9.47+0.31 126+1.2 5243 365.5 14+2 —0.60
412.1+0.1 1.24+0.10 1.65+0.20 6.78+0.60 413.9+0.3 1.9+0.4 -0.56
449.14+0.05 3.94+0.10 5.25+0.51 21.5+09 450.2+0.2 5.6+0.8 -0.37
468.0+0.17 0.46+0.05 0.61+0.09 2.51+£0.29 470.1+0.8° 0.90+0.20 0.97
533.3+0.1 0.55+0.08 0.73+0.13 3.00+0.45 534.5+04 0.60+0.15 0.65
584.10+£0.04 1.65+0.21 2.20+0.35 9.02+1.19 585.0+0.2 2.8+0.3 -1.30
643.62+0.04 1.60+0.06 2.13+0.21 8.75+0.88 644.5+0.2 1.9+0.3 0.63
668.88 +0.04 33+4 44+7 180+22  669.68+0.10 46+2 -0.27
685.5+0.6 1.21+0.07 1.61+0.18 6.62+0.45 686.3+0.9 1.4+0.4 0.48
741.71+£0.05 1.08+0.06 1.44+0.16 5.90+0.39 742.4+0.2 1.4+0.3 0.11
753.51+£0.04 1.20+0.06 1.60+0.17 6.56+0.40 754.2+0.4 1.1+0.3 1.45
764.82+0.04 1.74+0.31 2.32+0.47 9.5+1.7 765.7+0.1 1.7+0.5 0.90
880.47+0.04 2.15+0.20 2.87+0.38 11.7+1.2 881.1+0.15 33+0.1 -1.09
898.50+0.04 6.04+0.51 8+1 33+3 899.2+0.2 7.8+0.8 0.16
923.82+0.08 1.43+0.20 1.90+0.32 7.8+1.1 9245+0.5 1.5+0.3 0.91
954.80+0.08 0.60+0.05 0.80+0.10 3.28+0.30 - - -
961.48 +£0.03 T5+7 100 410+£41  962.03+0.10 100 -
971.27+0.07 0.59+0.05 0.79+0.10 3.22+0.30 - - -
1048.31+£0.08 1.22+0.41 1.63+0.57 6.7+2.2 1050.7+0.3 2.6+0.5 -1.28
1051.31+£0.08 1.02+0.41 1.36+0.56 56+22 - - -
1077.00+0.06 0.61+0.10 0.81+0.15 33+0.6 1077.6+0.8  0.5+0.15 1.46
1118.26+0.06 0.91+0.20 1.21+0.29 50+1.1 - - -
1123.2+0.1 0.22+0.05 0.29+0.07 1.20+0.28 — - -
1129.84+0.04 3.47+0.71 4.63+1.04 19+4 1130.5+0.2 3.8+04 0.74
1150.0+0.4 0.23+0.06 0.31+0.08 1.26+0.33 — - -
1169.1+0.1 0.16+0.03 0.21+0.04 0.87+0.17 - - -
1178.14+0.05 0.77+0.04 1.03+0.11 4214026 1178.7+0.7 1.4+0.4 —0.81
1196.5+0.2 0.22+0.05 0.29+0.07 1.20+0.28 — - -
1219.7+0.2 0.39+0.06 0.52+0.09 2.13+0.33 - - -
1245.29+0.06 1.20+0.06 1.60+0.17 6.56+0.40 1246.1+£0.6  2.0+0.5 -0.75
1289.76+0.09 0.31+0.06 0.41+0.09 1.69+0.33 — - -
1326.32+0.03  25+2 33+4 137+12  1327.0+0.1 32+3 0.20
1340.94+0.07 0.54+0.04 0.72+0.08 2.95+0.24 1342.5+0.1 0.60+0.20 0.56
1373.8+0.1 0.57+0.05 0.76 +0.09 3.11+0.29 1374.7+0.7  0.55+0.15 1.20
1392.93+0.08 1.73+0.31 2.31+0.47 9.5+1.7 1391.5+0.5 2.0+0.3 0.55
1411.48+0.04 13+2 17+3 71+11 141211401  15+2 0.55
1435.7+0.1 0.34+0.06 0.45+0.09 1.86+0.33 1436.6+0.1 0.50+0.20 -0.23
1533.1+0.3 0.25+0.05 0.33+0.07 1.37+0.28 — - -
1546.36+0.08 8.96+0.30 119+1.1 49.0+24 1547.03+0.10 122 -0.04
1572.6+0.3 0.23+0.04 0.31+0.06 1.25+0.22 1573.3+0.8  0.40+0.15 —-0.56
1584.7+0.2 0.34+0.05 0.45+0.08 1.86+0.28 1584.9+0.1 0.35+0.15 0.59
1802.9+0.3 0.25+0.04 0.33+0.06 1.36+0.22 1801.7+0.12 0.20+0.05 1.66
1827.1+0.3 0.32+0.04 0.43+0.07 1.75+0.23 1827.0+0.8  0.40+0.10 0.24
1847.3+0.5 0.12+0.04 0.16+0.06 0.66+0.22 1846.4+0.1 0.30+0.10 -1.20
1860.46+0.04 5.70+0.20 7.60+0.75 31.1+1.6 1861.3+0.2  7.7+0.8 0.09
1899.2+0.3 0.23+0.03 0.31+0.05 1.26+0.17 1897.9+0.8  0.60+0.15 —1.83
1902.7+0.4 0.13+0.03 0.17+0.04 0.71+0.16 — - -
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Table 7 (continued)

@ Springer

This work From demidov atlas [5] R
Ey (keV) Pry/ Ix(relative) (%) (GEV)(mb) Ey (keV) Ixp(relative) (%)

egy ey (x107%)

(Count)
1926.0+0.1 0.49+0.04 0.65+0.08 2.68+0.24 1926.6+0.1 0.50+0.15 0.88
1964.7 £0.1 0.26+0.05 0.35+0.07 1.42+0.3281965.4+0.8° 0.80+0.25 -1,73
1972.2+0.2 0.09+0.02 0.12+0.03 049+0.11 - - -
1985.2+0.3 0.40+0.06 0.53+0.09 2.19+0.34 1984.9+0.12 0.45+0.10 0.59
1995.9+0.1 0.37+0.04 0.49+0.07 2.02+0.22 1997.0+0.1 0.45+0.10 0.33
2010.90+0.05 2.65+0.10 3.53+0.35 145+1.6 2011.8+0.3 35+0.5 0.05
2025.9+0.3 0.19+0.04 0.25+0.06 1.04+0.22 2025.7+0.12 0.70+0.20 -2.15
2061.3+0.2 0.30+0.04 0.40+0.06 1.64+0.28 2062.0+0.9  0.60+0.15 -1,24
2080.3+0.1 1.49+0.07 1.99+0.21 8+1 2081.3+0.5 2.0+0.3 -0.03
2092.59+0.06 1.73+0.20 2.30+0.34 9.5+1.1 2091.8+0.1 2.6+0.6 —-043
2186.5+0.3 0.16+0.030,60 0.21+0.04 0.87+0.17 2187.9+0.8  0.45+0.11 —2.05
2335.6+0.1 1.73+0.07 2.30+0.23 9.5+1.1 2336.4+0.5 1.9+0.4 0.87
2421.2+0.3 0.36+0.04 0.48+0.07 1.97+0.30 - - -
2467.6+0.3 0.28+0.08 0.37+0.11 1.53+0.47 2467.0+0.8  0.30+0.10 0.47
2496.06+0.07 1.27+0.07 1.69+0.18 6.94+0.84 2496.9+0.5 1.8+0.3 -0.31
2510.95+0.10 0.69+0.05 0.92+0.11 3.77+0.49 2511.7+0.1 1.0+0.2 -0.35
2534.64+0.09 0.71+0.10 0.95+0.16 3.88+0.69 2535.0+0.5 1.0£0.2 -0.19
2581.7+0.3 0.43+0.07 0.57+0.11 235+0.46 - - -
2628.2+0.5 0.20+0.04 0.27+0.06 1.09+£0.22 2627.3+0.2  045+0.15 —1.11
2648.0+0.6 0.61+0.20 0.81+0.28 33£1.1 - - -
27152+0.2 0.23+0.04 0.31+0.06 1.26+0.22 27162+0.8° 0.60+0.15 -1,79
2719.6+£0.2 0.25+0.04 0.33+0.06 1.37+£0.26 - - -
2779.4+0.2 0.46+0.07 0.61+0.11 2.51+0.39 2780.3+0.9  0.40+0.10 1.41
2806.0+0.2 0.36+0.03 0.48+0.06 1.97+0.27 2808.0+0.1 0.45+0.15 0.18
2834.2+0.2 0.11+0.02 0.15+0.03 0.60+0.13 - - -
2842.5+04 0.19+0.04 0.25+0.06 1.04+0.25 - - -
2857.2+0.2 0.49+0.07 0.65+0.11 2.68+0.12 2858.0+0.15 0.65+0.20 0
2873.1+£0.2 0.48+0.06 0.64+0.10 2.62+0.12 2871.7+0.15 0.60+0.20 0.18
2901.5+0.7 0.42+0.04 0.56+0.07 5.15+0.52 2902.2+0.15 0.70+0.25 -0.54
2974.4+04 0.27+0.06 0.36+0.09 1.48+0.33 2979.0+0.15 0.35+0.10 0.07
3031.5+0.3 0.29+0.04 0.39+0.06 1.58+0.22 3033.1+0.15 0.35+0.10 0.34
3044.1+0.2 0.31+0.07 0.41+0.10 1.69+0.38 3044.6+0.15 0.45+0.15 -0.22
3266.4+0.4 0.19+0.04 0.25+0.06 1.04+0.25 3264.6+0.20 0.30+0.10 -043
3456.6+0.4 0.23+0.05 0.30+0.07 1.26+0.27 - - -
3474.3+0.3 0.26+0.05 0.35+0.07 1.42+0.27 - - -
3565.9+0.6 0.19+0.04 0.25+0.06 1.04+0.25 - - -

Ey is the gamma-ray energy, Pg, /e, fz, the net count in the gamma-ray peak divided by the full-energy-
peak efficiency and the gamma-ray self-absorption factor,I the relative intensity of the gamma-ray and
(o, ) the fast neutron spectrum averaged isotopic cross section for gamma ray production at an angle of
90° between neutron beam and detector determined with Eq. (1). R is the residual calculated by means of
Eq. (6)

aPrompt gamma line of *Ni produced by the reaction *Cu(n,p)®*Ni

"Doublet 468 keV (**Cu) and 470 keV (*Cu)

“May contain a contribution of 1972 keV

4Doublet 2715 keV and 2719 keV
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Talzlse 8 .Promp t garTlma rays This work From demidov atlas [5] R

of ®Cu induced by inelastic

scattering of fast neutrons Ey (keV) Pry/ Ix(relative) (%) (oEy Ymb) Ey (keV) Ixp(relative) (%)

egYfv(x 107%)
(Count)

255.3+0.2 0.36+£0.03 0.48 +£0.06 4.41+040 - - -
311.1+0.1 0.28+0.05 0.37+0.07 343+0.62 - - -
315.1+0.1 0.33+0.05 0.44+0.08 4.04+0.63 — - -
343.2+0.2 0.34+0.08 0.45+0.11 4.17+0.99 - - -
381.7+0.2 0.41+0.09 0.55+0.13 50+1.1 - - -
438.86+0.06  1.09+0.06 1.45+0.16 13.4+09 4403+0.3 1.6+0.4 -0.35
469.6+0.1 0.40+0.05 0.55+0.09 22+03 470.1+0.8? 0.90+0.20 0.97
487.77+0.08  0.12+0.02 0.16+0.03 147+0.25 - - -
608.30+0.05 0.80+0.07 1.07+0.14 9.80+0.93 609.6+0.1 1.0+0.2 0.29
624.34+0.07 0.99+0.08 1.32+0.16 12+1 625.3+0.3 1.2+0.4 0.28
769.34+0.03 13.0+0.4 17+£2 159+8 770.6+0.2 17+2 0
852.8+0.1 0.40+0.04 0.53+0.07 4.90+0.52 852.7+0.6 0.45+0.15 0.48
945.1+0.1 0.21+0.08 0.28+0.11 1.15+0.44 944.4+0.9 0.25+0.10 0.20
978.06+0.04  2.25+0.31 3.0+0.5 27.6+39 978.8+04 25+0.4 0.78
991.32+0.05 1.63+0.20 2.17+0.33 89+1.1 992.0+0.4 1.8+0.4 0.71
1025.8+0.2 0.18+0.03 0.24+0.05 221+0.38 - - -
1114.89+0.03 33+3 44+6 404+39 1115.54+0.10 37+3 1.04
1156.7+0.1 0.19+0.03 0.25+0.04 233+0.38 - - -
1162.92+0.06 2.88+0.06 3.84+0.37 353+1.5 1163.5+0.3 3.8+0.6 0.06
1174.5+0.1 0.23+0.03 0.31+0.05 2.82+0.38 - - -
1187.1+0.2 0.17+0.03 0.23+0.05 2.08+0.37 - - -
1260.16+0.10 0.70+0.05 0.93+0.11 8.6+0.7 - - -
1270.5+0.2 0.22+0.03 0.29+0.05 2.69+0.38 — - -
1441.9+0.1 1.84+0.51 245+0.72 27+6 1442.9+0.8 2.1+0.5 0.40
1481.15+0.04 9.38+0.31 125+1.2 115+6 1481.80+0.10 12+2 0.21
1556.77+£0.09 0.43+0.04 0.57+0.08 5.27+0.52 1558.2+0.7 0.80+0.25 -0.95
1616.9+0.4 0.41+0.05 0.55+0.08 5.02+0.64 1617.5+0.1 0.60+0.20 -0.23
1622.61+0.05 3.37+0.10 4.49+0.44 41+2 1623.3+0.3 4.8+0.1 -0.69
1637.0+0.2 0.23+0.03 0.31+0.05 2.82+0.38 1637.2+0.9 0.60+0.15 —1.84
1724.35+0.08 2.55+0.31 3.40+0.52 31+4 1724.9+0.2 4.0+0.5 -0.83
1871.5+0.3 0.13+0.03 0.17+0.04 1.59+0.37 - - -
1878.23+0.08 0.56+0.05 0.75+0.10 6.86+0.66 1879.3+0.5 0.55+0.15 1.11
1894.4+0.2 0.24+0.03 0.32+0.05 2.94+038 — - -
2106.1+0.1 0.61+0.10 0.81+0.15 75+12 2106.8+0.12 0.50+0.15 1.46
2212.0+04 0.46+0.06 0.61+0.10 5.64+0.76 2212.3+0.6 0.55+0.20 0.27
2327.6+0.1 0.55+0.04 0.73+0.09 6.75+0.55 2329.6+0.1 0.85+0.20 -0.55
33544+04 0.23+0.03 0.31+0.05 2.82+0.38 - - -

Ey is the gamma-ray energy, Pg, /e, fz, the net count in the gamma-ray peak divided by the full-energy-
peak efficiency and the gamma-ray self-absorption factor,I the relative intensity of the gamma-ray and
(op,) the fast neutron spectrum averaged isotopic cross section for gamma ray production at an angle of
90° between neutron beam and detector determined with Eq. (1). R is the residual calculated by means of

Eq. (6)

aDoublet 468 keV (P*Cu) and 470 keV (°Cu)

observed for aluminum, titanium and copper, respectively,
and their relative intensities and spectrum-averaged produc-
tion cross sections were determined. In comparison with the
work of Demidov et al. [5], 57 gamma lines were detected

additionally (1 for aluminum, 19 for titanium and 37 for
copper). We also found that 18 lines (1 for aluminum, 10 for
titanium and 4 for copper) were incorrectly assigned in [5].
These lines are not specified in the database NuDat 3.0. The
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relative intensities of the prompt gamma lines measured in
our work are in good agreement (0.7c level) with the values
given [5]. The detection limits of aluminum, titanium, iron,
copper and indium are around 1 mg for a counting time of
12 h which is acceptable in view of the chemical analysis of
large samples with the FaNGaS instrument.
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