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Particle induced gamma-ray emission (PIGE) is an ion beam technique used for isotopic elemental analysis of
materials, based on gamma-ray spectroscopy. In the traditional PIGE setup, the gamma-ray detector is positioned
at the neutral angles 55° or 125° with respect to the beam direction in order to measure gamma-rays with
different angular distributions. Although these angles permit measurements without an a-priori knowledge of
the specific angular distributions, this choice is not efficient if one wants to identify a specific element since a
longer acquisition time is needed.
In this work, we propose to optimize the PIGE measurements by choosing the detector angle position due to the
previous knowledge of the gamma-raymultipolarity and the nuclear reaction. We present the angular distribution
calculations for the isotopes most frequently identified by PIGE analysis, specially in Cultural Heritage objects. Cal-
culations demonstrate that a gain in the intensity up to 70% can be achieved allowing the elemental identification in
shorter times. This result is promising and represents a more efficient alternative to perform PIGE measurements.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Particle induced gamma-ray emission (PIGE) [1,2] is an ion beam
technique based on gamma-ray spectroscopy largely employed to de-
termine elemental composition in awide variety ofmaterials. For exam-
ple, it is currently applied to study aerosol samples [3], teeth dentin [4],
medicinal plants [5], welded steel joints [6], minerals [7] and Cultural
Heritage objects, such as ceramic artifacts [8], glasses [9] and paintings
[10]. Inmost cases, PIGE is commonly used to identify a specific element
in a study matrix like fluorine distribution in teeth, oxygen and carbon
in steel joints, and sodium in blue pigments made of lapis-lazuli.

Ion beam analysis techniques are based on accelerated charged parti-
cles colliding with atoms and nuclei and several reactions can take place
simultaneously during the beam-target interaction. The elemental identi-
fication depends on several factors such as the beam intensity, beam en-
ergy, reaction cross-section, and number of atoms in the sample. In
particular, in PIGE technique inelastic nuclear reactionswith light nucleus
beams (protons, deuterons and alpha particles) are used to excite the nu-
clei in the sample, but fusion reactions occur as well in the process,
resulting in the production of new excited nuclei. In general, the excited
nuclei decay emitting characteristic gamma-rays with well known
rence, Catania (Italy), April 27–
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energies which can be used to determine the elemental composition of
the sample. In some fusion reactions, it is possible to produce a new iso-
tope which β- decays to an excited state of another nucleus with atomic
number Z-1 that will also decay via gamma-ray emission. The gamma-
ray intensities can be used to determine the elemental concentration at
a larger depth inside a sample [11], since high energy gamma-rays
(100 keV to 10 MeV) are slightly attenuated inside the material com-
pared to the totally absorbed low energy X-rays (from hundreds of eV
to tens of keV).

PIGE is usually performed in small accelerators with protons, alpha
particles and/or deuteron beams [12–14]. The use of low energies to ac-
celerate the beam projectiles (typically 2–3 MeV for protons) restricts
the quantity of reactions that can be performed due to the Coulombian
repulsion between the beam and target nuclei. This fact restricts the el-
ements that can be analyzed by this technique, consequently, PIGE is
mostly used to identify and to quantify light elements such as Li, Be, B,
C, O, F, Na, Mg, Al, Si and P, not easily detected by other ion beam tech-
niques, such as particle induced X-ray emission (PIXE). However, PIGE
can be used to detect heavier elements with appropriate nuclear
reactions.

PIGE detection limits vary greatly from isotope to isotope because it
is based upon specific nuclear reactions, and typical values are between
10 and 100 ppm. To achieve those detection limits, it is necessary to take
into account that nuclear reaction cross-sections are small (ranging
from few mbarns to hundreds of mbarns) and also to consider the par-
ticularities of the gamma-ray emission and its detection efficiency (typ-
ically 10 -3–10 -5 full-energy peak absolute efficiency for a HPGe
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gamma-ray detector). These factors contribute to the increasing of the
measurement time and the beam exposure required to have enough
data to perform a quantitative analysis. In some cases, however, the in-
crease of the beam exposure raises the chance of radiation damage in
the sample evenwhen using an external beam, a specially unwanted ef-
fect in the study of Cultural Heritage objects such as paintings [15–17]
and ceramics [18].

The gamma-ray emission properties play an important role in the po-
sition of the gamma-ray detector and in the beam time exposure. We
know from gamma-ray spectroscopy that excited states produced in nu-
clear reactions generally have an oriented angular distributionwhich de-
pends on the nuclear reaction type to populate the excited states and on
the emitted gamma-ray multipolarities [19]. To minimize the contribu-
tion of the angular distribution in the quantitative results, a traditional
PIGE setup places the gamma-ray detector at 55° or 125° with respect
to the beam direction [20]. Although these positions permit to measure
gamma-rays with different angular distributions, they do not detect
the maximum of the emission, increasing the beam time exposure. This
setup, however, is the best option when the electromagnetic properties
of the transition are unknown or when the measurement of simulta-
neous gamma-rays with different multipolarities is required.

With all this in mind, we propose to optimize the PIGE technique in
the cases where a specific element is under study by changing the de-
tector angle position based on the previous knowledge of the gamma-
ray angular distributions. With this approach, it is possible to detect
the maximum of the gamma emission and consequently minimize the
measurement time and the radiation dose applied to the sample,
which is very important in the case of Cultural Heritage objects. In this
work we present the angular distribution calculations for the isotopes
most frequently identified by PIGE technique based on the previous
knowledge of the isotope nuclear structure provided by gamma-ray
spectroscopy studies.

2. Angular distribution theory overview

The angular distribution can be classified by the shape of the orienta-
tion with respect to the quantization axis as non-orientation, polariza-
tion and alignment [19]. The non-orientation is defined when there is
no preferential orientation, an example is the gamma-ray emission of a
radioactive source. Polarization is definedwhen there is a preferential di-
rection of the gamma-ray emission, like the thermal equilibriumorienta-
tion realized by Zeeman effect at low temperatures. Alignment occurs
when there is an orientation regarding to a quantization axis. The de-
gree of orientation depends on the state formation process and is
closely related with the reaction mechanisms. Nuclear reactions or
gamma–gamma angular correlations are processes conserving the
parity of the states, consequently, only alignment is realized in such
processes [19].

Several reaction mechanisms can occur with different probabilities
during the interaction of the beam projectiles with the sample depend-
ing on the beam's energy and on the type of accelerated particle. As a re-
sult, a state with angular momentum j and a projection m along the
quantization axis (the direction of the beam projectiles in a nuclear re-
action) can be populated with a probability depending on the nuclear
reaction type. To solve this problem, we are going to deal with an as-
sembly of systems composed of pure states with probability P(m) to
be orientedwith respect to a suitable symmetry axis as the quantization
axis, which can be described by the statistical tensor ρk(j) (1):

ρk jð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 jþ 1

p
∑m −1ð Þ j−m jmj−mjk0h iP mð Þ
k ¼ 0;1;…2 j:

ð1Þ

The angular distribution is also dependent on the gamma-raymulti-
pole radiation and the mixture between them. This multipole radiation
is closely connected to electromagnetic properties of nuclear states and
can be classified as 2-λ-pole charge (Eλ) or magnetization (Mλ)
distribution. The degree of mixture between electric andmagnetic radi-
ation is given by themixing ratio δ, defined as δ=〈jf∥λ ' ∥ ji〉/〈jf∥λ∥ ji〉. In
thiswork,we follow the δ signal convention of Krane and Steffen [21], in
accordance with the used in the nuclear data sheet tables [22].

The gamma-ray angular distribution W(θ) [19] from an oriented
state is expressed as follows,
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where Pk(cosθ) is the Legendre polynomial; ji and jf are the spins of the
initial andfinal states;λ andλ' are themultipole order of the radiation; δ
is the mixing ratio of the electromagnetic transition; W( ji jiλλ';kjf) are
the six-symbol Racah coefficients and ρk( ji) is the statistical tensor
given by Eq. (1).

Eq. (2) is normalized to take into account an isotropic angular distri-
bution (k=0), so the quantities A0( jiλλ ' jf) and P0(cosθ) are equal to 1.
W(θ) describes the gamma-ray intensities dependency with the obser-
vation angle and usually varies between 0 and 2.

An isotropic angular distribution happens in the special cases of j=
0 and j= 1/2 as can be seen from Eq. (2), since for j=0 no orientation
exists and a j=1/2 state has only two substatesm=±1/2. In general,
an aligned oriented state with population parameters P(m) has the
same statistical tensor ρk( j) for even k as the inversely oriented state
with population parameters P(m) = P(−m). Therefore the angular dis-
tribution for both states is equal due to the invariance under space
inversion.

It is possible to have a total or partial alignment of the nuclear sub-
states m. In total oblate alignment, ρ2( j)b 0 and the population of the
substates are P(m=0)= 1 or P(m=±1/2) = 1while in the total pro-
late alignment, ρ2( j)N 0 and P(m=± j) = 1. In the case of a partial
alignment, the population of the substates m can be approximated by
a Gaussian [23] given by:

P mð Þ ¼ exp −c2=2σ2
� �

X j

m0¼− j
exp −m02=2σ2

� � ð5Þ

where c=m for oblate alignment and c= j-|m | for prolate alignment;
σ is the Gaussian width, usually described as a σ=constant* j.

The case σ→ 0 corresponds to complete alignment while the value
for σ in the partial alignment depends mainly on the nuclear reaction
type and on the incident beam energy. To determine if a state is totally
aligned in indirect reactions, it is necessary to position a particle detec-
tor near 180° and perform a coincidence method and correct the angu-
lar distribution due to correlations [24]. If a particle is detected in this
angle, in coincidence with the gamma-ray, the substate m populated is
the one from the total alignment.

3. Results and discussion

A routine to calculate W(θ) was developed using MATLAB® [25] to
consider different nuclei input parameters such as the initial ( ji) and
final ( jf) state spins, the transition multipolarities and subsequently
the transitionmixing ratio (δ). In themixed transitions, the experimen-
tal δwasusedwhenknown and the experimental error of this valuewas
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ignored in the calculations. The numerical error in the calculated results
is of order of 10 -12. It is important to consider that the experimental
error in the gamma-ray intensity obtained in an angular distribution
measurement will be due to the experimental factors, as the detector
position and efficiency, measured δ values, number of nuclei in the
sample, etc. The calculationswere also performed considering a defined
angular position of the detector, but the conclusions are still valid
considering the total detector opening angle since an integration of
the intensities is needed to take into account the radiation measured
by the detector.

The results obtained from Eq. (2) are independent on the gamma-
ray energies, but they are strongly dependent on the gamma-ray multi-
polarities including mixing ratios, on the initial and final state spins and
also on the population of the substatesm of the initial state. Also, the re-
sults are valid for the use of detectors in single acquisition mode. In the
case of using a coincidence method, it is also necessary to calculate the
angular correlation between the emitted gamma-rays, a fact that will
change the gamma-ray angular distribution seen by the detectors due
to the introduction of another preferential axis. More details about
this procedure can be found in Ref. [24].

Table 1 presents the principal gamma-rays and nuclear reactions
used to produce the nuclei interest in PIGE technique. This table re-
sumes all the informations necessary to identify the nuclei, such as the
Table 1
Some studied sample nuclei by using PIGE technique. The typical reactions used to study the nu
[26], while thedetected gamma-ray properties, such as energies (Eγ),multipolarities andmixing
column). The column labeled Figure made reference to the angular distribution graph numb
brackets.

Sample nuclei Abundance (%) [26] Typical reaction [20] Measured nuclei Eγ
19F 100 19F(p,p′γ)19F 19F

23Na 100 23Na(p,p′γ)23Na 23Na 4
1

2
23Na(p,γ)24Mg 24Mg 13

27
23Na(p,αγ)20Ne 20Ne 16

24Mg 78.99 (4) 24Mg(p,p′γ)24Mg 24Mg 13
27

25Mg 10.00 (1) 25Mg(p,p′γ)25Mg 25Mg 5
3
9

26Mg 11.01 (3) 26Mg(p,p′γ)26Mg 26Mg 1
1
2

26Mg(p,γ)27Al 27Al
1

27Al 100 27Al(p,p′γ)27Al 27Al
1
2

27Al(p,γ)28Si 28Si 17
2

27Al(p,αγ)24Mg 24Mg 13
28Si 92.223 (19) 28Si(p,p′γ)28Si 28Si 17

2
29Si 4.685 (8) 29Si(p,p′γ)29Si 29Si 12

1
30Si 3.092 (11) 30Si(p,p′γ)30Si 30Si 1

2
3

30Si(p,γ)31P 31P

31P 100 31P(p,p′γ)31P 31P

31P(p,αγ)28Si 28Si 17
most common nuclear reaction, the most used gamma-rays to be de-
tected and it also indicates the graph number of the angular distribution
presented in the subsections below. In the following the gamma-ray en-
ergies will be shown together with their uncertainty, within brackets.

3.1. The 19F nuclei

The angular distribution of the most commonly identified gamma-
rays from the excited 19F nucleus is shown in Fig. 1. As discussed in
Section 2, initial states with ji =1/2 or 0 emit gamma-rays with an iso-
tropic distribution, as seen in Fig. 1(a) for the 19F 109.9 (2) keV gamma-
ray transition from ji

π=1/2− to jf
π=1/2+ state. Themeasurement is in-

dependent on the anglewhere the detector is positioned since a ji=1/2
state has only two substates m = ±1/2. The distribution is therefore
flat.

Fig. 1(b) and (c) shows the angular distribution of the 197.1 (2) keV
and 1235.8 (5) keV pure E2 transitions, respectively. Both have the
same angular distribution since they come from a ji = 5/2 state and
since the angular distribution is independent on the parity of the nucle-
ar state, as can be seen in Eq. (2). For a pure E2 transition from a ji=5/2
state, the gain in the gamma-ray intensity after changing the detection
angle to 45° instead of 55° is 13% for total oblate alignment of the nucle-
ar substates and 12% for partial oblate alignment of the nuclear
clei present in the sample were taken from [20], the isotopic abundances were taken from
ratio (δ) and also the initial (ji) andfinal (jf) state spinswere taken from literature (see Ref.
ers for each gamma-ray, also presented in this article. All uncertainties are given within

(keV) ji jf Multipolarity δ Ref. Figure

109.9 (2) 1/2− 1/2+ E1 – [27] 1(a)
197.1 (2) 5/2+ 1/2+ E2 – [27] 1(b)

1235.8 (5) 5/2− 1/2− E2 – [27] 1(c)
2582.7 (5) 9/2+ 5/2+ E2 – [27] 1(d)
39.986 (10) 5/2+ 3/2+ M1 + E2 +0.058 (3) [28] 3(a)
635.96 (3) 7/2+ 5/2+ M1 + E2 +0.19 (1) [28] 3(b)
627.48 (4) 9/2+ 7/2+ M1 + E2 +0.10 (2) [28] 3(c)
263.39 (3) 9/2+ 5/2+ E2 + (M3) −0.01 (3) [28] 3(d)
68.626 (5) 2+ 0+ E2 – [29] 4(a)
54.007 (11) 4+ 2+ E2 – [29] 4(b)
33.602 (15) 2+ 0+ E2 – [30] 2(a)
2613.8 (11) 4+ 2+ E2 – [30] 2(b)
68.626 (5) 2+ 0+ E2 – [29] 4(a)
54.007 (11) 4+ 2+ E2 – [29] 4(b)
85.028 (30) 1/2+ 5/2+ E2 – [31] 5(a)
89.710 (35) 1/2+ 3/2+ M1 + E2 +0.13 (3) [31] 5(b)
74.742 (35) 3/2+ 5/2+ M1 + E2 +0.36 (2) [31] 5(c)
808.66 (3) 2+ 0+ E2 – [32] 6(a)
129.58 (5) 2+ 2+ M1 + E2 −0.12 (2) [32] 6(b)
510.02 (7) 4+ 2+ E2 – [32] 6(c)
843.76 (10) 1/2+ 5/2+ E2 – [33] 7(a)
014.52 (10) 3/2+ 5/2+ M1 + E2 −0.351 (12) [33] 7(b)
843.76 (10) 1/2+ 5/2+ E2 – [33] 7(a)
014.52 (10) 3/2+ 5/2+ M1 + E2 −0.351 (12) [33] 7(b)
212.01 (10) (7/2+) 5/2+ M1 + E2 +0.468 (9) [33] 7(c)
78.969 (11) 2+ 0+ E2 – [34] 8(a)
838.29 (15) 3/2+ 5/2+ M1 + E2 −0.351 (12) [34] 8(b)
68.626 (5) 2+ 0+ E2 – [29] 4(a)
78.969 (11) 2+ 0+ E2 – [34] 8(a)
838.29 (15) 4+ 2+ E2 – [34] 8(b)
73.361 (9) 3/2+ 1/2+ M1 + E2 +0.197 (9) [35] 9(a)
793.83 (8) 5/2+ 3/2+ M1 + E2 +0.26 (2) [35] 9(b)
263.13 (3) 2+ 2+ M1 + E2 +0.18 (5) [36] 10(a)
235.23 (2) 2+ 0+ E2 – [36] 10(b)
498.33 (5) 2+ 0+ E2 – [36] 10c)
3043.2 (1) 4+ 2+ E2 – [36] 10(d)
1266.1 (1) 3/2+ 1/2+ M1 + E2 +0.28 (2) [37] 11(a)
2028.8 (2) 5/2+ 3/2+ M1 + E2 +0.44 (2) [37] 11(b)
1266.1 (1) 3/2+ 1/2+ M1 + E2 +0.28 (2) [37] 10(a)
2028.8 (2) 5/2+ 3/2+ M1 + E2 +0.44 (2) [37] 11(b)
78.969 (11) 2+ 0+ E2 – [34] 8(a)
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Fig. 1. Angular distribution (W(θ)) of 19F gamma-rays: (a) 109.9 (2) keV, (b) 197.1
(2) keV, (c) 1235.8 (5) keV and (d) 2582.7 (5) keV. In this figure, the solid line is the
angular distribution considering total oblate alignment of the nuclear substates while
the dashed line is the angular distribution considering partial oblate alignment of the
nuclear substates with σ/J = 0.3.
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Fig. 2. Angular distribution (W(θ)) of 20Ne gamma-rays: (a) 1633.602 (15) keV and
(b) 2613.8 (11) keV. In this figure, the solid line is the angular distribution considering
total oblate alignment of the nuclear substates while the dashed line is the angular
distribution considering partial oblate alignment of the nuclear substates with σ/J = 0.3.
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substates with σ/J = 0.3. The 2582.7 (5) keV gamma-ray is also a pure
E2 transition, but its angular distribution (see Fig. 1(d)) is flatter than
the angular distribution of the 197.1 (2) and 1235.8 (5) keV gamma-
rays. So, in this case (pure E2 transition from a ji = 9/2 state), the gain
in the gamma-ray intensity after changing the detection angle to 45°
instead of 55° is 12% for total oblate alignment of the nuclear
substates and 9% for partial oblate alignment of the nuclear substates
with σ/J = 0.3.

3.2. The 20Ne nuclei

The two principal transitions of the 20Ne studied by PIGE technique
have a pure quadrupolar (E2) multipolarity. Due to the fact that this is
an even–even nucleus, its states have an integer spin and, consequently,
the gamma-ray angular distribution changes from those obtained for
the pure E2 transitions of 19F. Fig. 2(a) and (b) shows the angular distri-
bution of the 1633.602 (15) keV ( jiπ = 2+→ jf

π = 0+) and 2613.8 (11)
keV ( jiπ = 4+→ jf

π = 2+) gamma-rays, respectively. The gain in the
gamma-ray intensity to measure the 1633.602 (15) keV gamma-ray at
45° instead of 55° is 13% for total oblate alignment and partial oblate
alignment of the nuclear substates with σ/J = 0.3, while for the
2613.8 (11) keV gamma-ray, the gain of themeasurement at 35° instead
of 55° is 16% for total oblate alignment of the nuclear substates and 19%
for partial oblate alignment of the nuclear substateswith σ/J= 0.3 with
respect to the measurement at 20°.

3.3. The 23Na nuclei

The first excited state of 23Na has a spin ji
π =5/2+ and decays to the

jf
π =3/2+ ground state by a 439.986 (10) keVmixed (δ=+0.058 (3))
dipolar (M1) and quadrupolar (E2) transition. As seen in Fig. 3(a), the
gain in the gamma-ray intensity to measure the 439.986 (10) keV
gamma-ray by changing the detection angle to 90° instead of 55° is
18% for total oblate alignment of the nuclear substates and 16% for par-
tial oblate alignment of the nuclear substates with σ/J = 0.3. The 23Na
1635.96 (3) keV gamma-ray ( jiπ = 7/2+→ jf

π = 5/2+) is also a mixed
M1+E2 transitionwithmixing ratio δ=+0.19 (1). The angular distri-
bution for this gamma-ray, however is completely different from the
angular distribution of the 439.986 (10) keV gamma-ray, as can be
seen in Fig. 3(b). In the 1635.96 (3) keV case, the angular distribution
is almost isotropic due to the higher mixing ratio and the gain in the
gamma-ray intensity is small (7% for total oblate alignment of the nucle-
ar substates and 5% for partial oblate alignment of the nuclear substates
with σ/J = 0.3), by changing the detector angle to 0° instead of 55°.
Fig. 3(c) shows the angular distribution of the mixed M1 + E2 627.48
(4) keV gamma-ray ( jiπ = 9/2+→ jf

π = 7/2+) and indicates that the
gain in the gamma-ray intensity to measure at 90° instead of 55° is 7%
for total oblate alignment of the nuclear substates and 5% for partial ob-
late alignment of the nuclear substates with σ/J = 0.3.

The experimental data for the 23Na 2263.39 (3) keV gamma-ray [28]
(jiπ = 9/2+→ jf

π = 5/2+) indicates that this transition can have a
mixed quadrupolar (E2) and dipolar (M3) multipolarity, with mixing
ratio δ = −0.01 (3). The angular distribution with this value of δ
(see Fig. 3(d)) has a similar shape of a pure E2 transition as the
19F 2582.7 (5) keV gamma-ray (see Fig. 1(d)), but in this case the in-
tensity maximum changes from 45° (pure E2 transition) to 35°
(E2 + M3 transition) with total oblate alignment of the nuclear sub-
states and to 20° for partial oblate alignment of the nuclear substates
considering σ/J = 0.3. The gain in the gamma-ray intensity to measure
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Fig. 3.Angular distribution (W(θ)) of 23Na gamma-rays: (a) 439.986 (10) keV, (b) 1635.96
(3) keV, (c) 627.48 (4) keV and (d) 2263.39 (3) keV. In this figure, the solid line is the
angular distribution considering total oblate alignment of the nuclear substates while
the dashed line is the angular distribution considering partial oblate alignment of the
nuclear substates with σ/J = 0.3.

0 20 40 60 80 100 120 140 160 180
0.0

0.5

1.0

1.5

2.0 (a) 1368.626 (5) keV

θ (°)

W
(θ

)

(a) 1368.626 (5) keV

24Mg

0 20 40 60 80 100 120 140 160 180
0.0

0.5

1.0

1.5

2.0 (b) 2754.007 (11) keV

θ (°)

W
(θ

)

(b) 2754.007 (11) keV

Fig. 4. Angular distribution (W(θ)) of 24Mg gamma-rays: (a) 1368.626 (5) keV and
(b) 2754.007 (11) keV. In this figure, the solid line is the angular distribution
considering total oblate alignment of the nuclear substates while the dashed line is the
angular distribution considering partial oblate alignment of the nuclear substates with
σ/J = 0.3.

291P.R.P. Allegro et al. / Microchemical Journal 126 (2016) 287–295
at 35° instead of 55° is 16% for total oblate alignment of the nuclear sub-
states and 18% for partial oblate alignment of the nuclear substates with
σ/J = 0.3 measured at 20°.

3.4. The 24Mg nuclei

The two principal transitions of the 24Mg have also a pure quadrupo-
lar (E2) multipolarity and their angular distribution is equal to the 20Ne
1633.602 (15) keV and 2613.8 (11) keV. Fig. 4(a) and (b) shows the an-
gular distribution of the 1368.626 (5) keV ( jiπ = 2+→ jf

π = 0+) and
2754.007 (11) keV ( jiπ = 4+→ jf

π = 2+) gamma-rays, respectively. The
gain in the gamma-ray intensity to measure the 1368.626 (5) keV
gamma-ray at 45° instead of 55° is 13% for total oblate alignment of
the and partial oblate alignment of the nuclear substates with σ/J =
0.3, while for the 2754.007 (11) keV gamma-ray, the gain of the mea-
surement at 35° instead of 55° is 16% for total oblate alignment of the
nuclear substates and 19% for partial oblate alignment of the nuclear
substates with σ/J = 0.3 with respect to the measurement at 20°.
3.5. The 25Mg nuclei

The 25Mg 585.028 (30) keV gamma-ray is a quadrupole (E2) transi-
tion which decays from ji

π = 1/2+ initial state to a jfπ = 5/2+ final state.
Because of the ji=1/2 initial state, this gamma-ray has also an isotropic
distribution (see Fig. 5(a)) as happens to the 19F 109.9 (2) keV gamma-
ray. Fig. 5(b) and (c) shows the angular distribution of the mixed
M1 + E2 389.710 (35) keV (δ = +0.13 (3)) and 974.742 (35) keV
(δ=+0.36 (2)) gamma-rays respectively. In both cases the maximum
of the angular distribution is at 90°, resulting in a gain in the gamma-ray
intensity for total and partial oblate alignment with σ/J = 0.3 of 13% for
the 389.710 (35) keV gamma-ray and of 25% for the 974.742 (35) keV
with respect to the measurement at 55°.
3.6. The 26Mg nuclei

The angular distribution of 26Mg 1808.66 (3) keV ( jiπ=2+→ jf
π=0+)

and 2510.02 (7) keV ( jiπ = 4+→ jf
π = 2+) gamma-rays is seen in

Fig. 6(a) and (c). Both gamma-rays have a pure quadrupolar (E2) multi-
polarity and their angular distribution is equal to the 24Mg 1368.626
(5) keV and 20Ne 1633.602 (15) keV ( jiπ = 2+→ jf

π = 0+) and to the
24Mg 2754.007 (11) keV and 20Ne 2613.8 (11) keV ( jiπ = 4+→ jf

π =
2+) gamma-rays, respectively. So, the gain in the gamma-ray intensity
to measure the 1808.66 (3) keV gamma-ray at 45° instead of 55° is 13%
for total oblate alignment of the partial oblate alignment of the nuclear
substates with σ/J = 0.3, while for the 2510.02 (7) keV gamma-ray,
the gain of the measurement at 35° instead of 55° is 16% for total oblate
alignment of the nuclear substates and 19% for partial oblate alignment
of the nuclear substates with σ/J = 0.3 with respect to themeasurement
at 20°.

Fig. 6(b) shows the angular distribution of the 26Mg 1129.58 (5) keV
gamma-ray (jiπ=2+→ jf

π=2+), amixed dipolar (M1) and quadrupolar
(E2) multipolarity with mixing ratio δ = −0.12 (2). The gain in the
gamma-ray intensity to measure this gamma-ray by changing the de-
tection angle to 0° instead of 55° is 31% for total oblate alignment of
the nuclear substates and 26% for partial oblate alignment of the nuclear
substates with σ/J = 0.3.
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3.7. The 27Al nuclei

In Fig. 7(a), the angular distribution of the 27Al 843.76 (10) keV
gamma-ray (jiπ = 1/2+→ jf

π = 5/2+) is shown. This gamma-ray has
also an isotropic distribution due to the ji =1/2 initial state, as happens
to the 25Mg 585.028 (30) keV and 19F 109.9 (2) keV transitions.

Fig. 7(b) and (c) shows the angular distribution of the mixed
M1 + E2 27Al 1014.52 (10) keV (δ = −0.351 (12)) and 2212.01 (10)
keV (δ = +0.468 (9)) gamma-rays. The gain in the gamma-ray inten-
sity to measure this gamma-ray by changing the detection angle to 0°
instead of 55° for the 1014.52 (10) keV is 24% for total and partial oblate
alignment of the nuclear substates withσ/J= 0.3, while for the 2212.01
(10) keV it is 70% for total oblate alignment of the nuclear substates and
53% for partial oblate alignment of the nuclear substates with σ/J = 0.3.
3.8. The 28Si nuclei

The 28Si 1778.969 (11) keV gamma-ray (jiπ =2+→ jf
π =0+) has the

same angular distribution of the 26Mg 1808.66 (3) keV, 24Mg 1368.626
(5) keV and 20Ne 1633.602 (15) keV transitions, as can be seen in
Fig. 8(a). The same happens to the 28Si 2838.29 (15) keV gamma-ray
(jiπ = 4+→ jf

π = 2+), which also has an angular distribution similar to
the 26Mg 2510.02 (7) keV, 24Mg 2754.007 (11) keV and 20Ne 2613.8
(11) keV gamma-rays. The gain in the gamma-ray intensity to measure
the 28Si 1778.969 (11) keV gamma-ray at 45° instead of 55° is 13% for
total oblate alignment of the and partial oblate alignment of the nuclear
substates with σ/J = 0.3, while for the 2838.29 (15) keV gamma-ray,
the gain of themeasurement at 35° instead of 55° is 16% for total oblate
alignment of the nuclear substates and 19% for partial oblate alignment
of the nuclear substateswithσ/J=0.3with respect to themeasurement
at 20°.

3.9. The 29Si nuclei

In Fig. 9(a) and (b) the angular distribution of the 29Si mixed
M1 + E2 1273.361 (9) keV (δ = +0.197 (9)) and 1793.83 (8) keV
(δ=+0.26 (2)) gamma-rays is shown. The gain in the gamma-ray in-
tensity to measure the 1273.361 (9) keV gamma-ray by changing the
detection angle to 90° instead of 55° for the 1273.361 (9) keV is only
6% for total and partial oblate alignment of the nuclear substates with
σ/J = 0.3, while for the 1793.83 (8) keV it is 19% for total oblate align-
ment of the nuclear substates and 15% for partial oblate alignment of
the nuclear substates with σ/J= 0.3 tomeasure at 0° instead ofmeasur-
ing at 55°.

3.10. The 30Si nuclei

The 30Si 2235.23 (2) keV and 3498.33 (5) keV gamma-rays (jiπ =
2+ → jf

π = 0+) are pure quadrupolar (E2) transitions and have the
same angular distributions of the 28Si 1778.969 (11) keV, 26Mg
1808.66 (3) keV, 24Mg 1368.626 (5) keV and 20Ne 1633.602 (15) keV
transitions, as can be seen in Fig. 10(a) and (c). The same happens to
the 30Si 3043.2 (1) keV gamma-ray (jiπ = 4+ → jf

π = 2+), which also
has an angular distribution (see Fig. 10(a)) equal to the 28Si 2838.29
(15) keV, 26Mg 2510.02 (7) keV, 24Mg 2754.007 (11) keV and 20Ne
2613.8 (11) keV gamma-rays. The gain in the gamma-ray intensity to
measure the 30Si 2235.23 (2) keV and 3498.33 (5) keV gamma-rays at
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45° instead of 55° is 13% for total oblate alignment of the and partial ob-
late alignment of the nuclear substates with σ/J = 0.3, while for the
3043.2 (1) keV gamma-ray, the gain o measure at 35° instead of 55° is
16% for total oblate alignment of the nuclear substates and 18.5% for
partial oblate alignment of the nuclear substateswith σ/J= 0.3 with re-
spect to the measurement at 20°.

Fig. 10(b) shows the angular distribution of the 30Si 1263.13 (3) keV
gamma-ray ( jiπ = 2+ → jf

π = 2+), a mixed dipolar (M1) and quadrupo-
lar (E2) multipolarity with mixing ratio δ=+0.18 (5). In this case, the
gain in the gamma-ray intensity to measure this gamma-ray by chang-
ing the detection angle to 0° instead of 55° is 72% for total oblate align-
ment of the nuclear substate and 60% for partial oblate alignment of the
nuclear substates with σ/J = 0.3.
3.11. The 31P nuclei

The angular distribution (see Fig. 11(a)) of the mixed M1 + E2 31P
1266.1 (1) keV gamma-ray (δ = +0.28 (2)) is similar to the 23Na
1635.96 (3) keV gamma-ray. The angular distribution is almost isotropic
due to the higher mixing ratio and the gain in the gamma-ray intensity
is very small (2% for total and partial oblate alignment of the nuclear
substates with σ/J = 0.3) by changing the detector angle to 0° instead
of 55°.

Fig. 11(b) shows the angular distribution of the 31P 2028.8 (2) keV
gamma-ray ( jiπ=5/2+→ jf

π=3/2+), amixed dipolar (M1) and quadru-
polar (E2) multipolarity with mixing ratio δ = +0.44 (2). In this case,
the gain in the gamma-ray intensity to measure this gamma-ray by
changing the detection angle from 55° to 0° is 62% for total oblate align-
ment of the nuclear substate and 50% for partial oblate alignment of the
nuclear substates with σ/J = 0.3.
3.12. Summary of the results

Table 2 summarizes the new suggested detector position angle relat-
ed to the beam direction and the gain in intensity compared with the
standard detector position (55° or 125°) calculated for the gamma-
rays of 19F, 20Ne, 23Na, 24,25,26Mg, 27Al, 28,29,30Si and 31P nuclei.
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Fig. 10. Angular distribution (W(θ)) of 30Si gamma-rays: (a) 1263.13 (3) keV, (b) 2235.23
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Table 2
New detector position angle suggested considering total oblate alignment of the nuclear
substates m for the gamma-rays of the measured 19F, 20Ne, 23Na, 24,25,26Mg, 27Al,
28,29,30Si and 31P nuclei. The calculated gain in intensity comparedwith the standarddetec-
tor position (55° or 125°) is also shown. The columns labeled Eγ, ji and jfmade reference to
the gamma-ray energies (in keV) and the initial and final state spins of the nuclear states,
respectively.

Measured
nuclei

Eγ (keV) ji jf Suggested
detector position
angle (total
alignment)

Intensity
improvement
(%)

19F 109.9 (2) 1/2− 1/2+ All 0
197.1 (2) 5/2+ 1/2+ 45° or 135° 13

1235.8 (5) 5/2− 1/2− 45° or 135° 13
2582.7 (5) 9/2+ 5/2+ 45° or 135° 12

20Ne 1633.602 (15) 2+ 0+ 45° or 135° 13
2613.8 (11) 4+ 2+ 45° or 135° 16

23Na 439.986 (10) 5/2+ 3/2+ 90° 18
1635.96 (3) 7/2+ 5/2+ 0° or 180° 7
627.48 (4) 9/2+ 7/2+ 90° 7

2263.39 (3) 9/2+ 5/2+ 35° 16
24Mg 1368.626 (5) 2+ 0+ 45° or 135° 13

2754.007 (11) 4+ 2+ 45° or 135° 16
25Mg 585.028 (30) 1/2+ 5/2+ All 0

389.710 (35) 1/2+ 3/2+ 90° 13
974.742 (35) 3/2+ 5/2+ 90° 25

26Mg 1808.66 (3) 2+ 0+ 45° or 135° 13
1129.58 (5) 2+ 2+ 0° or 180° 31
2510.02 (7) 4+ 2+ 45° or 135° 16

27Al 843.76 (10) 1/2+ 5/2+ All 0
1014.52 (10) 3/2+ 5/2+ 0° or 180° 24
2212.01 (10) (7/2+) 5/2+ 0° or 180° 70

28Si 1778.969 (11) 2+ 0+ 45° or 135° 13
838.29 (15) 3/2+ 5/2+ 45° or 135° 16

29Si 1273.361 (9) 3/2+ 1/2+ 90° 6
1793.83 (8) 5/2+ 3/2+ 0° or 180° 19

30Si 1263.13 (3) 2+ 2+ 0° or 180° 72
2235.23 (2) 2+ 0+ 5° or 135° 13
3498.33 (5) 2+ 0+ 5° or 135° 13
3043.2 (1) 4+ 2+ 45° or 135° 16

31P 1266.1 (1) 3/2+ 1/2+ 0° or 180° 2
2028.8 (2) 5/2+ 3/2+ 0° or 180° 62
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4. Conclusions

In this work gamma-ray angular distributions of some of the widely
studied isotopes applying the PIGE technique were calculated to deter-
mine the optimumposition of the gamma-ray detector in order tomax-
imize the gamma-ray detection efficiency and minimize the applied
radiation dose to the studied object.

It was observed that the angular distribution is symmetric with re-
spect to 90° and depends on the initial and final state spins and on the
transition multipolarity. Pure E2 multipolarity angular distribution
showsmaxima at 45° or 135° andminima at 0°, 90° and 180°. The inten-
sity of the maxima and the minima can change depending whether the
initial and final states have an integer or a half-integer spin. Mixed
M1 + E2 transitions can have different angular distributions where
maxima andminima angles occur due to the dependency on the degree
of the mixture, given by the mixing ratio δ and the initial state spin.
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The best position of the gamma-ray detector considering the angular
distribution of a pure E2 state, such as the first transitions of the 20Ne
(1633.602 (15) keV gamma-ray), 24Mg (1368.626 (5) keV), 28Si
(1778.969 (11) keV) and 30Si (2235.23 (2) keV) is 45° and 135° with re-
spect to the beam direction. In this case, the gain in the gamma-ray in-
tensity can be up to 19% (depending on the occurrence of a completely
alignment or not) if the detector is placed at themaxima of the gamma-
ray angular distribution instead of the standard detector position (55°
or 125°).

For a mixed M1+ E2 transition, the best position of the gamma-ray
detector considering the angular distribution varies from 0° to 90°, de-
pending on the initial state spin and the value of the mixing ratio δ.
However, if the detector is placed in the maxima of the mixed angular
distribution, the gain in the gamma-ray intensity can be up to 70% com-
pared to the standard detector position.

The calculations are promising and represent an alternative to ana-
lyze elemental material samples by using the PIGE technique in the
cases where a specific element is under study by changing the detector
angle position due to the previous knowledge of the gamma-ray angular
distributions in order to maximize the gamma-ray detection efficiency
and to minimize the applied radiation dose to the object under study.
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