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ABSTRACT

The positronium imaging technique represents a potential enhancement of the PET 
imaging method. Its core principle involves employing a β+ radiation source that emits 
additional gamma (γ) quanta referred to as prompt gamma. Our aim is to evaluate the 
capability to differentiate between annihilation and prompt gamma emissions, a vital 
aspect of positronium imaging. For this purpose, the selected isotopes should enable 
high efficiency and purity in detecting both prompt gamma and annihilation gamma. 
The assessment of the efficiency in identifying prompt and annihilation photons 
for various isotopes, which are potentially superior candidates for β+ + γ emitters, is 
conducted through toy Monte-Carlo simulation utilizing the cross-section formula for 
photon-electron scattering. In this article, we have performed calculations for efficiency 
and purity values across different isotopes under ideal conditions and examined how 
these values evolve as we incorporate the fractional energy resolution into the analysis. 
Ultimately, the primary goal is to determine the energy threshold that optimizes both 
efficiency and purity, striking a balance between accurately identifying and recording 
events of interest while minimizing contamination from undesired events.
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In a recent study, the Positron Annihilation Lifetime Spectroscopy 
(PALS) was employed to assess positronium lifetime in diverse 
tissue samples, encompassing both healthy and diseased 
specimens, which revealed a noteworthy differentiation between 
the two categories [8, 9, 23]. Furthermore, innovative methods 
have recently been introduced for the meticulous examination and 
decomposition of positron annihilation lifetime spectra [24, 25].

Moreover, the introduction of novel positronium image 
reconstruction techniques utilizing maximum likelihood image 
estimation has yielded an improved spatial image resolution 
reaching 4 mm [26, 27]. The J-PET tomography has a trigger- 
-less data acquisition system [20], which enables it to make multi- 
-photon detection and this flexibility extends to the identification 
and registration of events involving double, triple, and even more 
coincident photons, which renders it suitable for positronium 
imaging, setting it apart from conventional PET.

In positronium imaging, it’s crucial to highlight that the isotopes 
should exhibit a minimal delay time, typically within the range of 
a few picoseconds. Delay time denotes the average time difference 
between the emission of positron and the emission of prompt 
gamma. A short delay time is essential because it provides critical 
information about the timing of positron emission, enabling the 
prompt gamma emission time, to serve as the starting time for 
determining positronium lifetime. In addition to this, the positron 
range plays a crucial role. A shorter positron range is preferable 
since in the calculation of the time of emission of prompt gamma 
it is assumed that annihilation and positron formation were at the 
same position. In order to calculate the prompt gamma emission 
time, its time of interaction in the detector is corrected for the time 
of flight between the emission point and interaction place in the 
detector. In addition to that, to maximize the likelihood of signal 
detection for the positronium imaging, it should have a high β++ γ 
branching ratio (Yβ+ + γ), along with a high β+ branching (Yβ+). Yβ+ + γ 
represents the fraction of the prompt gammas associated with 
the β+ decay.

Tab. II. presents a comprehensive list of the discussed parameters 
and physical properties of the radionuclides that have the potential 
to be considered as suitable candidates [11, 33] for the positronium 
imaging technique. In the subsequent section, we will explore 
various properties and criteria, elaborating on the earlier discussion, 
which are considered essential for isotopes to be regarded as 
suitable candidates for this technique. However, it’s worth noting 
that not all isotopes necessarily adhere to all of these criteria.

Within the realm of positronium imaging, the critical objective lies 
in the effective differentiation of the annihilation signal from the 
prompt gamma signal, as this is essential for achieving precise 
measurements of positronium lifetime. This article primarily centers 
on examining the efficiency and purity of distinguishing prompt 
photons from annihilation photons. The calculations are performed 
by employing the cross-section formula for Compton photon- 
-electron scattering.

INTRODUCTION
Positron Emission Tomography, commonly known as PET 
scanning, is a well-recognized and widely used medical 
diagnostic imaging technique [1, 2]. A novel technique referred 
to as positronium imaging was recently introduced within the 
field of Positron Emission Tomography (PET) [3–6]. Recently 
reported the first ex-vivo positronium images [7] inspire the 
development of methods for the registration of three photons 
from β+ + γ radionuclides.

The positronium imaging technique represents a potential 
enhancement of the PET imaging method [8, 9], and its core 
principle involves employing a β+ radiation source that emits 
additional gamma (γ) quanta referred to as prompt gamma [10]. 
This technique in PET imaging represents an innovative approach 
that offers potential advantages over classical PET. It may offer 
improved spatial resolution and the potential for reduced radiation 
exposure to patients [11].

A notable advancement in multi-tracer PET techniques involves 
the adoption of dual-tracer imaging [12–15]. In this approach, 
one tracer employs a radioisotope that emits pure positrons (β+), 
while the other utilizes a radioisotope that also emits high-energy 
prompt gamma (β++ γ). This dual-tracer method could enable the 
simultaneous investigation of two distinct biological processes 
[16, 17]. Tab. I. provides a list of isotopes with pure β+emitters 
and those with both β++ γ emissions.

Tab. I.  The table presents a variety of β. emitters suitable for dual tracer 
imaging, as well as β++ γ emitters and isotopes suitable for pro-
ton beam therapy, online monitoring, and calibration purposes. It’s 
worth noting that the online monitoring source and calibration so-
urce also fall within the category of β++ γ emitters.

β EMITTERS 18F, 11C, 13N, 15O

β++ γ EMITTERS
68Ga, 44Sc, 22Na, 55Co, 72As, 60Cu, 14O, 10C, 52mMn, 

110mIn, 82Rb

ONLINE 
MONITORING

14O, 10C

CALIBRATION 
SOURCE

22Na

Recently utilizing the β++ γ technique with the J- PET scanner 
prototype constructed from 192 BC-420 plastic scintillator 
strips (measuring 7 × 19 × 300 mm3) [18, 19] equipped with the 
triggerless data acquisition system [20] and using the 22Na isotope, 
the first positronium image was obtained. The findings from this 
experiment revealed significant differences in positronium lifetime 
between healthy and cancerous tissues [7, 9]. During the PET scan 
the annihilation process of positron-electron pairs can occur in 
two ways: either directly, resulting in the production of photons, or 
through the creation of an intermediate positron-electron bound 
state known as positronium, which occurs in tissue about 40% 
of the time [21, 22].
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Prior research has already explored similar studies involving only 
four potentially suitable candidates for positronium imaging, 
focusing on those isotopes that emit a single prompt gamma. 
These investigations were conducted utilizing simulation software 
such as GATE and J-POS [34].

This article primarily relies on the utilization of toy Monte Carlo 
simulations to gain insights into various parameters at a simu-
lation level.

PROPERTIES OF β+ + γ EMITTERS
There are several criteria that the isotopes should fulfill in order to be-
come a potentially useful candidate for the positronium imaging tech-
nique. The following criteria as discussed in the references [11, 33]:

• To obtain a precise estimation of the positronium lifetime, it 
is essential for the prompt gamma rays to be emitted shortly 
(delay), typically within a few picoseconds, following the 
β+decay. Furthermore, these prompt gamma rays should 
have higher energy than annihilation photons.

• The positron mean range should be as low as possible, as 
it aids in accurately determining the moment of positronium 

Additionally, it aims to determine the optimal energy threshold 
required to maximize efficiency and purity for both annihilation 
and prompt gamma signals. For this purpose, a single threshold 
is defined for the deposited energy, prompt photons are then 
distinguished based on the deposited energy greater than the 
threshold (indicating they are above the threshold) and annihilation 
photons are less than the threshold (indicating they are below the 
threshold) as described in Fig. 5.

The efficiency of the annihilation or prompt gamma, in this context, 
refers to the measure of how effectively a simulation or measurement 
system captures and correctly identifies annihilation and prompt gamma 
rays. It is calculated as the ratio of the number of annihilation/prompt 
gamma rays correctly identified by the system to the total number of 
annihilation/prompt gamma rays. On the other hand, purity is a measure 
of the system’s accuracy in correctly identifying annihilation and prompt 
gamma rays while minimizing the inclusion of other types of gamma 
rays. Efficiency and purity studies become even more critical when 
dealing with different isotopes in medical imaging as each isotope 
has unique emission characteristics and energy levels.

Understanding the efficiency and purity of specific isotopes is 
crucial for optimizing imaging techniques, ensuring that diagnostic 
tools can effectively capture and identify relevant anatomical or 
pathological features within the body.

Tab. II.  The table incorporates information on the half-life (T1/2), the branching ratio of the positrons (Y β+), the maximum positron energy (EMAX), the mean 
range of positron in water (RMEAN) [28], the calculated values of the mean range are consistent within 10% with the results obtained in reference 
[29], the energy of the prompt gamma (Eγ), the branching ratio of the prompt gamma (Eγ), the branching ratio of the pure β++ γ events removing 
the electron capture contribution (Y β+ + γ) (subject to large errors) [30], the mean time interval between the emission of positron and prompt gamma  
(delay) and the maximum energy of electron achievable in the Compton scattering of the prompt gamma with the electron (Comp. E.) for selected 
isotopes for positronium technique [11, 31–33].

ISOTOPE T1/2 Yβ+

(%)
EMAX

(MeV)
RMEAN (MM) Eγ (MeV) Yγ(%) Yβ++γ

(%)
Yβ++γ
/Y β+

DELAY (ps) COMP. E. 
(MeV)

22Na 2.60 y 89.95 0.545 0.54 1.275 99.94 89.90 99.94 3.6 1.062

44Sc 3.97 h 94.3 1.474 1.69 1.157 99.9 94.3 100 2.61 0.948

68Ga 67.71 m 88.91 1.899 2.25 1.077 3.22 1.19 1.34 1.57 0.870

60Cu 23.7 m 92.59 0.653 0.67

1.333 88 81 87.48 0.735 1.118

1.791 45.4 42 45.36 – 1.567

0.826 21.7 20.4 22.03 0.59 0.631

72As 26.0 h 87.86 3.33 4.27 0.834 81 71 80.81 3.35 0.638

82Rb 1.26 m 95.36 3.382 4.34 0.777 15.1 13.5 14.16 4.45 0.584

55Co 17.53 h 75.89 1.5 1.72

0.931 75 59 77.74 8 0.731

0.477 20.2 13.5 17.79 37.9 0.311

1.409 16.9 11.3 14.89 37.9 1.192

124I 4.17 d 22.69 1.822 2.15
0.603 62.9 12 52.89 6.2 0.423

0.723 10.36 0.25 4.58 1.04 0.534

10C 19.3 s 99.97 2.93 3.69 0.718 100 99.97 100 710 0.530

14O 70.6 s 99.89 1.808 2.13 2.313 99.39 99.26 99.38 0.068 2.083
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different β++ γ emitters is performed using a toy Monte Carlo 
simulation. This simulation incorporates the cross-section formula 
for Compton photon-electron scattering.

The cross-section formula for the scattered electron due to 
Compton scattering is given by Klein and Nishina, which gives 
the probability of imparting an energy ∆E to the electron [37]. 
It can be calculated from the Klein-Nishina equation given by 

 
  .           . (1)

In Equation (1) the following notations was used: 

dσ/d∆E = Energy distribution of the scattered electron, r0 = The clas-
sical electron radius, m = Electron rest-mass, c = Velocity of elec-
tromagnetic radiation in a vacuum, ΔE = Kinetic energy of the re-
coiled electron/energy loss of the photon, E0 = Initial photon energy.  
The maximum value of the cross-section occurs at ΔEmax, repre-
senting the maximum energy attainable by an electron, commonly 
referred to as the Compton edge [37]:

 
  .       . (2) 

Through Monte-Carlo simulation and utilizing the Klein-Nishina 
equation, events are generated for electrons scattered by anni-
hilation and prompt photons for each isotope. Fig. 2. displays the 
electron energy distributions for annihilation and prompt gamma 
emissions for different isotopes.

formation, enabling a more precise measurement of 
positronium lifetime. Additionally, a reduced mean positron 
range contributes to enhanced spatial resolution [35, 36].

• To maximize the likelihood of signal detection for the 
positronium imaging, it is essential that both the β+ branching 
ratio and the β++ γ branching ratio should be as high as possible.

• The radionuclide’s half-life should be well-suited for clinical 
applications.

• To achieve enhanced image quality with minimized noise, 
the radioisotope of interest should emit only a few additional 
γ lines (preferably one).

• The radioisotope should possess a viable production pathway 
as discussed for different isotopes in reference [11].

• Finally, the efficiency and purity for the annihilation and prompt 
gamma should be as high as possible for a defined threshold, 
a matter that will be examined in this article.

It’s important to acknowledge that not all isotopes necessarily meet all 
these criteria, but there are some isotopes that come close to fulfilling 
them. In this article, we introduce the most promising radioisotopes. 
Comprehensive details regarding the physical properties of these 
candidates are available in Tab. II. The decay schemes for all the 
isotopes under examination in this article are illustrated in Fig. 1.

METHOD
As previously discussed, the evaluation of the efficiency and 
purity in identifying prompt and annihilation photons among the 

Fig. 1.  The decay schemes for the isotopes 
22

Na, 
44

Sc, 
68

Ga, 
60

Cu, 
72

As, 
82

Rb, 
55

Co, 
124

I, 
10

C, and 
14

O are presented in the same order as they appear in the Tab. 
II. These decay schemes exclusively highlight the β+ decays followed by the emission of a prompt gamma [30]. It’s important to note that the total β+ 
branching ratio may vary between the decay schemes and the table due to this selective representation. In the decay schemes, β+ (“ “) denotes the 
β+ branching, EC (“ “) indicates Electron Capture contributions, and γ (“ “) represents the energy of the prompt gamma. Additionally, the delay time 
is presented in blue text for clarity. The delay time denotes the average time between the emission of positron and the emission of prompt gamma.
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It’s important to emphasize that this toy Monte Carlo simulation 
involves a pure signal, meaning there are no background signals 
to consider. Additionally, since no detector geometry is involved, 
all events are generated solely based on the probability density 
function and are assumed to be detected. For the ideal case 
as defined in Fig. 4., and when considering the incorporation 
of fractional energy resolution, as depicted in Fig. 5., various 
parameters can be defined as follows:

 

 (4)

 

 (5)

The fractional energy resolution for energy deposition (ΔE) by 
gamma quanta through Compton scattering in the J-PET scanner 
prototype constructed from 192 BC-420 plastic scintillator strips 
(measuring 7 × 19 × 300 mm3), is reported to be [18]:

 
    . (3)

When we incorporate the fractional energy resolution of the de-
tector (as defined in Equation 3) into our simulation, the influence 
of the detector’s response becomes evident, as depicted in Fig. 3. 

Due to the smearing caused in the energy resolution, even when 
a threshold is set at 341 keV, certain events from the annihilation 
region may still be detected within the prompt photon region. This 
overlap produces impurity in the analysis.

Fig. 2.  Simulated energy loss spectra for annihilation (0.511 MeV) and de-
-excitation photons for various isotopes, particularly those emitting 
a single prompt gamma.

Fig. 4.  Simulated energy loss spectra for annihilation (0.511 MeV) and de-
excitation photons emitted from the 22Na radionuclide. The results 
were obtained for the ideal detector.

Fig. 3.  Effect of the energy resolution of the J-PET detector in the simula-
ted energy loss spectra for annihilation (0.511 MeV) and de-excita-
tion photons emitted from the 44Sc radionuclide.

Fig. 5.  Simulated energy loss spectra for annihilation (0.511 MeV) and de-
-excitation photons emitted from the 22Na radionuclide. The results 
were obtained by taking experimental energy resolution of the J-
-PET detector into account.
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 (6) 

              . (7)

where a denotes the efficiency of identifying the annihilation 
photon, Pa denotes purity of selecting the annihilation photon, 
p denotes efficiency of identifying the prompt gamma and, Pp 
denotes purity of selecting the prompt gamma.

In the ideal scenario where smearing is absent, identifying annihila-
tion gamma rays achieves a perfect efficiency rate of 100%. More-
over, the purity of the selection process for  prompt gamma rays is 
likewise at its peak with a 100% purity level, as every event above 
the 341 keV threshold directly corresponds to a prompt gamma. 
However, after smearing of the energy loss spectra by the experi-
mental resolution the values of the a and Pp will be smaller than 
100%. The detailed results are presented in the result section.

RESULT AND DISCUSSION
Initially, we investigated the influence of the fractional energy 
resolution of the J-PET detector on the efficiency and purity of 
annihilation and prompt gamma identification. This examination 
involves the calculation of the standard deviation using Equation 3.

Fig. 6.  Dependence of efficiency and purity for annihilation and prompt 
gamma on parameter for 44Sc isotope with an energy threshold set 
at 341 keV, where β = 0.044 in the case of the J-PET detector. It is 
evident that the efficiency for annihilation gamma and the purity for 
prompt gamma both experience a notable decrease.

Tab. III.  Table summarising the different values of efficiency and purity for 
annihilation and prompt gamma with an energy threshold set at 
341 keV. The value of a for J-PET is not shown here since the 
efficiency of identifying the annihilation gamma (a) is 95.41%, 
as it doesn’t depend on the prompt gamma events.

ISOTOPES Eγ 
(MeV)

IDEAL J-PET

p(%) Pa (%) Pa (%) p(%) Pp (%)

22Na 1.275 87.97 72.93 85.72 68.20 88.12

44Sc 1.157 86.59 69.03 84.14 64.04 87.42

68Ga 1.077 99.77 66.29 99.72 60.97 8.17

60Cu

1.333 89.9 74.31 87.68 69.35 86.93

1.791 96.30 83.08 95.55 80.39 79.97

0.826 94.94 51.60 94.11 45.78 52.35

72As 0.834 83.78 52.08 81.49 46.38 80.35

82gRb 0.777 96.43 47.78 95.85 41.59 39.22

55Co

0.931 86.09 58.43 84.04 53.37 81.95

0.477 91.83 0 91.50 0.35 0.69

1.409 98.24 76.00 97.82 71.52 53.59

124I
0.603 83.65 26.08 81.73 19.37 52.67

0.723 99.68 42.48 99.62 35.6 4.11

10C 0.718 77.63 42.35 74.77 35.59 79.51

14O 2.313 94.45 88.17 93.86 87.42 90.42

 
         . (8) 
 
where β = 0.044 in the J-PET single detection module built out from 
the BC-420 plastic scintillator strip [18]. If we vary the value of β, 
this will ultimately lead to changes in the fractional resolution of the 
detector. The correlation between β and various parameters can be 
observed in Fig. 6., where the value of β is varied from 0.01 to 0.15.

Furthermore, the value of the efficiency and purity for different 
isotopes mentioned earlier has been calculated via toy Monte- 
-Carlo simulations, with an energy threshold set at 341 keV. The 
outcomes of these simulations are showcased in Tab. III. and Fig. 7.

In summarizing the results from the Tab. IV., we observe that 
for 14O, there is excellent purity for both prompt and annihilation 
(511 keV) photons, with nearly 100% efficiency for annihilation 
photons. Unfortunately, its short half-life of 70.6 seconds renders 
it difficult for medical imaging.

60Cu, 22Na, and 44Sc isotopes exhibit high efficiency and purity 
for both prompt and annihilation gamma radiation, making them 
suitable candidates for positronium imaging.

However, in the case of 60Cu, it’s important to note that it produces 
multiple prompt gammas, which may introduce noise to the imaging.

22Na, with its very long half-life of 2.6 years, is not well-suited for 
medical imaging applications; however, it finds utility in various 
fundamental physics experiments [38].
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In the case of 68Ga isotope, it’s evident that the purity of the 
prompt gamma is low due to the very small probability of prompt 
photon emission (1.19%), which makes it unsuitable for β++ γ 
tomography applications. The result also indicates that when 
using 68Ga a higher threshold should be used. For example, when 
applying the threshold of 418 keV the purity for the prompt gamma 
increases to 98.69%. 

55Co isotope can also be considered for positronium imaging 
technique, as it emits a single high-intensity γ line [40]. However, 
it’s important to note that this isotope emits two additional low-
intensity γ lines, that makes the analysis more complicated.

Furthermore, there are various other isotopes such as 72As, 82gRb, 
10C, 124I, which can be also useful for the positronium imaging [11].

The results clearly demonstrate that the isotopes have different 
values of efficiency and purity if the energy threshold is set at 
341 keV. When the threshold value is increased, the efficiency and 
purity for both annihilation and prompt gamma undergo changes, 
as it is evident in Fig. 8.

To find the optimum energy threshold that achieves the equilibrium 
between enhancing the efficiency of identifying the events of 
interest and maintaining purity by reducing the impact of unwanted 
events and contamination, we define a term referred to as “figure 
of merit” (FoM), which can be defined in terms of efficiency and 
purity as follows:

 FoM = a x p x Pa x Pp. (9)

Among these candidates, 44Sc stands out as one of the most 
promising radioisotopes for β++ γ imaging [39]. It is the best choice 
for establishing the proof of concept for the positronium imaging 
technique. 44Sc isotope has a convenient half-life and emits only 
one high intensity prompt γ with an energy of 1157 keV.

Tab. IV.  Table summarising the values for optimized threshold (TOPT) and 
corresponding efficiency and purity for annihilation and prompt 
gamma for different isotopes.

ISOTOPES Eγ 
(MeV)

TOPT 
(keV)

a(%) Pa (%) p(%) PP (%)

22Na 1.275 373 99.42 85.07 65.09 98.25

44Sc 1.157 375 99.51 83.38 60.34 98.41

68Ga 1.077 418 99.99 99.68 52.09 98.69

60Cu

1.333 376 99.54 87.30 66.9 98.46

1.791 390 99.88 95.06 77.14 99.32

0.826 383 99.76 93.72 39.32 94.77

72As 0.834 367 99.07 80.92 42.20 94.81

82gRb 0.777 387 99.83 95.51 33.78 93.54

55Co

0.931 375 99.49 83.33 48.80 97.43

0.477 125 37.71 91.33 59.76 7.86

1.409 395 99.93 97.61 67.14 98.6

124I
0.603 360 98.49 81.40 14.9 72.29

0.723 409 99.99 99.58 24.04 90.92

10C 0.718 357 98.15 74.36 32.34 89.71

14O 2.313 389 99.86 93.14 85.19 99.68 Fig. 8.  Dependence of the efficiency and purity on energy threshold for 
identification of annihilation photons and prompt gamma emitted 
by the 22Na isotope. All the events below the threshold would be 
treated as annihilation, whereas events above the threshold would 
be treated as prompt gamma.

Such defined FoM is a measure of the goodness of the event 
selection for the positronium imaging. As the optimum energy 
threshold, we choose the one for which FoM reaches its maximum 

Fig. 7.  Efficiency and purity measurements for different isotopes with an 
energy threshold set at 341 keV. For isotopes that produce multiple 
prompt gammas, only the primary gamma line with a high β++ γ 
yield is included here. The isotopes in the figure are organized in 
ascending order of the prompt gamma efficiency.
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value. Tab. IV. summarizes the optimal threshold values and 
corresponding efficiency and purity for various isotopes, while 
Fig. 9. presents a FoM versus energy threshold for 68Ga and 
44Sc isotope.

CONCLUSION 
Positronium imaging holds the potential to enhance PET imaging 
methodologies significantly [4, 10]. At its core, positronium imaging 
relies on the selection of isotopes that emit de-excitation gamma 
radiation. The key lies in distinguishing between annihilation and 
prompt gamma emissions. This paper provides a comprehensive 
summary of isotope properties suitable for positronium imaging, 
with a thorough analysis of the efficiency and purity of identification 
of annihilation photon and prompt gamma. Furthermore, we 
determine the optimal threshold to maximize efficiency and purity 
for different isotopes. Notably, 44Sc could be the most promising 
candidate for the positronium imaging, also meeting criteria for 
medical imaging purposes. Our study employs a simplified toy 
Monte Carlo simulation, it offers valuable insights into potential 
future investigations exploring diverse isotopes for positronium 
imaging applications.
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Fig. 9.  A graphical representation depicts the relationship between the 
Figure of Merit and the threshold for 68Ga (upper image) and 44Sc 
(lower image) isotope. A horizontal dashed line indicates the peak 
value of FoM (measured in arbitrary units), and a vertical line 
signifies the optimum energy threshold.
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