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Abstract: Physical yields and activities of theranostic radioisotope 64Cu were calculated via Monte Carlo

simulations. Geant4 simulation toolkit is employed for the Monte Carlo calculations. The study is based on

proton irradiation of solid targets at cyclotron facilities. Two types of target material were investigated: Nickel

and Zinc. Also, two different target thickness and two beam angles were assessed in order to see the change of

yields and activities. The optimum results were achieved at 150 µm thickness, 24 MeV beam energy and 5◦

beam angle for the nickel target, and 150 µm thickness, 30 MeV beam energy and 5◦ beam angle for the zinc

target.
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1. Introduction

Nuclear medicine applications are becoming more and more extensive around the world, mainly be-

cause of the vast variety of cancer types. Furthermore, it is not limited to only cancer diagnosis and

treatment. There are several nuclear medicine applications for other types of diseases like cardiovas-

cular and neurological, which use nuclear medicine for diagnostic purposes [1]. The main component

of nuclear medicine is radioisotopes. Radioisotopes play a critical role in nuclear medicine applications

because they can be used for both diagnostic and therapeutic purposes. While traditional radioiso-

topes like 11C, 15O, 15N, 18F, 124I have been in use for quite some time and are acknowledged in

medical applications, there are newer types of radioisotopes that can also be used for diagnostic and

therapeutics at the same time, and their applications are called “theranostic” [2–7]. With the devel-

opment of the technology, nuclear medicine applications are also developed. Instead of using common

diagnostic and treatment methods, medical centers started to use personalized medicines, which are

more effective [2–4, 8]. But these kind of applications may be expensive than traditional methods.

Furthermore, in order to use personalized nuclear medicines or more clearly radioisotopes, first one

needs to produce the interested radioisotope with enough activity. And this may be even a bigger

problem than the price of the medicine. Radioisotopes can be produced in research reactors or particle
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accelerators. Building a research reactor solely for radioisotope production is not only expensive, but

also inefficient. Particle accelerators are well-suited for radioisotope production, and there are several

accelerators around the world. However, many of these accelerators produce only traditional radioiso-

topes, and their beam time is often limited. As a result, these invaluable infrastructures are not being

utilized with sufficient efficiency. The newer radioisotopes can be produced in particle accelerators

with enough research and development and also dedicated time [9].

64Cu is an emerging radioisotope in nuclear medicine which can be used for both diagnostic and

therapeutics because of its unique physical properties [10–17]. The half-life of 64Cu is t1/2 = 12.7h

and it has three different decay modes: β+ (17.5 %), β− (38.5 %) and, electron capture (EC 44

%) [4]. 64Cu can be used for positron emission tomography (PET) imaging as an alternative to 18F.

Furthermore, its half-life is longer than that of 18F and other traditional PET radioisotopes, so this

radioisotope can be produced centrally and distributed without losing too much activity [6]. It is

reported that the 64Cu is very effective for the diagnosis of hypoxia tumor [14, 18]. Also, it is an

advantageous radioisotope because it is easily soluble in water and has +2(CuCl2) oxidation state,

which means it can be used to make many radiotracers [18, 19]. It is also reported that the 64Cu

has been successfully used for high-quality imaging of blood flow in the primate brain and dog kidney

and heart [14]. The remaining decay modes of 64Cu, which are β− and EC, results with Auger

electrons, and they are used for targeted radionuclide therapy [20, 21]. In addition, the radioisotope

has a growing interest in macro-molecule labeling such as peptide, protein, monoclonal antibodies,

etc. [16, 22].

Although 64Cu is highly useful and of increasing importance, its production is not sufficient

to meet the need. The most important reason is that the reaction most commonly used to produce
64Cu requires enriched 64Ni [4]. Since enriched 64Ni is very expensive, accelerator facilities prefer to

produce traditional radioisotopes over 64Cu [1, 2, 11]. The aim of this study is to investigate the

reaction channels for 64Cu, which can be produced in accelerator facilities, and to obtain the optimum

irradiation parameters when using enriched or unenriched targets. In the study, the reaction channels

will be analyzed for different energies and currents in both target cases and the target activities and

physical yields will be presented accordingly. This paper is organized as follows: in Section 2, possible

reaction channels for 64Cu production will be provided, and the Monte Carlo technique, which will

be used in the study, will be introduced. In Section 3, each reaction channel will be investigated in

the enriched and unenriched target cases, and the activities and physical yields obtained at the end

of irradiation will be discussed. The Section 4 will conclude the study.

2. Methodology

2.1. Targetry

There are several reaction channels that can be used to produce the desired radioisotope 64Cu,

including the use of proton, deuteron or neutron beams on solid targets. As proton accelerators

are more common, we investigated the proton-induced reaction channels. Two target materials, nickel
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and zinc, are potential candidates for the production of 64Cu. Although enriched materials are usually

preferred for the production of 64Cu, we have studied both enriched and elemental materials in our

research. The need for enriched targets may also be reduced in some cases by the study of new target

systems and the use of high-current accelerators.

Considering both cases (enriched and elemental), four target possibilities were investigated:
natNi, 64Ni, natZn and 68Zn. As the physical yield obtained varies with target thickness, all targets

were irradiated in two different thicknesses for comparison. The first thickness was taken as 100 µm

and the second as 150 µm . Another aspect of target irradiation is the angle the target makes with the

horizontal plane. As often found in the literature, placing the target perpendicular to the horizontal

plane will cause the target to overheat at high currents. If the target is not sufficiently cooled, it

will be damaged. For this reason, solid target systems in accelerator facilities are designed at a slight

angle to the beam direction. In such designs, the incoming beam spreads out over the target rather

than hitting it directly. The tilt angle may depend on the cyclotron specifications or the solid target

design, and varies between 5◦ and 26◦ in different studies [1, 23–25]. In any case, the power density

incident on the target can be kept at a low level. Two different angles were chosen for the study, 5◦

and 10◦ . All targets and fixed target inclinations were studied with simulations. The main objective

is to evaluate the possible routes to produce 64Cu with sufficient activity, i.e. the target activity can

be used for patient treatment. The routes investigated include enriched materials and as the enriched

materials are very expensive, optimisation by simulation is essential for this type of work.

2.2. Monte Carlo Simulations

This study is based on Monte Carlo simulations and uses the Geant4 toolkit to calculate physical yields

after irradiation. Geant4 is a powerful Monte Carlo simulation application with a large and up-to-date

database of nuclear interactions [26–28]. The Geant4 graphical user interface (GUI), although a code-

based simulation application, allows the user to check the design geometry, control the visualisation,

use different beams and particles, and create any desired setup with great flexibility. It is also very

flexible to create any geometry for the desired setup.

The Geant4 physics list ”QGSP BERT HP” was used for the physical yield and activity calcu-

lations. The G4TENDL-1.4 dataset was also used for cross sections. Geant4 is normally used for high

energy physics, so most of the physics lists are for higher energies. As we are interested in energies

between 10 MeV and 30 MeV there are only a few options for the physics list and QGSP BERT HP

is one of them [29]. The geometry was created using target material, copper backing and aluminium

target holder. The beam has a diameter of 1 cm and a Gaussian profile. The components of the

setup are shown in Figure (1). The simulation application provides a ROOT output by default. On

completion of the simulation, the ROOT software was used to evaluate the results (see also ”ROOT”

[software], release v6.24/06, 03/09/2021, https://root.cern/releases/release-62406/). [30].
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(a) (b)

Figure 1: Simulation setup of solid target. The simulation includes beam line (dark grey cylinder),
Nickel or Zinc target (red), backing copper (yellow), Aluminum target holder (transparent grey
trapezoid). Blue lines show the proton beam coming from the ‘-z’ direction.

3. Results

We have studied the physical yields of the different targets under proton bombardment in order to

assess the activity of 64Cu at the end of bombardment (EOB). The study also includes the cooling

time of the bombarded target to reach the required radionuclide purity, which is usually higher than

99% for the radioisotope of interest. The possible pathways and the effect of target thickness are

discussed below.

3.1. Nickel Target

Nickel is the most commonly used target to produce the radioisotope 64Cu using proton irradiation

for medical applications. The reaction channel for this target is 64Ni(p,n)64Cu. We have investigated

two possible cases for the nickel target. The first is elemental nickel and the second is enriched nickel.

Although the same reaction channel is used for both targets, the ratio of 64Ni in the target directly

affects the activity at the EOB. The elemental nickel consists of 68.077% 58Ni, 26.223% 60Ni, 1.140%
61Ni, 3.635% 62Ni and 0.926% 64Ni. in the Geant4 material database. However, the enriched nickel

targets usually contains > 99% of 64Ni. For the evaluation of the target irradiation we choose an

energy interval between 10 MeV - 30 MeV. Both the physical yield and the activity of 64Cu are given

in tables in the appendix (see tables 1 and 2 in the Appendix section 5). For the activity calculations

200 µA current and 3 hours irradiation time were chosen. The physical yields after irradiation are also

shown in Figure (2). There are 8 different results shown in Figure (2). The figure includes two different

target thicknesses, two different irradiation tilt angles and also the two target types: elemental and

enriched. The physical yield values on the vertical axis are given in logarithm. In the previous works

of Szelecsenyi et al. [31], Avila-Rodriguez et al. [32], Aslam et al. [33] and Rebeles et al. [34] the 10

- 13 MeV range is measured with the highest cross section for the 64Ni(p,n)64Cu reaction channel.

In the present study we have calculated that the 13-25 MeV range has the highest yield for 64Cu

in this type of tilted target systems. We have also seen that the 5◦ inclination and 150 µA thick

enriched target configuration maintains its high yield of 64Cu up to 30 MeV, while the other enriched

targets have relatively lower yields.

4



Yıldırım/Turk J Phys

10 15 20 25 30
Energy [MeV]

1−10

1

10

210

310

410

A
h

]
µ

L
o

g
[M

B
q

/
Physical Yields for Nickel Target

 Natural Nickel°m 5µ100 

 Natural Nickel°m 10µ100 

 Enriched Nickel°m 5µ100 

 Enriched Nickel°m 10µ100 

 Natural Nickel°m 5µ150 

 Natural Nickel°m 10µ150 

 Enriched Nickel°m 5µ150 

 Enriched Nickel°m 10µ150 

Figure 2: The physical yields of the Nickel target. All the configuration for Nickel target are presented
in the figure. The vertical axis in logarithmic scale.

The target prepared from the natural nickel gives also a substantial yield of 64Cu as presented

in both Figure (2) and Tables (1) and (2). The energy range of 15 - 22 MeV seems to have the highest

yield of 64Cu. Although the physical yields of 64Cu can go higher with increasing irradiation time, the

natural target may not be the best option for producing 64Cu. While the enriched targets which are

used in medical applications are extremely expensive, they usually have more than one advantages.

In the 64Cu case, when irradiating the natural nickel targets, other copper isotopes are also produced

along with 64Cu. Although the half-lives of these isotopes relatively short and they decay much faster

than 64Cu, they still remain in the final product. The chemical processes cannot eliminate these side

products and they end up with the patient dose. In order to reach the specific activity which required

for the patient, the copper ratio should be increased in the radiopharmaceuticals. This may lead to a

high dose of metal absorption of the body. Thus, the uses of enriched target material of nickel is the

safest route for the patient’s health.

3.2. Zinc Target

Another alternative target to 64Cu production is zinc. We followed the same procedure to assess the

yields for this target. Two different thicknesses, two different inclination angles were chosen for both

natural and enriched zinc. The natural zinc consists of 48.630% 64Zn, 27.900% 66Zn, 4.100% 67Zn,

18.750% 68Zn and 0.620% 70Zn in the Geant4 material database. This time 68Zn was used for the

enriched material and the expected reaction is 68Zn(p, x)64Cu . The results are given in Figure (3),

Table (3) and Table (4). It can be seen from Figure (3) that the yields increase with energy in all cases
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and the yields do not differ too much for the type of target (natural or enriched) as in the case of the

nickel target. It seems that the 30 MeV beam energy gives the highest yield for all the setups studied.

Furthermore, it seems that the angles and the thickness of the target do not cause a significant change

in the yield. There is another notable feature for the enriched target. The production of 64Cu does

not start before 19 - 20 MeV. But the other reaction channels other than 68Zn(p, x)64Cu lead to the

production of 64Cu at lower energies in the natural zinc target.
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Figure 3: The physical yields of the Zinc target. All the configuration for Zinc target are presented in
the figure. The vertical axis in logarithmic scale.

4. Conclusion

We have evaluated the two target alternatives for the production of 64Cu for use in medical applica-

tions. The study focuses on cyclotron based production. The first alternative is a nickel target and

the second alternative is a zinc target. Both targets have been evaluated considering target thickness

and incident beam angle. The cases for natural and enriched material were also investigated to see the

difference in yield. For the nickel target case we have seen that the enriched material gives more than

enough activity for PET applications. Although the natural nickel target gives reasonably sufficient

yields, it may be hazardous to patient health due to the amount of copper required to achieve the

desired specific activity in the final product. The 13 - 25 MeV energy range gives the highest yield

for the enriched nickel target. Similar assessments were made for the zinc target in order to evaluate

the yields. Unlike the nickel target, the difference between the natural and enriched target is not too

great for the zinc target. 30 MeV gives the highest yield for all zinc target configurations.

Although the physical yields and activities appear suitable for medical production, there will
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be possible losses due to irradiation, target transfer, post-irradiation processes, etc. Overall, losses of

15-20 % can be expected in the final product. Even then, the activities would be sufficient to produce

the radiopharmaceutical. This work may lead to 64Cu production at accelerator facilities and help to

plan production with great precision.

5. Appendix: Tables

Table 1: Physical yields and activities for the 100 µm thick Nickel target. The table shows the results
of both 5◦ and 10◦ target angle. The table is divided into two parts: Results of elemental nickel and
results of enriched nickel. Energy range is between 10 to 30 MeV. The activity values are given for
I = 200µA and t = 3h .

Elemental Ni Enriched 64Ni

5◦ 10◦ 5◦ 10◦

Energy (MeV) P. Y. (MBq/µAh) A. (MBq) P. Y. (MBq/µAh) A. (MBq) P. Y. (MBq/µAh) A. (MBq) P. Y. (MBq/µAh) A. (MBq)

10 2.45 1.47 × 103 2.93 1.76 × 103 3.57 × 102 2.14 × 105 3.46 × 102 2.07 × 105

11 5.04 3.03 × 103 4.29 2.58 × 103 5.01 × 102 3.00 × 105 4.94 × 102 2.96 × 105

12 6.40 3.84 × 103 6.75 4.05 × 103 6.39 × 102 3.83 × 105 6.26 × 102 3.76 × 105

13 5.66 3.39 × 103 5.25 3.15 × 103 7.12 × 102 4.27 × 105 7.16 × 102 4.29 × 105

14 7.90 4.74 × 103 6.34 3.80 × 103 7.79 × 102 4.68 × 105 7.82 × 102 4.69 × 105

15 8.38 5.03 × 103 6.95 4.17 × 103 8.07 × 102 4.84 × 105 8.08 × 102 4.85 × 105

16 8.58 5.15 × 103 7.49 4.50 × 103 8.32 × 102 4.99 × 105 8.21 × 102 4.92 × 105

17 7.84 4.70 × 103 8.04 4.82 × 103 8.45 × 102 5.07 × 105 8.24 × 102 4.95 × 105

18 7.22 4.33 × 103 7.49 4.50 × 103 8.59 × 102 5.15 × 105 7.57 × 102 4.54 × 105

19 7.77 4.66 × 103 6.40 3.84 × 103 8.67 × 102 5.20 × 105 6.63 × 102 3.98 × 105

20 7.63 4.58 × 103 5.72 3.43 × 103 8.47 × 102 5.08 × 105 5.43 × 102 3.26 × 105

21 7.63 4.58 × 103 5.45 3.27 × 103 8.21 × 102 4.93 × 105 4.42 × 102 2.65 × 105

22 6.00 3.60 × 103 3.72 1.96 × 103 7.69 × 102 4.62 × 105 3.37 × 102 2.02 × 105

23 8.79 5.27 × 103 2.93 1.96 × 103 7.03 × 102 4.22 × 105 2.54 × 102 1.52 × 105

24 6.61 3.97 × 103 3.61 2.17 × 103 6.49 × 102 3.89 × 105 2.00 × 102 1.20 × 105

25 5.79 3.47 × 103 2.18 1.31 × 103 5.77 × 102 3.46 × 105 1.76 × 102 1.06 × 105

26 6.68 4.01 × 103 1.77 1.06 × 103 5.08 × 102 3.05 × 105 1.54 × 102 9.24 × 104

27 4.43 2.66 × 103 1.91 1.14 × 103 4.49 × 102 2.69 × 105 1.43 × 102 8.57 × 104

28 3.88 2.33 × 103 1.23 7.36 × 102 4.27 × 102 2.56 × 105 1.23 × 102 7.40 × 104

29 3.41 2.04 × 103 0.954 7.52 × 102 3.71 × 102 2.22 × 105 1.25 × 102 7.51 × 104

30 3.47 2.08 × 103 1.02 6.13 × 102 3.49 × 102 2.09 × 105 1.18 × 102 7.09 × 104
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Table 2: Physical yields and activities for the 150 µm thick Nickel target.

Elemental Ni Enriched 64Ni

5◦ 10◦ 5◦ 10◦

Energy (MeV) P. Y. (MBq/µAh) A. (MBq) P. Y. (MBq/µAh) A. (MBq) P. Y. (MBq/µAh) A. (MBq) P. Y. (MBq/µAh) A. (MBq)

10 3.68 2.21 × 103 3.75 2.52 × 103 3.36 × 102 2.02 × 105 3.56 × 102 2.13 × 105

11 4.09 2.45 × 103 4.29 2.58 × 103 4.83 × 102 2.90 × 105 5.09 × 102 3.05 × 105

12 4.77 2.86 × 103 5.04 3.03 × 103 5.97 × 102 3.58 × 105 6.33 × 102 3.80 × 105

13 5.38 3.23 × 103 5.93 3.56 × 103 6.89 × 102 4.13 × 105 7.27 × 102 4.36 × 105

14 6.68 4.01 × 103 7.09 4.25 × 103 7.39 × 102 4.43 × 105 7.83 × 102 4.70 × 105

15 7.43 4.46 × 103 7.84 4.70 × 103 7.72 × 102 4.63 × 105 8.19 × 102 4.92 × 105

16 7.90 4.74 × 103 8.18 4.91 × 103 7.95 × 102 4.77 × 105 8.43 × 102 5.06 × 105

17 8.11 4.86 × 103 8.52 5.11 × 103 7.98 × 102 4.79 × 105 8.48 × 102 5.09 × 105

18 7.49 4.50 × 103 7.70 4.62 × 103 8.24 × 102 4.94 × 105 8.75 × 102 5.25 × 105

19 8.31 4.99 × 103 8.93 5.36 × 103 8.37 × 102 5.02 × 105 8.82 × 102 5.29 × 105

20 8.18 4.91 × 103 8.72 5.23 × 103 8.45 × 102 5.07 × 105 8.71 × 102 5.22 × 105

21 8.45 5.07 × 103 8.58 5.15 × 103 8.70 × 102 5.22 × 105 8.50 × 102 5.10 × 105

22 8.99 5.40 × 103 8.31 4.99 × 103 8.72 × 102 5.23 × 105 7.68 × 102 4.61 × 105

23 9.47 5.68 × 103 8.58 5.15 × 103 8.53 × 102 5.12 × 105 6.60 × 102 3.96 × 105

24 7.49 4.50 × 103 5.66 3.39 × 103 8.77 × 102 5.26 × 105 5.72 × 102 3.43 × 105

25 8.18 4.91 × 103 4.36 2.62 × 103 8.60 × 102 5.16 × 105 4.74 × 102 2.84 × 105

26 8.58 5.15 × 103 5.31 3.19 × 103 8.33 × 102 5.00 × 105 3.87 × 102 2.32 × 105

27 7.09 4.25 × 103 3.17 1.90 × 103 8.01 × 102 4.81 × 105 3.17 × 102 1.90 × 105

28 7.15 4.29 × 103 3.47 2.08 × 103 7.90 × 102 4.74 × 105 2.72 × 102 1.63 × 105

29 7.22 4.33 × 103 3.47 2.08 × 103 7.59 × 102 4.55 × 105 2.47 × 102 1.48 × 105

30 7.56 4.54 × 103 2.38 1.43 × 103 7.24 × 102 4.35 × 105 2.23 × 102 1.34 × 105

Table 3: Physical yields and activities for the 100 µm thick Zinc target.

Elemental Zn Enriched 68Zn

5◦ 10◦ 5◦ 10◦

Energy (MeV) P. Y. (MBq/µAh) A. (MBq) P. Y. (MBq/µAh) A. (MBq) P. Y. (MBq/µAh) A. (MBq) P. Y. (MBq/µAh) A. (MBq)

10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

14 6.81 × 10-2 4.09 × 101 0.0 0.0 0.0 0.0 0.0 0.0

15 1.36 × 10-1 8.18 × 101 6.81 × 10-2 4.09 × 101 0.0 0.0 0.0 0.0

16 2.04 × 10-1 1.23 × 102 0.0 0.0 0.0 0.0 0.0 0.0

17 1.36 × 10-1 8,18 × 101 0.0 0.0 0.0 0.0 0.0 0.0

18 6.81 × 10-2 4.09 × 101 6.81 × 10-2 4.09 × 101 0.0 0.0 0.0 0.0

19 0.0 0.0 1.36 × 10-1 8.18 × 101 6.81 × 10-2 4.09 × 101 0.0 0.0

20 6.81 × 10-2 4.09 × 101 6.81 × 10-2 4.09 × 101 0.0 0.0 0.0 0.0

21 2.73 × 10-1 1.64 × 102 1.36 × 10-1 8.18 × 101 6.81 × 10-1 4.09 × 102 6.81 × 10-1 4.09 × 102

22 4.09 × 10-1 2.45 × 102 6.13 × 10-1 3.68 × 102 2.52 × 100 1.51 × 103 3.10 × 100 1.86 × 103

23 1.29 × 100 7.7 × 102 1.29 × 100 7.77 × 102 5.59 × 100 3.35 × 103 6.47 × 100 3.88 × 103

24 1.70 × 100 1.02 × 103 2.04 × 100 1.23 × 103 1.03 × 101 5.26 × 105 1.06 × 101 6.34 × 103

25 3.24 × 100 1.94 × 103 3.27 × 100 1.96 × 103 1.45 × 101 8.69 × 103 1.55 × 101 9.30 × 103

26 3.99 × 100 2.39 × 103 4.50 × 100 2.70 × 103 2.07 × 101 1.24 × 104 2.18 × 101 1.31 × 104

27 5.35 × 100 3.21 × 103 4.63 × 100 2.78 × 103 2.47 × 101 1.48 × 104 2.76 × 101 1.66 × 104

28 6.61 × 100 3.97 × 103 6.95 × 100 4.17 × 103 3.63 × 101 2.18 × 104 3.10 × 101 1.86 × 104

29 9.33 × 100 5.60 × 103 5.86 × 100 3.52 × 103 4.32 × 101 2.59 × 104 3.43 × 101 2.06 × 104

30 1.15 × 101 6.91 × 103 6.61 × 100 3.97 × 103 4.93 × 101 2.96 × 104 3.58 × 101 2.15 × 104
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Table 4: Physical yields and activities for the 150 µm thick Zinc target.

Elemental Zn Enriched 68Zn

5◦ 10◦ 5◦ 10◦

Energy (MeV) P. Y. (MBq/µAh) A. (MBq) P. Y. (MBq/µAh) A. (MBq) P. Y. (MBq/µAh) A. (MBq) P. Y. (MBq/µAh) A. (MBq)

10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

13 0.0 0.0 6.81 × 10-2 4.09 × 101 0.0 0.0 0.0 0.0

14 2.04 × 10-1 1.23 × 102 1.36 × 10-1 8.18 × 101 0.0 0.0 0.0 0.0

15 6.81 × 10-2 4.09 × 101 1.36 × 10-1 8.18 × 101 0.0 0.0 0.0 0.0

16 6.81 × 10-2 4.09 × 101 1.36 × 10-1 8.18 × 101 0.0 0.0 0.0 0.0

17 1.36 × 10-1 8.18 × 101 1.36 × 10-1 8.18 × 101 0.0 0.0 0.0 0.0

18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

19 2.04 × 10-1 1.23 × 102 1.36 × 10-1 8.18 × 101 0.0 0.0 0.0 0.0

20 0.0 0.0 6.81 × 10-2 4.09 × 101 6.81 × 10-2 4.09 × 101 6.81 × 10-2 4.09 × 101

21 1.36 × 10-1 8.18 × 101 1.36 × 10-1 8.18 × 101 4.09 × 10-1 2.45 × 102 4.09 × 10-1 2.45 × 102

22 6.81 × 10-1 4.09 × 102 6.13 × 10-1 3.68 × 102 2.42 × 100 1.45 × 103 2.49 × 100 1.49 × 103

23 1.33 × 100 7.97 × 102 1.33 × 100 7.97 × 102 6.03 × 100 3.62 × 103 6.23 × 100 3.74 × 103

24 2.45 × 100 1.47 × 103 2.62 × 100 1.57 × 103 1.05 × 101 6.28 × 103 1.10 × 101 6.58 × 103

25 3.20 × 100 1.92 × 103 3.42 × 100 1.94 × 103 1.53 × 101 9.18 × 103 1.64 × 101 9.85 × 103

26 3.51 × 100 2.11 × 103 3.71 × 100 2.23 × 103 2.0 × 101 1.20 × 104 2.08 × 101 1.25 × 104

27 5.42 × 100 3.25 × 103 5.48 × 100 3.29 × 103 2.57 × 101 1.54 × 104 2.70 × 101 1.62 × 104

28 7.56 × 100 4.54 × 103 7.77 × 100 4.66 × 103 3.50 × 101 2.10 × 104 3.69 × 101 2.21 × 104

29 8.99 × 100 5.40 × 103 9.47 × 100 5.68 × 103 3.95 × 101 2.37 × 104 4.02 × 101 2.41 × 104

30 9.54 × 100 5.72 × 103 9.44 × 100 5.66 × 103 4.96 × 101 2.97 × 104 4.81 × 101 2.89 × 104
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