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1 Introduction

Understanding the energy level structure of nuclei plays a major role in the study of nu-

clear physics, and it is important to make sure that our knowledge of them is valid. Cur-

rently there exist inconsistencies between various reports of the properties of light nuclei

and the present work is undertaken to resolve them by studying pairs of nuclei known as

mirror nuclei. Mirror nuclear pairs are two nuclei that have the same number of nucleons,

but their number of protons and neutrons differ by one. For instance, a mirror pair is 11B-

11C. The nucleus 11B has 5 protons and 6 neutrons whereas 11C has 6 protons and 5 neu-

trons. Due to their similar nucleon number and the charge independence of the nuclear

force, their level spins and parities should resemble each other, and therefore the existence

of a level in one nucleus must have a corresponding partner in the other one. The goal of

this project was to determine the existence of all pairs of levels in nuclei belonging to the

mirror pairs 11B-11C and 13C-13N up to 11 MeV in excitation energy. The levels above 11

MeV in excitation energy were ignored in this survey because the level density in that re-

gion is so high that pairing levels becomes very difficult. These nuclei pairs were chosen

because they have been extensively studied experimentally and their properties can be pre-

dicted by modern theoretical calculations.

To carry out this study, existing compiled data provided by the TUNL[1] and NNDC[2]

databases were used to assign potential mirror pairs, that is to match each level in one nu-

cleus with a level in its mirror that has the same spin and parity. The TUNL database be-

came responsible for compiling data on all nuclei of mass 20 and below after Faye Ajzenberg-

Selove retired, and most of their data comes directly from her compilations (Her last one

being made in 1991 [3]). The existence of these compilations is also another reason for the

necessity of this study. Many experiments have been heavily influenced by her work and as

a result, their claims about the properties of excited states became biased and less legiti-

mate.

After assigning potential pairs, there was consistency when it came to most pairings and it
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was possible to match the first 12 excited states (up to the second 5/2+ state) in the 11B-

11C mirrors (see Table 3) and the first 8 excited states (up to the second 3/2+ state) in the

13C-13N mirrors (see Table 7). Then the states that had no obvious partner were singled

out for further investigation as to their existences and assigned properties. In the following

work the procedures for carrying out this study are presented as well as its conclusions.

2 Procedure

In order to establish mirror pairs between states, the current compiled data on the 11B,

11C, 13C, and 13N level structures up to 11 MeV in excitation energy were taken from

the TUNL and NNDC databases, checked for consistency, and found to be the same. The

mass 11 and 13 schemes that were taken from these databases can be found in Tables 1

and 2. Along with experimental data, theoretical calculations were made by Dr. Alexander

Volya to produce the level structure for the mass 11 and 13 systems that could be used as

a theoretical comparison for the paired states. These calculations were made ignoring the

energy differences between the mirror nuclei’s states due to the Coulomb force, and there-

fore only one level structure was made per system.

From these data, different level pairings could be made to create potential level energies

and spins and parities. To create these pairings each state in one nucleus was matched

with the first state in the mirror that had the same spin-parity. This established a basis

for accurate pairings, since lower energy states (states below the proton or neutron decay

threshold) were extensively studied experimentally and therefore had reliable energies and

spins and parities. Therefore, most of their pairings should be obvious and match up with

the same excited state in its corresponding mirror. This means, for the most part, that

the first excited states in each nucleus should match with each other, as well as the sec-

ond, the third, etc. The accuracy of these basis pairings was then solidified by matching

these pairs with the levels from the theoretical calculations through the same method of
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Table 1: Mass 11 Data From TUNL

11B 11C ∆E(MeV )

E(MeV ) Jπ E(MeV 0) Jπ 11B −
11 C

0 3/2− 0 3/2− 0
2.124693 1/2− 2 1/2− 0.124693
4.44498 5/2− 4.3188 5/2− 0.12618
5.0203 3/2− 4.8042 3/2− 0.2161
6.7918 1/2+ 6.3392 1/2+ 0.4526
6.74185 7/2− 6.4782 7/2− 0.26365
7.28551 5/2+ 6.9048 5/2+ 0.38071

7.4
7.97784 3/2+ 7.4997 3/2+ 0.47814
8.5601 (3/2−) 8.1045 3/2− 0.4556
8.92047 5/2− 8.42 5/2− 0.50047
9.1835 7/2+ 8.654 7/2+ 0.5295
9.2717 5/2+ 8.699 5/2+ 0.5727

9.2 5/2+

9.82 (1/2+)
9.873 3/2+

9.645 (3/2−)
10.262 3/2−

9.97 (7/2−)
10.33 5/2− 9.78 (5/2−) 0.55
10.602 7/2+ 10.083 7/2+ 0.519
10.96 5/2−

11.272 9/2+ 10.679 9/2+ 0.593

pairing sequential spin-states. The basis for these pairings was then used for determining

a pattern in the energy differences between the mirror states in the nuclei as well as a pat-

tern in the energy differences between these states and the theoretical states they should

match with. The energy differences between the mirror states was also estimated using a

simple calculation that was performed for each pair based on just the difference due to the

Coulomb force[4].

After determining numerous pairings, suspicious levels were then singled out. If a level had

no pair or was paired with a state that had a differing spin-parity, it was then chosen as

a level that needed to be investigated. Once all questionable levels were identified, the re-

actions and papers that led to their discovery were studied and the specific evidence for

their assigned existence and properties were examined. The reactions used to study these

levels were found using TUNL databases[1] and then the NNDC’s Nuclear Science Refer-

ence (NSR) database[2] was used to find the names of papers that had populated them.

These papers were then found, either using the APS’s Physical Review database or using
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Table 2: Mass 13 Data From TUNL

13C 13N ∆E(MeV )

E(MeV ) Jπ E(MeV 0) Jπ 13C −
13 N

0 1/2− 0 1/2− 0
3.089443 1/2+ 2.3649 1/2+ 0.724543
3.684507 3/2− 3.502 3/2− 0.182507
3.853807 5/2+ 3.547 5/2+ 0.306807
6.864 5/2+ 6.364 5/2+ 0.5
7.686 3/2+ 6.886 3/2+ 0.8
7.492 (7/2+) 7.155 7/2+ 0.337
7.547 5/2− 7.376 5/2− 0.171
8.2 3/2+ 7.9 3/2+ 0.3
8.86 1/2− 8.918 1/2− −0.058
9.4998 9/2+ 9 9/2+ 0.4998
9.897 3/2− 9.476 3/2− 0.421
10.46

10.25 (1/2+)
10.753 7/2− 10.36 7/2− 0.393
10.818 5/2− 10.36 5/2− 0.458
10.996 1/2+

11.08 1/2− 10.833 1/2− 0.247

the database provide by FSU’s Dirac Library. With access to these papers, the works that

were relevant to the questioned states could then be identified and investigated. Once ev-

ery paper was read, and the claims and methods used to determine the existence or spin-

parity were all scrutinized, the validity of each state could then be determined and a final

mirror pair configuration could be made.

3 Results

3.1 Mass 11 System

The initial sequential pairings based on spin-parity were made for the mass 11 system and

its theoretical level structure calculations. Most of the lower levels among the experimen-

tal data sets were found to have a match with a reasonable energy difference, but only

some of the of the levels had reasonable matches to the theoretical data. Many pairs had

large energy differences from theory, and it was concluded that some of the lower levels

in the theoretical data didn’t have any reasonable matches to experimental data. The un-

matched theory states were then omitted for the purpose of finding pairings, and new se-
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quential pairings were made. The results can be found in Table 3.

Table 3: Mass 11 Sequential Pairings

11B Theorya 11C ∆E(MeV )

E(MeV ) Jπ E(MeV ) Jπ E(MeV 0) Jπ 11BE.x.−Th.
11B −

11 C

0 3/2− 0 3/2− 0 3/2− 0 0
2.124693 1/2− 1.5629 1/2− 2 1/2− 0.561793 0.124693
4.44498 5/2− 4.5909 5/2− 4.3188 5/2− −0.14592 0.12618
5.0203 3/2− 4.5201 3/2− 4.8042 3/2− 0.5002 0.2161
6.7918 1/2+ 5.2933 1/2+ 6.3392 1/2+ 1.4985 0.4526
6.74185 7/2− 7.0931 7/2− 6.4782 7/2− −0.35125 0.26365
7.28551 5/2+ 7.5111 5/2+ 6.9048 5/2+ −0.22559 0.38071

7.4
7.97784 3/2+ 6.2045 3/2+ 7.4997 3/2+ 1.77334 0.47814
8.5601 (3/2−) 8.2309 3/2− 8.1045 3/2− 0.3292 0.4556
8.92047 5/2− 8.5669 5/2− 8.42 5/2− 0.35357 0.50047
9.1835 7/2+ 8.4524 7/2+ 8.654 7/2+ 0.7311 0.5295
9.2717 5/2+ 8.6088 5/2+ 8.699 5/2+ 0.6629 0.5727

9.2 5/2+

9.82 (1/2+) 10.8499 1/2+ 1.0299
9.873 3/2+ 9.6926 3/2+ −0.1804

9.645 (3/2−)
10.262 3/2− 10.3084 3/2− −0.0464

9.97 (7/2−)
10.33 5/2− 10.2797 5/2− 9.78 (5/2−) 0.0503 0.55
10.602 7/2+ 10.5401 7/2+ 10.083 7/2+ 0.0619 0.519
10.96 5/2−

11.272 9/2+ 11.1998 9/2+ 10.679 9/2+ 0.0722 0.593

a) Thirteen theoretical levels had no obvious experimental matches, and where therefore not shown here.

Based on these findings, the first twelve states (up to the second 5/2+ state, and with the

exception of the 7.4 MeV state in 11C) were found to have known pairs and were used for

finding a pattern in energy differences. Starting with the first excited states, we can see

that the energy differences between 11B and 11C experimental levels are in the 100 keV

range and start off around 100 keV and go up to around 500 keV. We also notice that 11B

states consistently have a higher energy than the 11C states. This is due to the Coulomb

energy shifts that occur due to the differing number of the protons and neutrons in the

mirror pair. Then looking at the comparison to theoretical data, we see that the energy

differences are within the same range (with the exception of the first 1/2+ state and the

first 3/2+ state), but vary much more throughout the level structure.

The validity of these patterns was then confirmed when compared to the energy difference

calculations that were made using the Coulomb Energy Difference equation found in a pa-

per by J. A. Nolen and J. P. Schiffer[4] and reproduced below.

7



∆exch = −

[

0.613Z1/3
− 0.60 + (−1)Z0.30

] e2

Req

(1)

Req = 1.47A1/3F (2)

The ∆’s (change in energy of the state due to the Coulomb force and pairing effects) for

both 11B and 11C were calculated and then subtracted to give the average Coulomb En-

ergy Difference between 11B and 11C states. This was found to be about 293 keV, which

makes the accurate parings more reliable since their energy differences are in this range.

These results also further support the charge independence of the nuclear force, since it

appears that the energy differences between the mirror nuclei are primarily due to Coulomb

effects.

With these energy difference patterns, we could predict how the higher energy levels should

pair up, and several possible level orders were produced. From these, two were singled out

as being the most probable and can be found in Tables 4 and 5. Noticeably, these pairings

contain levels with no obvious partners and levels whose proposed pairings do not share

the same spin and/or parity. This implies that some states can’t exist, and that others

need new spin-parity assignments.

Table 4: Mass 11 - Case 1

11B Theory 11C ∆E(MeV )

E(MeV ) Jπ E(MeV ) Jπ E(MeV 0) Jπ 11BE.x.−Th.
11B −

11 C

9.2717 5/2+ 8.6088 5/2+ 8.699 5/2+ 0.6629 0.5727
9.82∗ (1/2+) 10.8499 1/2+ −1.0299
9.873∗ 3/2+ 10.0959 3/2+ 9.645∗ (3/2−) −0.2229 0.228
10.262 3/2− 10.3084 3/2− 9.97∗ (7/2−) −0.0464 0.292
10.33 5/2− 10.2797 5/2− 9.78 (5/2−) 0.0503 0.55
10.602 7/2+ 10.5401 7/2+ 10.083 7/2+ 0.0619 0.519
10.96∗ 5/2− 10.7638 7/2− 0.1962
11.272 9/2+ 11.1998 9/2+ 10.679 9/2+ 0.0722 0.593

Levels with energies below 9.2717 MeV in 11B and below 8.699 MeV in 11C were omitted for the purpose of studying suspi-

cious levels. The 7.4 and 9.2 MeV states had no pairs in either of the cases, and were therefore left out as well.

Starting from the two pairings shown in Tables 4 and 5, seven total levels were singled out

to be investigated. These were the 9.82 (1/2+), 9.873 3/2+, and 10.96 5/2− states in 11B, and

8



Table 5: Mass 11 - Case 2

11B Theory 11C ∆E(MeV )

E(MeV ) Jπ E(MeV ) Jπ E(MeV 0) Jπ 11BE.x.−Th.
11B −

11 C

9.2717 5/2+ 8.6088 5/2+ 8.699 5/2+ 0.6629 0.5727
9.82∗ (1/2+) 10.8499 1/2+ 9.645∗ (3/2−) −1.0299 0.175
9.873∗ 3/2+ 10.0959 3/2+ −0.2229
10.262 3/2− 10.3084 3/2− 9.97∗ (7/2−) −0.0464 0.292
10.33 5/2− 10.2797 5/2− 9.78 (5/2−) 0.0503 0.55
10.602 7/2+ 10.5401 7/2+ 10.083 7/2+ 0.0619 0.519
10.96∗ 5/2− 10.7638 7/2− 0.1962
11.272 9/2+ 11.1998 9/2+ 10.679 9/2+ 0.0722 0.593

Levels with energies below 9.2717 MeV in 11B and below 8.699 MeV in 11C were omitted for the purpose of studying suspi-

cious levels. The 7.4 and 9.2 MeV states had no pairs in either of the cases, and were therefore left out as well.

the 7.4 MeV (Not shown in the figure above, but has no partner), 9.2 5/2+, 9.645 (3/2−)

and 9.97 (7/2−) states in 11C.

Both pairings make most of the same claims. This includes the claim that the 10.96 MeV

state in 11B and the 7.4 MeV and 9.2 MeV states in 11C have no partner, and the claim

that the 10.262 MeV state in 11B is the partner of the 9.97 MeV state in 11C. These claims

then imply that the 10.96 MeV state, the 7.4 MeV state, and the 9.2 MeV state all don’t

exist, and that the spin-parity assignment of either the 10.262 3/2− state or the 9.97 (7/2−)

state is incorrect. The investigation of the latter statement, concerning spin-parity as-

signments, can also be simplified when we assume that it is more likely for the 9.97 (7/2−)

state to have the incorrect assignment. This is a reasonable assumption because the higher

energy states in 11C have small spectroscopic factors compared to those found in 11B, and

therefore the data concerning their spin-parities is less reliable. As a result, only the spin-

parity of the 9.97 MeV state needs to be called into question.

The only difference between the two pairings shown in Tables 4 and 5 concerns the as-

signed partner to the 9.645 (3/2−) state in 11C. It can either be paired with the 9.82 (1/2+)

state or the 9.873 (3/2−) state in 11B. This then implies that either the 9.82 MeV state or

the 9.873 MeV state doesn’t exist.

In addition to the two pairings shown in Tables 4 and 5, one other pairing has been brought

up occasionally in papers on this topic. This pairing assigns the 9.645 (3/2−) state in 11C
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to the 10.262 3/2− state in 11B and can be found in Table 6. This pairing was considered,

but it has a relatively large energy difference from theory, and would imply that the 9.97

(7/2−) state in 11C would be paired with the 9.872 3/2+ state in 11B, even though their

spin-parities are so different. This configuration was therefore ignored.

Table 6: Mass 11 - Other

11B Theory 11C ∆E(MeV )

E(MeV ) Jπ E(MeV ) Jπ E(MeV 0) Jπ 11BE.x.−Th.
11B −

11 C

9.2717 5/2+ 8.6088 5/2+ 8.699 5/2+ 0.6629 0.5727
9.82∗ (1/2+) 10.8499 1/2+ −1.0299
9.873∗ 3/2+ 10.0959 3/2+ 9.97∗ (7/2−) −0.2229 −0.097
10.262 3/2− 10.3084 3/2− 9.645∗ (3/2−) −0.0464 0.617
10.33 5/2− 10.2797 5/2− 9.78 (5/2−) 0.0503 0.55
10.602 7/2+ 10.5401 7/2+ 10.083 7/2+ 0.0619 0.519
10.96∗ 5/2− 10.7638 7/2− 0.1962
11.272 9/2+ 11.1998 9/2+ 10.679 9/2+ 0.0722 0.593

Levels with energies below 9.2717 MeV in 11B and below 8.699 MeV in 11C were omitted for the purpose of studying suspi-

cious levels.

3.1.1 The 9.82, 9.873, and 10.96 MeV levels of 11B

When investigating the existence of the 9.82 MeV level in 11B, no papers were found to

have ever claimed the existence of this state. The TUNL nuclear database references only

the 12C(e,e′p)11B reaction as the source of this level, but upon review of the papers study-

ing this reaction, only one [5] discusses the levels of 11B, and it never observed a 9.82 MeV

state. It’s very likely that this level’s existence is just the result of an error in the interpre-

tation of the 9.873 MeV state, and therefore should be removed from 11B’s level structure.

As for the 9.873 MeV 3/2+ level, several papers were found that have experimental data

that support its existence and spin-parity (Jπ) assignment[6][7][8][9][10]. The oldest of

these claims was made by Hasselgren et al [6] in 1965, who observed this level when an-

alyzing a peak in the differential cross sections measured from scattering 185 MeV protons

by 11B. This level was then seen again in 1966 by Cusson et al [7], who used an R matrix

analysis (a process which reveals energy resonances by exciting a state with an incident

particle with varying energies) to analyze the cross sections of the 7Li(α,α)7Li∗ reaction so

as to deduce the level and its spin-parity. Cusson’s experiment was also repeated by Paul
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et al [8] in 1967, and they came to the same conclusion. In 1982, the state was observed

again by Zwiegliski et al [9] when analyzing the energy spectra of the 9Be(3He,p)11B re-

action. And most recently, in 1988, Simmonds et al [10] observed this level when study-

ing the energy spectra of the 12C(t,α)11B reaction, produced through an elastic scattering

analysis. These experiments reliably observe the 9.873 MeV state, which greatly supports

the existence of this level.

The 10.96 MeV 5/2− state has only one paper that mention it experimentally. Cusson et al

[7] used the same R matrix analysis of the 7Li(α,α)7Li∗ reaction that was used to deduce

the 9.873 MeV state, but this has been the only paper that reports finding the 10.96 MeV

level experimentally. Descouvemont [11] mentions finding it using Generator Coordinate

Method (GCM) calculations (a theoretical model), but he assigned the level a spin-parity

of 7/2− as opposed to 5/2−. Our theory calculations also saw a 7/2− state around this en-

ergy, but its energy difference from the experimentally found level is of the order of magni-

tude of 200 keV, which is very large compared to the 10 keV order of magnitude difference

that is seen for the other levels in that excitation energy range. Due to its lack pairings

and evidence to support its existence, the 10.96 MeV state probably doesn’t exist.

3.1.2 The 7.4, 9.2, 9.645, and 9.97 MeV levels of 11C

The validity of the 7.4 MeV state had always been suspicious, since it stands out as one

of the only lower energy levels that doesn’t have a reliable partner in any of the probable

pairings produced. Only one paper was found that mentions the existence of this level[12],

and the data supporting their claim was very poor. The level is only brought up twice

in the paper, once in the abstract and another when interpreting the cross-section. They

claim that there is a peak seen at about 7.4 MeV, but it has a width of 200 keV. They

don’t mention the 7.5 MeV level, and it’s likely that they just saw the 7.5 MeV level and

misinterpreted it to be a 7.4 MeV state.

As for the 9.2 MeV state, only one relevant paper was found concerning it [13]. This paper
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does report measuring the state, but it never comments on its findings apart from men-

tioning it in the abstract. In addition, there exist no obvious states in 11B that this state

could pair with. One could naively partner this state with the 9.2717 5/2+ state in 11B,

and leave the 8.699 MeV state in 11C without a pair, but this pair would then have an

energy difference on the order of 70 keV. This would be much smaller than what is seen

anywhere else in the mass 11 system, and wouldn’t follow the pattern set by the Coulomb

Energy Difference. This leaves the 9.2 MeV state without any partner, and implies that,

unless more experiments confirm seeing this state and find a partner for it to have, the

state probably doesn’t exist.

Two papers were found that claim the spin-parity assignments of the 9.645 MeV and 9.97

MeV levels [13][14], and none of these had reliable proof for their assignments. The other

papers that mentioned these states just took their data from these papers. Wiescher et

al used an R-matrix analysis of the 10B(p,γ)11B reaction and claimed that the Jπ assign-

ment for the 9.645 MeV level was 3/2−. But they also discuss that a 0.5 MeV wide reso-

nance near the 9.645 MeV level caused difficulties when assigning Jπ for the reactions they

studied. They said that the assignments were ambiguous, and that other, more powerful,

instruments should be made to effectively study the Jπ assignment for this level. They

made their assignments to best fit scattering angle distributions, specifically so that the

9.97 MeV state did not interfere with the 10.082 MeV angular distributions. They were

very uncertain in their assignments, and therefore their claims should be disregarded.

The TUNL database describes Smith’s paper as claiming the spin parity of the 9.97 MeV

state. But when this was investigated, it was found that the paper never mentions 11C

once. It does, however, frequently mention 12C’s 9.98 MeV level, which was probably just

confused for 11C’s 9.97 MeV level when the description was added to the database. There-

fore, this source can be disregarded as well, leaving no paper that can reliably confirm the

spin-parities of 11C’s 9.645 MeV and 9.97 MeV levels.

Based on these investigations, it is clear that the 7.4 and 9.2 MeV states do not exist, and
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that it is reasonable for the 9.645 and 9.97 MeV states to have different spin-parities than

what are currently assigned to them.

3.2 Mass 13 System

The initial sequential pairings based on spin-parity were made for the mass 13 system and

its theoretical level structure calculations, in the same way they were made for the mass

11 system, and can be found in Table 7. Once again, many of the lower levels were found

to have reasonable partners in their mirror, only with the exceptions of the first excited

states and the first 3/2+ states, who have very large energy differences compared to the

pairings around them with similar energies.

Table 7: Mass 13 Sequential Pairings

13C Theorya 13N ∆E(MeV )

E(MeV ) Jπ E(MeV ) Jπ E(MeV 0) Jπ 13CE.x.−Th.
13C −

13 N

0 1/2− 0 1/2− 0 1/2− 0 0
3.089443 1/2+ 2.8699 1/2+ 2.3649 1/2+ 0.219543 0.724543
3.684507 3/2− 3.8789 3/2− 3.502 3/2− −0.194393 0.182507
3.853807 5/2+ 3.4624 5/2+ 3.547 5/2+ 0.391407 0.306807
6.864 5/2+ 7.3568 5/2+ 6.364 5/2+ −0.4928 0.5
7.686 3/2+ 7.7476 3/2+ 6.886 3/2+ −0.0616 0.8
7.492 (7/2+) 7.705 7/2+ 7.155 7/2+ −0.213 0.337
7.547 5/2− 7.837 5/2− 7.376 5/2− −0.29 0.171
8.2 3/2+ 8.4109 3/2+ 7.9 3/2+ −0.2109 0.3
8.86 1/2− 7.7578 1/2− 8.918 1/2− 1.1022 −0.058
9.4998 9/2+ 9.523 9/2+ 9.0 9/2+ −0.0232 0.4998
9.897 3/2− 9.8318 3/2− 9.476 3/2− 0.0652 0.421
10.46

10.25 (1/2+)
10.753 7/2− 11.1154 7/2− 10.36 7/2− −0.3624 0.393
10.818 5/2− 11.7156 5/2− 10.36 5/2− −0.8976 0.458
10.996 1/2+ 10.8669 1/2+ 0.1291
11.08 1/2− 10.9337 1/2− 10.833 1/2− 0.1463 0.247

a) Five theoretical levels had no obvious experimental matches, and where therefore not shown here.

The energy differences of the lower energy states (below the second 1/2− states), exclud-

ing the first excited state and the first 3/2+ state, did seem to follow some pattern. They

ranged from about 200 keV to about 500 keV, and all had positive values (energy differ-

ences were calculated by subtracting the energy of the 13N state from the 13C state). This

was useful information and was then used when assigning pairs in the higher energy states.
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This pattern was also compared to the energy difference calculations made using equation

1. This time, the energy difference was calculated by subtracting the ∆ (change in energy

due to the Coulomb force and pairing effects) of the 13N state from the ∆ of the 13C state,

and was found to be about 225 keV.

When matching pairs to theoretically calculated levels (Table 7), we see that many more

theory levels were found to have matches to experimental levels than what was seen in the

case of the mass 11 system. Unfortunately, though, there did not appear to be any dis-

cernible patterns among the energy differences between the experimental and theoretical

states. Their energy differences ranged from 10 keV to almost an MeV, and the signs of

their energy differences weren’t consistent at all (theoretical energy differences were found

by subtracting the theoretical level from the experimental level). This made using the the-

oretical levels unreliable, and therefore their importance was not as stressed as they were

in the mass 11 system.

Concerning the outliers among the lower energy states (the first excited state and the first

3/2+ state), their does exists reasonable explanations for their relatively large energy dif-

ferences. It has been known for some time that the first excited states have a large energy

difference due to the mixing that occurs in 13N between the 1/2+ continuum states in this

nucleus because this state is unbound. The wavefunctions of these states have long tales

that mix and distort the structure of the state, causing large energy differences. And as

for the first 3/2+ states, because of how they are formed, a deformation occurs that causes

a larger energy differences between the two. Due to these justifiable phenomena, we were

confident in assigning these pairings, and we will not be investigating the validity of these

states and their pairings. It is also worth noticing that, the large energy differences they

have because of these phenomena are of about the same magnitude as what was predicted

by the Nolen-Schiffer Calculations. This implies that the changes in energy cause by the

above phenomena are of a similar order as the changes caused by pairing effects.

After determining the pairings of the lower energy levels, and discovering the patterns that
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occur among them, several possible pairings for the higher energy levels were created. And

from these, three were singled out as the most probable and worth investigating. These

three pairings were combined with the lower level pairings, and can be found in Tables 8,

9, and 10. Two of these pairings (case 2 and 3) imply that at least one of the states in 13C

doesn’t exist, and another implies that there exists a state in 13N that hasn’t been found

experimentally yet.

Table 8: Mass 13 - Case 1

13C Theory 13N ∆E(MeV )

E(MeV ) Jπ E(MeV ) Jπ E(MeV 0) Jπ 13CE.x.−Th.
13C −

13 N

8.2 3/2+ 8.4109 3/2+ 7.9 3/2+ −0.2109 0.3
8.86∗ 1/2− 7.7578 1/2− 8.918∗ 1/2− 1.1022 −0.058
9.4998 9/2+ 9.523 9/2+ 9 9/2+ −0.0232 0.4998
9.897 3/2− 9.8318 3/2− 9.476 3/2− 0.0652 0.421
10.46∗ (1/2+) 10.6063 3/2+ 10.25∗ (1/2+) −0.1463 0.21
10.753∗ 7/2− 11.1154 7/2− 10.36∗ 7/2− −0.3624 0.393
10.818∗ 5/2− 11.7156 5/2− 10.36∗ 5/2− −0.8976 0.458
10.996∗ 1/2+ 10.8669 1/2+ Missing∗ 1/2+ 0.1291
11.08 1/2− 10.9337 1/2− 10.833 1/2− 0.1463 0.247

Levels with energies below 8.2 MeV in 13C and below 7.9 MeV in 13N were omitted for the purpose of studying suspicious

levels.

Table 9: Mass 13 - Case 2

13C Theory 13N ∆E(MeV )

E(MeV ) Jπ E(MeV ) Jπ E(MeV 0) Jπ 13CE.x.−Th.
13C −

13 N

8.2 3/2+ 8.4109 3/2+ 7.9 3/2+ −0.2109 0.3
8.86∗ 1/2− 7.7578 1/2− 8.918∗ 1/2− 1.1022 −0.058
9.4998 9/2+ 9.523 9/2+ 9 9/2+ −0.0232 0.4998
9.897 3/2− 9.8318 3/2− 9.476 3/2− 0.0652 0.421
10.46∗ (1/2+)
10.753∗ 7/2− 11.1154 7/2− 10.36∗ 7/2− −0.3624 0.393
10.818∗ 5/2− 11.7156 5/2− 10.36∗ 5/2− −0.8976 0.458
10.996∗ 1/2+ 10.8669 1/2+ 10.25∗ (1/2+) 0.1291 0.746
11.08 1/2− 10.9337 1/2− 10.833 1/2− 0.1463 0.247

Levels with energies below 8.2 MeV in 13C and below 7.9 MeV in 13N were omitted for the purpose of studying suspicious

levels.

From these pairings, several states in both 13C and 13N were singled out as suspicious and

therefore in need of being investigated. These include the 8.86 1/2−, 10.46, 10.818 (5/2−),

10.753 7/2−, and 10.996 1/2+ MeV states in 13C, and the 8.918 1/2−, 10.25 (1/2+), 10.36 5/2−,

and 10.36 (7/2−) MeV states in 13N . The second 1/2− states were singled out because of

their surprisingly positive energy difference. This is unusual because all the pairings in
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Table 10: Mass 13 - Case 3

13C Theory 13N ∆E(MeV )

E(MeV ) Jπ E(MeV ) Jπ E(MeV 0) Jπ 13CE.x.−Th.
13C −

13 N

8.2 3/2+ 8.4109 3/2+ 7.9 3/2+ −0.2109 0.3
8.86∗ 1/2− 7.7578 1/2− 8.918∗ 1/2− 1.1022 −0.058
9.4998 9/2+ 9.523 9/2+ 9 9/2+ −0.0232 0.4998
9.897 3/2− 9.8318 3/2− 9.476 3/2− 0.0652 0.421
10.46∗ (1/2+)
10.753∗ 7/2− 11.1154 7/2− 10.36∗ 7/2− −0.3624 0.393
10.996∗ 1/2+ 10.8669 1/2+ 10.25∗ (1/2+) 0.1291 0.746
11.08 1/2− 10.9337 1/2− 10.833 1/2− 0.1463 0.247

Levels with energies below 8.2 MeV in 13C and below 7.9 MeV in 13N were omitted for the purpose of studying suspicious

levels.

the mass 13 system have positive energy differences and the effect of the Coulomb Energy

Shift should make the 13N energy levels lower in energy. Because of this, there was a pos-

sibility that these two states were not mirrors, implying that the either the 8.86 MeV state

or the 8.918 MeV state did not exist, or their partner was yet to be found. The 10.46,

10.996, and 10.25 MeV states were singled out because the 10.25 MeV state could only

pair with one of 13C states. This left the other lacking a partner, and implying that ei-

ther the state didn’t exist or its partner hadn’t been discovered yet. And as for the 10.818,

10.753, and 10.36 MeV states, suspicion grew from the very close energies and spin-parities

that these doublet states had. It was very possible that unless adequate proof existed to

support the distinguishing of these states, that they might well be a single state. These

are the states we believe to be worth investigating, and in the following sections we discuss

the experiments and papers that lead to their discoveries.

3.2.1 The 8.86 and 8.918 MeV Levels

There exist 12 separate papers that report measuring some state with an energy of around

8.86 MeV in 13C[15][16][17][18][19][20][21][22][23][24][25][26] and 8 papers that report the

same for an 8.918 MeV state in 13N [20][24][27][28][29][30][31][32]. Only one of which, Sil-

bert et al, explicitly expresses doubt in the accuracy of their findings. As for the spin-

parity assignments of these states, 4 papers[18][21][22][26] claim that the 8.86 MeV state

has a spin-parity of 1/2−, and 2 papers[28][29] claim that the 8.918 MeV state has a spin-
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parity of 1/2− as well.

Of these 18 papers (both Holbrow et al ’s paper and Ball et al ’s paper claim to have mea-

sured both of these states, and they are therefore a reference for both states), several dif-

ferent experiments were used to find these states. Experiments that report measuring

the 8.86 MeV state include the 14N(τ ,α)13C[19], 12C(d,p)13C[15][25], 14N(d,3He)13C[21],

13C(3He,3He)13C[20], 10B(6Li,3He)13C[24], 11B(3He,p)13C[16][17], 12C(n,n)12C[18],

13B(β-)13C[22],[26], 13C(e,e′)13C[23] reactions, and experiments that report measuring

the 8.918 MeV state include the 12C(p,p)12C[27][28][29], 11B(t,n)13N [32], 14N(p,d)13N [30],

13C(3He,t)13N [20], 12C(3He,d)13N [31], 10B(6Li,t)13N [24] reactions.

The energy assignments and their errors that these papers report are provided in Table

11. The errors on these assignments vary greatly, and some authors don’t even provide

errors for their assignments. The errors were studied thoroughly, this is because they affect

how much the true energy value for these states can vary. When studying the legitimacy

of these energy assignments and their errors, it is also worth noting that Ajzenberg-Selove

[33][34] regularly published updated level schemes for the mass 13 system. This is relevant

because papers that are published after these compilations can be heavily influenced by

them. For example, experiments that measure a state in the 8.86 MeV vicinity may just

report that they saw the 8.86 MeV state, and not attempt to do the actual calculation to

find the energy. This makes their energy assignment and errors more unreliable, because

they don’t actually provide new data, they just report the old measurements. This also

applies to papers that cite experiments other than those found in Ajzenberg-Selove as well.

Energy assignments that were smaller and/or had a smaller error were scrutinized more

intensely in the context of the 8.86 MeV state. This is because they were the ones that

supported a smaller true value for the state, making it more difficult for its energy to be

larger than that of the 8.918 MeV state. This applies inversely in the context of the 8.918

MeV state. Energy assignments that were larger and/or had a smaller error were scruti-

nized more instead.
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Table 11: Energy assignments for the 8.86 and 8.918 MeV Levels

8.86 8.918
Author (Year) E(MeV )± σ(keV ) Author (Year) E(MeV )± σ(keV )

McGruer et al (1955) 8.4± 300 Adams et al (1961) 8.91
Young et al (1959) 8.869± 36 Shute et al (1962) 8.89
Galonski et al (1957) 8.85± 60 Bernard et al (1966) 8.89
Fossan et al (1961) 8.9 Bachelier et al (1966) 9± 200
Silbert et al (1962) 8.86± 20 Ball et al (1968) 8.92± 200
Ball et al (1968) 8.86± 30 Fortune et al (1968) 8.9
Hinterberger et al (1968) 8.85± 100 Hsu et al (1971) 8.918± 11
Jones et al (1969) 8.79± 100 Holbrow et al (1973) 8.92
Wittwer et al (1969) 8.86± 20
Holbrow et al (1973) 8.86
Dardern et al (1973) 8.858
Alburger et al (1974) 8.86

In the context of the 8.86 MeV state, three papers provided small energy errors that needed

to be investigated. Silbert et al reports an error of 20 keV, but they never state where

this error comes from and they barely mention the 8.86 MeV state at all in their paper.

This makes an error of 20 keV somewhat suspicious, and therefore shouldn’t be taken too

seriously. Ball et al report an error of only 30 keV, but they also reference Ajzenberg-

Selove (1962) in their paper. Ball et al ’s error and energy assignment for the 8.86 MeV

level is very similar to that of Ajzenberg-Selove but don’t directly reference Ajzenberg

et al (1962) in their paper. Their energy assignment and error are exactly the same as

Ajzenber-Selove’s. Considering that the focus of their paper was to study level transitions,

and not to try and measure the levels, it makes it very likely they just used Ajzenberg-

Selove’s assignment instead of calculating their own.

In the context of the 8.918 MeV state, only two experiments report a small error, Ball et

al [20] and Hsu et al [32]. Hsu et al ’s paper [32] only discussed errors that accounted for

the thickness of 12C contaminant, and never discussed any other errors that may have af-

fected their energy assignment. This means their true error was probably larger than what

they provided. Ball et al [20] didn’t discuss where their error came from as well, which

makes their error assignment less reliable.

The measurement of the 8.918 MeV state made by Bachelier et al [30] was also quite unre-

liable. This is due to the fact that they measured a 9.0 MeV state with a very large error.
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It is also worth noticing that the paper was also published prior to Holbrow et al ’s [24]

paper, who were the first to claim the existence of the 9.0 9/2+ state in 13N . Therefore, it

is very likely that Bachelier et al actually measured the 9.0 MeV state, but then reported

it as the 8.918 MeV state because it was the only state in that region of energy that was

believed to have existed at the time.

3.2.2 The 10.46, 10.996, and 10.25 MeV Levels

There exist 2 separate papers that report measuring some state with an energy of around

10.46 MeV in 13C[35][36], 8 papers that report the same for a 10.996 MeV state in

13C[17][18][19][24][35][36][37][38], and 3 papers that report the same for a 10.25 MeV state

in 13N [39][40][41]. Two of these, Meynadier et al [35] and Wheldon et al [38] et al, explic-

itly expresses doubt in the accuracy of their findings, and one them, Goss et al [37], ex-

presses great confidence in their findings. As for the spin-parity assignment of the 10.25

(1/2+) state, 2 papers were found that support an assignment of 1/2+[40][41].

Meynadier et al [35] believes their data is not good enough to be acceptable, and that

leaves only the Hall and Bonner paper [36] left that has claimed to measure the 10.46 MeV

state. Their paper, however, is not very reliable. They provide no errors for their measure-

ment of the 10.46 MeV level, and the peak on the energy spectra they claim corresponds

to the 10.46 MeV state is not a clearly distinct peak. This leaves no papers reasonably

measuring the 10.46 MeV state, which supports the case that it does not exist.

There is also reason to believe that the 10.996 MeV level may not be distinct from the

11.08 MeV level in 13C. The energies are within 100 keV of each other, and the spin-parities

only differ in sign. Fortunately, these two states are seen at the same time in most of their

measurements, so we can conclude that they aren’t the same state.

Of these 11 papers (both Meynadier et al ’s paper and Hall and Bonner et al ’s paper claim

to have measured both of these states, and they are therefore a reference for both states),

several different experiments were used to find these states. Experiments that report mea-
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suring the 10.46 MeV state include the 11B(3He,p)13C[35] and 12C(n,n)12C[36] reactions,

experiments that report measuring the 10.996 MeV state include the 11B(3He,p)13C[17][35],

12C(n,n)12C[18][36], 14N(t,α)13C[19], 12C(d,p)13C[37], 9Be(6Li,d)13C[38], 10B(6Li,3He)13C[24],

reactions, and experiments that report the 10.25 MeV state include the 12C(p,γ)13N [39][40][41]

reactions.

3.2.3 The 10.753, 10.818, and 10.36 MeV Levels

For the 13C states, there exists 2 papers that report measuring only an energy of around

10.753 MeV[15][42], 1 paper that reports the same for a 10.818 MeV state[26], and 9 pa-

pers that measure both the 10.753 and 10.818 MeV states[18][19][24][35][36][37][43][44][38].

From these 9 papers that measure the two, 2[38][44] provide high resolution spectra that

show two distinct peaks in the vicinities of the 10.753 and 10.818 MeV states. As for the

13N states, 3 papers report measuring only one 10.36 MeV state[28][29][32] and another

3 papers report measuring both in the same experiment[24][45][46]. Of the 3 that report

only one state, two of these[28][29] specifically report finding the 7/2− state. It is also worth

noticing that the 3 papers that only reported one level were all published prior to, or in

the same year as Swint et al (1966)’s paper [45], whose was the first to see a second 10.36

MeV state (which they assigned an energy of 10.38 MeV and a spin-parity of 5/2−).

Of these 18 papers, several different experiments were used to find these states. Experi-

ments that report measuring the 10.753 MeV state include the 12C(n,n)12C[18][36][42][43][44],

14N(t,α)13C[19], 11B(3He,p)13C[35], 12C(d,p)13C[15][37], 10B(6Li,3He)13C[24], and

9Be(6Li,d)13C[38] reactions, experiments that report measuring the 10.818 MeV state

include those used to find the 10.753 MeV state as well as the 13B(β-)13C[26] decay, ex-

periments that report only the 10.36 MeV 7/2− state include the 12C(p,p)12C[28][29] and

11B(t,n)13N [32] reactions, and experiments that report both 10.36 MeV states include the

10B(6Li,t)13N [24] and 12C(p,p)12C[45][46] reactions.
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4 Discussion

4.1 Mass 11 System

4.1.1 The 9.82, 9.873, and 10.96 MeV Levels of 11B

After reviewing the only claim to the existence of the 9.82 MeV level, it is obvious that

this state should be omitted from the 11B level structure. The author reported seeing the

state, but reveals that it is more likely that they were seeing the 9.873 MeV state instead.

And with no other paper claiming this state to exist, there is no support whatsoever for

this state’s place in 11B’s level structure. As a result, the pairings requiring that the 11C

9.645 MeV state be paired with 11B’s 9.82 MeV state is no longer valid. This only leaves

the possibility that the 9.645 MeV state pairs with the 9.873 MeV state.

Between four different papers and the fact that the 9.82 MeV shouldn’t exist, we can con-

clude that the 9.873 MeV state does exist and that it matches with the 9.645 MeV state

in 11C. The methods in these papers were reliable and were repeated in the papers that

follow them. When comparing this pairing to the other mass 11 pairings, we see that their

energy differences are within the same range as those around them (Table 12). The en-

ergy difference between the 9.873 MeV level and the 9.645 MeV level is positive and is of

the same order of magnitude as the rest. In addition, the difference from theory energy

is within a reasonable amount. The parity of the two states are different, but that this is

also within reason since the known parity of the 9.645 MeV state is unreliable, as will be

discussed in the 11C states’ section.

Unlike the decisions made surrounding the 9.82 MeV and 9.873 MeV levels, the 10.96

MeV’s existence is not as easy to pin down. It only has two papers making this claim,

with only one of them backing it with data. That one paper is also the same Cusson pa-

per that claims the existence of the 9.873 MeV state, and therefore, the paper itself can’t

just be ignored. It’s also worth remembering that the 9.873 MeV state had many other pa-

pers claim its existence using the same, as well as different, methods. This is not what is
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seen for the 10.96 MeV state, and without repeated experiments, one paper is not enough

to prove its existence. We also see that the 10.96 MeV level has no match in 11C, so unless

there exists a state that has not been seen that can match with this level, the 10.96 MeV

state can’t exist.

4.1.2 The 7.4, 9.2, 9.645, and 9.97 MeV Levels of 11C

The decision on the validity of the 7.4 MeV state was easily made. Since there is almost

no evidence for its existence, it was removed entirely from the level structure of 11C. The

same goes for the 9.2 MeV state. It had no obvious pair, and not enough evidence to sup-

port its existence. Therefore it was removed from the level structure of 11C as well. As for

the 9.645 and 9.97 MeV states, only one paper has made claims for their spin-parities, and

its authors reveal that their assignments were ambiguous and inconsistent. With so little

evidence for the 3/2− and 7/2− assignments, it is reasonable to believe that these levels have

different spin-parities than what has previously been accepted. This is backed up by the

fact that these states need to be paired with states in 11B, and only the pairings given in

Table 12 provide acceptable results. There are no states in 11B with a Jπ of 7/2− that are

anywhere within the range of the 9.97 MeV energy level, and the only 3/2− state in 11B

that the 9.645 MeV state could possibly pair up with is the 10.262 MeV state. This is un-

likely though, since the energy difference between the two states would be relatively large

compared to that of the pairs around them. It would also imply that the 9.97 MeV state

would have to be paired with the 9.873 MeV state in 11B, and the fact that both their

spin and parity would be so different is too unlikely. As a result, the only feasible spin-

parities for these states are 3/2+ for the 9.645 MeV state and 3/2− for the 9.97 MeV state.

The final mass 11 pairings following these decisions can be found in Table 12.
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4.2 Mass 13 System

4.2.1 The 8.86 and 8.918 MeV Levels

The problem that these states presented was that their difference in energy was negative,

as opposed to the positive difference in energy that was predicted by theoretical calcula-

tions and previous experimental patterns. This meant that either these two states are not

pairs, or that current experimental data does not represent the true value of their ener-

gies accurately enough. If the error on these energy assignments are large enough, the true

value of the 8.86 MeV level’s energy could be larger than the true value of the 8.918 MeV

level’s energy, implying that they do have a positive difference in energy that agrees with

what should be seen in the mass 13 system.

While investigating the accuracy of these energy assignments, many of the experiments

claiming to measure these states did not provide errors for their measurements(see Ta-

ble 11). This lack of errors makes determining the accuracy of their findings vague, and

therefore their results were deemed irrelevant for this paper. For those experiments that

did provide errors, only ones with small errors were necessary to investigate (Since large

errors already supported the theory that their true energies were significantly different).

After surveying these papers, it was found that none of these errors were very reliable. Ei-

ther there was no reference to their source, or their energy assignments and errors were so

similar to those provided by Ajzenberg-Selove’s compilations, that they were probably too

heavily influenced by them, as well as other previous works. This means that the errors on

these assignments could have been large enough such that the 8.86 MeV level’s true energy

is larger than that of the 8.918 MeV level’s, making them a reliable pair. It is also very

unlikely that either of these states do not exist, since there are so many papers reporting

measurements of them.
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4.2.2 The 10.46, 10.996, and 10.25 MeV Levels

The purpose of studying these states was to determine whether the 10.25 MeV state pairs

with the 10.46 MeV state or the 10.996 MeV state, as well as if the one that was left with-

out a partner exists or not. Usually it would be easier to determine which state is the pair

first, and then determine if the other state exists, but because of the unusual case of the

10.46 MeV state, the opposite is true instead. The 10.46 MeV level has only 2 papers that

claim to have measured it, and of these, one believes that their data was not good enough,

and the other had unreliable data. As for the 10.996 MeV state, there are 8 papers that

claim to have found it, with only one doubting their measurements[38], and another being

very confident in the assignment[37]. This supports a reasonable claim that the 10.46 MeV

state doesn’t exist, and that the 10.25 MeV level is paired with the 10.996 MeV level.

Comparisons of each pairings’ difference in energy also supports the pairing of the 10.25

MeV level with the 10.996 MeV level. The difference in energy between the 10.25 MeV

level and the 10.46 MeV level is only about 210 keV, while the energy difference between

the 10.25 MeV and the 10.996 MeV level is about 750 keV. Due to the spin-parity of 1/2+

that these states share, we would expect the energy difference to be quite large like that

seen with the paring of the first excited states, that also have spin-parities of 1/2+. This

means that the 10.996 MeV level’s energy difference is more appropriate than the 10.46

level’s, and reinforces the pairing of the 10.996 MeV level with the 10.25 MeV level.

4.2.3 The 10.753, 10.818, and 10.36 MeV Levels

The reason these states were called into question is because of the very similar energies

and spin-parities they have compared to the other states in their isotope. The 10.753 and

10.818 MeV levels in 13C only have a difference in energy of about 60 keV, and the two

10.36 MeV levels in 13N have the same exact energy assignment. This leads to the pos-

sibility of these doublets being only one state, so the distinctness within these doublets

needed to be investigated.

24



Fortunately, many of the papers that measured these doublets simultaneously, and some

of them provided clearly distinct peaks with high resolution within their energy spectra.

Some of the measurements involving a 10.36 MeV state did only see one state, but this

was before the other state was discovered. Since then, both states have always been seen

simultaneously, usually with slightly different energy assignments than what is currently

accepted.

Whether these doublets were partners or not was never up for debate. Their spin-parities

matched up, and their energy differences were consistent with the patterns previously

found. Their pairs also have a reasonable match in the theoretically produced level scheme.

The energy differences between the pair and the theory levels were a bit large, but the en-

ergy differences of the other states from their theory levels had no significant consistency

either, and therefore it shouldn’t be taken too seriously.

Lastly, it wouldn’t make sense for the 10.36 MeV states to be degenerate, therefore at

least one of them would have to have a true energy that is different than what is currently

accepted. Based on their pairings, it is more likely that the energy of the 5/2− state has a

higher true value. This is because it pairs with the 10.818 MeV level, which has a higher

energy than its doublet, the 10.753 MeV level, and it would therefore be more probable for

the 10.818 MeV’s partner to have a higher energy than its doublet as well.

5 Conclusion

Considering the investigations made throughout this project, we can conclude that, due to

the charge independent properties of the nuclear force and the analyses of many papers,

5 excited states previously believed to exist in the mass 11 and 13 systems in fact do not

exist, and that 2 states in 11C have different spin-parities than was previously assigned to

them. The excited states that do not exist include the 9.82 and 10.96 MeV states in 11B,

the 7.4 and 9.2 MeV states in 11C, and the 10.46 state in 13C. The changes in spin parity
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apply to the 9.645 MeV level, whose spin-parity was changed from (3/2−) to 3/2+, and the

9.97 MeV level, whose spin-parity was changed from (7/2−) to 3/2−. The final mass 11 and

13 mirror nuclei pairings that follow from these findings can be found in Tables 12 and 13.

In addition, it was shown that a modern shell model calculation over predicts the number

of levels below 11 MeV in the mass 11 system, and provides an inconsistent representation

of the energies of the mass 13 system.

Table 12: Assigned mirror states in 11B and 11C with energy differences.

11B Theory 11C ∆E(MeV )

E(MeV ) Jπ E(MeV ) Jπ E(MeV ) Jπ 11BE.x.−Th.
11B −

11 C

0 3/2− 0 3/2−(1) 0 3/2− 0 0
2.124693 1/2− 1.5629 1/2−(1) 2 1/2− 0.561793 0.124693
4.44498 5/2− 4.5909 5/2−(1) 4.3188 5/2− −0.14592 0.12618
5.0203 3/2− 4.5201 3/2−(2) 4.8042 3/2− 0.5002 0.2161

5.0721 5/2+(1)
6.7918 1/2+ 5.2933 1/2+(1) 6.3392 1/2+ 1.4985 0.4526

7.0021 7/2+(1)
6.74185 7/2− 7.0931 7/2−(1) 6.4782 7/2− −0.35125 0.26365
7.28551 5/2+ 7.5111 5/2+(2) 6.9048 5/2+ −0.22559 0.38071
7.97784 3/2+ 6.2045 3/2+(1) 7.4997 3/2+ 1.77334 0.47814

8.055 1/2+(2)
8.5601 (3/2−) 8.2309 3/2−(3) 8.1045 3/2− 0.3292 0.4556
8.92047 5/2− 8.5669 5/2−(2) 8.42 5/2− 0.35357 0.50047
9.1835 7/2+ 8.4524 7/2+(2) 8.654 7/2+ 0.7311 0.5295
9.2717 5/2+ 8.6088 5/2+(3) 8.699 5/2+ 0.6629 0.5727

8.7514 3/2+(2)
8.8006 9/2+(1)
9.4187 9/2+(2)
9.6926 3/2+(3)
9.9853 5/2+(4)

9.873 3/2+ 10.0959 3/2+(4) 9.645 (3/2+) −0.2229 0.228
10.0361 7/2+(3)

10.262 3/2− 10.3084 3/2−(4) 9.97 (3/2−) −0.0464 0.292
10.33 5/2− 10.2797 5/2−(3) 9.78 (5/2−) 0.0503 0.55
10.602 7/2+ 10.5401 7/2+(4) 10.083 7/2+ 0.0619 0.519

10.6101 5/2+(5)
10.7638 7/2−(2)
10.8098 1/2−(2)
10.8499 1/2+(3)
11.102 3/2+(5)

11.272 9/2+ 11.1998 9/2+(3) 10.679 9/2+ 0.0722 0.593
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Table 13: Assigned mirror states in 13C and 13N with energy differences.

13C Theory 13N ∆E(MeV )

E(MeV ) Jπ E(MeV ) Jπ E(MeV 0) Jπ 13CE.x.−Th.
13C −

13 N

0 1/2− 0 1/2−(1) 0 1/2− 0 0
3.089443 1/2+ 2.8699 1/2+(1) 2.3649 1/2+ 0.219543 0.724543
3.684507 3/2− 3.8789 3/2−(1) 3.502 3/2− −0.194393 0.182507
3.853807 5/2+ 3.4624 5/2+(1) 3.547 5/2+ 0.391407 0.306807
6.864 5/2+ 7.3568 5/2+(2) 6.364 5/2+ −0.4928 0.5
7.686 3/2+ 7.7476 3/2+(1) 6.886 3/2+ −0.0616 0.8
7.492 (7/2+) 7.705 7/2+(1) 7.155 7/2+ −0.213 0.337
7.547 5/2− 7.837 5/2−(1) 7.376 5/2− −0.29 0.171
8.2 3/2+ 8.4109 3/2+(2) 7.9 3/2+ −0.2109 0.3
8.86 1/2− 7.7578 1/2−(2) 8.918 1/2− 1.1022 −0.058
9.4998 9/2+ 9.523 9/2+(1) 9.0 9/2+ −0.0232 0.4998

9.6923 3/2+(3)
9.897 3/2− 9.8318 3/2−(2) 9.476 3/2− 0.0652 0.421

10.4316 7/2+(2)
10.6063 3/2−(3)
10.9691 5/2+(3)
10.9771 3/2+(4)

10.753 7/2− 11.1154 7/2−(1) 10.36 7/2− −0.3624 0.393
10.818 5/2− 11.7156 5/2−(2) 10.36 5/2− −0.8976 0.458
10.996 1/2+ 10.8669 1/2+(2) 10.25 (1/2+) 0.1291 0.746
11.08 1/2− 10.9337 1/2−(3) 10.833 1/2− 0.1463 0.247
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