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4 Argonne National Laboratory, Argonne, IL 60439, USA
5 RIKEN Nishina Center, Wako, Saitama 351-0198, Japan

Abstract This paper is the second part of the new evaluation of atomic masses, Ame2016. Using least-squares
adjustments to all evaluated and accepted experimental data, described in Part I, we derive tables with numerical
values and graphs to replace those given in Ame2012. The first table lists the recommended atomic mass values and
their uncertainties. It is followed by a table of the influences of data on primary nuclides, a table of various reaction
and decay energies, and finally, a series of graphs of separation and decay energies. The last section of this paper lists
all references of the input data used in the Ame2016 and the Nubase2016 evaluations (first paper in this issue).
Amdc: http://amdc.impcas.ac.cn/
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1 Introduction

The description of the Ame2016 general procedures
and policies are given in Part I of this series of two pa-
pers, where the input data used in the evaluation are
presented. In this paper, we present tables with numeri-
cal values and graphs derived from the evaluation of the
input data presented in Part I.

Firstly, we present the table of atomic masses (Ta-
ble I) expressed as mass excess in keV, together with the
binding energy per nucleon, the beta-decay energy and
the total atomic mass in mass units.

Secondly, we provide the table of influences for pri-
mary nuclides (Table II). For each primary nuclide, we
give three main data and their influences on its mass (see
the definitions in Part I, Section 5.1, p. 030002-18).

Thirdly, we give a table of values and their uncertain-
ties for the separation and reaction energies for twelve se-
lected combinations of nuclides. This selection, together
with the β-decay energies in Table I, provides all differ-
ences in masses between any pair of nuclides differing at
most by two units in Z and N . A method is indicated
in which many more different reaction energy values can

be derived from the present table.
The following series of graphs are then presented:

two-neutron separation energies and α-decay energies as
a function of neutron number, and two-proton separation
energies as a function of proton number. These graphs
are considered to be the most illustrative ones for repre-
senting the regular trends from the mass surface (TMS)
and deriving estimates for unknown masses.

Finally, references of the input data used in the
Ame2016 and the Nubase2016 evaluations, the first
paper of this issue, are given in Section 6.

2 Atomic mass table

The tables containing the values of atomic masses
and other derived quantities given in the present work
are similar to those published in the earlier Ame edi-
tions [1–9]. With few exceptions, experimental data on
masses of nuclides refer to “atomic” masses or to masses
of singly ionized atoms. In the last case, the ioniza-
tion energy is generally (much) smaller than the uncer-
tainty of the mass and, for a small number of very precise
mass measurements, corrections for the first- and second-
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ionization potentials can be applied without much loss of
accuracy. The same is true for the electron mass, Me;
see Table A in Part I. This is the reason for the deci-
sion to present atomic rather than nuclear masses in our
evaluations.

In general, the nuclear masses MN can be calculated
from the atomic ones MA:

MN(A,Z) =MA(A,Z)−Z×Me +Be(Z). (1)

Nowadays, several mass measurements are conducted
with fully or almost fully ionized atoms. In such cases,
a correction must be made for the total binding energy
of all the removed electrons Be(Z), which can be found
in the table of calculated total atomic binding energy
of all electrons by Huang et al [10]. Unfortunately, the
precision of the calculated Be(Z) values is not well es-
tablished, since this quantity (approximately 760 keV for

92U) cannot be easily measured. However, we can state
with a high confidence that the precision for 92U is better
compared to that for the best known masses of the ura-
nium isotopes, which is about 1.1 keV. An approximate
formula for Be can be found in the review of Lunney,
Pearson and Thibault [11]:

Be(Z) = 14.4381Z2.39 +1.55468×10−6Z5.35 eV. (2)

The atomic masses are given in mass units and the
derived quantities in energy units. For the atomic mass
unit we use the “unified atomic mass unit”, symbol “u”,
defined as 1/12 of the atomic mass of one 12C atom in
its electronic and nuclear ground states and in its rest
coordinate system. In our work, energy values are ex-
pressed as electron-volt, using the maintained volt V90.
For a discussion see Part I, Section 2.

Due to the dramatic increase in the accuracy of
mass for some light nuclides, the printing format of the
mass table is not adequate for the most precisely known
masses, which require many more digits. Table A gives
values of mass excesses and atomic masses for 16 nu-
clides, whose masses are the most precisely known, with
an uncertainty below 1 eV90.

Mass excesses expressed in keV, which are of practi-
cal use, are also given. Conversion of the uncertainties
from µu to keV can be obtained by:

σ2
MkeV

= (σMu
×u)2 +(Mu×σu)2, (3)

where Mu and σMu
are the mass excess and its uncer-

tainty in µu, and σu is the uncertainty of u expressed in
eV90. The second term in Eq. 3 is only important for a
very few nuclides.

Table A. The most precisely known masses.

Mass excess (keV90) Uncertainty (keV90) Atomic mass (µu) Uncertainty (µu)

1n 8 071.317 133 0.000 458 1 008 664.915 823 0.000 491
1H 7 288.970 613 0.000 087 1 007 825.032 241 0.000 094
2H 13 135.721 756 0.000 113 2 014 101.778 114 0.000 122
3H 14 949.809 935 0.000 215 3 016 049.281 985 0.000 231
3He 14 931.217 929 0.000 205 3 016 029.322 645 0.000 220
4He 2 424.915 612 0.000 059 4 002 603.254 130 0.000 063

13C 3 125.008 881 0.000 215 13 003 354.835 209 0.000 231
14N 2 863.416 722 0.000 193 14 003 074.004 460 0.000 207
15N 101.438 709 0.000 601 15 000 108.898 939 0.000 645
16O – 4 737.001 351 0.000 162 15 994 914.619 598 0.000 173
17O – 808.763 482 0.000 655 16 999 131.756 642 0.000 704
18O – 782.815 600 0.000 706 17 999 159.612 840 0.000 758
19F – 1 487.444 200 0.000 864 18 998 403.162 882 0.000 927
28Si – 21 492.794 304 0.000 488 27 976 926.534 991 0.000 524
29Si – 21 895.078 375 0.000 559 28 976 494.665 252 0.000 600
31P – 24 440.540 953 0.000 674 30 973 761.998 625 0.000 724
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Table B. Correlation matrices for the most precisely known very light nuclei (in squared nano atomic mass units).

n H D 4He 13C 14N 15N 16O 28Si

n 0.241391

H – 0.006172 0.008794

D 0.012177 0.002620 0.014802
4He 0.000000 0.000000 0.000000 0.004011

13C 0.004685 – 0.006200 – 0.001514 0.000000 0.053148
14N – 0.001300 0.002355 0.001055 0.000000 0.039083 0.042986
15N – 0.001181 0.013972 0.012791 0.000000 – 0.003234 0.009421 0.416385
16O – 0.000837 0.002306 0.001470 0.000000 0.011842 0.014288 0.007047 0.030065
28Si – 0.005085 0.009502 0.004416 0.000000 0.041404 0.043532 0.051304 0.024329 0.274560

n H D 3H 3He 16O 20Ne 23Na 28Si

n 0.241391

H – 0.006172 0.008794

D 0.012177 0.002620 0.014802
3H 0.006005 0.011413 0.017422 0.053335
3He 0.006005 0.011413 0.017422 0.048435 0.048435

16O – 0.000837 0.002306 0.001470 0.003776 0.003776 0.030065
20Ne 0.027152 0.012479 0.039644 0.052123 0.052123 0.006215 2.829718
23Na 0.000000 0.000001 0.000001 0.000001 0.000001 0.000004 0.000007 3.781636
28Si – 0.005085 0.009502 0.004416 0.013918 0.013918 0.024329 0.019401 0.000047 0.274560

Since Ame2003, we give in Table I the binding en-
ergy per nucleon, which is of educational interest, since
it connects to the Aston Curve, displaying the maximum
stability around the ‘iron-peak’ which is of importance
in astrophysics. The highest binding energy per nucleon
is observed for 62Ni, followed sequentially by 58Fe and
56Fe.

3 Influences on primary nuclides

Table II lists all primary nuclides, together with the
main data that contribute to their mass determination
(up to the three most important ones) and the influences
of these data on their masses. It complements the infor-
mation given in the main table (Part I, Table I) where the
significance (total flux) and the main flux of each datum
are displayed. In other words, the flow-of-information
matrix F, defined in Part I, Section 5.1, is (partly) dis-
played once along lines and once along columns.

4 Nuclear reaction and decay energies

The linear combinations involving neighboring nu-
clides with small differences in atomic number and mass
number, and particles such as n, p, d, t, 3He and α, are
important for studies of the trends in the nuclear energy
surface and for Q-values of frequently used reactions. In
Table III, values for 12 such combinations and their un-
certainties are presented.

With the help of the instructions given in the ex-
planation of Table III, values for 28 additional reactions
and their uncertainties can be derived (cf. p. 030003-

99). The derived values will be correct, but in a few
cases (when reactions involving light nuclei measured
with very high precision) the uncertainties will be slightly
larger than those obtained when correlations in the cal-
culation are included.

In cases where any combination of the most precise
mass values are involved, the uncertainties can be ob-
tained with the help of the correlation coefficients given
in Table B, where the variances and covariances for the
most precisely known light nuclei are listed. When calcu-
lating uncertainties of mass combinations, one should use
the mass values and their uncertainties in µu, and not the
mass excesses (in keV). As an example, if one considers
the mass difference between 3H and 3He, the mass differ-
ence can be easily obtained from the values listed in Ta-
ble A. However, the corresponding uncertainty cannot be
simply determined from the square root of the quadratic
sum of the individual uncertainties, which would beµ

√
0.2312 +0.2202 = 0.32 nu. (4)

Since there is a strong correlation between these two nu-
clides, the uncertainty of the mass difference should be
calculated using the correlation information provided in
Table B. Thus, its uncertainty can be obtained from the
square root of the sum of the variances minus twice the
covariance:

√
0.2312 +0.2202−2∗0.048435 = 0.07 nu. (5)

As a result, the final uncertainty is much smaller when
the correlation is taken into account.

The result of the least-squares adjustment of the
experimental data that are used to determine atomic
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masses, as described in Part I, is not represented com-
pletely by the atomic mass values given in the Table I and
the energy values in Table III. A complete representation
would require reproduction of a matrix of correlation co-
efficients. This matrix contains 1

2
N(N + 1) elements in

which N = 1207. As for Ame2012, we made available at
the Amdc website a full list of correlation coefficients for
Ame2016 [12], of which a very short sample is displayed
in Table C.

We have also prepared a table of neutron, proton
and deuteron pairing energies, available from the Atomic
Mass Data Center (Amdc) [13], defined as:

Table C. Sample of variances and covariances in squared
nano atomic mass units. Nuclides coded as AAAZZZi

(i=isomeric state), e.g. 1H=10010, 16O=160080. Full table
is on the Amdc website [12]

nuclide 1 nuclide 2 Variance or Covarience

10000 10000 0.24139060

10010 10000 −0.61717354E-02

...... ...... ......

30010 30010 0.53335160E-01

30020 10000 0.60053621E-02

30020 10010 0.11413390E-01

30020 20010 0.17421780E-01

30020 30010 0.48435162E-01

...... ...... ......

2541020 2531020 541761.20

2541020 2541020 0.10749120E+09

Pn(A,Z) =
1

4
(−1)A−Z+1[Sn(A+1,Z)−2Sn(A,Z)+Sn(A−1,Z)],

Pp(A,Z) =
1

4
(−1)Z+1[Sp(A+1,Z+1)−2Sp(A,Z)+Sp(A−1,Z−1)],

Pd(A,Z) =
1

4
(−1)Z+1[Sd(A+2,Z+1)−2Sd(A,Z)+Sd(A−2,Z−1)].

Sn, Sp, and Sd are the neutron, proton and deuteron separation energies, the latter being defined as:

Sd(A,Z) =−M(A,Z)+M(A−2,Z−1)+M(d) =−Q(γ,d).

The quantities Sn, and Sp are defined in the Explanation of Table III and Q(γ,d) can be calculated as indicated
there.

Remark: Pn is also sometimes written as:

Pn(A,Z) =
1

4
(−1)A−Z+1[−M(A+1,Z)+3M(A,Z)−3M(A−1,Z)+M(A−2,Z)],

displaying thus more clearly the combination of the involved masses. Similar expressions are valid for Pp and Pd.

5 Graphs of trends from the mass sur-
face

All the information contained in the mass table (Ta-
ble I) and in the nuclear reaction and separation energy
table (Table III) can in principle be displayed in plots of
the binding energy (or mass) versus Z, N , or A. The
atomic mass surface as a function of Z and N splits into
four sheets due to the pairing energy, as discussed in
Part I, Section 4. These sheets are nearly parallel almost
everywhere in this three-dimensional space and have re-
markably regular trends, as one may convince oneself
by making various cuts (e.g. Z or N or A constant).
Any derivative of the binding energies also defines four
sheets. In this context, derivative means a specified dif-
ference between the masses of two nearby nuclides. For
a derivative specified in such a way where the differences
are between nuclides in the same mass sheet, the nearly
parallelism of these sheets leads to an (almost) unified

surface for the derivative, thus allowing a single display.
The derivatives are also smooth and have the advantage
of displaying much smaller variations in data. There-
fore, in order to illustrate the regular trends in the mass
surface, three derivatives of this last type were chosen:

1. the two-neutron separation energies versus N , with
lines connecting the isotopes of a given element
(Figs. 1–9);

2. the two-proton separation energies versus Z, with
lines connecting the isotones (the same number of
neutrons) (Figs. 10–17);

3. the α-decay energies versus N , with lines connect-
ing the isotopes of a given element (Figs. 18–26);

These figures supersede the ones published in Ref. [2].
In the previous Ame publications, the graphs of the

double β-decay energies versus A were also given. Such
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drawings were not included in the present publication,
but can be easily derived from the data in Table I.

The Trends from the Mass Surface (TMS) can be
quite useful for checking the quality of any interpolation
or extrapolation (if not too far). When some masses de-
viate from the regular TMS in a specific mass region,
there could be a serious physical cause, like a shell or
subshell closure or an onset of deformation. However, if
only one mass exhibits an irregular pattern, thus violat-
ing the general smooth trends, then one may seriously
question the correctness of the related input data (see
the discussion in Part I, Section 4, p. 030002-11).

6 List of references

A complete list of references related to the input data
used in the Ame2016 and the Nubase2016 evaluations
are presented at the end of this paper. The individual
references are identified using the CODEN style [14] (see

p. 030003-261). There is only one exception for the Eur.
Phys. A journal, where instead of the ‘ZAANE’ identifier
[14], we have used ‘EPJAA’.
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