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UPDATED MASS PREDICTIONS
FROM THE GARVEY-KELSON MASS RELATIONS*

J. JANECKE

Department of Physics, University of Michigan
Ann Arbor, Michigan 48109

Part A, Neutron-Rich Nuclides, describes the procedures for estimating masses of neutron-rich
nuclei from the transverse Garvey-Kelson mass relation. This relation represents a homogeneous
partial difference equation. The most general solutions have been subjected to a x-minimization
procedure (boundary condition) based on the new atomic mass adjustment of Wapstra and Bos. The
resulting solution can be viewed as a many-parameter mass equation with about 500 parameters.
About 5000 mass values have been calculated for nuclei with2 < Z < 100,4 < N < 156,and N > Z
(or N = Z = even). The standard deviation between calculated and experimental mass-excess values is
o, = 118 keV.

Part B, Proton-Rich Nuclides, describes the procedure for estimating masses of proton-rich
nuclei with 7 > 1 based on the charge-symmetric mass relation of Kelson and Garvey. Use is made of
the experimental Coulomb energy differences between T = ¥, mirror nuclei (4 < 55) together with a
few estimated values (57 < A < 71). Mass values have been calculated for about 120 nuclei with
1 < T<5/2and 4 < 70. The standard deviation between calculated and experimental mass-excess
values is g, =~ 100 keV.

* Supported in part by the U.S. Energy Research and Development Administration, Contract E(11-
1)-2167, and by a research grant from the Michigan Memorial Phoenix Project, University of
Michigan
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PART A. NEUTRON-RICH NUCLIDES

The Garvey-Kelson Relations

Nuclidic mass relations were introduced by Gar-
vey and Kelson*? a number of years ago as a new
approach for predicting masses of unknown nuclei from
known nuclear masses. The ground-state energy M(N,Z)
of a system of A nucleons (N neutrons and Z protons) is
determined uniquely by the nuclear many-body Hamil-
tonian containing one-, two- and possibly many-body
operators. Since the exact form of the Hamiltonian is not
known, it is essentially impossible to obtain general
solutions of the many-body problem. Instead of intro-
ducing models or other assumptions, in this new ap-
proach, the question was considered whether the differ-
ences M(N + AN, Z + AZ) — M(N,Z) between the
masses of neighboring nuclei perhaps can be understood
on the basis of more limited knowledge about the nu-
clear many-body system.

The objective then was to construct a difference
equation of the form

SCM(N + AN, Z + AZ) =0

i=1

()

with |C;| = | and arbitrary N and Z. A proper choice
of the coefficients C; hopefully would lead to an approx-
imate cancellation of the neutron and proton single-
particle energies as well as of the interaction energies for
all neutron-neutron, proton-proton, and neutron-proton
pairs. A necessary condition for such cancellations is
that the number of neutrons and protons and of the
various pairs cancels in this relation. Nontrivial solutions
exist for a > 6. For a = 6 the following two independ-
ent solutions were obtained,®*

M(AT, + 2) — M(AT,)
+ M(A + LT, + ) — M(A4 + 1,
+ M4 — LT, + %) — M(4 — 1,

&

+ %)
+ 3/2) =0

T, (2)
T

456

and
M(A + 4.T,)) — M(AT))
+ MA+ LT, + ) — MA + 3T, + %)
+ MA+ LT, — Y) — M(A + LT, — %) =0 (3)

with 4 =N + Z and 27, = N — Z. Schematic repre-
sentations of the transverse and longitudinal relations
(2) and (3) are shown in Fig. 1. When the two equations
were tested® for all combinations of known nuclear
masses, it was found that the deviations from zero are
indeed small and essentially random. The standard de-
viations are on the order of 200 keV. Excluded from this
test were all combinations which contain nuclei with
N Zor N=27=odd.

Using an independent-particle picture with four-
fold degenerate Hartree-Fock or Nilsson-like sin-
gle-particle levels, Eqgs. (2) and (3) are represented
schematically as shown in Fig. 2 (a) and (b). Indeed,
single-particle energies as well as the residual interac-
tion energies cancel out in this model if they are as-
sumed to vary slowly with nucleon number 4. No such
cancellation exists if one of the members in Egs. (2) or
(3) 1s an odd-odd self-conjugate nucleus (N = Z = odd)
as is demonstrated by Fig. 2 (¢) and (d). The effective

1 1
Zl— |+ -1+
+ -] = 0 + - = 0
-+ Z|—|+
N i N
Transverse Longitudinal

Fig. 1. Schematic representation of the transverse and longitudinal
mass relations (2) and (3). The boxes represent nuclei from the
nuclidic chart with N horizontal and Z vertical. The presence of a
plus or a minus sign in a box indicates that the mass value of the
respective nucleus is to be added or subtracted
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interaction between a neutron and a proton sharing the
same space orbital is much stronger than for different
orbitals resulting in residuals of up to a few MeV for
the light nuclei (see also Ref. 5).

Simple shell-model mass equations are in accord®*
with Egs. (2) and (3). If neutrons and protons are as-
sumed to occupy the same j-shell, the shell-model ex-
pression, which is based on the seniority coupling
scheme with isospin as a good quantum number, satis-
fies Eqs. (2) and (3) exactly. The supermultiplet scheme
also yields an expression for the binding energy that is
consistent with Egs. (2) and (3). These expressions fur-
ther show that deviations are to be expected for
N = Z = odd. They result from the dependence on
isospin 7' of the symmetry energy which is not of the
form 72 = |T,|? = Y(N — Z)? but instead is approxi-
mately of the form T(T + 1) whichhasacuspat 7 = 0.

Equations (2) and (3) are not expected®* to hold
exactly. Due to changes in the nuclear radius or the
nuclear shape, small residuals may result from several
effects including the variation of single-particle and
interaction energies with the number of neutrons and
protons. Furthermore, the extreme single-particle pic-
ture of Fig. 2 is very simple-minded. The states are
generally not angular momentum eigenstates and there-
fore require configuration mixing, core excitation, etc.
Even if the extreme picture is assumed to be valid, small
residuals would be expected for odd-4 and odd-odd
reference nuclei.® These are zero only if the effective
neutron-proton interaction is independent of neutron
excess or nucleon number, respectively.

Updated Garvey-Kelson Masses

Studies of the “fluctuations” of the residuals which
appear to be essentially statistical in nature are being
carried out by Kelson.” The influence of small system-
atic effects is being studied by Jinecke et al.53

Method of Mass Prediction

Garvey, Kelson, and collaborators® have re-
ported two distinctly different methods for predicting
masses of neutron-rich and proton-rich nuclei based on
Eqgs. (2) and (3). First, the equations can be used as
recursion relations since they permit an estimate of the
unknown mass of one nucleus from the known masses of
five adjacent nuclei. This step can then be repeated to
obtain estimates for unknown nuclei further away from
the line of 8-stability. In a second approach, Egs. (2) and
(3) are treated as homogeneous partial difference equa-
tions for the unknown function M(N,Z) = M(A,T,). The
most general solutions have to be obtained and then
subjected to boundary conditions. The most general
solutions are®*

M(N,Z) = g(N) + gi(Z) + g5(N + Z) 4)
and

M(N,Z) = fi(N) + fAZ) + fs(N — Z), (5)

respectively, where g1, g5, 25, f1, /2. and f; are arbitrary
functions of their arguments. These functions can be
constructed essentially uniquely from a x2-minimization
of the differences M(N,Z) — M, (N,Z) for all known
nuclei with N> Z and N = Z = even. The solutions
can be obtained for a wide but not unlimited range of N

o neutron (a)
e praton

o (b)

R

oo (Tl
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Fig. 2. Representation of the transverse (a) and longitudinal (b) mass relations based on an extreme single-particle
picture. The relations are not satisfied [see (¢) and (d)] if one of the members is an odd-odd self-conjugate

nucleus with N = Z = odd (marked by arrows)
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and Z values. At least two masses must be known for
each value of N and Z, and at least one for each value of
N+ Z or N — Z. Also, certain trivial functions of the
arguments can be added and subtracted to the functions
g; and f; without, however, changing the solutions.

Equations (4) and (5) represent two independent
solutions. It has been shown earlier3 that the two solu-
tions do not in general predict the same values for
masses off the stability line. Experimental evidence
shows Eq. (4) to agree better with the data. Also, a
recent consistency test® for the two solutions showed
clearly that Eq. (4) is superior to Eq. (5).

Several years ago Garvey et al.® published func-
tions g(N), gAZ), and g4(N + Z) with an extensive
listing of predicted mass values. Extensions and revi-
sions have been made more recently® for the region of
very light nuclei. Since many new data have become
available in the meantime,!° it was considered worth-
while to perform a new overall determination of the
above functions. Another reason, of course, is that a
computer program for solving the inhomogeneous par-
tial difference equation has become available.® The
present homogeneous equation represents only a special
case of this. The functions g,(N), g,(Z), and g4(N + Z)
were obtained from a slightly modified x?-minimization
procedure by solving a system of about 500 linear equa-
tions in about 500 unknowns. The new experimental
mass values of Wapstra and Bos!® were used as input
data. By quadratically adding 100 keV to the experi-
mental uncertainties, values with uncertainties of less
than 100 keV were given essentially equal weight, and
reduced weight was given to those with larger uncer-
tainties. Since the computer program makes use of
sparse matrix subroutines, the computing time is about
ten seconds on the University of Michigan AMDAHL
470V /6 computer and about twice as long on the com-
patible IBM 370/168.

Instead of Eq. (4), the slightly modified expression

AM(N,Z) = NAM, + ZAM; — ad + BZ2

+ (N — Z)? + g(N) + 8A2Z) + g5(4)  (6)

was used for the calculations. Here, the AM denote
mass excesses. Equation (6) is in accord with Eq. (4)
since (N — Z)2 = 2N?2 — 2Z2%? — (N + Z)° The term
ad — BZ% — y(N — Z)? describes very approximately
the volume, Coulomb and symmetry energies. The
functions g,(k) take on smaller numerical values. The
coefficients a and f were arbitrarily chosen, and n was
determined from the condition xg;(4) = 0. The func-
tions g,(N), g,(Z), and g4(A) are listed in Table I to-
gether with the coefficients «, 8, and 4. They are also
displayed in Fig. 3. Equation (6) with Table I allows
mass predictions for all nuclei with 4 < N < 156,
2<Z2<100, 6<A4<25, and N>Z or
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N = Z = even. The standard deviation for differences
between calculated and experimental mass excesses is
0, = 118 keV. About 5000 predicted mass values are
included in the tabulation.

PART B. PROTON-RICH NUCLIDES

The Kelson-Garvey Relation

Nuclear forces are essentially charge symmetric
and also charge independent. The difference in binding
energy between conjugate mirror nuclei thus can be
ascribed almost entirely to the electrostatic interaction.
Therefore, the unknown mass of a proton-rich nucleus
(4, —T,) can be estimated from the known mass of its
neutron-rich mirror nucleus (4, + T,) provided the Cou-
lomb energy difference between the two nuclei can be
estimated,

= AEQATT, = —T|T, = +T)

—2TM, — My). ™

Here, A =N+ Z is the nucleon number and
T, = Yy(N — Z)is the z-component of the isospin 7. The
quantity AE, represents the difference in Coulomb en-
ergy in an obvious notation, and M, — My is the neu-
tron-hydrogen mass difference. This method is widely
used. The Coulomb energies are generally estimated
from theoretical or phenomenological considerations or
from a combination thereof.

A very simple and successful method has been
introduced by Kelson, Garvey, and collaborators.2-* The
mass relation

M(A,—1) — M(4, +1)
=~ MA — 1,—Y,) — M(A — 1,+Y%)
+ MA + 1,=Y) — M4 + L.+%) (8)

600,
2 400
=
< 9N
%0 200 9,(2) &(A) /
£ 0 :
g ~
=-200
z
o ~400

-6l

o] 40 80 120 1600 40 B8O 120 160 200 240 280
NorZ A

Fig. 3. Plot of the functions g,(N), g(Z), and g4(A) for the transverse
mass equation [Eq. (6)]
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(A = even) connects masses near the N = Z line in a single-particle levels. Indeed, Fig. 5 shows that all nu-
symmetric way. The relation is shown schematically in clear interactions cancel out under the assumption of
Fig. 4(a). The approximate validity of the relation can charge symmetry of nuclear forces and the assumption
be seen by adopting an independent-particle picture that electrostatic interactions between protons are equal
with fourfold degenerate Hartree-Fock or Nilsson-like on both sides of the equation. The equation
A+(27-1)
MAT, = =T) = MAT, = + )= S [MA,~Y%) — M4, +Y)] (9)
A'=A-Q2T-1)
(in steps of two)
represents a generalized version®? of Eq. (8). Here, Equation (9) becomes a Coulomb energy relation (see
A = even (odd) for T = integer (half-integer). Figure also Ref. 11) when neutron-hydrogen mass differences
4(b) shows this relation for T =9, as an example. are subtracted according to Eq. (7),
A+(2T-1)
AE(AT —T| +T) = > AE(A" Yo, ~Ya| + 7). (10)
AR
Coulomb energy differences between the most proton- There exists good agreement between the calcu-
rich and neutron-rich members of an isospin multiplet lated and the available experimental data. The standard
with 7 > 1 can thus be estimated from the known dif- deviation is about 100 keV. Systematic deviations of up
ferences for the 7 =Y, mirror nuclei. Equation (10) to a few hundred keV are also present, as noted
follows also from the isobaric multiplet mass equation if earlier,%%12 when either a proton or a proton pair is
certain simple assumptions are made about the linear unbound (see, for example, 4 = 4,6, 16 for T = 1). The
coefficient. effect results from a Coulomb perturbation in the wave-
Method of Mass Prediction function which leads to an energy shift (Thomas-
Ehrman shift). The true masses for nuclei near and
The masses of T =7, mirror pairs are now beyond the proton instability line are therefore likely to
known® up to 4 = 55, and reliable predictions (estima- be slightly lower than predicted. The relevant mass
ted error less than %100 keV) can be made'* a few steps differences which include nuclei for which the predicted
beyond. Also, a great number of neutron-rich nuclei proton or two-proton binding energies are negative or
with 7, > 1 are now known in this region. Mass predic- less than 200 keV are marked by the dagger symbol § in
tions for many proton-rich light nuclei have therefore Table II. Mass predictions for about 120 proton-rich
become possible. light nuclei with 7' < %, have become possible with the
Table IT shows the experimental mass differences use of the charge-symmetric Kelson-Garvey mass rela-
for T =7, with the calculated and, when available, tion. The predicted mass values are combined with those
experimental'® mass differences for 7' = 1, %, 2, and %, from Part A from neutron-rich nuclei in the main table
All experimental uncertainties were obtained by quad- of this issue.
ratically adding the uncertainties for the two respective
masses. This represents an overestimate in some cases. Acknowledgments
. ‘g’\’ Thanks are due to G. T. Garvey and K. T. Hecht
2 e.'\' + _ for the careful reading of the manuscript and for valua-
ble suggestions. Thanks are due to B. P. Eynon for
*i- “* extensive help with computer programming.
- +i = 0 - +
& 0
+| = - + ——o— - —— ——
N - + —ooo_ooo—%—ooo_“o—*--oooo—moA:“k’z
+ -
N —00 ~- 90— N —O0— - —— + —000 — 90— Az=4k
{a) (b)
e proton
Fig. 4. Schematic representation of the charge-symmetric Kelson-
Garvey mass relation {Eq. (3)] for T = 1 and T = %, The boxes © neutron
represent nuclei from the nuclidic chart with N horizontal and Z
vertical. The presence of a plus or a minus sign in a box indicates Fig. 5. Representation of the charge-symmetric Kelson-Garvey mass
that the mass value of the respective nucleus is to be added or relation [Eq. (3)] for T = 1 based on an extreme single-particle
subtracted picture. Filled orbitals below are not shown
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TABLE 1. Functions g,(N), g.(Z), and g,(4) in keV for the transverse mass-excess equation
AM(N,Z) = NAM, + ZAMy — aA + BZ2 + 7(N — Z)? + g(N) + g4(Z) + g4(4)

obtained from a x%-adjustment to all experimental masses!® with 4 < N <156, 2 < Z < 100, and N> Z or
N = Z = even. The coefficients are a = 16000 keV, 8 = 120 keV, and n = 195.8560 keV. The mass excesses are
AM, = 8071.43 keV and AM,; = 7289.03 keV

&uN)

0.3 AR 0.7 32C879.3 297139.5 271128,4 253761.8 229720,2 215067.6 197882.5 10
183297 ,4  170782.1  169681.9  147878.5 139703.2 130243.1 125186.6 118324.5 115717.%5 110858.1 20
111135.8 178876.8 179664.5 178054,5 109524,.9 108976.3 111058.7 110826.7 114462.8 116659.0 30
121583,9  124572.,7 130293.8 133858.9 140506.7 144468,8 151617.6 155946.6 163488.4 168271.1 40
176153.2  181094.,4  189¢eh,2  194€39,1 201395,F 206890.6 21448),8 219448,1 226977.6 231998.2 50
259028,8  248358.,7 257234,3 264288.9 2729392.8 273791,8 288668.4 295289,1 303934.2 309989.5 60
31°3u6,8  324r°5,6  332078,7  337377.7  344931.7 34999%8,1 357237.1 361754,9 368528.7 372556.9 70
376313,7 382315.1 387995.8 390907.4 395852.0 398110.4 402260.8 403839,.3 407186.5 408025.7 80
u1491,5  L10881.4 46543, 4166385,0 418372.,7 419887,.4 422239,3 422413,1 424096.5 423007.9 Ely
423604,1 421808.4 L215€2,7 419308.1 413452.2 415538,2 414003,1 410528,9 408349.8 404427.4 100
an15u3,5  397096.5  393663,9 33d683.5 384737.3 379222.7 374623.5 368420.1 363463.0 356880.0 116
3310€5.4  344211.9  333270.2 3303%3.7 323336.8 315137.8 377992.2 298798,5 290930.5 280992.9 120
272129 ,9 2614708.8  281768,8 2u0293.8 229548.1 217666.2 298367.6 197168.4 186917.4 174749.6 130
163735.8 15C745.1 138839.1 128183.3 112537.7 33189.1 84352.2 69712.2 55684 .8 39835.9 140

24378 .,4 8438.,¢ «7166.2 =20385.6 =4{B06,3 =-58689.1 =75899,1 ~94662,2 ~112761.7 -132312.2 150

=151130.6 ~171548,4 ~199931,6 ~211889,2 ~232752.1 ~254011,1 0.7 0.0 0.0 0.0 160

8AZ)

G000 327879,3 ZRTCS2.6 0 248337, 217724.0 13422701 160600.3 135290.5 118009.5 97845.8 10
934534.¢ £635%7.7 543813,2 4cein. e 33119.2 24486.0 2€%12.6 14055.3 11846,3 7634.9 20
8393.1 5736.9 735,33 5758,5 7692.6 7571,2 16943,5 11979.2 17235,7 20928.8 30
27311.2 31718.9 39147.5 44036.7 51339.4 57185.2 65438.2 71173.1 79859.° 86354.2 40
95657,1  122132.5 111207.8  117482,.7 126696.7 132876.0 141940.3 148313.6 157308.5 163554,.2 50
173644 ,9 181464 ,0 131139.1  198502,6 237863.5 214735,3 223670.6 230088.2 238617.6 244596.5 60
252667 .8 258242,1 265820.% 271033.4 278177.& 283105.,9 289876.9 294556,5 300848,.C 305290.9 70
311337.7 315€193.6 321180,2 324907.0 330172.5 333763,8 339154.,2 342451,6 347144,2 349875.9 80
354120.3 3S56FS3.3 361929.1 3653%4.7 370103.6 372748,.4 376796.6 378780,5 382285.2 383810.8 30
386771.8 387749.¢ 39G099.1 390€44.3 392345,3 392227.7 393341.2 392623.4 393116.2 391842.6 100

£y(4)

[E¢ AR P C.0 2.9 -576288.8 -536756.0 -499332.7 ~46206C.9 ~427145.4 10
~392247,7 -35¢824,4 -328627,7 -31rC336,3 -2716885.0 -244315,0 ~217996.4 -193445,9 -169703.9 -148282,3 20
~125773.5 ~-107169.9 =-87u32,8 -68791,2 =50233.9 =-32982.6 =-16188,2 -601.3 14813.5 28840.3 30
425088 54871.9 56960,2 77€18.,7 885C4.3 98G39.2 107649.5 115927.4 124196.1 131384.3 40
13361€.8 1648024 151075.3  156083,5 161342.2 165473.3 169811,5 173306.0 177150.6 180451.7 50
183340,3 186774,2 189629.6 19170°7,8 193774.7 195338,4 137001.7 197909.3 1989968.6 193475.6 60
199978,1  139742.,4 193796,3 19980378,2 198615.5 197483,2 196619.8 195104,7 193807.2 191910.9 7¢
19¢2€1.4 187%67.0 1889546,3 182135,2 183607.8 177554,9 174792.7h 171687.0 168726.9 165302.2 8@
162192,7 158509.7 155280,7 151429,1 147784.6 143534,7 139438,1 134965.,1 130629.4 126048.2 g0
121779.1 117184,6 112823,5 1081%2,7 10363%5.7 98911.1 94280.6 89742.0 85237.0 80253.4 100
T5F88.2 T0E€3.3 £5940,1 6C942,9 56254.5 51282.9 46619.3 41679.9 37066.4 32152.9 110
27597.7 22614 .8 18012,4 13060.4 8457.5 3615.0 -915.7 =5707,7 ~-10225.1 ~-14990.,6 120
-16433,5 ~24199.3 ~-2B661.7 -33220,2 =-37534.3 ~42024.6 =-46104.7 ~-50346.7 =-54222,9 =-58176.7 130
-61783.,7 -65878.,8 -68939.1 -72348.5 =~75576.2 -78774.5 =81639.1 -84675. -87357.7 ~-90181.6 140
-92632.9 ~9EL14.1 -07378.3 «1N05€1,5 ~102814,2 -135240,1 ~107337.4 -109574,.0 -111417.2 ~11345%7.0 150
=115183.1 ~117182,2 -117873,7 -120615,7 ~122118.56 -123645.3 -124879.3 -126174.5 ~127067.1 ~128130.4 160
=128913,8 -129797.7 -130391.,4 -130829,2 =131315,8 ~131733,1 -131974.3 -132191.1 -13209C.4 ~132087.6 176
«131355,2 -131674.2 -131325,4 -130988,.8 -130336.0 -129686.8 ~-128875.7 ~128153.3 -127183.9 -126331.1 180
=125246,7 -124173,3 -12298€6 .4 ~121711,7 -120257.3 -118962.4 =117442.6 -116021.7 ~11425C.2 -112874.2 190
=111148.0 ~179655.,9 «107670,2 -10€6C41,0 -104013.6 -102257.8 -1(0173.1 =-98028.,1 =-95721.2 -93344,9 200

-a0399,3 -#87809.3 =-34917,7 -82009.3 -7€759.7 =75597.0 -72209.2 -68615,) ~64705.4 =-60724.,2 210

=5¢L62,° -~52182,39 ~47662,8 -43221,6 =~38510.3 -33974.,6 =-29136.7 =-24404,5 -~19307.3 =-14512.2 220

-93uy .8 ~4363,3 993.5 6171,0 11626.5 16942.3 2259%4.8 28073.5 33894.5 39552.7 230

455567.5 51L84.,7 57691,1 63e81,7 70409.5 76926.6 83667.5 9ouuL .6 97u87.7 104€33,9 240
112019.1  410983%.,2 1272€7.7 138060,1 143090.3 151158.2 159506.8 167931.0 176515.4 185252.4 250
19u212,4  203235.4  212516.4  221924,8 231567.3 241401,8 0.9 0.0 0.0 0.0 260

The first line gives g,(1), g1(2), . .., £ (10); the second line gives g1(11), £1(12),. .., £,(20), etc.
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J. JANECKE Updated Garvey-Keison Masses

TABLE II. Experimental and Calculated Mass Differences between
Conjugate Proton-Rich and Neutron-Rich Mirror Nuclei

M(A,Tz=-T)-M(A,Ty=+T)

21 - - -3 .3 - - -2
A T=3 T=1 T=1 T=3 T=2 T=2 T=2 T=3
exp calc calc-exp cale calc-exp calc calc-exp calc

1 -782.40 £ 0.0k

2 [-8017t

3 -18.62 * 0.07 [-511]+

b [271]t 1061 * 583 [ 351]¢

5 290.0 t 71.0 [1133]+ (14197 ¢+
6 152+ 374+ 6 [e201] +

7 81.8 + 1.1 [2220]+ 390 t 104 1837 +
8 1930 + -4+ 1.4 [beo2] + 615 % 81

9 1068.0 * 1.1 3912 -5 %5 Bu23] +
10 3050 -5t 0.9 6133 +

11 1982.0 % 1.3 5271 + 217 % 100 8887 +
12 4203 234t 1.6 8025 t+ 985 t 263

13 2220.6 + 0.9 6957 k13t 1 10787 +
14 Lol -5 % 0.4 o719 t

15 2753.7 t 0.7 7737 * 12957 +
16 5516 t 506 t 14.0 10975 + 558t 1l

17 2762.2 + 0.8 8754 6t 30 1522 +
18 6000 =102 £t 5.0 12301 t

19 3238.0 t 0.5 9547 + 50 t 12 16360
20 6785 -80 £ 7.0 13606 -345 t 170
21 3/87,3 £ 1.3 1084k -115  t 16 17884 +
22 7606 =25 t 2.0 15122 ¢
23 4058.7 t 1.7 11884 t -38 t 25 19932
ok 8336 -3kt 3.0 16694 -5t 120
25 4277.6 t 1.6 13147 -35 t 12 21638 t
26 9088 20 t 3.0 18091 +
27 k8104 + 1.k 14032 23487
28 9754 60 t 3.4 19428 211 £ 120
29 kol t 2.0 15150 97 t 50 25010 +
30 10340 -30 t 3.0 20732
31 5395.6 t 1.7 15922 23 t 80 26697 +
32 10977 -4+ 7.0 21887 -5 t 130

33 5581.8 t 2.8 16943 -10 t 30 28036 t
3h 11547 -5 t 3.0 23092 t

35 596L4.8 t 1.6 1769+ 20616
36 12113 12 t 8 24220 194 £ 270

37 6148.5 t 1.5 18638 37 t 35 30715 1
38 12673 9 t 8 25133 +

39 6524.0 & 5.1 19168+ 31992 1
Lo 13019 6 £ 3 26027 -17 £ 230

L1 9u9k,9 t+ 1.8 19878 99 * Lo 33153 ¢+
L2 13354 46 t 6 27004 +

43 6859.3 t 7.k 20480t 343%
Lk 13985 27872 -92 t 130

45 7126.0 t 27.2 21377 -231 t 150 35591 ¢+
L6 14518 14yt 30 290%

L7 7392.1 t ho.0 22237 37108
48 15111 30249

kg 7719.3 % 2h.1 23123 -363 % 160 38554 +
50 15731 31428

51 8012.2 t 17.1 24036 + 39818
52 16317 32726

53 8304.8 t 18.1 25007 413% +
Sk 16995 33677 t

55 8690.3 t 11.1 25665+ L2637 4
56 17360 34625

57 8670 (est) 26320 43795 +
58 17630 353% +

59 8%60 (est) 26800+ L4ha50 +
60 18130 36260 +

61 9170 (est) 27590 45930 ¢+
62 18630 37260 +

63 960 (est) 28300 t 47230
6l 19130 t 38270 t

65 9670 (est) 29100 L8450 +
66 19640 39280 +
67 9970 (est) 29820+ L9750 +
68 20150 + 40270 t
69 10180 (est) 30620
70 20650
71 10k70 (est)

Calculated differences based on the unbound T=§ mirror pair 511i-5He are given in square brackets.
%+ Predicted proton or two-proton binding energies are negative or less than 200 keV.
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