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Tabela de nuclideos
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Neutron drip-line

~300 stable nuclei
~2000 b-unstable/particle
stable nuclei known

~5000 yet to be produced

Euroschool 2008
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Nucleos com massa conhecida

Nuclei with measured masses
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Figure 1: Nuclei with measured masses. The solid line is for N = Z. The
dashed lines indicate the locations of the magic numbers 8, 20, 28, 40, 50, 82
and 126

Lecture Notes in Nuclear Structure Physics

B. Alex Brown November 2005
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Informacdes sobre os nucleos

= pl=2 Evaluated Nuclear Structure Data File

Search and Retrieval

... National Nuclear Data Center

Last updated 2021-04-01

B rO O k h ave n N at i O n aI L ab O rato ry 48 new datasets added/modified in the last month!

Quick Search | By Decay

https://www.nndc.bnl.gov/ Nuclde or mass:| | Search

(208Fb, pb-208, 144, 1n (neutron), etc.}

Live chart of nuclides How does this work?

» Use the arrow keys to move the chart.
+ Press 'Shift' and '+'/'-' to zoom infout.
» Click on a cell to search ENSDF for that nuclide.
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https://www-nds.iaea.org/relnsd/vcharthtml/VChartHTML.html

Informagoes especifica sobre massa e energia de ligacao

https://www-nds.iaea.org/amdc/

7
“Atomic hMass Deta Center

Atomic Mass Evaluation - AME 2020

The AME 2020 atomic mass evaluation has been published in Chinese Phys. C 45, 030002 (2021) and Chinese Phys. C 45, 030003 (2021).

There are five main ASCII files associated with AME 2020:

mass_1.mas20 - atomic masses [mass excess, binding energy/A, beta-decay energy, atomic mass]

massround.mas20 - atomic masses “rounded” version [mass excess, binding energy/A, beta-decay energy, atomic mass]
rct1.mas20 - reaction energies, table 1 [S(2n), S(2p), Q(a), Q(2B-), Q(ep). Q(B-n)]

rct2_1.mas20 - reaction energies, table 2 [S(1n), S(1p), Q(4B-), Q(d.a), Q(p,a). Q(n.a)]

e covariance.mas20 - variances and covariances of primary nuclides [note this file is a .zip file]

Any work that will use these files should make reference to the original papers listed above, and not to the electronic files.

Archives




CODATA (2018): internationally recommended values of constants

https://physics.nist.gov/cuu/Constants/

The NIST Reference on\ Information at the foundation of modern science and
: : technology from the Physical Measurement Laboratory of
Constants, Units, and Uncertainty = oo

CODATA Internationally recommended 2018 values of the
Fundamental Physical Constants

Version history and disclaimer

(e.g., electron mass, most misspellings okay)

Values
E— Search by name | || search

Equivalents

% Display @ alphabetical list, O table (image), or O table (pdf)

Background

by clicking a category below

i Defined constants
Frequently used
. : constants
Electromagnetic Non-Sl units
Conversion factors for Extensive listings
Atomic and nuclear energy equivalents
- - All values (ascii)
Physico-chemical X-ray values

Find the correlation coefficient between any pair of constants

See also
Wall Chart and Wallet Card of the 2018 constants
Background information related to the constants
Links to selected scientific data
Previous Values (2014) (2010) (2006) (2002) (1998) (1986) (1973) (1969)
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proton mass
mp
Numerical value 1.672 621 923 69 x 10727 kg
Standard uncertainty 0.000 000 000 51 x 10727 kg
Relative standard uncertainty 3.1 x 10-10
Concise form 1.672 621 923 69(51) x 10727 kg

proton mass energy equivalent in MeV

2
My

Numerical value 938.272 088 16 MeV
Standard uncertainty 0.000 000 29 MeV
Relative standard uncertainty 3.1 x 10710
Concise form 938.272 088 16(29) MeV
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Unidade de massa

Particula Carga Massa (kg) Massa (u) Massa (MeV/c?)
Préton +e 1.672 6 E-27 1.007 276 938.27
Neutron 0 1.675 0 E-27 1.008 665 939.57
Elétron -e 9.109 E-31 5.486 E-4 0.511

O Kg

Temos 3 unidades de
— O um.a.ou u

O MeV/c2

massa mais utilizadas:

—

O Unidade de massa atomica “u.m.a” ou simplesmente “u” é
definida a partir do 12C (Carbono Z=6 e N=6).
L |
Q Definicéo: lu = Eh m(lzc)

O Arelacdo entre u.m.a e kilograma é:

O carbono-12 € a unidade padréo para medir a massa dos atomos

1u.m.a.= 1.660559 X 10?7 kg



Massa e energia

d A unidade MeV/c? vem da relatividade devido a conversdo massa-energia E=mc?

O A partir da Equacéao de Einstein para equivaléncia entre massa e energia é:

E=mc% c=3x10%m/s

A energia para uma unidade de massa (1 uma) é:

E = (1 uma) c2 = (1.660559 x 1027Kkg) (2.99792 x 108 m/s)2= E = 1.49243 x 1010 ]

< 1eV= 16017733 x 1019 J

E =1.49243 x 1010J/ 1.602 x 10-19=931.49 MeV

931.49 ~ 931.5 MeV

Massa (MeV/c?) = Massa (uma) x 931.5 (MeV/c2uma)

Energia (MeV) = Massa (uma) x 931.5 (MeV/uma)




Massa nuclear

A primeira consideracao importante sobre massa nuclear € que a massa de um
determinado elemento n&o € a soma das massas dos protons e dos néutrons.

Proton Neutron
Mass= 938.27 MeV/c? Mass= 939.56 MeV/c?

As massas dos nucleos devem obedecer a relacéo:

M(*X)c* < Z.my, c* + N.m,, c*

A razao disso € que temos ainda uma parte da massa dos nucleos na forma de
energia de ligacao para manter os nucleons (protons e néutrons) ligados.
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Massa atdmica e massa nuclear

A segunda consideracao importante € que a massa atbmica é diferente da massa nuclear,
exatamente devido a presenca dos elétrons.

m ¢t =m,c* + [Zm.c* — B.(Z, A)]

/ T \ \ Energia de

Massa atomica Massa nuclear Massa dos ligacdo dos
eléetrons elétrons

A
Os elétrons podem estar em orbitais diferentes e a energia de .
) o . . N BE(Z,A): E B;
ligacdo é a soma da energia de ligacao de cada um deles. —

O elétron do atomo de hidrogénio no estado fundamental esta ligado por 13 eV. No entanto,
para elementos pesados a soma das energias de ligacao pode chegara 1 MeV.

Como as massas dos elementos sao da ordem de 1.000xA (MeV)
essa energia pode ser desprezada e consideraremos:

2 2

m > ~ mc*+ Zm,c ————
A massa atomica é
/ T \ que e tabulada.

Massa atdmica Massa nuclear Massa dos
elétrons
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Podemos ter elétrons dentro do nucleo ?

O raio de um nucleo é dado por R=r A3 (fm) com r,~1.25 .

Portanto o diametro tipico de um nucleo esta entre 5x10* m a 10x10-1> m.
Vamos supor que um elétron confinado dentro de um ntcleo com d=10x101> m
Nesse caso a incerteza na posicao do elétron deve ser Ax = 10x101> m

A incerteza no momento do elétron seria;

AzAp >%.

A variacéo de energia seria: Ape =

Elétrons podem sair do nucleo devido ao decaimento beta.

No entanto, a energia observada para um decaimento beta é da ordem de 1.0 MeV
Impossivel ter elétrons com 20 MeVs dentro do nudcleo.

Resposta: Nao podemos encontrar elétrons confinados dentro do nucleo (nunca foi

observado).

Valdir Guimaraes (curso Fisica Nuclear ) 24/08/2023



Tabela de massa atomica (Krane — Introductory Nuclear Physics)

Abundance Abundance
Atomic or Atomic or
mass (u) Half-life Z A mass(uy [I7 Half-life

*

L.O07825 09.985% 10 10.012937
2.014102 0.015% 11 11.009305
3.016049 123y(87) 12 12.014353

13 13.017780

19.8%
80.2%
204ms(f )
174ms{B)

+

B s b Bd (bt Bl

3.016029 ! 138 = 10 %%
4.002603 00, 90086 % 9 9.031039

6.015121 7 50 10 10.016856

1016003 1~ 92.5% 11 11.011433

8.022486 2 0.84s(B) 12 _12.000000
13 13.003355

53.3d (e) 14 14.003242
0.07 fs (a) 15 15.010599

100% 12 12.018613
Lo My (87) .

1385 (8°) 13 13.005739

14 14.003074
0.77 s (&) 15 15.000109
(L85 as (a) 16 16.006100

0,13 s ()
19.25 (&)
2004 m ()
95.89% |
1.11%

5730 y(B7)
2455 (B7)

iy

+

T.016928
8.005305
9.012182
10.013534

11 11.021658

b

PR NN Fam 'l SRCEI
+

+
+

Co B b o B |
+

11 ms (&)
.96 m (&)
99.63%
0.366%
TA3s(f )

Importante: As massas sao dadas em unidades de massa atomica (u).

+
s b =
|

P =
+

8 R.024606
9 9.013329

fad b =
]

bt )
+

Como podemos ver também as massas atdbmicas nao sao valores inteiros.
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Excesso de massa ou defeito de massa

Muitas vezes o que € tabulado € a diferenca entre o valor da massa atdmica observada
em u.m.a. e o valor da massa atomica.
Essa diferenca € chamada excesso de massa.

A=(m— A)c?

‘

A= (m—A)u) x 931.49 (?) [MeV]

O excesso de massa do nucleo 13C.
Pela tabela m(*3C) = 13.003355 u

A =(13.003355 -13) x 931,49 = +3,1251 MeV ou +3.125,1 keV

O excesso de massa do nucleo 180.
Pela tabela m(16C) = 15.994915 u

A = (15.994915 -16) x 931,49 = -4,7366 (MeV) ou -4.736,6 keV
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Chinese Physics C  Vol. 45, No. 3 (2021) 030003

The AME2020 atomic mass evaluation **

(IT). Tables, graphs and references

Meng Wang (£45)"% 7 W.J. Huang(353252)"*"®  PF.G. Kondev®  G. Audi (BXF#5)° S, Naimi”

Table 1. The 2020 Atomic mass table (continued, Explanation of Table on p. 030003-5)

N Z A El  Orig. Mass excess Binding energy Beta-decay energy Atomic mass
(keV) per nucleon (keV) (keV) Hu

10 3 13 1a -nmn 56980 T0 3508 5 B 23320 70 13061170 80
9 4 Be -n 33659 10 5241.4 0.8 B 17097 10 13036135 11
& = 4= i oSGt i) il B=0% il e ettt e
L:‘ 6 C 3125.00933 0.00023 7469850 a * 13 003354.83534 0.00025
T ™ T S0 .08 L T238.803 02T i 222007 LA IERISEELE 29
5 8 8] +3n 23115 10 5811.8 0.7 Bt 17770 10 13024815 10
4 9 F X 420304 500# 43004 404 BT 189204 5004 13 0451204 5404
10 4 14 Be X 39950 130 4994 9 B 16290 130 14 042890 140
9 5 B 23664 21 6101.6 1.5 B~ 20644 21 14 025404 23
8 6 C 3019.893 0.004 7520320 a B~ 156.476 0.004 14 003241.989 0.004
7 7 N 2863.41683 0.00022  7475.615 a * 14 003074.00425 0.00024
6 8 8] 8007781 0.025 T052.278 0.002 pr 53144.364 0.025 14 008596.706 0.027
5 9 F -p 31960 40 5285.2 29 AT 23960 40 14 034320 40
11 4 15 Be -n 49830 170 4541 11 B 20870 170 15 053490() 150
10 5 B 28957 21 5880.0 1.4 B~ 19084 21 15031087 23
9 o6 C -n O873.1 0.8 T100.17 0.05 B Q771.7 0.8 150105993 0.9
8 7 N 101.4381 0.0006 7699 460 a * 15 000108.8983 0.0006
7 8 0] 2855.6 0.5 7463.69 0.03 i 2754.2 0.5 15 003065.6 0.5
6 9 F -p 16567 14 06497.5 0.9 BT 13711 14 15017785 15
5 10 Ne -pp 40220 70 4869 4 Bt 23650 70 15043170 70




Medidas de massa - Espectrografo

F=qv.B e F=m.a,
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Figure 3.13 Schematic diagram of mass spectrograph. An ion source produces
a beam with a thermal distribution of velocities. A velocity selector passes only
those ions with a particular velocity (others being deflected as shown), and
momentum selection by a uniform magnetic field permits identification of individual
masses.




Laboratdério para medidas de massa - Espectrografo




Medidas de massa - Espectrografo

Podemos usar para medir propor¢ao isotopica. Ex. Kriptdnio

Um material de kriptbnio natural teria a presenca desses isOtopos.

Os is6topos "?Kr, 81Kr e 85Kr sdo radioativos com vidas médias curtas

738r 74Sr 75Sr .. 78Sr 79Sr ..-..
72Rb 73Rb 74Rb 75Rb 76Rb  77Eh . aunb.aznh ..
o TR 73K TSR 74Kr TSR -..
= o ...
= = I
AR T

...... =S .

35 37 49 N




— =

| Masses 78 and 80

78 80

Positive-ion current

Mass units
Figure 3.14 A mass-spectrum analysis of krypton. The ordinates for the peaks at

mass positions 78 and 80 should be divided by 10 to show these peaks in their true
relation to the others.

BKr  0.356% BKr 11.5%
0Ky 227% #Kr 57.0%
2Kr 11.6% 8Kr 17.3%

Um material de kriptbnio natural teria a presenca desses isotopos nessa abundancia.

Os is6topos 9K, 81Kr e 85Kr sdo radioativos com vidas médias curtas
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Medidas de massa — reacdes nucleares

Uma outra forma de medir massa de nucleos € através de medidas das energias das
particulas envolvidas em uma reacéo nuclear.

Ejectile

Projectile

A
O “Q” da reacéo corresponde a energia liberada na reacido devido a diferenga de massas.
O Se conhecermos a massa de 3 particulas e o Q da reacdo, podemos determinar a massa da
guarta particula (mesmo que ela seja radiativa e tenha uma vida média curta).
X+ X=y+Y
o / T \\ residuo
projetil alvo Ejétil
(particula detectada)
— 2
Q = [m(x) + m(X) — m(y) — m(Y)]c

Q Otimo método para determinar massa dos ntcleos radioativos:
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Exemplo

d Determinar a massa do 2N (radiativo com tempo de meia vida da ordem de 0.01 s)
O Podemos usar a reacao:
H +“N - 1N +°H
O Sabendo a energia de incidéncia do 'H e medindo as energias cinéticas das particulas
de ?N e 3H foi obtido:
0 Q=-22.1355+- 0.0010
O Considerando entdo a diferenca de massas e 0 Q da reacao o valor estimado para a

massa do 12N foi:

m(*N) = m("H) + m(**N) — m(PH) — Q/c?
12.018613 + 0.000001 u
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Espectrografos modernos

L Medir massa de nucleos radioativos.

FRS at GSI




Espectrografo do NSCL-MSU (Michigan State University, USA)

O Produz e separa elementos radioativos com vidas médias de centenas de milisegundos

12 MeV/u

A1900 ‘ fofal plane

Ap/p =0.5%

S Spectrometer
npping 7834+ target

foil 140 MeV/u , 610 mg/cm?

\ wedge
Al, 240 mg/cm?

fragment yield after target fragment yield after wedge fragment yield at focal plane
z

GOGe of
N / g

Cocktail beams FREREE
From NSCL web page
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Storage rings

U Nucleos sao produzidos por fragmentacéao e
armazenados em ESR storage rings.

U Esse sistema permite a separacao e medida do
tempo de revolucao para determinar as massas com
alta preciséo.

U RIKEN (Japao), Lanzhou (China), GSI (Alemanha)

fast-extracted
external beams
Experimental Storage Ring ion source
ESR

FRagment Separator
FRS electron

primary beam Bpy Bps cooler
from SIS-18 N
injection
s l AE l d 1
! \ J
production
target t

particle
detectors

Fneroy degrader / resonant Schottky

=8 1
— I detector
internal  Time-of-Flight
gas-jet  detector

Schottky pick-up

Figure 2. The FRS-ESR arrangement at GSI. The two stages for in-flight Bp — AFE — Bp separation and the energy degrader in the FRS as
well as the electron cooler and the main detection systems in the ESR are shown. The foreseen location of the low-energy storage ring
CRYRING (sec insert) is indicated together with the beam-line connecting it to the ESR for transporting slowed-down highly-charged stable
or radioactive ions. Modified from [38].
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Storage rings — BigRIPS - Japan

10P Publishing | Royal Swedish Academy of Sciences Physica Scripta

Phys. Scr. 91 (2016) 073002 (21pp) doi:10.1088,/0031-8949,/91/7 /073002

Invited Comment

Storage ring mass spectrometry for nuclear
structure and astrophysics research

Y H Zhang'”, Yu A Litvinov'>>>, T Uesaka® and H S Xu'

QV Production i
BigRIPS
‘ T: o i 15
i .:?:‘tﬁh ’ _,;«3"3‘ ""5&,\_&’\‘ Fragment Separator

injection

injection
kicker

R3
Storage
Ring

-
SHARAQ
Spectrometer v

Figure 4. Schematic view of the BigRIPS-R3 facility at RIKEN. Exotic nuclei produced in the production target are identified in flight with

the BigRIPS separator. If an ion of interest is observed, the injection kicker is fired and the particle is stored in the R3 [65]. The inset shows a
3D model of the R3 ring.
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stable nuclides proton dripline
indirect  (160) (FRDM9S)

ESR-SMS (252)
ISOLTRAP (124)
CSS2 )

neutron dripline 7
(FRDM95)

CPT (12)
ESR-IMS (102)
TOFI (39)

- SPEG  (41)
MISTRAL (14)

INEEEE PR RN RN TR ENE SRR SRR RN FR AN RN PR R FE RN RN -

20 40 60 80 100 120 140 160
N

REVIEWS OF MODERN PHYSICS, VOLUME 75, JULY 2003

Recent trends in the determination of nuclear masses

D. Lunney*
CSNSM-CNRS/IN2P3, Université de Paris-Sud, F-G1405 Orsay, France

FIG. 4. (Color) Nuclear chart showing the regions where measurements have been made (since 1994) by the various dedicated
mass programs using direct techniques and those determined by indirect measurements. Stable nuclides are shown as well as the
drip lines calculated by the finite-range droplet model (Moller et al., 1995). CPT, Canadian Penning Trap; CSS2, Separated Sector
Cyclotron at GANIL; ESR-IMS, Experimental Storage Ring-Isochronous Mass Spectrometry; ESR-SMS, Experimental Storage
Ring-Schottky Mass Spectrometry; ISOLTRAP, Isolde Penning trap; MISTRAL, Mass measurements at ISOLDE with a Trans-
mission Radio frequency spectrometer on-Line; SPEG, Spectrometre a Perte d’Energie au GANIL; TOFI, Time-Of-Flight Iso-
chronous spectrometer.
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Chinese Physiecs C  Vol. 45, No. 3 (2021) 030002

The AME2020 atomic mass evaluation **

(I). Evaluation of input data, and adjustment procedures

W.J. Huang (¥ 55)"***  Meng Wang (&))" F.G. Kondev® G. Audi (Ki4Fifi)* S. Naimi”

O amete! O AME20

80—

Proton number
o
=]

~
o

= New masses

I |
60 80 100 120 140
Neutron number

Figure 2. Ratios of mass uncertainties in AME2016 and AME2020 for nuclides whose mass precisions have been improved.
The new experimental masses in AME2020 are shown as the black squares.
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Energia de ligacao

Energia de ligacdo = energia necessaria para ligar protons e os néutrons dentro de um nucleo.
Massa nuclear

EE—
B = {Zmp + Nm_ — [m(”'X) - Zme]}cz

\

Massa atdmica

0 Como é a massa atdbmica que é tabelada vamos considerar “m” como sendo massa atémica.

O Entdo podemos escrever: B = [Z(mp +me) + Nmy, — m(AX)] c?

m, +m. =~ m('H)

< =

B = [Zm(lH) + Nm, — m(AX)] ¢’

As massas do hidrogénio e dos ndcleos sédo tabeladas em unidades de massa atdmica (u).

Para obtermos a energia de ligacdo em MeV devemos considerar a conversao:

¢ = 931.50 MeV /u
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Energia de ligacéao

 Para determinarmos a energia de ligacdo de um determinado nucleo precisamos conhecer a
massa atbmica do hidrogénio (nao do protons), do néutron e do nucleo em questéao.
O Os valores das massas dos prétons, hidrogénio, néutron séo considerados constantes basicas

e estdo também tabeladas na Tabela AME2020.

Massa (u) Massa (MeV/c?)
Proton 1.007 276 938.27 )
Hidrogénio 1.007 825 938.78 m, = 0.511 MeV
Neutron 1.008 665 939.57

Exemplo determinar a energia de ligacao do “He.

Am = [Zmy + Nm, — m(*He)]
= [2 x 1.007825 + 2 x 1.008665 — 4.002604]
= (0.030376 u

u

Essa é a energia necessaria para quebrar (separar) E - 28.29 — 7.07 MeV
0 “He em seus constituintes (p+p+n+n) A 4

MeV
B = Am x (c?) = 0.030376 x 931.49 (—) = 28.29 MeV




Chinese Physics C Vol. 45, No. 3 (2021) 030003

Table 1. The 2020 Atomic mass table (Explanation of Table on p. 030003-5)

Elt.  Orig. Mass excess Binding energy Beta-decay energy Atomic mass
(keV) per nucleon (keV) (keV) Hu

1 0 I n 807131581 0.0004 (0.0 0.0 B T82.347 a 1 008664 9159 0.0005
0 1 H T288.97106 0.00001 0.0 0.0 * 1 Q0T825.03190 (0.00001
11 2 H 13135.72290 0.00002  1112.283 a * 2014101.77784 0.00002
2 1 3 H 14949 81090 0.00008  2827.265 a (i 18.592 i 3016049.28132 (0.00008
1 2 He 14931.21888 0.00006  2572.680 a * 3016029.32197 0.00006
0 3 Li -pp 286704 20004 22704 6704 Bt 137404 200044 30307804 21504
3 1 4 H _n 24670 100 1720) 75 ﬁ_ 2271} 100 A 026430 110
2 2 He 2424 91587 0.00015 7073916 a * 4 002603.25413 0.00016
| 7 |5 T Fm s FAY] T TS0 1y P22 E41Y) X LA
4 1 5 H nn 32890 90 1336 18 B~ 21660 90 5035310 100
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Energia de ligacao por nucleon

Energia de ligacdo em funcao da massa e energia de ligacao por nucleon.

2500 IIII|IIIIIIIIIII\\III|IIII

50 100 150 200 250
A

Figure 3: Binding energy as a function of A.

Lecture Notes in Nuclear Structure Physics

B. Alex Brown November 2005
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Energia de ligacao por nucleon

Measured BE/A

BE/A (MeV)

L B A -lg.zo:.'.??\?xi |

Proton Number

ST R T TR | Eg A

20 40 60 80 100 120 140 160 50 100 150
Neutron Number A

Figure 4: BE/A as a function of A.
Figure 5: BE/A as a function of N and 7.

A maxima energia de ligacéo é obtida para
Lecture Notes in Nuclear Structure Physics 58 - . .

0 °8Fe. Esse € 0 nucleo mais estavel.
B. Alex Brown November 2005
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Energia de ligacao por nucleon

The region of greatest

binding energy per nucleon
is shown by the tan band.

Nuclei to the right of
208p}, are unstable.

C
\ 5 58Fe

The curve represents
the binding energy for
L the most stable isotopes.

Binding energy per
nucleon, MeV

0 I | | I I | | | | I I

fissao

0 20 40 60 80 100 120 140 160 180 200 220

Mass number A

A maxima energia de ligacdo é obtida para o °8Fe.

Esse é o0 nucleo mais estavel.

240

B(Z,N)/A (MeV)

(b)

9.0 T 1 1 1 I

0 50 100 150 200 250
Mass number A

0 Maximo proximo da massa A=56

U Se um nucleo situado a direita
desse maximo for dividido por dois,
0S nucleos resultantes terdo uma
energia de ligacdo B/A maior, serao
mais estaveis.

U Se dois ndcleos a esquerda se
juntarem o nucleo resultante tera
B/A maior, serd mais estavel.




Energia de separacao de proton e neutron

E a energia necessaria para separar ou “arrancar’ um préton ou um néutron de um nucleo.
— R(A A-1

Sn - B(ZXN) o B( ZXN—I)
— A-1 (A 2
- [m( 2Xn-1) m(zxw) + mn]C

Exercicio: provar
S, =B(4Xy) — B(471X ) essas relagoes.

= [m(éZ}XN) -~ m(4Xy) + m(IH)]cJ1

Ay o A1y 4

aX - 41X +p

Table 3.1 Some Mass Defects and Separation Energies Novamente a massa do

Nuclide A (MeV) S. (MeV) S, (MeV) hjdrogénio aparece nessa
formula ao invés da massa do

0 —4.737 15.66 12.13 préton porque estamos sempre
170 —0.810 . 4.14 13.78 considerando a massa atbmica.
1T +1.952 16.81 : 0.60

40Ca —34.847 15.64 8.33

“Ca —35.138 8.36 8.89

415¢ —28.644 16.19 1.09

0% pp —21.759 7.37 8.01

209pp —-17.624 3.94 8.15

209 —18.268 7.46 3.80  Krane pg 66




Energia de separagao de proton e néutron

A energia de separacdo de um préton ou um neutron vem da definicdo mais geral para a
determinacao do “Q” da reacao.

Q= ZM(M, Z)c* — ;M(ij Z5)ct = ;B(Nf, Zf) — ZB(M’ Zi).

0 Q >0 ->reacdo (endotérmica) espontanea. O decaimento de um proton ou néutron &
espontaneo
0 Q <0 ->reacdo (exotérmica) ndo espontanea. Para separar um préton ou néutron é

necessario fornecer energia.
=—Q,=B(N,Z)—- B(N —1,7),

As energias de separacao e Q de reacéao S,=—Q,=B(N,Z)— B(N,Z — 1),

p

tem sinais trocados. Son = —Q2, = B(N,Z) — B(N —2,7),

Sop = —Qop = B(N,Z) — B(N, Z — 2)

A dripline é a fronteira entre os nucleos ligados e néao ligados (S=0)
Para S < 0 os nucleos decaem espontaneamente por proton ou néutrons, que nao

permanecem ligados. Nao podem entédo serem considerados nucleos.

S, < 0= [m(4X)]c? > [m(421Xx) + m( *H)]|c?

Valdir Guimaraes (curso Fisica Nuclear ) 24/08/2023



Para determinarmos a dripline (limite da estabilidade

nuclear) precisamos de um modelo e de uma formula para

gue possamos prever os valores das massas.

Valdir Guimaraes (curso Fisica Nuclear ) 24/08/2023



Modelo da gota liquida

O Os nucleons sao ligados pela forca forte que atua apenas entre
nucleons vizinhos.

O Além disso a dependéncia do raio de um nucleo com a massa
sugere que ele possa ser ter uma densidade constante.

O A combinacao dessas situacdes € similar ao que ocorre na

gota liquida.

0 Weizaecker formulou uma equacao para a energia de ligacdo baseada no modelo de
gota liquida

O Ele assumiu que o nucleo podia ser dado por um fluido incompressivel com volume
proporcional a massa (A) e superficie bem definida.

No entanto, outras forcas e efeitos também devem ser levados em consideracao.
55 oL N ytel N ol X
2 ST S e G e
O 0O . OQ . OQ @@

Volume Surface Coulomb Asymmetry Pairing
https://en.wikipedia.org/wiki/Atomic_nucleus




B/A (MeV per nucleon)

I l
100 150

Mass number A

Constante

Curto alcance como
Forca nuclear

B/A = constante

24/08/2023
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Termo de superficie

Volume + surface

B/A (MeV per nuclecn)

Constante |
Curto alcance como Superficie/Volume
Forca nuclear B/A = A23[A=A13

B/A = constante Favorece nucleos grandes

24/08/2023
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Termo devido carga (Coulombiano)

Volume + surface

Volume + surface + Coulomb

B/A (MeV per nucleon)

Constante |
Curto alcance como Superficie/Volume
Forca nuclear B/A = A23[A=A13

B/A = constante Favorece nucleos grandes

Valdir Guimaraes (curso Fisica Nuclear )

Forca coulombiana tem
longo alcance. Quanto mais
protons maior repulsao
Favorece nucleos com Z
pequeno.
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Termo devido efeito de simetria

Volume + surface

Volume + surface + Coulomb

Volume + surface + Coutomb + symmetry

B/A (MeV per nucleon)

Efeito de simetria
aumenta com A,
diminuindo B/A

B=aA-aA2—aZ(Z1)A a__(A-2Z)2A
p_A )
|\ . |

- . 50 100 150 200 250
Mass number A
Forca coulombiana tem

Constante - longo alcance. Quanto mais
Curto alcance como  Superficie/Volume protons maior repulséo
Forca nuclear BIA = AZSIA=ATE Favorece nucleos com Z
B/A = constante Favorece nucleos grandes pequeno.
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Termo devido a emparelhamento

Termo de Volume

Termo de superficie ~ area da superficie
na superficie os nucleons sdo menos ligados

Coulomb termo Coulombiano. Repulséo colombiana reduz a
energia de ligacao
(Z - Al 2)2 Termo de asymmet_rla: P_rlncuc_)lo d_e Pauli: preenchimento simétrico
-a, de p e n tem energia mais baixa (ignorando Coulomb)

A

Energia total mais

_.
L o-0—|0 o0 |00 4 baxa
Sistema mais ligado

protons neutrons protons neutrons

~1/2 X1 par-par emparelhamento: nUmero pares de nucleons é

+a, A !
P x0  par-impar favorecido
X (-1) impar-impar

24/08/2023
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Formula Bethe-Weizsacker para modelo de gota liquida

Binding energy per nucleon vs. data

(Z —1)A~1/3

(A—22)°
_afsym A

—1D)Z1+(-1)A 4 _
( )[;( )71 A-3/4

[MeV]
15.5
16.8
0.72

23
34
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Formula Bethe-Weizsacker previsdes

U Aformula de Weizaecker para a energia de ligacéo, baseado no modelo de gota liquida,

tem um caracter preditivo.
O Usando a expressao: 2/3 13 (A—27)
P - B(Z,A) = a,A—a A7 —a L(Z - 1A — sym™—————

—Hzp(_l)z[l;_ (_1)A]A_3/4

L Podemos prever o valor da massa de um determinado elemento como sendo:

m(AX) = Zm(*H) + Nm, — B(Z. A)/*

U Varias correcOes foram ao longo do tempo incorporadas a essa equacao,

principalmente com relagao aos termos de paridade e assimetria.

Valdir Guimaraes (curso Fisica Nuclear ) 24/08/2023



Aplicacéo para o decaimento beta

U O decaimento beta ocorre quando um préton ou um néutron decaem se transformando
em néutron e proton, respectivamente: P — 7. 1. — P

L A massa total € preservada nesse processo.

O Mantendo a cadeia isobarica, ou seja, mantendo “A” fixo, a equacao da massa obtida

anteriormente se torna uma parabola em funcéo de Z com o minimo:

agln
S [mn - m(lH)] +a AV + 4ay,, par-par
. = B . _.
In .
® par-impar La
Exercicio: determinar Zmin a partir - 125

da formula de energia de ligacéo.

55Cs Even Z

505N Even N

505N

53l 54Xe

sale

Figure 3.18 Mass chains for A= 125 and A = 128. For A = 125, note how the
energy differences between neighboring isotopes increase as we go further from
the stable member at the energy minimum. For A = 128, note the effect of the
pairing term; in particular, 28| can decay in either direction, and it is energetically
possible for *8Te to decay directly to ?8Xe by the process known as double 8
decay.




Efeito de camadas (LDM = Liguid Drop Model)
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Energia de ionizagcao — efeito de camadas

Esse efeito j& havia sido observado antes na energia de ionizacéo de atomos

600 [ pe
500
400
300
200

100

primeira energia de jonizacao. Kcal/mol

0

Isso é devido a camadas de

niveis de energia

E necessario adicionar um
|

T/

- termo de correcao devido ao
W_’.qw, modelo de camada.
Lu f
a

Cs K

NUmeros magicos no ndcleo

2,8, 20, 28, 50, 82, 126
20 30 40 50 60 70 80 90

numero atémico

Neutron separation energy

o r

o = N

I

last neutron (MeV)
1L

)

Binding energy of

128
) ! Il 1 [ 1
80 100 120
Neutron number N

1
140

Frauenfelder & Henley, “Subatomic Physics’, Prentice Hall, 1991, page 488
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Efeito de camadas

BE(exp) - BE(liquid-drop)

Proton Number

NUmeros magicos no nucleo
2, 8, 20, 28, 50, 82, 126

Neutron Number

Valores do excesso de massa (m(x) —A)

M -E-]axp_[M-E-]caIc (MeV)

i I 1 I i 1 1 1 i I
100 120
Neutron number N
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Efeito de camadas
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Shell model: (single nucleon energy levels)

— liis/2 (16) = (184) ——— 184
- 3d3/2 (4) —(168)
(— 4s :,-f-'-- 4sy/2 (2) —(164)
—8d——=( 2r/2 (8) — (162)
-7, 1i (12) —(154)
g’éﬁ {— 2 -———<:w,\« ne 3dg,2 (6) — (142)
s 20/2 (10) — (136)
\— 1 -—_<\
T liya/2 (14) -~ (126) ——— 126 -
S 3p1/2 @ —@12)
TR T - 3pas2 4) — @0
o aoee" a2 (6) — (106)
ST T . 2f7/2 (8) — (100)
iﬁ‘f | . lho/z (10) — (92)
(— 1 — I
h ~ 1hy 2 (12) — (82) 82
P 3s1/2 _ @ — (10)
e 2d3/2 (4) — (68)
o M=~ 2ds/2 6) — (64)
even L 1g7/2 (8) — (58)
W I shell gaps
S 1892 (10) — (50) 50
- 2p1/2 (2) — (40)
—p——=2 . s/2 (6) — (38)
?;g: {_ i 2275 2p3/2 () — (32)
T~ 1f7/2 t (8) — (28) 28
— % — 1d3/z (4) — (20) 20
2hw {-— 14— - 281/ : @ — (16)
=~ 1ds/2 (6) — (14)
Wy — 1p 227" 1py/2 I 2 — (8 8

odd 1ps/2 (4) — (6) .
/ t : Magic numbers

2 — (2

----- 1812




Energia de ligacdo com correcao de modelo de camadas

experiment

[a—y
=

<

deformed
nuclei

-:::k\i::

>
L
=1
=
=
s
aa B

[a—y
=

i\

=

—_
=

100

Number of neutrons

Valdir Guimaraes (curso Fisica Nuclear )

24/08/2023



Estimativas de massa usando formula microscopicas

J. Duflo and A.P. Zuker , Phys. Rev. C 52 (1995) R23.

Leva em conta efeitos de camada usando teorias microscopicas de Hartree-Fock

Microscopic mass formulas

J. Duflo! and A.P. Zuker?
'Centre de Spectrométrie Nucléaire et de Spectrométrie de Masse (IN2P3-CNRS), 91405 Orsay Campus, France
*Physique Théorique, Bat40/1 CRN, IN2P3-CNRS/Université Louis Pasteur BP 28, F-67037 Strasbourg Cedex 2, France
(Received 3 March 1994; revised manuscript received 13 April 1995)

By assuming the existence of a pseudopotential smooth enough to do Hartree-Fock variations and good
enough to describe nuclear structure, we construct mass formulas that rely on general scaling arguments and on
a schematic reading of shell model calculations. Fits to 1751 known binding energies for N,Z=8 lead to rms
errors of 375 keV with 28 parameters. Tests of the extrapolation properties are passed successfully. The
Bethe-Weizsacker formula is shown to be the asymptotic limit of the present one(s). The surface energy of
nuclear matter turns out to be probably smaller than currently accepted.
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PHYSICAL REVIEW C, VOLUME 62, 024308

Previsdo da dripline — Hartree-Fock

Towards a Hartree-Fock mass formula

F. Tondeur,'” S. Goriv:ly,1 J. M. Pearson,” and M. Onsi*

A ten-parameter Skyrme force, along with a four-parameter #-function pairing force, have been fitted, using
the Hartree-Fock-BCS method, to the masses of 1719 nuclei, both spherical and deformed, with an rms error
of 0.754 MeV. The corresponding value of the symmetry coefficient J is 28.0 MeV, and that of the effective

nucleon mass M* is 1.05M.

120 L] I L] L] L] L L] L] ! L] I L] L] L] I I L] L] L] I L] L] L]

- m AW outside the drip lines
HF1 inside the drip lines
>18.0 MeV error
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o
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Figure 8: Nuclei in the Audi-Wapstra-Thibault mass compilation together with
the HF'1 prediction for nuclei out to the neutron and proton drip lines. Observed
nuclei outside the drip lines are indicated.
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Previsao energia de separagao de um néutron (Sn) — Hartree-Fock

HF1 one-neutron separation energies

1102 MeV séparation energy
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Figure 11: HF'1 results for the one-neutron separation energies.
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Nuclear Mass Measurement and Evaluation

Relevant to AStl‘OphysiCS Proc. 14th Int. Symp. on Nuclei in the Cosmos (NIC2016)
JPS Conf. Proc. 14, 011001 (2017)
Meng WANG* https://doi.org/10.7566/JPSCP.14.011001

Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China

n Newly measured masses (AME 2016)

114 I - =
[ Experimentally known masses (AME 2012) i

I Observed isotopes (NUBASE 2012)

Isotopes predicted to exist (WS4.0)

IP-Process s r-process

p,=10'9~10% cm?
T=1.35 GK

8
Fig. 1. The nuclear chart with experimentally known masses in AME2012 and newly measured masses,
with the r- and rp-process paths also shown. The nuclear chart covered by the r-process is relatively broad
due to the large range of the parameters used for the calculations.




International Journal of Mass Spectrometry 349-350(2013) 181-186

Contents lists available at ScienceDirect

International Journal of Mass Spectrometry

!
5

,SI—;\-"IH] journal homepage: www.elsevier.com/locate/ijms

El

Nuclear masses in astrophysics

H. Schatz*
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Fig. 1. Masses measured with accuracies of better (red) or worse (orange) than than 10keV in relation to the path of the rp-process (line) [10] on the chart of nuclides.
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