proton/neutron conversions

Reaction #1:

Reaction #2:

{The double arrows indicate these reactions go both ways.)

A neutron decays to a proton, an electron,
and an antineutrine via a virtual (mediating)
W boson. This is neutron [ decay.
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F}gnrq 1 1.1’? . Diffraction pa'ttern‘ of light incident on a circular aperture: a
c:rgular disk gives a similar pattern. The minima have intensity of zero. The curve is
drawn for a wavelength equal to ten times the diameter of the aperture or disk.
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Figure 4.3 Representation of scattering by (top) a small opening and (bottom) a
small obstacle. The shading of the wavefronts shows regions of large and smali
intensity. On the right are shown photographs of diffraction by a circular opening
arid an opaque circular disk. Source of photographs: M. Cagnet, M. Francon, and
J. C. Thrierr, Atlas of Optical Phenomena (Berlin: Springer-Verlag, 1962).



3.3 The nuclear electric charge distribution

We need a model. The methods used to-measure charge distribution find the
time average so we can define a time-independent charge density. For the
present we shall assume spherically symmetric nuclei so that we can define a
radial charge density, p(r). Two models are given in Fig. 3.1. Model I with its
sharp-edged charge distribution is very unlikely but can be tested. Model 11
softens the hard edges by assuming a charge distribution with a2 mathematical
form normally associated with the Fermi-Dirac statistics but which, applied to
nuclei, is called the Saxon—Woods form. So the challenge to experiments is to see
if either model makes predictions which fit the data and if so, to determine the
parameters p,, a and d, and if not, to find a better model and its parameters.

- 'f--‘Fig k% Two medels of the radlal e}ectnc charge d{stnbu-
"‘-’z’tmn ofnuclel o I S
',(a) Modell p(r) pn, r<a, o |
o p(r) 0 >a

(b) Model H p(r)" o ﬂlr) : "

‘ ‘fThe r=a :l:djz pomts have densmes 62. 2% and 3‘1 8% Qf'- B IR
 the central density respectively. The 90% to 10% thickness . T
is-4.39d. This shape i is called the Saxon-Woods form. The -~ - . {a) . =
- ‘charge density, p,, is ﬁxed by normal:zmg to the tetal‘-*_;; TR ey
| .:nuclearﬂhargeZM | ! S e




3.4 The nuclear ejectric form-factor

- How do we deal with the effect of an extended nuclear charge on the Mott

scattering of electrons? The answer is to do as in classical optics where we derive

the Fraunhofer difiraction pattern of an aperture in a screen by taking the

 Fourier transform ‘of that aperture. For electron scattering the aperture is
replaced by a spherical distribution of charge. We take the nucleus to have
charge Ze where e is the charge on the proton. If that charge was point-like at
r=0 we can imagine that it gives rise to a scattered wave amplitude Zef(0) at
large distances at an angle f, defined so that

o1 22, e 3.1
anO“Zelf(H)l. (3.1)

If that charge is spread out then an clement of charge d(Ze) at a point r will give
rise to a contribution to the amplitude of ¢*f{6)d(Ze) where J is the extra
‘optical’ phase introduced by wave scattering by the element of charge at the
poi.nt' compaml mwo .pha.“futhtm a‘r-u' .......................................
Consider now Fig. 3.2. The incident and scattered electron have momentum p
- and p" with p= |p| = [p’|. The momentum transfer g(|¢| = 2psin(6/2), se¢ Fig.
1.7)is along OZ, O being the nuclear ventre. The ‘optical ray' P,OP, is taken to

h h

Fig. 1.7 The momentum transfer ¢ ir have zero relative path length. The ray P,SP, has equal angles of incidence and
elastic scattering at a fixed target. Th reflection at the plane AXA' which is perpendicular to OZ. Therefore the path
m‘:‘: ér:gd pf a:gmc‘:;md‘ length dis the same:for all rays parallel to P,0P," and reflected at any point in
respectively (| P, [= | P,|=P). If the AXA'. This path length is given by d=20Xsin(6)2). The phase, 4, is 2rd/A,
angle of scatter is 6, the geometry giy where A is the de Braglie wavelength. Now the reduced wavelength 4/2n=#/p so
q=2Psin(6)2). e
f-'\. and/'p:MOXaggox'



Return to the point S: let the charge density be p(r) when r=0.S (we assume
spherical symmetry). If we have polar coordinate r, a, f§, where the polar axis is
along Z and SOZ=a, then a volume element dV at Sis Psino dr de df and the
charge is p(r)dV. Then this charge element gives rise to an amphtud\

\
!

B Fig 3 2 '111e bptxcal plcture of electron scat-
.. tering at-an extended nucleus showing the
~ geometrical construction required to calculate

Wavefront Of ‘nmdent % Kthe Fraunhofer ﬁiﬁ'ractron scattermg pattem -

e electron

. wavefront of afectron
-~} scattered at angle ¢

s

* Target nubleus




charge X ,%/'(0) x '
= p(r)r’ sin a drgda: dp f(@)e e,

The exponent contains q.r because q(OX ) =grcosa = q.r. Then the total
scattered amplitude .

2% R o0
A(6) = f(H)j _f j p(r)r* sin @ dr da df e, (3.2)
0 0 Y0 .

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

the integration being over the whole nucicus The integration over the azimuthal
angle f around OZ is trivial because the point S just traverses the plane AXA4’
for which g.r is constant. :

-
v

t A(B0)=f(6) j: j‘w 21zp~§(r)r2 sin a dr dox e'9/,
0 :

-

Now we have for the total charge

. pm
Ze =j j 2np(7)r* sin a dr de,
{) ] :




SO we see that we can write

I j p(r)r’ sin Cildfda.ei'-'/ﬁ
.”.p(')"z Si;nadrda

A(0) = Zef(6) =Zef(0) F(6).

Thus the Mott (or Rutherford) scattcrmg amplitude Zef (0) is changcd by a
factor F(0) and the scattering cross-sect:on becomes

do
F(6) 2
' Idn Mott

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

F(0) is called a form factor. (This is a n;ame inherited from the description of
atomic X-ray scattering,) Somewhat forinally it could be written

=Jp(r)ei"”‘d V= 1 p(r)ei';"“d 178
FO= o ,f

Clearly as 6—0, g—0 and F(0)=1. Since the form factor is more properly a
function of g than of @ it has become usual to write F(g?) rather than F(6) and
we note F(g?) is the Fourier transform of the charge distribution (remember the
optics of Fraunhofer diffraction). These 3deas and formulae are summarized in

Table 3.1.




The effect of an extended nuclear charge is to iteduce the differential cross-section for elastic

electron scattering from that for a point-like nucleus by a factor which is the square of the
form factor: :

an ~IFOl'am

where the form factor : .
[

_and qis the momentum transfer, g=|.q| and 5(r).is the charge density. The valume integral. .
is to be taken over the entire nucleus. If the g'tucleus is spherically symmetric, then

F(qz)-'% pér)r sin (ﬂﬁf) dr.

point-like nucleus; as g increases ihe oscillatory nature of the exponential
/" in eq. 3.2 for an extended nucleus reduces | F(¢?)}from 1 and the scattering
is reduced. This is not unexpected: an extended electric charge has greater

difficulty in taking up the momentum transfer than does the point-like
arrangement of the same total charge.

)



Z. Since we Know the rough s1ze of nuclel, XK < 10 "m(= 10im), we can
now estimate the ¢ needed to sée a significant reduction in scattering
intensity due to size. We would want ¢.R/#% to be of order 1, hence g ~ A/R.
Remember fic = 197 MeV fm, so we see that g=> 20 MeV/c. To reach this at
30° scattering requires incident eléctrons of 40 MeV. In fact this is hardly
adequate since nuclear radii are somewhat less than 10 fm and we want to
see detail with a resolution of better than 1 fm. Therefore we should be
aiming for g~#A/(1 fm) =~ 200 MeV/c. The first detailed measurements were
made with electrons of 150 MeV but later work has increased the energies
used to 500 MeV.

Now what does F(g?) look like? Af.s an exercise you are asked to show
(Problem 3.1) that the form factor for 'modcl Iis

Flg") = x; : , x = qalh.

This looks rather unmanageable but in fact is the spherical Bessel function j,(x).
The square of this function is the factor by which the point-like Mott
differential cross-section is reduced. This factor is plotted in Fig. 3.3 for the case
of a=4.1 fm (3Ni nucleus) and the abscissa is marked in units of ¢ MeV/c and
of 6 degrees for 450 MeV incident electrons. We notice immediately the
diffraction zeros near 27°, 48°, 69°, and 95°. This is typical of an object with
sharp edges. In Fig. 3.4a we give the: measured differential cross-section: it
shows diffraction minima at g values expected from model I. On the same figure
is a fitted curve using a model close t¢ our model II. The softer edges of the
distribution fill in the diffraction rmmma and give results closer to the data than
the model I nrediction. :




| 1.0

-0

100 200 300 400 500 600 700 q MeVic
1 2 3 al glnfm™
20 4 4 60 80  100. 120 O {degress)

Fig. 3.3 The square of the form factor | F{¢?)|? as a function of g fora model I nucleus
having a = 4.1 fm. The abscissa is also marked in inverse fermis (g/#) and in degrees
for an angle of scatter at a fixed nucleus for incident electrons of 450 MeV. Note that
the ordinate is logarithmic. ’ ' ' ’
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Figure 11.13 Diffraction pattern of light incident on a circular aperture; a
circular disk gives a similar pattern. The minima have intensity of zero. The curve is
drawn for a wavelength equal to ten times the diameter of the aperture or disk.

— Theorstical
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u Univ. of Virginia

Figure 4.3 Representation of scattering by (top) a small opening and (bottomn) a
small obstacle. The shading of the waveironts shows regions of large and small
interisity. On the right are shown photographs of diffraction by a circular opening
and an opaque circular disk. Source of photographs: M. Cagnet, M. Francon, and
J. C. Thrierr, Atlas of Optical Phenomena (Berlin: Springer-Verlag, 1962).
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Figure 11.14 Elastic scattering of 14-MeV neutrons from Pb. From S. Fernbach,
Rev. Mod. Phys. 30, 414 (1958).
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Figure 2.15 The differential cross-sections for electrons scattering elastically from (uprer)
40Ca at 750 MeV (after Bellicard et al., 1967) and (lower) 2°% Pb at 502 MeV. The curves
are theoretical fits to the data (after Heisenberg et al., 1969)

The charge distribution of the simplest nucleus of all, the proton, has been
measured by electron scattering and found to have a root mean square radius of
about 0.8 fm. This size can be related to the cloud of virtual mesons which
surround the ‘bare’ proton. For the same reason, the neutron itself is found to
have a charge distribution of finite extent; although its total charge is zero, it
has a short-ranged distribution of positive charge and a longer-ranged distribu-
tion of negative charge, with a net root mean square radius of 0.36 fm.

In addition to the charge distribution we may also determine the distribution
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Figure 2.16 The charge distributions of *°Ca and 2°® Pb nuclei deduced by theoretical fits

to the measurements such as those shown in Figure 2.15. The shapes at small radii are

obtained by fitting the data for the larger angles (that is, for the larger momentum transfers.)
{After Friar and Negele, 1973; Sinha et al., 1973)
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Figure 2.17 Dipole (M1) and octupole (M3) magnetic form factors for '' B deduced from
electron-scattering measurements. (After Rand et al., 1966)
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Figure 3.5 The rms nuclear radius determined from electron scattering experi-

ments. The slope of the straight line gives R, = 1.23 fm. (The line is not a true fit to
the data points, but is forced to go through the orlgfry to satisfy the equation
R = R,AY3.) The error bars are typically smaller than the size of the points (+ 0.01
fm). More complete listings of data and references can be found in the review of
C. W. de Jager et al., Atomic Data and Nuclear Data Tables 14, 479 (1974).
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Kinematics of nuclear reactions and scattering (continued)
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W, ¢ in lab
0,6 in C. M. -
Primed energies in C.M.

Kinematics of nuclear reactions and scattering (continued)

Incident -

Define:

Light
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Note that A+ B+ C+D=1and AC=BD



Note that A+B_+ C+D=1and AC=BD

Lab energy of E, » Use only plus sign unless
. — = D+2(AC) |
light product: E; B+D+2(AC)" cos b - B> D, in which case
= Blcosy & (D/B—sin¥)!]>  Ymy=sin~* (D/B)?
Lab energy of Use only plus sign unless

heavy product:

E ‘ .
’Ei: A+C+2(AC) cos ¢
T

= Afcos { +(C/A —sin?{)*]?

A > C, in which case
{ax =SIn~ H{C/A)?

Lab angle of
heavy product:

M % M. angle of E
sin { = (M3E3) sin y/ C.M. angle 0 sinf = (E3/ T) sin Y/

444

~light product:

D

Intensity or
solid-angle ratio
for light product:
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n =1.00866 u.m.a.
p = 1.0079 u.m.a.

— d=2.01410 u.m.a.
d = p+n t = 3.01860 u.m.a.

t = p+n+n ‘He = 4. 00260 u.m.a.
4He = p+p+n+n 6Li =6.01512 u.m.a.

2C =0.00000 u.m.a.
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Excesso de massa (mass excess)
A (MeV)

Ay (MeV)=(m, —A)u. ¢?
A (12C) = 0

dada a reacao: A(B,C)D
A(Z,N,) +B (ZgNg) — C(ZHNe) +D (Zp,Np)

Definimos o valor de “Q” de uma reacio

(M, + Mp) = M+ Mp) + Q(a+B —C+D)

Qs = cp) = (Bt Bp) - (B, + Bp)

Qs = cpy = (Act Ap) - (A T Ap)
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Abstract

This paper 15 the second part of the new evaluation of atonuc masses AMEZD03. From the
results of a least-squares caleulanon descnibed in Part T for all accepted experimental data, we
derive here tables and graphs to replace those of 1993. The first table lists atomic masses. Ttis
followed by a table of the infivences of data on primary miclides, a table of separation energies
and reaction energies, and finally, a senes of graphs of separation and decay energies. The last
section m flus paper hists all references to the input data nsed in Part T of this AmE2003 and
alzo to the data entering the NUBASEZD0? evaluation (first paper m this velums).

Anpc: hitpesrwwr i 2p3 fr/ ANDC

1. Imtroduction

The description of the general procedures and policies are given in Part [ of this series
of twro papers. where the input data vsed in the evaluation are presented. In this paper
we give tables and graphs derived from the evaluation of the input data o Past L

Firstly, we present the table of atomic masses (Table I) expressed as mass excesses
in energy umts, tegether with the binding energy per nucleon, the beta-decay energy
and the full atonue mass 10 MAss vt

nucleon (B/A)
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n= 8.071
p= 7.289
d=13.136
t= 14.950
SHe= 14.931
‘He= 2.425
Be=18.375




p + p = d + e +v

pt+t+ d — 3He + y

n= 8.071
p= 7.289

d =13.136

t= 14.950
‘He= 14.931
‘He= 2.425
‘Be= 18.375
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n
ot op = Al E ey n= 8.071
p= 7.289
d=13.136
pt+t d — S3He + y t= 14.950
SHe= 14.931
‘He= 2.425
3He + 3He — 6Be + Y 6Be=18.375
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SHe + ‘He — ®Be + v

6Be

— 4He + p + p

n= 8.071
p= 7.289
d=13.136
t= 14.950
SHe= 14.931
‘He= 2.425
Be=18.375

ics Education Project.




p + p = d + e +v

n= 8.071

7.289 + 7.289—13.136 + 0.511 + Q =0Q = 0.931 MeV g= 12?22
pt+t+ d — 3He + y (= 14.950
SHe= 14.931

7.289 +13.136 —> 14.931 + Q =Q =5.494 MeV  |*He= 2.425
3He + 3He . 6Be + Y 6Be= 18.375

14.931 + 14.931—18.375 + Q =Q = 11.487 MeV

‘Be — ‘He + p + p
18.375 = 2.425+7.289+ 7289+ Q =Q =1.372 MeV
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p + p > d + e +v

n= 8.071
7.289 + 7.289—13.136 + 0.511 + Q =Q = 0.931 MeV |p= 7.289
d=13.136
p+ d — ‘He + y t= 14.950
3He= 14.931
7.289 + 13.136 — 14.931 + Q =>Q = 5.494 MeV “He= 2.425
3He + 3He — %Be + vy ‘Be= 18.375

14.931 + 14.931—18.375 + Q =Q = 11.487 MeV
‘Be — ‘He + p + p
18.375 — 2.425 + 7.289+ 7.289 + Q =Q = 1.372 MeV

Roeactants Fusion

d + t — 4He+ n
13.136 + 14.950— 2.425 + 8.071 + Q

vd

Q=17.59 MeV
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EXERCICIOS

CALCULAR O BALANCO ENERGETICO
NAS SEGUINTES REACOES

A=(M-A) (MeV)

Exemplo==12C + p mm) 5N + Y

n= 8.071
p= 7.289
d=13.136
t= 14.950
SHe = 14.931
‘He = 2.425
6Li =14.086
Li =14.908
Be = 18.375

2C = 0.00

BC = 3.125
BN = 5.345
14N = 2.863
ISN = 0.011
150 = 2.855
160 = -4.737
170 =-0.809
1830 =-0.782

Carbon- Nitrogen- Oxygen Grcle

4
2He




2C+p — BN+y
0+7.289 = 5.345+ Q =Q = 1.944 MeV

5345 — 3.125+0.511 + Q =Q = 1.709 MeV
13C S p — 14N + Y

3.125 + 7.289 —2.863 + Q =Q = 7.551 MeV
14N + p — 150 + Y

2.863 + 7.289 —2.855 + Q =Q = 7.297 MeV
150 — 15N+e++v

2.855 — 0.101 + 0.511 + Q =>Q = 2.243 MeV

15N_|_p — 12C+a+Y
0.101 + 7.289 — 0 + 2.425 + Q =Q = 4.965 MeV

RC+p+p+p+p—"12C+ ‘He + 2e"+2v

Carbon- Nitrogen- Oxygen Grcle

4
2He

® o

{H 12 ;
o 1

v Ny 6 Y
Ay A

proton
decay 5

0 + 4x(7.289) — 0+2.425+1.022+Q II#

Q = 25.709 MeV




BLOCO 2

GRANDEZAS MACROSCOPICAS DO NUCLEO

PARAMETRO DE IMPACTO

ESPALHAMENTO RUTHERFORD ANGULO DE DEFLEXAO

RAIO NUCLEAR

{

MASSA NUCLAR:

BARREIRA COULOMBIANA

ESPALHAMENTO DE ELETRONS
DIFUSIVIDADE

ENERGIA DE LIGACAO
EXCESSO DE MASSA
ENERGIA DE SEPARACAO
VALOR “Q” de REACAO
MODELO DA GOTA LIQUIDA

CINEMATICA DE REACAO - CINEMATICA INVERSA







-4

[OICRTVRE . R B =

B FUIOND SN WHUG WANG NWIR NEH N

-0

P APUDW ONSE PNEW VPWN VIEN PWUN WNE WNe N

10

1t

12

J*NN

-N
-

-N
- PP

4

-t

{KEV)

8071.69
7289.22

13136.27

14950.38
14931,.73

25920
2624 .94
25130

33790 -

11390

11680
17597.3
14087.5

..18375

26111
14908.6
15770.3
27940

31650

20947.5
4941 .8
22922.3

24966 -
11348.4
12415.7
28912

35340
12608.1
12052.3

15702.7

43310
20177
8667.95
10650.2
25450 .

24950

MASS EXCES

o0 © 00
. )
NN O

. o

500
0.2
300

- 890

[7,] (74}
< <
(7] [7,]
- -

B8 BINDING ENERGY
?

(KEV)
0.0 0.0
0.0 9.0
1.33 2224.64 0.0%
242 B482.22 0.15
2.5+7718.40 0.14
5580 500
7.0128296.9 0.4
4810 300
5790 800
27410 50
26330 50
29267.9 3.6
Is.3331995.2 0.8
26926 5
28826 30
5. 6039245.9 0.9
. 37601.6 0.9
24650 100
31360 120
41278.6 1.2
+.06 56501.9 0.8
37738.8 1.3
45331 5
6.4658167.0 0.9
56317.1 1.1
39038 5
43030 SYST
64978.9 1.0
Lul64sT752.3 0.9
60319.4 2.0
43130 SYST
65482 6
(.D376208.3 1.0
73443.6 1.4
57860 SYSY
68780 SYST

ATOMIC MASS

(uy .

1.00866522

1.00782522

2.01410222

3,01604972
3.01602970

4.,02783
%.025697

5.03627
5.01222
5.01254

6$.0188913
6.0151234%
6.01972¢6

7.028031
7.0160048
7.0169299
7.02999

8.03297
8.0224879
8.0053052
8.0246079

9.026802
9.0121828
9.0133287
9.,031038

10.03794%

10.0135352
10.0129385
10.0168573

11.04649
11.021660

1,.0114333
11.02732

12.02678

4.00260326

11.00930533

0, 00000006
0.00000004

0. 00000007

0.00000016

0.00000016

0.00054
0.00000027
0.00032

0.00086
0.00005
0.00005

0. 0000039
0.0000008
0.000006

0.000032
0.0000008
0.0000008
0.00011

0.00013

0.0000011
0.0000005
0.0000013

0.000005
0.00000206

- 0.0000010

0.000006

SYST

0. 0000308
0.0000004
0. 00000620

SYSY
0.000007
0.000009030
0.0000011

® SYST

SYST

6 6 C| 0.0 0.0/3 ¢492165.5 1.1 J .- - ]12.00000000 0.0



B/A (MeV per nucleon)

12

°
L o

1%He *
-® ¢l1p

' .QBe

ot v

® 5

238

B e
e

Mass number A

e



70 .
2.4 Modelo da gota liquida e limites de estabilidade

Na secgdo anterior ficaram claros os limites da analogra entre o
comportamento da matéria nuclear e o de um liquido. Nesta secgio,
pretende-se desenvolver um modelo nuclear simples, em que apenas
se faz uso de propriedades do nicleo andlogas 3s de um liquido. Este

modelo da gota liquida permite compreender o comportamento das

energias de ligagdo ¢, por meio delas, as massas nucleares, ndo conse-
guindo contudo explicar outros tipos de propriedades.

No que se segue, considera-se o niicleo como uma gota de um
liquido incompressivel que se mantém coesa sob a acgio de forgas
de alcance curto. A energia de ligagio do niicleo, B, obtém-se pela
soma de vérias parcelas '

B=B;+B, +B3+B,+Bs - (247)

correspondentes a outras tantas contribuigoes que se discutem de.

seguida, nas alineas 1) a5), sendo aenergia B expressa como fungdo

de Ze de A. Interessa apenas obter, para cada contribuicio, a relagio
funcional com aquelas grandezas ¢ determinar depois, empirica-
mente, os valores das constantes necessirias. '

1) A principal contribuico para a energia de ligagdo é a “energia
de condensagio’’, libertadano momento em que osnucledes se reu-
nem para formar o niicleo. Ela deve ser proporcional ao niimero de

particulas ligadas, de acordo com o valor aproximadamente constante -
de B/A (Fig.10). Se a, for a constante de proporcionalidade, tem-se,

Bl = Vav A . ) (2'48)

portanto,

Como A € proporcional ao volume do niicleo chama-se a este termo
energia de volume.

2) Os nucledes que se encomntram 2 superficie do niicleo tém
menor niimero de ligagdes com os vizinhos do que os que estio no
interior, ficando por isso menos ligados e contribuindo menos para
uma energia de ligacdo. Introduz-se, portanto, um termo negativo, B,
proporcional a superficie 4nR?= 4nr? A% e, como importa apenas a
dependéncia funcional em A, vem :

2
B, = —ag A3 (Energia de superficie) 2.49
(2:49)
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: 3) A energia de ligagdo é ainda mais reduzida devido i
repulsdo entre os protoes. A energia de Coulomb duma esfera de raio
R e carga q, carregada uniformemente, é (3/5).(q*/R). Para o niicleo de

- carga Ze eraio R =1 A'®, a dependéncia funcional em Z ¢ A conduz a

um termo da forma
1 ,
By =—acZ?A 3 (Energia de Colomb) | (2.50)

4) Ao considerar adependéncia de Bem A e Z, deve-se também

~considerar que o excesso de neutres é acompanhado por uma

diminuigdo da energia de ligagio em relagiio i situacdo simétrica

(N = Z). Deacordo com (2.46), esta diferenga de energia depende

do excesso de neutrdes, sendo o termo correspondente dado por

o T2 Z — A2 . 2.51)
By =—a, X’— =—a, Q—T/L (Energia de assimetria)

5) Sabe-se, com base na sistemdtica das energias de separacio,
que os nucledes do mesmo tipo produzem uma ligagdo par-
ticularmente forte quando surgem aos pares. A energia de empa-
relhamento nao pode ser explicada com base na analogia com a gota
liquida, sendo necessdrio, neste contexto, introduzi-la como correcgiio
empirica. Se tanto Z como N sdo niimeros pares (nticleos par-par) esta
energia € particularmente elevada, sendo pelo contririo particu-
larmente baixa para niicleos em que Z e N s3o impares (nticleos im-
par-impar). Introduz-se pois da s¢guinte maneira a contribuigdo B.:

+d nicleos par-par
B, = 0 ntcleos par-impar ou fmpar-par - (252
-0 niicleos impar-impar

Uma férmula empirica, v4lida em boa aproximagio; é .

) ~apA

N -

(2.53)

- A energia de emparelhamento nio pode ser explicada facilmente. Isso
torna-se evidente se se pensar que um par de nucledes idénticos ndo esta
3 ?

ligado. De factonem o ‘“‘diprotdo’ nem o ‘‘dineutrio’’ existem como siste-
masligados. Se esses niicleos existissem os seus nucledes apresentariam spins
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desemparelhados no estado fundamental, de acordo com o principio de Pauli.
Pelo contrario, o spin do deuterdo no estado fundamental € 1, ou seja, o protdo
e 0 neutrao tém spins paralelos. Isto significa que a estrutura das forcas
nucleares é tal que a energia de ligagdo é maior no caso de spins paralelos.
Nio se pode portanto compreender a energia de emparelhamentoa partir do
potencial da ligago entre pares de nucledes. Trata-se efectivamente dum
fen6meno que surgesomente nos sistemas de muitas particulas e cuja origem
ser4 discutida no sec¢édo 6.5. ’

Veja-se agora de que modo as contnbuu;oes 1) a5)se adicionam
para dar a energla de ligacao. De acordo com (2 10) a massa nuclear
m(Z A) expnme -se. por

m\Z A)=Zmy +(A - Z)m,.l — BJc?.

Introduzindo aqui a expressio de B dada em (2.47) e fazendo uso das
relagoes (2.48) a (2.52), resulta

) 2
3
m(Z, A) =Zmy + (A— Z)m, —ayA +agA (2.54)

1 .
+acZ%A 3+a,(Z—-A2PAT 2B

onde as constantes a, até a, contém agora um factor 1/c’. Esta
expressao € conhemda por formula de Weizsaecker (1935) Para
determinar os valores das constantes serao precisas em principio
cinco massas nucleares. Contudo, o ajuste ¢ muito melhor se forem
consideradas tantas mais massas quantas for possivel, uma- vez que
a férmula apenas descreve um comportamento médio. Um conjunto
de valores para aquelas constantes € o seguinte {Wap 58]

a, = 17,011 mu = 15,85 MeV/c?
ag =19,691 mu = 18,34 MeV/c?
a.= 0,767 mﬁ = 0,71 MeV/c2 _
a, =99,692 mu = 92,86 MeV/c?

=+ 12,3 mu = 11,46 MeV/c?

3

A contribui¢ao dos termos individuais da expressio (2.54) para
a energia de ligacdo por nucledo esta representada na Fig.19. A figura
mostra como o decréscimo da energia de superficie e do crescimento
da enérgia de Coulomb, conduz a um médximo de B/A para A = 60.
E claro que aférmula de Weizsaecker exprime apenas o compor-
tamento médio dos nicleos, nio podendo decerto reproduzxr quais-
quer efeitos da estrutura em camadas. A expressdo sé € aplicdvel
para A > 30 (ver Fig.10), produzindo para A > 40 valores de B/A
correctos dentro de = 1%. E, de facto, not4vel que um modelo tio sim-
ples seja capaz de descrever tdo bem a energia de ligagio. Para
aplicagdes préticas existem férmulas de massa que foram refinadas

acustada inclusdo de hipteses suplementares, e que produzem

resultados - ainda melhores que a expressao (2.54) (ver, por exemplo,
[See 61, Mye 66, Gar 69]).

A constante a, do termo de assimetria pode calcular-se a partir do
modelo do gisde Fermi (v.(2.45)), mas o valor assim determinado
representa apenas cerca de metade do valor determinado empiri-
camente a partir das massas nucleares. Existe porém uma outra con-
tribui¢do para o termo de assimetria, que tem a ver com a ji referida
dependéncia que apresentam as forgas nucleares relativamente ao
spin. A ligacdo entre um neutrdo e um protio que estejam alinhados
paralelamente é maior que entre dois neutrdes, os quais, devido ao
principio de Pauli, s6 podem ter orientagio anti-paralela. Os ndcleos
com excesso de neutres apresentam porisso uma energia de ligagio
menor. Verifica-se que esta contribuigéo é proporcional a T,/A.

A férmula de Weizsaecker permite deduzir um certo nimero de
regularidades importantes. Repare-se na variagio da massa nuclear
ao longo duma série de isébaros, i.e., tome-se A = const. ¢ faga-

energia de volume

NI N,
\ cnergia de superﬁ‘me\ N

14F N R
12} 77 //////
k-] energia de Coulomb’
—310L LLLEL LY, 27, /
24l «
% efiergia de assi!uetn'a
§ 5% energia de ligagio
Fig.19 1‘; 4t
Contribuicio dos diferentes termos da = 2}

formu_la das. massas El\{cleares para a o
energia de ligagdo média por nucledo 0 30 60 90 120 150 180 210 240 270
[Eva 55]. A
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-se variar Z em (2.54). Olhando para a expressio vé-se que ela é
quadratica em Z, Para A impar obtém-se pois uma pardbola como a
representada na Fig.20a. Nos casos de A par surgem duas parabolas
diferentes, devido aenergia de emparelhamento 8. O nicleo estd
numa ou noutra pardbola conforme seja do tipo par-par ou impar-
-fmpar (Fig.20b). Como se vé na Fig.20, nuclidos de Z vizinho podem
transformar-se uns nos outros por emissio duma particula 8* ou 8-. Na
Fig.20 1é-se também aregrasegundo aqual para Almpar apenas existe
um isébaro estdvel, enquanto para A par se tém vérios isGbaros esta-
veis possiveis

O nimero de protoes Z , paraa qual a massa nuclear duma
série de is6baros é minima ocorre para

(am(z, A)) -0
oZ A =const

Introduzindo aqui (2.54), resulta
—my +2Zoac A3 + 23, (Z, — A/2) A~ 1=

e, resolvendo esta equagao em ordem a Z , tem-se

(2.55)

Z =é_ mn—mH+aA].= A :
® 2 |acAP ta, 1,98 + 0,015 A%

1
fmpar /
ST S
o)z_"~z° : )

Fig.20 As energias dos niicleos com um mesmo A. Os nicleos
estaveis sdo indicados pelos circulos a cheio.
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Representando. estes valores num diagrama de N em fungio de Z,
obtém-se a Fig.21. Se, além disso, as massas nucleares forem repre-
sentadas segundo o eixo perpendicular ao plano NZ, a linha a cheio na
Fig.21 corresponde 4 localizacdo aproximada dos nicleos estdveis,
i.e., que nao estio sujeitos ao decaimento B. Esses niicleos sdo os que
se encontram no fundo do ‘‘vale’’ das massas nucleares.

Nos processos de transmutagio por decaimento 8 o nimero de .
massa ndo € alterado. Pode igualmente usar-se-a férmula de Wei-
zsaecker para saber se um dado processo de separacido denucledes
pode libertar energia. E de esperar que, frequentemente, se ganhe
energia na separagao duma particula a, em particular, devido 2 sua
elevada energia de ligagdo. E realmente o que acontece sempre que
asoma das massas da particula, m_, e do niicleo resultante, m(Z-2,
A-4), seja inferior 2 massa do niicleo original. A energia cinética
libertada serd -

Eo = [m(Z, A) - m(Z — 2, A — 4) — m, )¢’ (2.56)

A comparagio com (2.19) mostra que isto apenas significa uma energia

* de separagao negativa. Em principio, ganha-se energia pela separacgio
duma particula o sempre que E >0, Com a ajuda da férmula de

Weizsaecker € possivel determinar as regides do plano NZ que
correspondem a E _>0,>2, >4, >6 MeV, etc. NaFig.22 representam-
-se as fronteiras dessas regides para diferentes valores de E . Para
maior clareza, nao se representa o plano NZ, mas sim N/Z em fungao
de A. Representam-se igualmente na figura os limites das regides de

" instabilidade para a separacgio de neutroes e de protdes. Como se vé,

esses limites afastam-se bastante da linha dos niicleos estiveis, que
alids nunca cruzam. Resulta dai que a emissao de neutrdes ou de

| estabilidade
80} [N7=constante - 7 ‘mixima
isébaros Q‘:} //
60} //
s
£ . Z constante
401 e is6topos
e
z
| = .
T 20 N constante
isétonos
e N
Fig.21 v ) ) | ‘ ) l
Localizagio dos niicleos esta- 0 200 40 60 80 100 120
N—

veis no plano NZ.



actually observed, it must take this effect into account. (Otherwise it would allow
stable isotopes of hydrogen with hundreds of neutrons!) This term is very
important for light nuclei, for which Z = A4/2 is more strictly observed. For
heavy nuclei, this term becomes less important, because the rapid increase in the
Coulomb repulsion term requires additional neutrons for nuclear stability. A
possible form for this term, called the symmetry term because it tends to make
the nucleus symmetric in protons and neutrons, is —ag,,(4 — 2Z )2/A which
has the correct form of favoring nuclei with Z = 4 /2 and reducing in impor-
tance for large A.

Finally, we must include another term that accounts for the tendency of like
nucleons to couple pairwise to especially stable configurations. When we have an
odd number of nucleons (odd Z and even N, or even Z and odd N), this term
does not contribute. However, when both Z and N are odd, we gain binding
energy by converting one of the odd protons into a neutron (or vice versa) so that
it can now form a pair with its formerly odd partner. We find evidence for this
pairing force simply by looking at the stable nuclei found in nature—there are
only four nuclei with odd N and Z (%H, SLi, 1°B, *N), but 167 with even N and
Z. This pairing energy & is usually expressed as +a,4~** for Z and N even,
—~a,A~%"* for Z and N odd, and zero for 4 odd.

Combining these five terms we get the complete binding energy:

B=a,A—a A ~-a.Z(Z~-1)4a"1

(4-22)

'—a,ym—T +8 (3.28)

and using this expression for B we have the semiempirical mass formula:

M(Z, A) =Zm(*H) + Nm, — B(Z, 4)/c* (3.29)
The constants must be adjusted to give the best agreement with the experimental
curve of Figure 3.16. A particular choice of a, = 15.5 MeV, a, = 16.8 MeV,
a. = 0.72 MeV, a,,, = 23 MeV, a, = 34 MeV, gives the result shown in Figure
3.17, which reproduces the observed behavior of B rather well.

The importance of the semiempirical mass formula is not that it allows us to
predict any new or exotic phenomena of nuclear physics. Rather, it should be
regarded as a first attempt to apply nuclear models to understand the systematic
behavior of a nuclear property, in this case the binding energy. It includes several
different varieties of nuclear models: the liquid-drop model, which treats some of
the gross collective features of nuclei in a way similar to the calculation of the
properties of a droplet of liquid (indeed, the first three terms of Equation 3.28
would also appear in a calculation of the energy of a charged liquid droplet), and
the shell model, which deals more with individual nucleons and is responsible for
the last two terms of Equation 3.28. ‘

For constant A4, Equation 3.29 represents a parabola of M vs. Z. The parabola
will be centered about the point where Equation 3.29 reaches a minimum. To
compare this result with the behavior of actual nuclei, we must find the mini-
mum, where dM/3Z = 0:

[mn - m(*H)] + 4,47 + 4a
min 2a,47V3 + 8a,, A"

sym

sym

Z

(3.30)

With a, = 0.72 MeV and a, = 23 MeV, it follows that the first two terms in
the numerator are negligible, and so

A 1

Zpn = =
™21+ 4V fa g,

(3.31)

For small 4, Z,, = A/2 as expected, but for large 4, Z_,, < 4/2. For heavy
nuclei, Equation 3.31 gives Z/A = 0.41, consistent with observed values for
heavy stable nuclei.

Figure 3.18 shows a typical odd-A decay chain for 4 = 125, leading to the
stable nucleus at Z = 52. The unstable nuclei approach stability by converting a
neutron into a proton or a proton into a neutron by radioactive 8 decay. Notice
how the decay energy (that is, the mass difference between neighboring isobars)
increases as we go further from stability. For even A, the pairing term gives two
parabolas, displaced by 28. This permits two unusual effects, not seen in odd-4
decays: (1) some odd-Z, odd-N nuclei can decay in either direction, converting a
neutron to a proton or a proton to a neutron; (2) certain double B decays can
become energetically possible, in which the decay may change 2 protons to 2
neutrons. Both of these effects are discussed in Chapter 9.

3.4 NUCLEAR ANGULAR MOMENTUM AND PARITY

- In Section 2.5 we discussed the coupling of orbital angular momentum £ and spin

s to give total angular momentum j. To the extent that the nuclear potential is
central, £and s (and therefore j) will be constants of the motion. In the quantum
mechanical sense, we can therefore label every nucleon with the corresponding
quantum numbers Z, s, and j. The total angular momentum of a nucleus
containing A nucleons would then be the vector sum of the angular momenta of
all the nucleons. This total angular momentum is usually called the nuclear spin
and is represented by the symbol I. The angular momentum I has all of the
usual properties of quantum mechanical angular momentum vectors: I? =
RI(I+1) and I,=mh (m= —1I,...,+1I). For many applications involving
angular momentum, the nucleus behaves as if it were a single entity with an
intrinsic angular momentum of /. In ordinary magnetic fields, for example, we
can observe the nuclear Zeeman effect, as the state I splits up into its 27 + 1
individual substates m = —I, — I+ 1,..., I — 1, I. These substates are equally
spaced, as in the atomic normal Zeeman effect. If we could apply an incredibly
strong magnetic field, so strong that the coupling between the nucleons were
broken, we would see each individual j splitting into its 2j + 1 substates.
Atomic physics also has an analogy here: when we apply large magnetic fields we
can break the coupling between the electronic ¢ and s and separate the 24+ 1
components of £and the 25 + 1 components of s. No fields of sufficient strength
to break the coupling of the nucleons can be produced. We therefore observe the
behavior of I as if the nucleus were only a single “spinning” particle. For this
reason, the spin (total angular momentum) I and the corresponding spin quan-
tum number I are used to describe nuclear states.

To avoid confusion, we will always use I to denote the nuclear spin; we will

- use j to represent the total angular momentum of a single nucleon. It will often
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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 28 Te to decay directly to *8Xe by the process known as double 8
decay.
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Para um eletron orbitando em uma orbita de raior € area A

. € 2 €VIr
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r= |{|/mv | ‘u‘ m€ :

eh
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reescrevendo W = g, { Uy

quanticamente

W=

en en |y

2m

Up=5.7884 x 105 ¢V/T

|

L= 3.1525 x 108 eV/T

g, = 1 para protons
g, = 0 para neutrons




o calculo de gy considera exclusivamente o momento angular orbital.
No caso do momento angular intrinseco (spin) s

!J — gSS lLl N onde s= % para protons, neutrons e elétrons

PrevisOes de Dirac para g, =2

Valores experimentais: g, (elétron) =2.0023
g (proton) = 5.5856912
g (neutron) = -3.8260837

Note que g (neutron) = 0
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proton/neutron conversions

Reaction #1:

Reaction ¥2:

(The double arrows indicate these reactions go both ways.)



1.505
1.461

MeV

0.193

2+

E.C. 10.5%

a-

DECAIMENTO BETA ()

2K
197 7=1.85x10%ears

e r———laas

E.C. 0.2%

B~ 89.3%




proton/neutron conversions

Reaction #1:

Reaction #2:

{The double arrows indicate these reactions go both ways.)

A neutron decays to a proton, an electron,
and an antineutrine via a virtual (mediating)
W boson. This is neutron [ decay.
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Figure 2.3 The wave function of a particle of energy £ encountering a step of
height V;, for the case E < Y. The wave function decreases exponentially in the
classically forbidden region, where the classicat kinetic energy would be negative.
. At x= 0, y and dy /dx are continuous.

the classically forbidden region. All (classical) particles are reflected at the
boundary; the quantum mechanical wave packet, on the other hand, can penetrate
a short distance into the forbidden region. The (classical) particle is never directly
observed in that region; since E < ¥}, the kinetic energy would be negative in
region 2. The solution is illustrated in Figure 2.3

Barrier Potential, E>
The potential is
V(x)=20 x<0
=V, O<x<a (2.35)
=0 x>a
In the three regions 1, 2, and 3, the solutions are
Y, = Ae'kix 4 Beikix
Y, = Ce'*2* + De Thax (2.36)
Y, = Fe'*s* + Ge ks~

where k|, = k; = {2mE/h* and k, = {2m(E — V,)/h*.

Using the continuity conditions at x = 0 and at x = g, and assuming again
that particles are incident from x = — oo (so that G can be set to zero), after
considerable algebraic manipulation we can find the transmission coefficient
T = |F?/|4]%

1.

. T= 2.37
, 1 175 ( )

+_..._.____
4 E(E—-V,)

sin” k,a
The solution is illustrated in Figure 2.4.
Barrier Potential, E< |,
For this case, the Y, and iy solutions are as above, but i, becomes
Y, = Ce*2* + De ko~ (2.38)
where now k, = {2m(V, — E)/h*. Because region 2 extends only from x = 0

x=0 x=a
Figure 2.4 The wave function of a particle of energy E > |, encountering a
barrier potential. The particle is incident from the left. The wave undergoes reflec-
tions at both boundaries, and the transmitted wave emerges with smaller amplitude.

to x = a, the question of an exponential solution going to infinity does not arise,
so we cannot set C or D to zero.

Again, applying the boundary conditions at x = 0 and x = a permits the
solution for the transmission coefficient:

1
T = - (2.39)

2
1 sink? k,a

0
. —
4 E(V, - E)

Classically, we would expect T = 0—the particle is not permitted to enter the
forbidden region where it would have negative kinetic energy. The quantum wave
can penetrate the barrier and give a nonzero probability to find the particle
beyond the barrier. The solution is illustrated in Figure 2.5.

This phenomenon of barrier penetration or quantum mechanical tunneling has
important applications in nuclear physics, especially in the theory of a decay,
which we discuss in Chapter 8. '
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4”\ /f\ ;‘P \w.\
f £ e,
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Figure 2.5 The wave function of a particle of energy E < |, encountering a
barrier potential (the particle would be incident from the left in the figure). The
wavelength is the same on both sides of the barrier, but the amplitude beyond the
barrier is much less than the original amplitude. The particle can never be ob-
served, inside the barrier (where it would have negative kinetic energy) but it can
be observed beyond the barrier.
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(m,) =12.0000 u

u=m,= (m,c) /12

1u=1.66056 x 10 24 g
=>m,c? =931.50 MeV/c?

Z+N =A
m (Z,N) = Zmy + Nm_ - B(Z,N)/c?

B(Z,N) = [ Zmyg + Nm_, — m(Z,N)] c?
B(Z,N)=[Am | ¢?

0,511 MeV

939,566 MeV

938,272 MeV

1875,613 MeV

2808,350 MeV

3727,323 MeV

931,494 MeV




Excesso de massa (mass excess)
A (MeV)

Ay (MeV)=(m, —A)u. c?
A (2C) =0

dada a reacao: A(B,C)D
A(Z,N,) +B (ZgNg) — C(ZHNe) +D (Zp,Np)

Definimos o valor de “Q” de uma reacio
(M,+ M) = M+ M) + Q(A+B —C+D)

Q(A+B — C+D) (Bct+ Bp) - (Bt Bg)
Q(A+B — C+D) (ActAp) - (At Ap)
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Nuclear Wallet Cards

Isotope A
Z K} (MeV)

0 m 8.071

1 H 7.289
13.136
14.950
25.8
36.8
41.9

14.931
2.425
11.39
17.5694
26.11
31.598
40.82
48.81

. 25.3
11.68
14.086
14.908
20.946
24.954
33.05
40.890

SRveNons Soeuonen OUAWNK K >

50.1s

38.3
18.375
15.769
4.942
11.348
12.607
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n= 8.071
p= 7.289
d=13.136
t= 14.950
SHe= 14.931
‘He= 2.425
Be=18.375




p + p = d + e +v

pt+t+ d — 3He + y

n= 8.071
p= 7.289

d =13.136

t= 14.950
‘He= 14.931
‘He= 2.425
‘Be= 18.375

. "hse’r.

} .
D ¥ &g

Copyright @ 1997 Contem porary Physics Bducation Project.



n
ot op = Al E ey n= 8.071
p= 7.289
d=13.136
pt+t d — S3He + y t= 14.950
SHe= 14.931
‘He= 2.425
3He + 3He — 6Be + Y 6Be=18.375

Copyright @ 1997 Contem porary Physics Education Project.



SHe + ‘He — ®Be + v

6Be

— 4He + p + p

n= 8.071
p= 7.289
d=13.136
t= 14.950
SHe= 14.931
‘He= 2.425
Be=18.375

ics Education Project.




p + p = d + e +v

n= 8.071

7.289 + 7.289—13.136 + 0.511 + Q =0Q = 0.931 MeV g= 12?22
pt+t+ d — 3He + y (= 14.950
SHe= 14.931

7.289 +13.136 —> 14.931 + Q =Q =5.494 MeV  |*He= 2.425
3He + 3He . 6Be + Y 6Be= 18.375

14.931 + 14.931—18.375 + Q =Q = 11.487 MeV

‘Be — ‘He + p + p
18.375 = 2.425+7.289+ 7289+ Q =Q =1.372 MeV

Copyright © 1997 Contemporary Physics Education Project.



p + p > d + e +v

n= 8.071
7.289 + 7.289—13.136 + 0.511 + Q =Q = 0.931 MeV |p= 7.289
d=13.136
p+ d — ‘He + y t= 14.950
3He= 14.931
7.289 + 13.136 — 14.931 + Q =>Q = 5.494 MeV “He= 2.425
3He + 3He — %Be + vy ‘Be= 18.375

14.931 + 14.931—18.375 + Q =Q = 11.487 MeV
‘Be — ‘He + p + p
18.375 — 2.425 + 7.289+ 7.289 + Q =Q = 1.372 MeV

Roeactants Fusion

d + t — 4He+ n
13.136 + 14.950— 2.425 + 8.071 + Q

vd

Q=17.59 MeV

Copyright @1994& Conkmporary Physics Educalion Popct.



EXERCICIOS

CALCULAR O BALANCO ENERGETICO
NAS SEGUINTES REACOES

A=(M-A) (MeV)

Exemplo==12C + p mm) 5N + Y

n= 8.071
p= 7.289
d=13.136
t= 14.950
SHe = 14.931
‘He = 2.425
6Li =14.086
Li =14.908
Be = 18.375

2C = 0.00

BC = 3.125
BN = 5.345
14N = 2.863
ISN = 0.011
150 = 2.855
160 = -4.737
170 =-0.809
1830 =-0.782

Carbon- Nitrogen- Oxygen Grcle

4
2He




2C+p — BN+y
0+7.289 = 5.345+ Q =Q = 1.944 MeV

5345 — 3.125+0.511 + Q =Q = 1.709 MeV
13C S p — 14N + Y

3.125 + 7.289 —2.863 + Q =Q = 7.551 MeV
14N + p — 150 + Y

2.863 + 7.289 —2.855 + Q =Q = 7.297 MeV
150 — 15N+e++v

2.855 — 0.101 + 0.511 + Q =>Q = 2.243 MeV

15N_|_p — 12C+a+Y
0.101 + 7.289 — 0 + 2.425 + Q =Q = 4.965 MeV

RC+p+p+p+p—"12C+ ‘He + 2e"+2v

Carbon- Nitrogen- Oxygen Grcle

4
2He

® o

{H 12 ;
o 1

v Ny 6 Y
Ay A

proton
decay 5

0 + 4x(7.289) — 0+2.425+1.022+Q II#

Q = 25.709 MeV
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Figure 3.11 The breakdown of the Rutherford scattering formula. When the
incident a particle gets close enough to the target Pb nucleus so that they can
interact through the nuclear force (in addition to the Coulomb force that acts when
they are far apart) the Rutherford formula no longer holds. The point at which this
breakdown occurs gives a measure of the size of the nucleus. Adapted from a
review of a particle scattering by R. M. Eisberg and C. E. Porter, Rev. Mod. Phys.
33, 190 (1961).
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Figure 2.12 The differential cross-sections for O and C jons, in ratijo to the Rutherford
ones, scattering from various targets plotted against the distance of closest approach d,

. instead of the scattering angle 8, by using equation 2.20. The distance d has been divided by

(A}/ 3.+ A1/3), where A is the mass number of nucleus i. The measured cross-sections then

; fall on a universal curve, shpwing that nuclear radii are approximately proportional to
AM3 () 150+ 4943Ca at 49 MeV, O + ***2Ca, S Ti, >*Cr, ** Fe, ** Niat 60 MeV and
*O+°Niat 60 MeV; (b) **C +°*Zrat 38 MeV, '* O + **Zrat 47,49 MeV, ¢ O+ ** 5,

¥37r at 60 MeV and ** O + °° Zr at 60, 66 MeV. (After Christensen et al., 1973)



Ve =

Para a colisao razante:

7.7

BARREIRA COULOMBIANA

_C

R

R

R=R,+R,

Ve

oul i

cm coul

2
ZAZae Ecm> Vcoul
R E \Y

l(Ecm) =1
> T (Eqp) =0

e2=1.44 MeV.fm
r,~ 1.25 fm
Vcoul (MGV)




| Vir)
A

‘\COULOMB




EXPERIENCIA

Medida duma secgio eficaz
diferencial (distribuicdo

angular)
v

TEORIA

Escolha dum potencial de
interaccao que possa
descrever a experiéncia

v

Comparagio €

=

Cilculo da distribuigo
angular produzida

Bom acordo | Desacordo

A

»| Modificagdo do potencial

Aceita-se o potencial como ponto de
partida para novas comparagaes
(p-ex: com outros projécteis)

Potencial de ensaio”

Fig.5 a) Método usado para estudar um pdten-
cial dispersor a partir duma distribuicéo

angular.

b) Exemplo: Resultado de experiéncias

lipontos vt =22
EXPErIMEntals) nyjciribuicio angular
calculada
'10‘ gﬁ ) %
i L sint
1
;é Comparagio
€10} :
-
3
-]
3
210t
b
e
S
= 10

20 40 60 80 ¥0 120 4D %0
dngulo de desvio 9 (graus)—e

de Rutherford realizadas com particulas o
de 5,5 MeV sobre um alve deouro (Geiger
e Marsden, 1913)



BLOCO 2

GRANDEZAS MACROSCOPICAS DO NUCLEO

PARAMETRO DE IMPACTO

ESPALHAMENTO RUTHERFORD ANGULO DE DEFLEXAO

RAIO NUCLEAR

{

MASSA NUCLAR:

BARREIRA COULOMBIANA

ESPALHAMENTO DE ELETRONS
DIFUSIVIDADE

ENERGIA DE LIGACAO
EXCESSO DE MASSA
ENERGIA DE SEPARACAO
VALOR “Q” de REACAO

CINEMATICA DE REACAO - CINEMATICA INVERSA




espalnamento Rutherford




NUCLEO DE RUTHERFORD | == ANIMACAO

I
B
F
R B
" | iy
——-(JS ?}"? Pu
N S ]
A " -...{ n:lk:‘\: O VU R R A
AU
R
¢ W
W\
W\
T
o A el ey,

http://galileoandeinstein.physics.virginia.edu/more stuff/Applets/rutherford/rutherford.html

http://www.nat.vu.nl/~pwgroen/sdm/hyper/anim/anim_DI.html
http://physics.uwstout.edu/physapplets/

http://micro.magnet.fsu.edu/electromag/java/rutherford/



NUCLEO DE THOMSON

ANIMACAO




Disproof of the Pudding

The back scattered alpha-particles proved fatal to the plum pudding model. A central
assumption of that model was that both the positive charge and the mass of the atom
were more or less uniformly distributed over its size, approximately 10-10 meters
across or a little more. It is not difficult to calculate the magnitude of electric field
from this charge distribution. (Recall that this is the field that must scatter the alphas,
the electrons are so light they will jump out of the way with negligible impact on an
alpha.)

To be specific, let us consider the gold atom, since the foil used by Rutherford was of
gold, beaten into leaf about 400 atoms thick. The gold atom has a positive charge of
79e¢ (balanced of course by that of the 79 electrons in its normal state). Neglecting
these electrons -- assume them scattered away -- the maximum electric force the alpha
will encounter is that at the surface of the sphere of positive charge,

1 792 158.(1.6107"°)
Fre=—L D02 _gyq0 IBQOIOTN 54 10% newtons
drney, K 10

If the alpha particle initially has momentum p, for small deflections the angle of
deflection (in radians) is given by (delta p)/p, where delta p is the sideways
momentum resulting from the electrically repulsive force of the positive sphere of
charge. Assuming the atomic sphere itself moves negligibly -- it is much heavier than
the alpha, so this is reasonable -- the trajectory of the alpha in the inverse square
electric field can be found by standard methods. It is the same mathematical problem
as finding the elliptic orbits of planets around the sun. Replacing inverse square
attraction with inverse square repulsion changes the orbit from an ellipse (or a
hyperbola branch swinging around the sun for a comet) to a hyperbola branch lying
on one side of the center of repulsion.



Note that since the alpha particle has mass 6.7x10-27 kg, from F = ma, the electric force at the
atomic surface above will give it a sideways acceleration of 5.4x1020 meters per sec per sec
(compare g = 10!). But the force doesn't have long to act - the alpha is moving at 1.6x107 meters
per second. So the time available for the force to act is the time interval a particle needs to cross
an atom if the particle gets from New York to Australia in one second.

The time 710 = 2r0/v = 2x10-10/1.6x107 = 1.25x10-17 seconds.

Thus the magnitude of the total sideways velocity picked up is the sideways acceleration
multiplied by the time,

1.25x10-17x5.4x1020 = 6750 meters per second.

This is a few ten-thousandths of the alpha's forward speed, so there is only a very tiny deflection.
Even if the alpha hit 400 atoms in succession and they all deflected it the same way, an
astronomically improbable event, the deflection would only be of order a

In fact, one can get a clear idea of how much deflection comes about without going into the
details of the trajectory. Outside the atom, the repulsive electrical force falls away as the inverse
square. Inside the atom, the force drops to zero at the center, just as the gravitational force is
zero at the center of the earth. The force is maximum right at the surface. Therefore, a good idea
of the sideways deflection is given by assuming the alpha experiences that maximal force for a
time interval equal to the time it takes the alpha to cross the atom -- say, a distance 2r(0.

degree. Therefore, the observed deflection through ninety degrees and more was completely
inexplicable using Thomson's pudding model!



1.2 The Rutherford scattering formula

Although Rutherford derived this formula with a-particles as the incident, to-
be-scattered particle, we shall be slightly more general and assume that incident
particle carries positive charge ze, where e is the magnitude of the electronic
charge. Firstly the model:

1. The atom contains a nucleus with positive charge Ze and almost the entire
mass of the atom.

2. The electrically neutral atom contains Z electrons moving around the
nucleus.

It is easy to show that the electrons cannot cause a single scattering with
significant deflection of a-particles of the kinetic energy that Rutherford
considered, so we shall now neglect them. Our other assumptions are:

3. That the target nucleus is very much more massive than the incident
particle and therefore does not recoil significantly in the collision.

4. That classical mechanics can be used to describe the collision. (And, of
course, we thereby include the conservation of momentum, angular
momentum and energy.)

S. That the target nucleus and the incident particle have point-like charge
distributions so that the Coulomb potential ¥ (r) = Zze?/4ne,yr acts between
them, where r is the distance separating their centres. We will be treating
the orbit of the incident particle classically and will work out the case of
like charges (as is the case in a-particle-nucleus scattering) and therefore of
a repulsive force.

6. That there is no other force acting other than that due to the Coulomb
potential.

7. That there is no excitation of incident or target particle: each remains
unchanged. This is elastic scattering.



The symbols we shall use are defined in Table 1.1. Figure 1.5 shows an orbit.
The incident particle, if undeflected, would pass the centre (at O) of the target
nucleus at a distance b, the impact parameter. In fact, the orbit is hyperbolic and
at D the incident particle is at its distance of closest approach, d. The orbit is

Fig 1.5 The classical orbit of the mcxdcnt part:cle in Rutherford scattering for non-
zero impact parameter b.

P

v . B
e -
4 0
Fig. 1.6 The classical orbit in Rutherford scattering for zero impact parameter.
Conservation of energy requires that the incident pamc!e s d:stanoe of closest
approach P, is given by

p= Zze*/4ne,T.

clearly symmetric about the line OD. If  was zero the incident particles would
approach to a distance p (see Fig. 1.6). At this point the incident kinetic energy
is transformed into mechanical potential energy in the Coulomb field, therefore:

imv’p= Zze*[4ne,. (1.1)



Step ! To find the connection between b and 6.

We use the conservation of angular momentum about O to connect the incident
velocity to the component of the velocity transverse to OX at X:

mub = mrzd"’ (1.2)
dr’ , .
hence
dr_de (1.3)
r° b

Consider now the component of the linear momentum in the direction OD. This
changes from —mvsin(6/2) to +mosin(8/2). At X the rate of change of this
momentum is the component of the Coulomb repulsion in the direction OD.
- Hence

+
2mvsin§ = j (Zzez/47teor2)cos¢ dr.

We use equation (1.3) to change the variable of integration from time, ¢, to ¢,
- obtaining

5 ) Zzez p=(z—-06)2 d pm . (n=~0)/2
musin— = cosgpdyp ==— I:smlp:l
2 4mgyvb p=—(n—8)/2 25 —(x—0)/2
which gives |
. 6 _p (1.4)
tan- = '
an 5= 55 _



This is the relation required from Step 1.

Step 2 To derive a first cross-section.

The relation (1.4) tells us that as b decreases 8 increases. Therefore to suffer an
angle of scatter greater than ® the impact parameter b must be less than
(p/2)cot(®/2). That means the incident particle must strike a disc of this radius
centred at O and perpendicular to v. The area, g, presented by the nucleus for
scattering through an angle greater than © is the area of this disc. That is

2 a -
o(0>0) = QLCORQ’ (1.5)
4 2
‘or in its full glory:
n { Zze® )2 ,0
==
o(6>©) 4 (41:&:0T “t3

The area o is called a cross-section: if the reader is concerned about the meaning
and use of this term we suggest reading Section 2.10, where a fuller description

of the concept is given, before proceeding.

Step 3 To obtain the angular differential cross-section.

What we want is do/dQ2, which is the cross-section per unit solid angle located

at an angle 6. The element of solid angle dQ between & and +d6 is given by
dQ = 2zsinfd6.
Therefore

g ___1 do
dQ 2zsinfdf’

The da/df we need is (d/d®)s(6> ©) from Equation (1.5) and hence we obtain

2 \2



Dado um processo: A+a —- b+B

A (a,b)B

Numero de particulas b emitidas

Definimos: O =

(n" particulas a/unidade de zireaXn" de particulas A no alvo que iterceptam o alVO)

do n° particulas no angulo 0 (no angulo sdlido d€2)
dQ |

B (n° particulas a/unidade de area)(n° particulas A no alvo)

O — 1bam=102m2=100 fm?

_ dS =2nR sen . RdO = 2mR? senO dO
1 fm=10"1m

_AS

ds AQ_P=2usen9 do=dQ
f~ancl=ingulo solide (O, = f (do)dg do = d()( do )
entre O ¢ +dd dQ dQ dG dg

dR =2zxsindd 9

elemento de ingulo sélide dQ de _ 1 do‘ _ 1 dO’
Fig.2 Relagbes geométricas na dispersio. dOo - 2rrsen 0 = dQ B 2ntsen Q dO




do _dw’)_  db

do  do do
do _do(de ____/
dQ_dﬁ(dQ) @

d_a_ 1 2ﬂb@ ~ b db
749 27 sent dé sené do




Para um potencial central

2,2 C r

M, >>m =1—ECOS(9

1
H/mc ondel=bp =(2mE)"

Ve

R R A a

2El° AE’b’
=l+——F=1+—
mc C

1 ZAZaC
4nE, 2E
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Para um potencial central
(Distancia de maxima aproximacao d)

ZZe C
V. = ARa =R M,>>m, R S Z,Ze
—mvV =—mvV,+—7—
, 2 2 d
4 Para uma colisdo frontal (b=0) d =d,
2 2 2
Yo =1—ﬂonde d, = ZZAZ"ze _Zalse
\% d my E
onde

e’ =1,44MeVfim = d, = DMAparab =0

mvb = mvd

b* =d(d-d,)

Propriedade de hiperbola:  d = b cot a/2

tgazﬁ 0=Jr—2d=cotgg=2—b
d, 2 d,

COS—
1

dl = I,22bdo— dI = —nl,d> —2 do
4 50

Sin —
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Rutherfdﬂrd R

Scattered intensity at 60° (relative units)
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a-particle energy (MeV)
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Figure 3.11 The breakdown of the Rutherford scattering formula. When the
incident a particle gets close enough to the target Pb nucleus so that they can
interact through the nuclear force (in addition to the Coulomb force that acts when
they are far apart) the Rutherford formula no longer holds. The point at which this
breakdown occurs gives a measure of the size of the nucleus. Adapted from a
review of a particle scattering by R. M. Eisberg and C. E. Porter, Rev. Mod. Phys.
33, 190 (1961).
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Figure 2.12 The differential cross-sections for O and C jons, in ratijo to the Rutherford
ones, scattering from various targets plotted against the distance of closest approach d,

. instead of the scattering angle 8, by using equation 2.20. The distance d has been divided by

(A}/ 3.+ A1/3), where A is the mass number of nucleus i. The measured cross-sections then

; fall on a universal curve, shpwing that nuclear radii are approximately proportional to
AM3 () 150+ 4943Ca at 49 MeV, O + ***2Ca, S Ti, >*Cr, ** Fe, ** Niat 60 MeV and
*O+°Niat 60 MeV; (b) **C +°*Zrat 38 MeV, '* O + **Zrat 47,49 MeV, ¢ O+ ** 5,

¥37r at 60 MeV and ** O + °° Zr at 60, 66 MeV. (After Christensen et al., 1973)



BARREIRA COULOMBIANA

Z,Z,e* C
VC = —
R R
Para a colisdo razante: R, =1,A, R + 1A,
- rO(AAlB + Aa1/3)
2

V —_ ZAZae Ecm> Vcoul l(Ecm) =1
U e AR+ AP) | Ben< Veow = Ty (Ee) =0

e2=1.44 MeV.fm
r,~ 1.25 fm
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EXPERIENCIA

Medida duma secgio eficaz
diferencial (distribuicdo

angular)
v

TEORIA

Escolha dum potencial de
interaccao que possa
descrever a experiéncia

v

Comparagio €

=

Cilculo da distribuigo
angular produzida

Bom acordo | Desacordo

A

»| Modificagdo do potencial

Aceita-se o potencial como ponto de
partida para novas comparagaes
(p-ex: com outros projécteis)

Potencial de ensaio”

Fig.5 a) Método usado para estudar um pdten-
cial dispersor a partir duma distribuicéo

angular.

b) Exemplo: Resultado de experiéncias

lipontos vt =22
EXPErIMEntals) nyjciribuicio angular
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i L sint
1
;é Comparagio
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S
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de Rutherford realizadas com particulas o
de 5,5 MeV sobre um alve deouro (Geiger
e Marsden, 1913)






n =1.00866 u.m.a.
p = 1.0079 u.m.a.

— d=2.01410 u.m.a.
d = p+n t = 3.01860 u.m.a.

t = p+n+n ‘He = 4. 00260 u.m.a.
4He = p+p+n+n 6Li =6.01512 u.m.a.

2C =0.00000 u.m.a.




M, oom = M, = 938.27
MeV
) M(neutron) = Mn = 939.56
‘ MeV
\ j ?\;‘“ .M’;\ELECTRON
k\/}w’ _M(eletron) - Me - 0-5H
MeV
M%’ltomo de HidrogM&}@MIy
598,13 MeV
Bﬁ.%w dg M, =
3 MeV
AM M,

923.48 MeV M,
~ 60 MeV




' Expansion of the Universe

: Abier the Big Bang, the universe expanded and cooled. At about 10°° second, the universe consisted of a soup of quarks, gluons, electrons, and

- neutrinos. When the temperature of the Universe, T ypiveres cooled to about 10" K, this soup coalesced into protons, neutrons, and electrons. As time
progressed, some of the protons and neutrons formed deuterium, helium, and lithium nuclei. Still later, electrons combined with protons and these

low-mass nuclei to form neutral atoms. Due to gravity, clouds of atoms contracted into stars, where hydrogen and helium fused into more massive

chemical elements. Exploding stars (supernovae) form the most massive elements and disperse them into space. Our earth was formed from
supernova debris.

.
-
Big quark-gluon proton & neutron formation of formation of - star dispersion of today
Bang plasma formation low-mass nuclei  neutral atoms formation massive elements
Towene  >107°K 10 K 10° K 4,000 K KK 20 K-3K 3K
time 1055 1045 3 min 400,000 yr 1x10 yr >1 X 10 yr 15 x 10 yr

Reaction #1:

Reaction #2:

{(The double arrows indicate these reactions go both ways.)

A neutron decays to a proton, an electron,
and an antineutrine via a virtual {(mediating)
W boson. This is neutron B decay.







4 euterium\\

hvd njgen—B\ Py
e

‘ {tritivm ) . e ———-
T

P




ESPALHAMENTO

TUNELAMENTO

-
4 P




S

.
H







exp [-EIkT)

Gamow
Factor

exp{-bE %)

3 104
2He4
2
H
- 3 .
oHe 3
\ lH
\\

Li 6
3 5Li

1 1 |

3 x 108 3 x 108

" Wwormer, et al {1994)
\ Nova Conditions




100

@

7 N=Z
50— @ huclei
rapid proton

capture process
(rp-process)

®

proton dripline

®
doubly magicwoSn \

g <——neutron dripline @

®

symmetry studies
@ with francium
slow neutron

@

capture process heavy element
(s-process) studies
fission limits

. ®

nuclei with large
heutron excess

rapid neutron

ns capture process
doubly magic 132g, p(r-progess)

weakening of
shell structure

I N

50

100 150
N



235
Ul%



n =1.00866 u.m.a.
p = 1.0079 u.m.a.

— d=2.01410 u.m.a.
d = p+n t = 3.01860 u.m.a.

t = p+n+n ‘He = 4. 00260 u.m.a.
4He = p+p+n+n 6Li =6.01512 u.m.a.

2C =0.00000 u.m.a.




Kinematics of nuclear reactions and scattering (continued)

¥,{ inlab

6,0 inC. M. - Light
Primed energies in C.M.
Photographic
plate
Q=(M,+M,—M;—M,)c*
g Er=E+Q=E3+E,
¢=n-0
Incident - Target .
Velocity
lon source selector
Heavy
lon T
beam . o Define: ‘
I _ M, M,(E,/Ey) = M, M, +M‘Q)___E"
@ T (My+ M) (Ma+ M) (M, +My) (M3 + M,) MEr) Er
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| me | osume
| m. | 939506 Mov

1u =1.66056 x 10 24 g

me
Mn
Mp
mq

g I e
=m0 o) Vey e

931,494 MeV

Z+N=A
m (Z,N) = Zmy + Nm_ - B(Z,N)/c?

B(Z,N) = [ Zmyg + Nm_, — m(Z,N)] c?
B(Z,N)=[Am | ¢2




Excesso de massa (mass excess)
A (MeV)

Ay (MeV)=(m, —A)u. ¢?
A (12C) = 0

dada a reacao: A(B,C)D
A(Z,N,) +B (ZgNg) — C(ZHNe) +D (Zp,Np)

Definimos o valor de “Q” de uma reacio

(M, + Mp) = M+ Mp) + Q(a+B —C+D)

Qs = cp) = (Bt Bp) - (B, + Bp)

Qs = cpy = (Act Ap) - (A T Ap)
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Abstract

This paper 15 the second part of the new evaluation of atonuc masses AMEZD03. From the
results of a least-squares caleulanon descnibed in Part T for all accepted experimental data, we
derive here tables and graphs to replace those of 1993. The first table lists atomic masses. Ttis
followed by a table of the infivences of data on primary miclides, a table of separation energies
and reaction energies, and finally, a senes of graphs of separation and decay energies. The last
section m flus paper hists all references to the input data nsed in Part T of this AmE2003 and
alzo to the data entering the NUBASEZD0? evaluation (first paper m this velums).

Anpc: hitpesrwwr i 2p3 fr/ ANDC

1. Imtroduction

The description of the general procedures and policies are given in Part [ of this series
of twro papers. where the input data vsed in the evaluation are presented. In this paper
we give tables and graphs derived from the evaluation of the input data o Past L

Firstly, we present the table of atomic masses (Table I) expressed as mass excesses
in energy umts, tegether with the binding energy per nucleon, the beta-decay energy
and the full atonue mass 10 MAss vt

nucleon (B/A)

Energia de
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n= 8.071
p= 7.289
d=13.136
t= 14.950
SHe= 14.931
‘He= 2.425
Be=18.375




p + p = d + e +v

pt+t+ d — 3He + y

n= 8.071
p= 7.289

d =13.136

t= 14.950
‘He= 14.931
‘He= 2.425
‘Be= 18.375

. "hse’r.

} .
D ¥ &g
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n
ot op = Al E ey n= 8.071
p= 7.289
d=13.136
pt+t d — S3He + y t= 14.950
SHe= 14.931
‘He= 2.425
3He + 3He — 6Be + Y 6Be=18.375
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SHe + ‘He — ®Be + v

6Be

— 4He + p + p

n= 8.071
p= 7.289
d=13.136
t= 14.950
SHe= 14.931
‘He= 2.425
Be=18.375

ics Education Project.




p + p = d + e +v

n= 8.071

7.289 + 7.289—13.136 + 0.511 + Q =0Q = 0.931 MeV g= 12?22
pt+t+ d — 3He + y (= 14.950
SHe= 14.931

7.289 +13.136 —> 14.931 + Q =Q =5.494 MeV  |*He= 2.425
3He + 3He . 6Be + Y 6Be= 18.375

14.931 + 14.931—18.375 + Q =Q = 11.487 MeV

‘Be — ‘He + p + p
18.375 = 2.425+7.289+ 7289+ Q =Q =1.372 MeV

Copyright © 1997 Contemporary Physics Education Project.



p + p > d + e +v

n= 8.071
7.289 + 7.289—13.136 + 0.511 + Q =Q = 0.931 MeV |p= 7.289
d=13.136
p+ d — ‘He + y t= 14.950
3He= 14.931
7.289 + 13.136 — 14.931 + Q =>Q = 5.494 MeV “He= 2.425
3He + 3He — %Be + vy ‘Be= 18.375

14.931 + 14.931—18.375 + Q =Q = 11.487 MeV
‘Be — ‘He + p + p
18.375 — 2.425 + 7.289+ 7.289 + Q =Q = 1.372 MeV

Roeactants Fusion

d + t — 4He+ n
13.136 + 14.950— 2.425 + 8.071 + Q

vd

Q=17.59 MeV

Copyright @1994& Conkmporary Physics Educalion Popct.



EXERCICIOS

CALCULAR O BALANCO ENERGETICO
NAS SEGUINTES REACOES

A=(M-A) (MeV)

Exemplo==12C + p mm) 5N + Y

n= 8.071
p= 7.289
d=13.136
t= 14.950
SHe = 14.931
‘He = 2.425
6Li =14.086
Li =14.908
Be = 18.375

2C = 0.00

BC = 3.125
BN = 5.345
14N = 2.863
ISN = 0.011
150 = 2.855
160 = -4.737
170 =-0.809
1830 =-0.782

Carbon- Nitrogen- Oxygen Grcle

4
2He




2C+p — BN+y
0+7.289 = 5.345+ Q =Q = 1.944 MeV

5345 — 3.125+0.511 + Q =Q = 1.709 MeV
13C S p — 14N + Y

3.125 + 7.289 —2.863 + Q =Q = 7.551 MeV
14N + p — 150 + Y

2.863 + 7.289 —2.855 + Q =Q = 7.297 MeV
150 — 15N+e++v

2.855 — 0.101 + 0.511 + Q =>Q = 2.243 MeV

15N_|_p — 12C+a+Y
0.101 + 7.289 — 0 + 2.425 + Q =Q = 4.965 MeV

RC+p+p+p+p—"12C+ ‘He + 2e"+2v

Carbon- Nitrogen- Oxygen Grcle

4
2He

® o

{H 12 ;
o 1

v Ny 6 Y
Ay A

proton
decay 5

0 + 4x(7.289) — 0+2.425+1.022+Q II#

Q = 25.709 MeV




reacoes nucleares (tinosl

cinematica de reacao




W, ¢ in lab
0,6 in C. M. -
Primed energies in C.M.

Kinematics of nuclear reactions and scattering (continued)

Incident -

Define:

Light
Q=(M, + M, — M3~ M,)c?
. i ET"'—-—"E1+Q=E3+E4
d);—_n—a .
Target .
MMAEE) o MM (), MO) _E.
(M, + M) (M3 +M,) (M + M) (M + M,) M,Er) Er
M; M5(E/E) D= - M, M, 1 M1Q) =E§
(M + M) (M5 + M,) ’ (M + M) (M3 +M,) M;Er/ Eq

Note that A+ B+ C+D=1and AC=BD



Note that A+B_+ C+D=1and AC=BD

Lab energy of E, » Use only plus sign unless
. — = D+2(AC) |
light product: E; B+D+2(AC)" cos b - B> D, in which case
= Blcosy & (D/B—sin¥)!]>  Ymy=sin~* (D/B)?
Lab energy of Use only plus sign unless

heavy product:

E ‘ .
’Ei: A+C+2(AC) cos ¢
T

= Afcos { +(C/A —sin?{)*]?

A > C, in which case
{ax =SIn~ H{C/A)?

Lab angle of
heavy product:

M % M. angle of E
sin { = (M3E3) sin y/ C.M. angle 0 sinf = (E3/ T) sin Y/

444

~light product:

D

Intensity or
solid-angle ratio
for light product:

o(6) I1() sinydy _'sinzv,[/
oY) I(y) sinfd@ sin?6

cos(Bw.l,b) =

(AC)*(D/B —sin?y)?
E;/Er

Intensity or
solid-angle ratio
for heavy product:

o(¢) I(¢) sin{dl sin®{

o(Q) I() singdp sin?¢

cos(¢p—{) =

(AC)*(C/A —sin®()?
EEr |

Intensity or solid-
angle ratio for
associated particles
“in the lab system:

o) 1) sinydy sin?y cos(0 — )

o) I(W) sinld{ sin*cos(¢p—{)
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EXERCICIO

CINEMATICA DE REACOES:

CALCULAR

E;,E,vs0

ou

E

out ?

E. vsO

E,,E, vs E,

Yvsy

Ovs o




ESPALHAMENTO ELASTICO

REACOES DIRETAS

ESPALHAMENTO INELASTICO

“STRIPPING”
TRANSFERENCIA DE NUCLEONS ) ,
PICK-UP

“KNOCK-

N1 T”
QUEBRA NUCLEAR (”BREAK-UP”)

PRE-EQUILIBRIO

NUCLEO COMPOSTO
" FUSAO COMPLETA
FUSAO

FUSAO INCOMPLETA
FISSAO
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Processos estatisticos (lentos)
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rr
1

energia de excitacao (E¥)
A

24
12

Mg

10 {9)- f/::
' 1+ 1 /-
14 S
&+
At 1
3+
(4)~
3.4+ e
2+ /
h Vo
2+
2..
2+ f iy 8.654 -19 fs
1— ‘ §.:4'3'5 w8 s
| It o g
£4) . ; 7.812 .
~— ——— 1.«& e --"":,"':"‘-"—"24 fs
1+ l ,1:‘_ L7478 g g
3~ - 7816 |
- MM K 14 ps
2+ 7,548 8 fs
0+ g | Bedd2 0.08 ps
A+ "r’ 6.0103 0006 p$
3+ ‘N' 5.2360 0.08 pS
5 . .
2+ 2385 6 08 g
T N 228 905 P
2 1.38899 4 44 ps
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energia de excitacao (E¥)
A




DECAIMENTO GAMMA ()

| 1,2+ =
ol o =
o 1+
I» 1+ -
I: &+
ey -
- K -
r (4)-
L 3.4+ =
b 2+ -
o -
{ 2+ —
| 2- —
{ 24+ ) s
s . T
[‘ 4+ = B s
L ST LT
I 6+
L~ .
s ;{h—i— -4
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'; 2+ 8 fs
2 o+ <-4 | —8:432 . g 08 ps
~ 4:1— —_— | —-8:0103 5 08 ps
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2.4 Modelo da gota liquida e limites de estabilidade

Na secgdo anterior ficaram claros os limites da xag gra_entre o
comportamento da matéria nuclear e o de um liquido. Nesta secgio,
pretende-se desenvolver um modelo nuclear simples, em que apenas
se faz uso de propriedades do nicleo andlogas 3s de um liquido. Este

modelo da gota liquida permite compreender o comportamento das

energias de ligagdo ¢, por meio delas, as massas nucleares, ndo conse-
guindo contudo explicar outros tipos de propriedades.

No que se segue, considera-se o niicleo como uma gota de um
liquido incompressivel que se mantém coesa sob a acgio de forgas
de alcance curto. A energia de ligagio do niicleo, B, obtém-se pela
soma de vérias parcelas '

B=B;+B, +B3+B,+Bs - (247)

correspondentes a outras tantas contribuigoes que se discutem de.

seguida, nas alineas 1) a5), sendo aenergia B expressa como fungdo

de Ze de A. Interessa apenas obter, para cada contribuicio, a relagio
funcional com aquelas grandezas ¢ determinar depois, empirica-
mente, os valores das constantes necessirias. '

1) A principal contribuico para a energia de ligagdo é a “energia
de condensagio’’, libertadano momento em que osnucledes se reu-
nem para formar o niicleo. Ela deve ser proporcional ao niimero de

particulas ligadas, de acordo com o valor aproximadamente constante -
de B/A (Fig.10). Se a, for a constante de proporcionalidade, tem-se,

Bl = Vav A . ) (2'48)

portanto,

Como A € proporcional ao volume do niicleo chama-se a este termo
energia de volume.

2) Os nucledes que se encomntram 2 superficie do niicleo tém
menor niimero de ligagdes com os vizinhos do que os que estio no
interior, ficando por isso menos ligados e contribuindo menos para
uma energia de ligacdo. Introduz-se, portanto, um termo negativo, B,
proporcional a superficie 4nR?= 4nr? A% e, como importa apenas a
dependéncia funcional em A, vem :

2
B, = —ag A3 (Energia de superficie) 2.49
(2:49)
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k 3) A energia de ligagdo é ainda mais reduzida devido i
repulsdo entre os protoes. A energia de Coulomb duma esfera de raio
R e carga q, carregada uniformemente, é (3/5).(q*/R). Para o niicleo de

- carga Ze eraio R =1 A'®, a dependéncia funcional em Z ¢ A conduz a

um termo da forma
1 ,
By =—acZ?A 3 (Energia de Colomb) | (2.50)

4) Ao considerar adependéncia de Bem A e Z, deve-se também

~considerar que o excesso de neutres é acompanhado por uma

diminuigdo da energia de ligagio em relagiio i situacdo simétrica

(N = Z). Deacordo com (2.46), esta diferenga de energia depende

do excesso de neutrdes, sendo o termo correspondente dado por

o T2 Z — A2 . 2.51)
By =—a, X’— =—a, Q—T/L (Energia de assimetria)

5) Sabe-se, com base na sistemdtica das energias de separacio,
que os nucledes do mesmo tipo produzem uma ligagdo par-
ticularmente forte quando surgem aos pares. A energia de empa-
relhamento nao pode ser explicada com base na analogia com a gota
liquida, sendo necessdrio, neste contexto, introduzi-la como correcgiio
empirica. Se tanto Z como N sdo niimeros pares (nticleos par-par) esta
energia € particularmente elevada, sendo pelo contririo particu-
larmente baixa para niicleos em que Z e N s3o impares (nticleos im-
par-impar). Introduz-se pois da s¢guinte maneira a contribuigdo B.:

+d nicleos par-par
B, = 0 ntcleos par-impar ou fmpar-par - (252
-0 niicleos impar-impar

Uma férmula empirica, v4lida em boa aproximagio; é .

) ~apA

N -

(2.53)

- Aenergia de emparelhamento ndo pode ser explicada facilmente. Isso
torna-se evidente se se pensar que um par de nucledes idénticos nio estd
ligado. De factonem o ‘“‘diprotdo’ nem o ‘‘dineutrio’’ existem como siste-
masligados. Se esses niicleos existissem os seus nucledes apresentariam spins
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desemparelhados no estado fundamental, de acordo com o principio de Pauli.
Pelo contrario, o spin do deuterdo no estado fundamental € 1, ou seja, o protdo
e 0 neutrao tém spins paralelos. Isto significa que a estrutura das forcas
nucleares é tal que a energia de ligagdo é maior no caso de spins paralelos.
Nio se pode portanto compreender a energia de emparelhamentoa partir do
potencial da ligago entre pares de nucledes. Trata-se efectivamente dum
fen6meno que surgesomente nos sistemas de muitas particulas e cuja origem
ser4 discutida no sec¢édo 6.5. ’

Veja-se agora de que modo as contnbuu;oes 1) a5)se adicionam
para dar a energla de ligacao. De acordo com (2 10) a massa nuclear
m(Z A) expnme -se. por

m\Z A)=Zmy +(A - Z)m,.l — BJc?.

Introduzindo aqui a expressio de B dada em (2.47) e fazendo uso das
relagoes (2.48) a (2.52), resulta

) 2
3
m(Z, A) =Zmy + (A— Z)m, —ayA +agA (2.54)

1 .
+acZ%A 3+a,(Z—-A2PAT 2B

onde as constantes a, até a, contém agora um factor 1/c’. Esta
expressao € conhemda por formula de Weizsaecker (1935) Para
determinar os valores das constantes serao precisas em principio
cinco massas nucleares. Contudo, o ajuste ¢ muito melhor se forem
consideradas tantas mais massas quantas for possivel, uma- vez que
a férmula apenas descreve um comportamento médio. Um conjunto
de valores para aquelas constantes € o seguinte {Wap 58]

a, = 17,011 mu = 15,85 MeV/c?
ag =19,691 mu = 18,34 MeV/c?
a.= 0,767 mﬁ = 0,71 MeV/c2 _
a, =99,692 mu = 92,86 MeV/c?

=+ 12,3 mu = 11,46 MeV/c?

3

A contribui¢ao dos termos individuais da expressio (2.54) para
a energia de ligacdo por nucledo esta representada na Fig.19. A figura
mostra como o decréscimo da energia de superficie e do crescimento
da enérgia de Coulomb, conduz a um médximo de B/A para A = 60.
E claro que aférmula de Weizsaecker exprime apenas o compor-
tamento médio dos nicleos, nio podendo decerto reproduzxr quais-
quer efeitos da estrutura em camadas. A expressdo sé € aplicdvel
para A > 30 (ver Fig.10), produzindo para A > 40 valores de B/A
correctos dentro de = 1%. E, de facto, not4vel que um modelo tio sim-
ples seja capaz de descrever tdo bem a energia de ligagio. Para
aplicagdes préticas existem férmulas de massa que foram refinadas

acustada inclusdo de hipteses suplementares, e que produzem

resultados - ainda melhores que a expressao (2.54) (ver, por exemplo,
[See 61, Mye 66, Gar 69]).

A constante a, do termo de assimetria pode calcular-se a partir do
modelo do gisde Fermi (v.(2.45)), mas o valor assim determinado
representa apenas cerca de metade do valor determinado empiri-
camente a partir das massas nucleares. Existe porém uma outra con-
tribui¢do para o termo de assimetria, que tem a ver com a ji referida
dependéncia que apresentam as forgas nucleares relativamente ao
spin. A ligacdo entre um neutrdo e um protio que estejam alinhados
paralelamente é maior que entre dois neutrdes, os quais, devido ao
principio de Pauli, s6 podem ter orientagio anti-paralela. Os ndcleos
com excesso de neutres apresentam porisso uma energia de ligagio
menor. Verifica-se que esta contribuigéo é proporcional a T,/A.

A férmula de Weizsaecker permite deduzir um certo nimero de
regularidades importantes. Repare-se na variagio da massa nuclear
ao longo duma série de isébaros, i.e., tome-se A = const. ¢ faga-

energia de volume

NI N,
\ cnergia de superﬁ‘me\ N

14F N R
12} 77 //////
k-] energia de Coulomb’
—310L LLLEL LY, 27, /
24l «
% efiergia de assi!uetn'a
§ 5% energia de ligagio
Fig.19 1‘; 4t
Contribuicio dos diferentes termos da = 2}

formu_la das. massas El\{cleares para a o
energia de ligagdo média por nucledo 0 30 60 90 120 150 180 210 240 270
[Eva 55]. A
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-se variar Z em (2.54). Olhando para a expressio vé-se que ela é
quadratica em Z, Para A impar obtém-se pois uma pardbola como a
representada na Fig.20a. Nos casos de A par surgem duas parabolas
diferentes, devido aenergia de emparelhamento 8. O nicleo estd
numa ou noutra pardbola conforme seja do tipo par-par ou impar-
-fmpar (Fig.20b). Como se vé na Fig.20, nuclidos de Z vizinho podem
transformar-se uns nos outros por emissio duma particula 8* ou 8-. Na
Fig.20 1é-se também aregrasegundo aqual para Almpar apenas existe
um isébaro estdvel, enquanto para A par se tém vérios isGbaros esta-
veis possiveis

O nimero de protoes Z , paraa qual a massa nuclear duma
série de is6baros é minima ocorre para

(am(z, A)) -0
oZ A =const

Introduzindo aqui (2.54), resulta
—my +2Zoac A3 + 23, (Z, — A/2) A~ 1=

e, resolvendo esta equagao em ordem a Z , tem-se

(2.55)

Z =é_ mn—mH+aA].= A :
® 2 |acAP ta, 1,98 + 0,015 A%

1
fmpar /
ST S
o)z_"~z° : )

Fig.20 As energias dos niicleos com um mesmo A. Os nicleos
estaveis sdo indicados pelos circulos a cheio.
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Representando. estes valores num diagrama de N em fungio de Z,
obtém-se a Fig.21. Se, além disso, as massas nucleares forem repre-
sentadas segundo o eixo perpendicular ao plano NZ, a linha a cheio na
Fig.21 corresponde 4 localizacdo aproximada dos nicleos estdveis,
i.e., que nao estio sujeitos ao decaimento B. Esses niicleos sdo os que
se encontram no fundo do ‘‘vale’’ das massas nucleares.

Nos processos de transmutagio por decaimento 8 o nimero de .
massa ndo € alterado. Pode igualmente usar-se-a férmula de Wei-
zsaecker para saber se um dado processo de separacido denucledes
pode libertar energia. E de esperar que, frequentemente, se ganhe
energia na separagao duma particula a, em particular, devido 2 sua
elevada energia de ligagdo. E realmente o que acontece sempre que
asoma das massas da particula, m_, e do niicleo resultante, m(Z-2,
A-4), seja inferior 2 massa do niicleo original. A energia cinética
libertada serd -

Eo = [m(Z, A) - m(Z — 2, A — 4) — m, )¢’ (2.56)

A comparagio com (2.19) mostra que isto apenas significa uma energia

* de separagao negativa. Em principio, ganha-se energia pela separacgio
duma particula o sempre que E >0, Com a ajuda da férmula de

Weizsaecker € possivel determinar as regides do plano NZ que
correspondem a E _>0,>2, >4, >6 MeV, etc. NaFig.22 representam-
-se as fronteiras dessas regides para diferentes valores de E . Para
maior clareza, nao se representa o plano NZ, mas sim N/Z em fungao
de A. Representam-se igualmente na figura os limites das regides de

" instabilidade para a separacgio de neutroes e de protdes. Como se vé,

esses limites afastam-se bastante da linha dos niicleos estiveis, que
alids nunca cruzam. Resulta dai que a emissao de neutrdes ou de

| estabilidade
80} [N7=constante - 7 ‘mixima
isébaros Q‘:} //
60} //
s
£ . Z constante
401 e is6topos
e
z
| = .
T 20 N constante
isétonos
e N
Fig.21 v ) ) | ‘ ) l
Localizagio dos niicleos esta- 0 200 40 60 80 100 120
N—

veis no plano NZ.



actually observed, it must take this effect into account. (Otherwise it would allow
stable isotopes of hydrogen with hundreds of neutrons!) This term is very
important for light nuclei, for which Z = A4/2 is more strictly observed. For
heavy nuclei, this term becomes less important, because the rapid increase in the
Coulomb repulsion term requires additional neutrons for nuclear stability. A
possible form for this term, called the symmetry term because it tends to make
the nucleus symmetric in protons and neutrons, is —ag,,(4 — 2Z )2/A which
has the correct form of favoring nuclei with Z = 4 /2 and reducing in impor-
tance for large A.

Finally, we must include another term that accounts for the tendency of like
nucleons to couple pairwise to especially stable configurations. When we have an
odd number of nucleons (odd Z and even N, or even Z and odd N), this term
does not contribute. However, when both Z and N are odd, we gain binding
energy by converting one of the odd protons into a neutron (or vice versa) so that
it can now form a pair with its formerly odd partner. We find evidence for this
pairing force simply by looking at the stable nuclei found in nature—there are
only four nuclei with odd N and Z (%H, SLi, 1°B, *N), but 167 with even N and
Z. This pairing energy & is usually expressed as +a,4~** for Z and N even,
—~a,A~%"* for Z and N odd, and zero for 4 odd.

Combining these five terms we get the complete binding energy:

B=a,A—a A ~-a.Z(Z~-1)4a"1

(4-22)

'—a,ym—T +8 (3.28)

and using this expression for B we have the semiempirical mass formula:

M(Z, A) =Zm(*H) + Nm, — B(Z, 4)/c* (3.29)
The constants must be adjusted to give the best agreement with the experimental
curve of Figure 3.16. A particular choice of a, = 15.5 MeV, a, = 16.8 MeV,
a. = 0.72 MeV, a,,, = 23 MeV, a, = 34 MeV, gives the result shown in Figure
3.17, which reproduces the observed behavior of B rather well.

The importance of the semiempirical mass formula is not that it allows us to
predict any new or exotic phenomena of nuclear physics. Rather, it should be
regarded as a first attempt to apply nuclear models to understand the systematic
behavior of a nuclear property, in this case the binding energy. It includes several
different varieties of nuclear models: the liquid-drop model, which treats some of
the gross collective features of nuclei in a way similar to the calculation of the
properties of a droplet of liquid (indeed, the first three terms of Equation 3.28
would also appear in a calculation of the energy of a charged liquid droplet), and
the shell model, which deals more with individual nucleons and is responsible for
the last two terms of Equation 3.28. ‘

For constant A4, Equation 3.29 represents a parabola of M vs. Z. The parabola
will be centered about the point where Equation 3.29 reaches a minimum. To
compare this result with the behavior of actual nuclei, we must find the mini-
mum, where dM/3Z = 0:

[mn - m(*H)] + 4,47 + 4a
min 2a,47V3 + 8a,, A"

sym

sym

Z

(3.30)

With a, = 0.72 MeV and a, = 23 MeV, it follows that the first two terms in
the numerator are negligible, and so

A 1

Zpn = =
™21+ 4V fa g,

(3.31)

For small 4, Z,, = A/2 as expected, but for large 4, Z_,, < 4/2. For heavy
nuclei, Equation 3.31 gives Z/A = 0.41, consistent with observed values for
heavy stable nuclei.

Figure 3.18 shows a typical odd-A decay chain for 4 = 125, leading to the
stable nucleus at Z = 52. The unstable nuclei approach stability by converting a
neutron into a proton or a proton into a neutron by radioactive 8 decay. Notice
how the decay energy (that is, the mass difference between neighboring isobars)
increases as we go further from stability. For even A, the pairing term gives two
parabolas, displaced by 28. This permits two unusual effects, not seen in odd-4
decays: (1) some odd-Z, odd-N nuclei can decay in either direction, converting a
neutron to a proton or a proton to a neutron; (2) certain double B decays can
become energetically possible, in which the decay may change 2 protons to 2
neutrons. Both of these effects are discussed in Chapter 9.

3.4 NUCLEAR ANGULAR MOMENTUM AND PARITY

- In Section 2.5 we discussed the coupling of orbital angular momentum £ and spin

s to give total angular momentum j. To the extent that the nuclear potential is
central, £and s (and therefore j) will be constants of the motion. In the quantum
mechanical sense, we can therefore label every nucleon with the corresponding
quantum numbers Z, s, and j. The total angular momentum of a nucleus
containing A nucleons would then be the vector sum of the angular momenta of
all the nucleons. This total angular momentum is usually called the nuclear spin
and is represented by the symbol I. The angular momentum I has all of the
usual properties of quantum mechanical angular momentum vectors: I? =
RI(I+1) and I,=mh (m= —1I,...,+1I). For many applications involving
angular momentum, the nucleus behaves as if it were a single entity with an
intrinsic angular momentum of /. In ordinary magnetic fields, for example, we
can observe the nuclear Zeeman effect, as the state I splits up into its 27 + 1
individual substates m = —I, — I+ 1,..., I — 1, I. These substates are equally
spaced, as in the atomic normal Zeeman effect. If we could apply an incredibly
strong magnetic field, so strong that the coupling between the nucleons were
broken, we would see each individual j splitting into its 2j + 1 substates.
Atomic physics also has an analogy here: when we apply large magnetic fields we
can break the coupling between the electronic ¢ and s and separate the 24+ 1
components of £and the 25 + 1 components of s. No fields of sufficient strength
to break the coupling of the nucleons can be produced. We therefore observe the
behavior of I as if the nucleus were only a single “spinning” particle. For this
reason, the spin (total angular momentum) I and the corresponding spin quan-
tum number I are used to describe nuclear states.

To avoid confusion, we will always use I to denote the nuclear spin; we will

- use j to represent the total angular momentum of a single nucleon. It will often
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Fig. 4.6 The binding energy as a function of A for the odd-A
nuclei from 4=15-259. The solid points are the prediction
of the semi-empirical mass formula as given in Table 4.1. The

open points are the measured values. The points for the

formula do not lie on a smooth curve because Z for these nuclei
is not a smooth function of 4 (see Fig. 4. l‘)‘b,Not'e that the zero
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the formula predicts the binding energy per nucleon for 4> 20
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the limit of stability of nuclei to a-decay (see Section 5.4).
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Para um eletron orbitando em uma orbita de raior € area A

. € 2 €VIr

u =iA = - =—_——
L W (2mr)/ v 2
Como |{|=rp=rm.v | =i‘ ‘ 0
r= |{|/mv | ‘u‘ m€ :

eh

—— = magneton

2m

reescrevendo W = g, { Uy

quanticamente

W=

en en |y

2m

Up=5.7884 x 105 ¢V/T

|

L= 3.1525 x 108 eV/T

g, = 1 para protons
g, = 0 para neutrons




o calculo de g, considera exclusivamente o momento angu
No caso do momento angular intrinseco (spin) s

!J — gsS lLl N onde s= % para protons, neutrons e elétrons

Previsoes de Dirac para g, =2

Valores experimentais: g (elétron) = 2.0023

g (proton) = 5.5856912
g (neutron) =-3.8260837

Note que g, (neutron) = 0
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Decay series A (modulo 4)=2 Q.
(MeV)
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1Pa£~92U
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eTh
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gga
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%Rn
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84PO
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g~ B
gzpb —"3331 --uPo (a) 5.62
ala) alib) (b} 7.83
31T| Lj“"gzpb _ﬁ:"g;:,Bi—P"uPO
5.41

*

a2Pb

Mean
- life?
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proton/neutron conversions

Reaction #1:

Reaction ¥2:

(The double arrows indicate these reactions go both ways.)
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proton/neutron conversions

Reaction #1:

Reaction #2:

{The double arrows indicate these reactions go both ways.)

A neutron decays to a proton, an electron,
and an antineutrine via a virtual (mediating)
W boson. This is neutron [ decay.
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Figure 2.3 The wave function of a particle of energy £ encountering a step of
height V;, for the case E < Y. The wave function decreases exponentially in the
classically forbidden region, where the classicat kinetic energy would be negative.
. At x= 0, y and dy /dx are continuous.

the classically forbidden region. All (classical) particles are reflected at the
boundary; the quantum mechanical wave packet, on the other hand, can penetrate
a short distance into the forbidden region. The (classical) particle is never directly
observed in that region; since E < ¥}, the kinetic energy would be negative in
region 2. The solution is illustrated in Figure 2.3

Barrier Potential, E>
The potential is
V(x)=20 x<0
=V, O<x<a (2.35)
=0 x>a
In the three regions 1, 2, and 3, the solutions are
Y, = Ae'kix 4 Beikix
Y, = Ce'*2* + De Thax (2.36)
Y, = Fe'*s* + Ge ks~

where k|, = k; = {2mE/h* and k, = {2m(E — V,)/h*.

Using the continuity conditions at x = 0 and at x = g, and assuming again
that particles are incident from x = — oo (so that G can be set to zero), after
considerable algebraic manipulation we can find the transmission coefficient
T = |F?/|4]%

1.

. T= 2.37
, 1 175 ( )

+_..._.____
4 E(E—-V,)

sin” k,a
The solution is illustrated in Figure 2.4.
Barrier Potential, E< |,
For this case, the Y, and iy solutions are as above, but i, becomes
Y, = Ce*2* + De ko~ (2.38)
where now k, = {2m(V, — E)/h*. Because region 2 extends only from x = 0

x=0 x=a
Figure 2.4 The wave function of a particle of energy E > |, encountering a
barrier potential. The particle is incident from the left. The wave undergoes reflec-
tions at both boundaries, and the transmitted wave emerges with smaller amplitude.

to x = a, the question of an exponential solution going to infinity does not arise,
so we cannot set C or D to zero.

Again, applying the boundary conditions at x = 0 and x = a permits the
solution for the transmission coefficient:

1
T = - (2.39)

2
1 sink? k,a

0
. —
4 E(V, - E)

Classically, we would expect T = 0—the particle is not permitted to enter the
forbidden region where it would have negative kinetic energy. The quantum wave
can penetrate the barrier and give a nonzero probability to find the particle
beyond the barrier. The solution is illustrated in Figure 2.5.

This phenomenon of barrier penetration or quantum mechanical tunneling has
important applications in nuclear physics, especially in the theory of a decay,
which we discuss in Chapter 8. '

E 1 % ; S : — o

4”\ /f\ ;‘P \w.\
f £ e,
i
Fi

¥

. v

Figure 2.5 The wave function of a particle of energy E < |, encountering a
barrier potential (the particle would be incident from the left in the figure). The
wavelength is the same on both sides of the barrier, but the amplitude beyond the
barrier is much less than the original amplitude. The particle can never be ob-
served, inside the barrier (where it would have negative kinetic energy) but it can
be observed beyond the barrier.
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espalnamento Rutherford




The symbols we shall use are defined in Table 1.1. Figure 1.5 shows an orbit.
The incident particle, if undeflected, would pass the centre (at O) of the target
nucleus at a distance b, the impact parameter. In fact, the orbit is hyperbolic and
at D the incident particle is at its distance of closest approach, d. The orbit is

Fig 1.5 The classical orbit of the mcxdcnt part:cle in Rutherford scattering for non-
zero impact parameter b.

P

v . B
e -
4 0
Fig. 1.6 The classical orbit in Rutherford scattering for zero impact parameter.
Conservation of energy requires that the incident pamc!e s d:stanoe of closest
approach P, is given by

p= Zze*/4ne,T.

clearly symmetric about the line OD. If  was zero the incident particles would
approach to a distance p (see Fig. 1.6). At this point the incident kinetic energy
is transformed into mechanical potential energy in the Coulomb field, therefore:

imv’p= Zze*[4ne,. (1.1)



This is the relation required from Step 1.

Step 2 To derive a first cross-section.

The relation (1.4) tells us that as b decreases 8 increases. Therefore to suffer an
angle of scatter greater than ® the impact parameter b must be less than
(p/2)cot(®/2). That means the incident particle must strike a disc of this radius
centred at O and perpendicular to v. The area, g, presented by the nucleus for
scattering through an angle greater than © is the area of this disc. That is

2 a -
o(0>0) = QLCORQ’ (1.5)
4 2
‘or in its full glory:
n { Zze® )2 ,0
==
o(6>©) 4 (41:&:0T “t3

The area o is called a cross-section: if the reader is concerned about the meaning
and use of this term we suggest reading Section 2.10, where a fuller description

of the concept is given, before proceeding.

Step 3 To obtain the angular differential cross-section.

What we want is do/dQ2, which is the cross-section per unit solid angle located

at an angle 6. The element of solid angle dQ between & and +d6 is given by
dQ = 2zsinfd6.
Therefore

g ___1 do
dQ 2zsinfdf’

The da/df we need is (d/d®)s(6> ©) from Equation (1.5) and hence we obtain

2 \2
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Definim
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Para um potencial central
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Figure 3.11 The breakdown of the Rutherford scattering formula. When the
incident a particle gets close enough to the target Pb nucleus so that they can
interact through the nuclear force (in addition to the Coulomb force that acts when
they are far apart) the Rutherford formula no longer holds. The point at which this
breakdown occurs gives a measure of the size of the nucleus. Adapted from a
review of a particle scattering by R. M. Eisberg and C. E. Porter, Rev. Mod. Phys.
33, 190 (1961).
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Figure 2.12 The differential cross-sections for O and C jons, in ratijo to the Rutherford
ones, scattering from various targets plotted against the distance of closest approach d,

. instead of the scattering angle 8, by using equation 2.20. The distance d has been divided by

(A}/ 3.+ A1/3), where A is the mass number of nucleus i. The measured cross-sections then

; fall on a universal curve, shpwing that nuclear radii are approximately proportional to
AM3 () 150+ 4943Ca at 49 MeV, O + ***2Ca, S Ti, >*Cr, ** Fe, ** Niat 60 MeV and
*O+°Niat 60 MeV; (b) **C +°*Zrat 38 MeV, '* O + **Zrat 47,49 MeV, ¢ O+ ** 5,

¥37r at 60 MeV and ** O + °° Zr at 60, 66 MeV. (After Christensen et al., 1973)
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Figure 4.3 Representation of scattering by (top) a small opening and (bottom) a
small obstacle. The shading of the wavefronts shows regions of large and smali
intensity. On the right are shown photographs of diffraction by a circular opening
arid an opaque circular disk. Source of photographs: M. Cagnet, M. Francon, and
J. C. Thrierr, Atlas of Optical Phenomena (Berlin: Springer-Verlag, 1962).
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drawn for a wavelength equal to ten times the diameter of the aperture or disk.
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Figure 11.14 Elastic scattering of 14-MeV neutrons from Pb. From S. Fernbach,
Rev. Mod. Phys. 30, 414 (1958).




3.3 The nuclear electric charge distribution

We need a model. The methods used to-measure charge distribution find the
time average so we can define a time-independent charge density. For the
present we shall assume spherically symmetric nuclei so that we can define a
radial charge density, p(r). Two models are given in Fig. 3.1. Model I with its
sharp-edged charge distribution is very unlikely but can be tested. Model 11
softens the hard edges by assuming a charge distribution with a2 mathematical
form normally associated with the Fermi-Dirac statistics but which, applied to
nuclei, is called the Saxon—Woods form. So the challenge to experiments is to see
if either model makes predictions which fit the data and if so, to determine the
parameters p,, a and d, and if not, to find a better model and its parameters.

- 'f--‘Fig k% Two medels of the radlal e}ectnc charge d{stnbu-
"‘-’z’tmn ofnuclel o I S
',(a) Modell p(r) pn, r<a, o |
o p(r) 0 >a

(b) Model H p(r)" o ﬂlr) : "

‘ ‘fThe r=a :l:djz pomts have densmes 62. 2% and 3‘1 8% Qf'- B IR
 the central density respectively. The 90% to 10% thickness . T
is-4.39d. This shape i is called the Saxon-Woods form. The -~ - . {a) . =
- ‘charge density, p,, is ﬁxed by normal:zmg to the tetal‘-*_;; TR ey
| .:nuclearﬂhargeZM | ! S e




3.4 The nuclear ejectric form-factor

- How do we deal with the effect of an extended nuclear charge on the Mott

scattering of electrons? The answer is to do as in classical optics where we derive

the Fraunhofer difiraction pattern of an aperture in a screen by taking the

 Fourier transform ‘of that aperture. For electron scattering the aperture is
replaced by a spherical distribution of charge. We take the nucleus to have
charge Ze where e is the charge on the proton. If that charge was point-like at
r=0 we can imagine that it gives rise to a scattered wave amplitude Zef(0) at
large distances at an angle f, defined so that

o1 22, e 3.1
anO“Zelf(H)l. (3.1)

If that charge is spread out then an clement of charge d(Ze) at a point r will give
rise to a contribution to the amplitude of ¢*f{6)d(Ze) where J is the extra
‘optical’ phase introduced by wave scattering by the element of charge at the
poi.nt' compaml mwo .pha.“futhtm a‘r-u' .......................................
Consider now Fig. 3.2. The incident and scattered electron have momentum p
- and p" with p= |p| = [p’|. The momentum transfer g(|¢| = 2psin(6/2), se¢ Fig.
1.7)is along OZ, O being the nuclear ventre. The ‘optical ray' P,OP, is taken to

h h

Fig. 1.7 The momentum transfer ¢ ir have zero relative path length. The ray P,SP, has equal angles of incidence and
elastic scattering at a fixed target. Th reflection at the plane AXA' which is perpendicular to OZ. Therefore the path
m‘:‘: ér:gd pf a:gmc‘:;md‘ length dis the same:for all rays parallel to P,0P," and reflected at any point in
respectively (| P, [= | P,|=P). If the AXA'. This path length is given by d=20Xsin(6)2). The phase, 4, is 2rd/A,
angle of scatter is 6, the geometry giy where A is the de Braglie wavelength. Now the reduced wavelength 4/2n=#/p so
q=2Psin(6)2). e
f-'\. and/'p:MOXaggox'



Return to the point S: let the charge density be p(r) when r=0.S (we assume
spherical symmetry). If we have polar coordinate r, a, f§, where the polar axis is
along Z and SOZ=a, then a volume element dV at Sis Psino dr de df and the
charge is p(r)dV. Then this charge element gives rise to an amphtud\

\
!

B Fig 3 2 '111e bptxcal plcture of electron scat-
.. tering at-an extended nucleus showing the
~ geometrical construction required to calculate

Wavefront Of ‘nmdent % Kthe Fraunhofer ﬁiﬁ'ractron scattermg pattem -

e electron

. wavefront of afectron
-~} scattered at angle ¢

s

* Target nubleus




charge X ,%/'(0) x '
= p(r)r’ sin a drgda: dp f(@)e e,

The exponent contains q.r because q(OX ) =grcosa = q.r. Then the total
scattered amplitude .

2% R o0
A(6) = f(H)j _f j p(r)r* sin @ dr da df e, (3.2)
0 0 Y0 .

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

the integration being over the whole nucicus The integration over the azimuthal
angle f around OZ is trivial because the point S just traverses the plane AXA4’
for which g.r is constant. :

-
v

t A(B0)=f(6) j: j‘w 21zp~§(r)r2 sin a dr dox e'9/,
0 :

-

Now we have for the total charge

. pm
Ze =j j 2np(7)r* sin a dr de,
{) ] :




SO we see that we can write

I j p(r)r’ sin Cildfda.ei'-'/ﬁ
.”.p(')"z Si;nadrda

A(0) = Zef(6) =Zef(0) F(6).

Thus the Mott (or Rutherford) scattcrmg amplitude Zef (0) is changcd by a
factor F(0) and the scattering cross-sect:on becomes

do
F(6) 2
' Idn Mott

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

F(0) is called a form factor. (This is a n;ame inherited from the description of
atomic X-ray scattering,) Somewhat forinally it could be written

=Jp(r)ei"”‘d V= 1 p(r)ei';"“d 178
FO= o ,f

Clearly as 6—0, g—0 and F(0)=1. Since the form factor is more properly a
function of g than of @ it has become usual to write F(g?) rather than F(6) and
we note F(g?) is the Fourier transform of the charge distribution (remember the
optics of Fraunhofer diffraction). These 3deas and formulae are summarized in

Table 3.1.




The effect of an extended nuclear charge is to iteduce the differential cross-section for elastic

electron scattering from that for a point-like nucleus by a factor which is the square of the
form factor: :

an ~IFOl'am

where the form factor : .
[

_and qis the momentum transfer, g=|.q| and 5(r).is the charge density. The valume integral. .
is to be taken over the entire nucleus. If the g'tucleus is spherically symmetric, then

F(qz)-'% pér)r sin (ﬂﬁf) dr.

point-like nucleus; as g increases ihe oscillatory nature of the exponential
/" in eq. 3.2 for an extended nucleus reduces | F(¢?)}from 1 and the scattering
is reduced. This is not unexpected: an extended electric charge has greater

difficulty in taking up the momentum transfer than does the point-like
arrangement of the same total charge.

)



Z. Since we Know the rough s1ze of nuclel, XK < 10 "m(= 10im), we can
now estimate the ¢ needed to sée a significant reduction in scattering
intensity due to size. We would want ¢.R/#% to be of order 1, hence g ~ A/R.
Remember fic = 197 MeV fm, so we see that g=> 20 MeV/c. To reach this at
30° scattering requires incident eléctrons of 40 MeV. In fact this is hardly
adequate since nuclear radii are somewhat less than 10 fm and we want to
see detail with a resolution of better than 1 fm. Therefore we should be
aiming for g~#A/(1 fm) =~ 200 MeV/c. The first detailed measurements were
made with electrons of 150 MeV but later work has increased the energies
used to 500 MeV.

Now what does F(g?) look like? Af.s an exercise you are asked to show
(Problem 3.1) that the form factor for 'modcl Iis

Flg") = x; : , x = qalh.

This looks rather unmanageable but in fact is the spherical Bessel function j,(x).
The square of this function is the factor by which the point-like Mott
differential cross-section is reduced. This factor is plotted in Fig. 3.3 for the case
of a=4.1 fm (3Ni nucleus) and the abscissa is marked in units of ¢ MeV/c and
of 6 degrees for 450 MeV incident electrons. We notice immediately the
diffraction zeros near 27°, 48°, 69°, and 95°. This is typical of an object with
sharp edges. In Fig. 3.4a we give the: measured differential cross-section: it
shows diffraction minima at g values expected from model I. On the same figure
is a fitted curve using a model close t¢ our model II. The softer edges of the
distribution fill in the diffraction rmmma and give results closer to the data than
the model I nrediction. :




| 1.0

-0

100 200 300 400 500 600 700 q MeVic
1 2 3 al glnfm™
20 4 4 60 80  100. 120 O {degress)

Fig. 3.3 The square of the form factor | F{¢?)|? as a function of g fora model I nucleus
having a = 4.1 fm. The abscissa is also marked in inverse fermis (g/#) and in degrees
for an angle of scatter at a fixed nucleus for incident electrons of 450 MeV. Note that
the ordinate is logarithmic. ’ ' ' ’
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Figure 2.15 The differential cross-sections for electrons scattering elastically from (uprer)
40Ca at 750 MeV (after Bellicard et al., 1967) and (lower) 2°% Pb at 502 MeV. The curves
are theoretical fits to the data (after Heisenberg et al., 1969)

The charge distribution of the simplest nucleus of all, the proton, has been
measured by electron scattering and found to have a root mean square radius of
about 0.8 fm. This size can be related to the cloud of virtual mesons which
surround the ‘bare’ proton. For the same reason, the neutron itself is found to
have a charge distribution of finite extent; although its total charge is zero, it
has a short-ranged distribution of positive charge and a longer-ranged distribu-
tion of negative charge, with a net root mean square radius of 0.36 fm.

In addition to the charge distribution we may also determine the distribution
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Figure 2.16 The charge distributions of *°Ca and 2°® Pb nuclei deduced by theoretical fits

to the measurements such as those shown in Figure 2.15. The shapes at small radii are

obtained by fitting the data for the larger angles (that is, for the larger momentum transfers.)
{After Friar and Negele, 1973; Sinha et al., 1973)
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Figure 2.17 Dipole (M1) and octupole (M3) magnetic form factors for '' B deduced from
electron-scattering measurements. (After Rand et al., 1966)
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Figure 3.5 The rms nuclear radius determined from electron scattering experi-

ments. The slope of the straight line gives R, = 1.23 fm. (The line is not a true fit to
the data points, but is forced to go through the orlgfry to satisfy the equation
R = R,AY3.) The error bars are typically smaller than the size of the points (+ 0.01
fm). More complete listings of data and references can be found in the review of
C. W. de Jager et al., Atomic Data and Nuclear Data Tables 14, 479 (1974).
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n =1.00866 u.m.a.
p = 1.0079 u.m.a.

— d=2.01410 u.m.a.
d = p+n t = 3.01860 u.m.a.

t = p+n+n ‘He = 4. 00260 u.m.a.
4He = p+p+n+n 6Li =6.01512 u.m.a.

2C =0.00000 u.m.a.




M, oom = M, = 938.27
MeV
) M(neutron) = Mn = 939.56
‘ MeV
\ j ?\;‘“ .M’;\ELECTRON
k\/}w’ _M(eletron) - Me - 0-5H
MeV
M%’ltomo de HidrogM&}@MIy
598,13 MeV
Bﬁ.%w dg M, =
3 MeV
AM M,

923.48 MeV M,
~ 60 MeV




' Expansion of the Universe

: Abier the Big Bang, the universe expanded and cooled. At about 10°° second, the universe consisted of a soup of quarks, gluons, electrons, and

- neutrinos. When the temperature of the Universe, T ypiveres cooled to about 10" K, this soup coalesced into protons, neutrons, and electrons. As time
progressed, some of the protons and neutrons formed deuterium, helium, and lithium nuclei. Still later, electrons combined with protons and these

low-mass nuclei to form neutral atoms. Due to gravity, clouds of atoms contracted into stars, where hydrogen and helium fused into more massive

chemical elements. Exploding stars (supernovae) form the most massive elements and disperse them into space. Our earth was formed from
supernova debris.

.
-
Big quark-gluon proton & neutron formation of formation of - star dispersion of today
Bang plasma formation low-mass nuclei  neutral atoms formation massive elements
Towene  >107°K 10 K 10° K 4,000 K KK 20 K-3K 3K
time 1055 1045 3 min 400,000 yr 1x10 yr >1 X 10 yr 15 x 10 yr

Reaction #1:

Reaction #2:

{(The double arrows indicate these reactions go both ways.)

A neutron decays to a proton, an electron,
and an antineutrine via a virtual {(mediating)
W boson. This is neutron B decay.
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n =1.00866 u.m.a.
p = 1.0079 u.m.a.

— d=2.01410 u.m.a.
d = p+n t = 3.01860 u.m.a.

t = p+n+n ‘He = 4. 00260 u.m.a.
4He = p+p+n+n 6Li =6.01512 u.m.a.

2C =0.00000 u.m.a.
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Abstract

This paper 15 the second part of the new evaluation of atonuc masses AMEZD03. From the
results of a least-squares caleulanon descnibed in Part T for all accepted experimental data, we
derive here tables and graphs to replace those of 1993. The first table lists atomic masses. Ttis
followed by a table of the infivences of data on primary miclides, a table of separation energies
and reaction energies, and finally, a senes of graphs of separation and decay energies. The last
section m flus paper hists all references to the input data nsed in Part T of this AmE2003 and
alzo to the data entering the NUBASEZD0? evaluation (first paper m this velums).

Anpc: hitpesrwwr i 2p3 fr/ ANDC

1. Imtroduction

The description of the general procedures and policies are given in Part [ of this series
of twro papers. where the input data vsed in the evaluation are presented. In this paper
we give tables and graphs derived from the evaluation of the input data o Past L

Firstly, we present the table of atomic masses (Table I) expressed as mass excesses
in energy umts, tegether with the binding energy per nucleon, the beta-decay energy
and the full atonue mass 10 MAss vt

nucleon (B/A)

Energia de
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' i Comesponding author.  E-mad] address: andiadcspsm.in2p3 1 (G, Andi).
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n= 8.071
p= 7.289
d=13.136
t= 14.950
SHe= 14.931
‘He= 2.425
Be=18.375




p + p = d + e +v

pt+t+ d — 3He + y

n= 8.071
p= 7.289

d =13.136

t= 14.950
‘He= 14.931
‘He= 2.425
‘Be= 18.375

. "hse’r.

} .
D ¥ &g
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n
ot op = Al E ey n= 8.071
p= 7.289
d=13.136
pt+t d — S3He + y t= 14.950
SHe= 14.931
‘He= 2.425
3He + 3He — 6Be + Y 6Be=18.375
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SHe + ‘He — ®Be + v

6Be

— 4He + p + p

n= 8.071
p= 7.289
d=13.136
t= 14.950
SHe= 14.931
‘He= 2.425
Be=18.375

ics Education Project.




p + p = d + e +v

n= 8.071

7.289 + 7.289—13.136 + 0.511 + Q =0Q = 0.931 MeV g= 12?22
pt+t+ d — 3He + y (= 14.950
SHe= 14.931

7.289 +13.136 —> 14.931 + Q =Q =5.494 MeV  |*He= 2.425
3He + 3He . 6Be + Y 6Be= 18.375

14.931 + 14.931—18.375 + Q =Q = 11.487 MeV

‘Be — ‘He + p + p
18.375 = 2.425+7.289+ 7289+ Q =Q =1.372 MeV

Copyright © 1997 Contemporary Physics Education Project.



p + p > d + e +v

n= 8.071
7.289 + 7.289—13.136 + 0.511 + Q =Q = 0.931 MeV |p= 7.289
d=13.136
p+ d — ‘He + y t= 14.950
3He= 14.931
7.289 + 13.136 — 14.931 + Q =>Q = 5.494 MeV “He= 2.425
3He + 3He — %Be + vy ‘Be= 18.375

14.931 + 14.931—18.375 + Q =Q = 11.487 MeV
‘Be — ‘He + p + p
18.375 — 2.425 + 7.289+ 7.289 + Q =Q = 1.372 MeV

Roeactants Fusion

d + t — 4He+ n
13.136 + 14.950— 2.425 + 8.071 + Q

vd

Q=17.59 MeV

Copyright @1994& Conkmporary Physics Educalion Popct.



EXERCICIOS

CALCULAR O BALANCO ENERGETICO
NAS SEGUINTES REACOES

A=(M-A) (MeV)

Exemplo==12C + p mm) 5N + Y

n= 8.071
p= 7.289
d=13.136
t= 14.950
SHe = 14.931
‘He = 2.425
6Li =14.086
Li =14.908
Be = 18.375

2C = 0.00

BC = 3.125
BN = 5.345
14N = 2.863
ISN = 0.011
150 = 2.855
160 = -4.737
170 =-0.809
1830 =-0.782

Carbon- Nitrogen- Oxygen Grcle

4
2He




2C+p — BN+y
0+7.289 = 5.345+ Q =Q = 1.944 MeV

5345 — 3.125+0.511 + Q =Q = 1.709 MeV
13C S p — 14N + Y

3.125 + 7.289 —2.863 + Q =Q = 7.551 MeV
14N + p — 150 + Y

2.863 + 7.289 —2.855 + Q =Q = 7.297 MeV
150 — 15N+e++v

2.855 — 0.101 + 0.511 + Q =>Q = 2.243 MeV

15N_|_p — 12C+a+Y
0.101 + 7.289 — 0 + 2.425 + Q =Q = 4.965 MeV

RC+p+p+p+p—"12C+ ‘He + 2e"+2v

Carbon- Nitrogen- Oxygen Grcle

4
2He

® o

{H 12 ;
o 1

v Ny 6 Y
Ay A

proton
decay 5

0 + 4x(7.289) — 0+2.425+1.022+Q II#

Q = 25.709 MeV
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(KEV)
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242 B482.22 0.15
2.5+7718.40 0.14
5580 500
7.0128296.9 0.4
4810 300
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27410 50
26330 50
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Is.3331995.2 0.8
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2.4 Modelo da gota liquida e limites de estabilidade

Na secgdo anterior ficaram claros os limites da xag gra_entre o
comportamento da matéria nuclear e o de um liquido. Nesta secgio,
pretende-se desenvolver um modelo nuclear simples, em que apenas
se faz uso de propriedades do nicleo andlogas 3s de um liquido. Este

modelo da gota liquida permite compreender o comportamento das

energias de ligagdo ¢, por meio delas, as massas nucleares, ndo conse-
guindo contudo explicar outros tipos de propriedades.

No que se segue, considera-se o niicleo como uma gota de um
liquido incompressivel que se mantém coesa sob a acgio de forgas
de alcance curto. A energia de ligagio do niicleo, B, obtém-se pela
soma de vérias parcelas '

B=B;+B, +B3+B,+Bs - (247)

correspondentes a outras tantas contribuigoes que se discutem de.

seguida, nas alineas 1) a5), sendo aenergia B expressa como fungdo

de Ze de A. Interessa apenas obter, para cada contribuicio, a relagio
funcional com aquelas grandezas ¢ determinar depois, empirica-
mente, os valores das constantes necessirias. '

1) A principal contribuico para a energia de ligagdo é a “energia
de condensagio’’, libertadano momento em que osnucledes se reu-
nem para formar o niicleo. Ela deve ser proporcional ao niimero de

particulas ligadas, de acordo com o valor aproximadamente constante -
de B/A (Fig.10). Se a, for a constante de proporcionalidade, tem-se,

Bl = Vav A . ) (2'48)

portanto,

Como A € proporcional ao volume do niicleo chama-se a este termo
energia de volume.

2) Os nucledes que se encomntram 2 superficie do niicleo tém
menor niimero de ligagdes com os vizinhos do que os que estio no
interior, ficando por isso menos ligados e contribuindo menos para
uma energia de ligacdo. Introduz-se, portanto, um termo negativo, B,
proporcional a superficie 4nR?= 4nr? A% e, como importa apenas a
dependéncia funcional em A, vem :

2
B, = —ag A3 (Energia de superficie) 2.49
(2:49)
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k 3) A energia de ligagdo é ainda mais reduzida devido i
repulsdo entre os protoes. A energia de Coulomb duma esfera de raio
R e carga q, carregada uniformemente, é (3/5).(q*/R). Para o niicleo de

- carga Ze eraio R =1 A'®, a dependéncia funcional em Z ¢ A conduz a

um termo da forma
1 ,
By =—acZ?A 3 (Energia de Colomb) | (2.50)

4) Ao considerar adependéncia de Bem A e Z, deve-se também

~considerar que o excesso de neutres é acompanhado por uma

diminuigdo da energia de ligagio em relagiio i situacdo simétrica

(N = Z). Deacordo com (2.46), esta diferenga de energia depende

do excesso de neutrdes, sendo o termo correspondente dado por

o T2 Z — A2 . 2.51)
By =—a, X’— =—a, Q—T/L (Energia de assimetria)

5) Sabe-se, com base na sistemdtica das energias de separacio,
que os nucledes do mesmo tipo produzem uma ligagdo par-
ticularmente forte quando surgem aos pares. A energia de empa-
relhamento nao pode ser explicada com base na analogia com a gota
liquida, sendo necessdrio, neste contexto, introduzi-la como correcgiio
empirica. Se tanto Z como N sdo niimeros pares (nticleos par-par) esta
energia € particularmente elevada, sendo pelo contririo particu-
larmente baixa para niicleos em que Z e N s3o impares (nticleos im-
par-impar). Introduz-se pois da s¢guinte maneira a contribuigdo B.:

+d nicleos par-par
B, = 0 ntcleos par-impar ou fmpar-par - (252
-0 niicleos impar-impar

Uma férmula empirica, v4lida em boa aproximagio; é .

) ~apA

N -

(2.53)

- Aenergia de emparelhamento ndo pode ser explicada facilmente. Isso
torna-se evidente se se pensar que um par de nucledes idénticos nio estd
ligado. De factonem o ‘“‘diprotdo’ nem o ‘‘dineutrio’’ existem como siste-
masligados. Se esses niicleos existissem os seus nucledes apresentariam spins
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desemparelhados no estado fundamental, de acordo com o principio de Pauli.
Pelo contrario, o spin do deuterdo no estado fundamental € 1, ou seja, o protdo
e 0 neutrao tém spins paralelos. Isto significa que a estrutura das forcas
nucleares é tal que a energia de ligagdo é maior no caso de spins paralelos.
Nio se pode portanto compreender a energia de emparelhamentoa partir do
potencial da ligago entre pares de nucledes. Trata-se efectivamente dum
fen6meno que surgesomente nos sistemas de muitas particulas e cuja origem
ser4 discutida no sec¢édo 6.5. ’

Veja-se agora de que modo as contnbuu;oes 1) a5)se adicionam
para dar a energla de ligacao. De acordo com (2 10) a massa nuclear
m(Z A) expnme -se. por

m\Z A)=Zmy +(A - Z)m,.l — BJc?.

Introduzindo aqui a expressio de B dada em (2.47) e fazendo uso das
relagoes (2.48) a (2.52), resulta

) 2
3
m(Z, A) =Zmy + (A— Z)m, —ayA +agA (2.54)

1 .
+acZ%A 3+a,(Z—-A2PAT 2B

onde as constantes a, até a, contém agora um factor 1/c’. Esta
expressao € conhemda por formula de Weizsaecker (1935) Para
determinar os valores das constantes serao precisas em principio
cinco massas nucleares. Contudo, o ajuste ¢ muito melhor se forem
consideradas tantas mais massas quantas for possivel, uma- vez que
a férmula apenas descreve um comportamento médio. Um conjunto
de valores para aquelas constantes € o seguinte {Wap 58]

a, = 17,011 mu = 15,85 MeV/c?
ag =19,691 mu = 18,34 MeV/c?
a.= 0,767 mﬁ = 0,71 MeV/c2 _
a, =99,692 mu = 92,86 MeV/c?

=+ 12,3 mu = 11,46 MeV/c?

3

A contribui¢ao dos termos individuais da expressio (2.54) para
a energia de ligacdo por nucledo esta representada na Fig.19. A figura
mostra como o decréscimo da energia de superficie e do crescimento
da enérgia de Coulomb, conduz a um médximo de B/A para A = 60.
E claro que aférmula de Weizsaecker exprime apenas o compor-
tamento médio dos nicleos, nio podendo decerto reproduzxr quais-
quer efeitos da estrutura em camadas. A expressdo sé € aplicdvel
para A > 30 (ver Fig.10), produzindo para A > 40 valores de B/A
correctos dentro de = 1%. E, de facto, not4vel que um modelo tio sim-
ples seja capaz de descrever tdo bem a energia de ligagio. Para
aplicagdes préticas existem férmulas de massa que foram refinadas

acustada inclusdo de hipteses suplementares, e que produzem

resultados - ainda melhores que a expressao (2.54) (ver, por exemplo,
[See 61, Mye 66, Gar 69]).

A constante a, do termo de assimetria pode calcular-se a partir do
modelo do gisde Fermi (v.(2.45)), mas o valor assim determinado
representa apenas cerca de metade do valor determinado empiri-
camente a partir das massas nucleares. Existe porém uma outra con-
tribui¢do para o termo de assimetria, que tem a ver com a ji referida
dependéncia que apresentam as forgas nucleares relativamente ao
spin. A ligacdo entre um neutrdo e um protio que estejam alinhados
paralelamente é maior que entre dois neutrdes, os quais, devido ao
principio de Pauli, s6 podem ter orientagio anti-paralela. Os ndcleos
com excesso de neutres apresentam porisso uma energia de ligagio
menor. Verifica-se que esta contribuigéo é proporcional a T,/A.

A férmula de Weizsaecker permite deduzir um certo nimero de
regularidades importantes. Repare-se na variagio da massa nuclear
ao longo duma série de isébaros, i.e., tome-se A = const. ¢ faga-

energia de volume

NI N,
\ cnergia de superﬁ‘me\ N

14F N R
12} 77 //////
k-] energia de Coulomb’
—310L LLLEL LY, 27, /
24l «
% efiergia de assi!uetn'a
§ 5% energia de ligagio
Fig.19 1‘; 4t
Contribuicio dos diferentes termos da = 2}

formu_la das. massas El\{cleares para a o
energia de ligagdo média por nucledo 0 30 60 90 120 150 180 210 240 270
[Eva 55]. A
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-se variar Z em (2.54). Olhando para a expressio vé-se que ela é
quadratica em Z, Para A impar obtém-se pois uma pardbola como a
representada na Fig.20a. Nos casos de A par surgem duas parabolas
diferentes, devido aenergia de emparelhamento 8. O nicleo estd
numa ou noutra pardbola conforme seja do tipo par-par ou impar-
-fmpar (Fig.20b). Como se vé na Fig.20, nuclidos de Z vizinho podem
transformar-se uns nos outros por emissio duma particula 8* ou 8-. Na
Fig.20 1é-se também aregrasegundo aqual para Almpar apenas existe
um isébaro estdvel, enquanto para A par se tém vérios isGbaros esta-
veis possiveis

O nimero de protoes Z , paraa qual a massa nuclear duma
série de is6baros é minima ocorre para

(am(z, A)) -0
oZ A =const

Introduzindo aqui (2.54), resulta
—my +2Zoac A3 + 23, (Z, — A/2) A~ 1=

e, resolvendo esta equagao em ordem a Z , tem-se

(2.55)

Z =é_ mn—mH+aA].= A :
® 2 |acAP ta, 1,98 + 0,015 A%

1
fmpar /
ST S
o)z_"~z° : )

Fig.20 As energias dos niicleos com um mesmo A. Os nicleos
estaveis sdo indicados pelos circulos a cheio.
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Representando. estes valores num diagrama de N em fungio de Z,
obtém-se a Fig.21. Se, além disso, as massas nucleares forem repre-
sentadas segundo o eixo perpendicular ao plano NZ, a linha a cheio na
Fig.21 corresponde 4 localizacdo aproximada dos nicleos estdveis,
i.e., que nao estio sujeitos ao decaimento B. Esses niicleos sdo os que
se encontram no fundo do ‘‘vale’’ das massas nucleares.

Nos processos de transmutagio por decaimento 8 o nimero de .
massa ndo € alterado. Pode igualmente usar-se-a férmula de Wei-
zsaecker para saber se um dado processo de separacido denucledes
pode libertar energia. E de esperar que, frequentemente, se ganhe
energia na separagao duma particula a, em particular, devido 2 sua
elevada energia de ligagdo. E realmente o que acontece sempre que
asoma das massas da particula, m_, e do niicleo resultante, m(Z-2,
A-4), seja inferior 2 massa do niicleo original. A energia cinética
libertada serd -

Eo = [m(Z, A) - m(Z — 2, A — 4) — m, )¢’ (2.56)

A comparagio com (2.19) mostra que isto apenas significa uma energia

* de separagao negativa. Em principio, ganha-se energia pela separacgio
duma particula o sempre que E >0, Com a ajuda da férmula de

Weizsaecker € possivel determinar as regides do plano NZ que
correspondem a E _>0,>2, >4, >6 MeV, etc. NaFig.22 representam-
-se as fronteiras dessas regides para diferentes valores de E . Para
maior clareza, nao se representa o plano NZ, mas sim N/Z em fungao
de A. Representam-se igualmente na figura os limites das regides de

" instabilidade para a separacgio de neutroes e de protdes. Como se vé,

esses limites afastam-se bastante da linha dos niicleos estiveis, que
alids nunca cruzam. Resulta dai que a emissao de neutrdes ou de

| estabilidade
80} [N7=constante - 7 ‘mixima
isébaros Q‘:} //
60} //
s
£ . Z constante
401 e is6topos
e
z
| = .
T 20 N constante
isétonos
e N
Fig.21 v ) ) | ‘ ) l
Localizagio dos niicleos esta- 0 200 40 60 80 100 120
N—

veis no plano NZ.



actually observed, it must take this effect into account. (Otherwise it would allow
stable isotopes of hydrogen with hundreds of neutrons!) This term is very
important for light nuclei, for which Z = A4/2 is more strictly observed. For
heavy nuclei, this term becomes less important, because the rapid increase in the
Coulomb repulsion term requires additional neutrons for nuclear stability. A
possible form for this term, called the symmetry term because it tends to make
the nucleus symmetric in protons and neutrons, is —ag,,(4 — 2Z )2/A which
has the correct form of favoring nuclei with Z = 4 /2 and reducing in impor-
tance for large A.

Finally, we must include another term that accounts for the tendency of like
nucleons to couple pairwise to especially stable configurations. When we have an
odd number of nucleons (odd Z and even N, or even Z and odd N), this term
does not contribute. However, when both Z and N are odd, we gain binding
energy by converting one of the odd protons into a neutron (or vice versa) so that
it can now form a pair with its formerly odd partner. We find evidence for this
pairing force simply by looking at the stable nuclei found in nature—there are
only four nuclei with odd N and Z (%H, SLi, 1°B, *N), but 167 with even N and
Z. This pairing energy & is usually expressed as +a,4~** for Z and N even,
—~a,A~%"* for Z and N odd, and zero for 4 odd.

Combining these five terms we get the complete binding energy:

B=a,A—a A ~-a.Z(Z~-1)4a"1

(4-22)

'—a,ym—T +8 (3.28)

and using this expression for B we have the semiempirical mass formula:

M(Z, A) =Zm(*H) + Nm, — B(Z, 4)/c* (3.29)
The constants must be adjusted to give the best agreement with the experimental
curve of Figure 3.16. A particular choice of a, = 15.5 MeV, a, = 16.8 MeV,
a. = 0.72 MeV, a,,, = 23 MeV, a, = 34 MeV, gives the result shown in Figure
3.17, which reproduces the observed behavior of B rather well.

The importance of the semiempirical mass formula is not that it allows us to
predict any new or exotic phenomena of nuclear physics. Rather, it should be
regarded as a first attempt to apply nuclear models to understand the systematic
behavior of a nuclear property, in this case the binding energy. It includes several
different varieties of nuclear models: the liquid-drop model, which treats some of
the gross collective features of nuclei in a way similar to the calculation of the
properties of a droplet of liquid (indeed, the first three terms of Equation 3.28
would also appear in a calculation of the energy of a charged liquid droplet), and
the shell model, which deals more with individual nucleons and is responsible for
the last two terms of Equation 3.28. ‘

For constant A4, Equation 3.29 represents a parabola of M vs. Z. The parabola
will be centered about the point where Equation 3.29 reaches a minimum. To
compare this result with the behavior of actual nuclei, we must find the mini-
mum, where dM/3Z = 0:

[mn - m(*H)] + 4,47 + 4a
min 2a,47V3 + 8a,, A"

sym

sym

Z

(3.30)

With a, = 0.72 MeV and a, = 23 MeV, it follows that the first two terms in
the numerator are negligible, and so

A 1

Zpn = =
™21+ 4V fa g,

(3.31)

For small 4, Z,, = A/2 as expected, but for large 4, Z_,, < 4/2. For heavy
nuclei, Equation 3.31 gives Z/A = 0.41, consistent with observed values for
heavy stable nuclei.

Figure 3.18 shows a typical odd-A decay chain for 4 = 125, leading to the
stable nucleus at Z = 52. The unstable nuclei approach stability by converting a
neutron into a proton or a proton into a neutron by radioactive 8 decay. Notice
how the decay energy (that is, the mass difference between neighboring isobars)
increases as we go further from stability. For even A, the pairing term gives two
parabolas, displaced by 28. This permits two unusual effects, not seen in odd-4
decays: (1) some odd-Z, odd-N nuclei can decay in either direction, converting a
neutron to a proton or a proton to a neutron; (2) certain double B decays can
become energetically possible, in which the decay may change 2 protons to 2
neutrons. Both of these effects are discussed in Chapter 9.

3.4 NUCLEAR ANGULAR MOMENTUM AND PARITY

- In Section 2.5 we discussed the coupling of orbital angular momentum £ and spin

s to give total angular momentum j. To the extent that the nuclear potential is
central, £and s (and therefore j) will be constants of the motion. In the quantum
mechanical sense, we can therefore label every nucleon with the corresponding
quantum numbers Z, s, and j. The total angular momentum of a nucleus
containing A nucleons would then be the vector sum of the angular momenta of
all the nucleons. This total angular momentum is usually called the nuclear spin
and is represented by the symbol I. The angular momentum I has all of the
usual properties of quantum mechanical angular momentum vectors: I? =
RI(I+1) and I,=mh (m= —1I,...,+1I). For many applications involving
angular momentum, the nucleus behaves as if it were a single entity with an
intrinsic angular momentum of /. In ordinary magnetic fields, for example, we
can observe the nuclear Zeeman effect, as the state I splits up into its 27 + 1
individual substates m = —I, — I+ 1,..., I — 1, I. These substates are equally
spaced, as in the atomic normal Zeeman effect. If we could apply an incredibly
strong magnetic field, so strong that the coupling between the nucleons were
broken, we would see each individual j splitting into its 2j + 1 substates.
Atomic physics also has an analogy here: when we apply large magnetic fields we
can break the coupling between the electronic ¢ and s and separate the 24+ 1
components of £and the 25 + 1 components of s. No fields of sufficient strength
to break the coupling of the nucleons can be produced. We therefore observe the
behavior of I as if the nucleus were only a single “spinning” particle. For this
reason, the spin (total angular momentum) I and the corresponding spin quan-
tum number I are used to describe nuclear states.

To avoid confusion, we will always use I to denote the nuclear spin; we will

- use j to represent the total angular momentum of a single nucleon. It will often
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Para um eletron orbitando em uma orbita de raior € area A

. € 2 €VIr

u =iA = - =—_——
L W (2mr)/ v 2
Como |{|=rp=rm.v | =i‘ ‘ 0
r= |{|/mv | ‘u‘ m€ :

eh

—— = magneton

2m

reescrevendo W = g, { Uy

quanticamente

W=

en en |y

2m

Up=5.7884 x 105 ¢V/T

|

L= 3.1525 x 108 eV/T

g, = 1 para protons
g, = 0 para neutrons




