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 e 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 lichium 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. OQur earth was formed from
supernova debris.

Big  quark-gluon proton & neutron formation of formation of - star dispersion of today
Bang 1 formation low-mass nuclei  neutral atoms formation massive elements
T 1012 K 10° K 4,000 K 20K-3 K <20K-3 K 3K

time 104 3 min 400,000 yr 1x10%yr >1x10%yr 15 x 10”yr
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NUCLEO DE THOMSON | — | ANIMACAO

http://galileocandeinstein.physics.virginia.edu/more_stuff/Applets/rutherford/rutherford2.html
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Figure 3.11 The breakdown of the Rutherford scattering formula. When the - I | -
incident a particle gets close enough to the target Pb nucleus so that they can l I |
interact through the nuclear force (in addition to the Coulomb force that acts when 1.0 .5 2.0 2.5 3.0 3.5
they are far apart) the Rutherford formuia no longer holds. The point at which this d(O)/(Av’ - Av,) (tm)
breakdown occurs gives a measure of the size of the nucleus. Adapted from a 1 2 m

review of a particle scattering by R. M. Eisberg and C. E. Porter, Rev. Mod. Phys. Figure 2.12 The differential cross-sections for O and C ions, in ratio to the Rutherford

33, 190 (1961). . __ ones, scattering from various targets plotted against the distance of closest approach d,
instead of the scattering anglé @, by using equation 2.20. The distance d has been divided by
(4% + AL/®), where A; is the mass number of nucleus i. The measured cross-sections then
_fall on a universal curve, showing that nuclear radii are approximately proportional to
A3 () 150+ 40°45Ca at 49 MeV, 190 + *9+42 Ca, ST}, 52Cr, **Fe, **Niat 60 MeV and
1*0+°°Niat 60 MeV; (b) '*C+°°Zrat 38 MeV, '*0+ °*Zrat 47,49 MeV, ¢ O + ** Sy,

937+ 2t 60 MeV and 'O + °° Zr at 60, 66 MeV. (After Christensen et al., 1973)
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| Kinematics of nuclear reactions and scattering (continued)
lj’sc in Iab

8,6 in C. M. . Light
Primed energies in C.M.
0 | )
(M E, .. 0=(M;+M,—M;—M,)c
N { p=n—-0
Incident- Target :
Define: ‘
4 MML(EES) o MM, - M&) _E,
(M, + M,) (M3 +M,) ’ (M + M,) (M3 + M,) M,E; Er
B — MIMS(EI./ET) D - M2M4 1 MIQ) - _E_’i
(M, + M,)(M;+ M,) ’ (M + M,)(My + M) M,Er Er

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



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

Lab energy of - E,

_ B4 D+2(AC) cos 8 Use only plus sign unless
light product: E, c | ' B>D, in which case

= Blcosy £ (D/B—sin’ )] Yuu=sin”" (D/B)*

Lab energy of E, - Use only plus sign unless
— =4 2 o

heavy product: E; +C+2ACY cos ¢ ~ A>C,in which case

= Afcos{+(C/A—sin?{)*]? {ae=5in" H{C/A)?
Lab angle of ) ME;\*? | C.M. angle of - E./E; -
heavy product: o M,E, sin Y light product : WMEEUTD ) sy
Intensity or 8 16 o dd sin? (AC):(D/B — sin® W)
solid-angle ratio o(®) = ©) = 31.n;l/ v = s1ln211; cos (60— ) =( J'(D/B—sin"y)
for light product: o¥) I(¥) s 6dé  sin“0 - E;/Er
Intensity or intd . 2 ACVH(CIA —sin? )}
solid-angle ratio o(#) = 1(9) = s'mC ¢ = s.mz ¢ os(p—{) = (4€) ( / 1 3
for heavy product: a(() I({) singd¢p sin“¢ E,E;
Intensity or solid- _ L
angle ratio for o) _ 1) _sinydy sin®  cos (6 — )
associated particles o(y) I(¥) sinld{ sin®{ cos{¢p~{)
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ESPALHAMENTO ELASTICO

REACOES DIRETAS

ESPALHAMENTO INELASTICO
“STRIPPING”

TRANSFERENCIA DE NUCLEONS {
“PICK-UP”

“KNOCK-OUT”

QUEBRA NUCLEAR ("BREAK-UP”)

PRE-EQUILIBRIO

NUCLEO COMPOSTO

5 FUSAO COMPLETA
FUSAO

FUSAO INCOMPLETA
FISSAO



n =1.00866 u.m.a.

p = 1.0079 u.m.a.
d=2.01410 u.m.a.

t =3.01860 u.m.a.
‘He = 4. 00260 u.m.a.
6LLi =6.01512 u.m.a.
2C =0.00000 u.m.a.




NEUTRON &

GLUONS

NUCLEONS

A PROTON

= M, = 93827 MeV

M(proton) o

M eutrony = M, = 939.56 MeV
M(eletron) = M,= 0.511 MeV

M itomo de Hidrogenio) = Mu= 938.58 MeV

M+ M= 938.27 + 0.511 = 938.78MeV
M,, = 938.58 MeV

M(16O) =14 899.17 MeV
8M + 8M,, = 15 022.64 MeV
AM = 123.47 MeV

p=(+u+td) M, ~3 MeV
My ~ 6 MeV
2 M(u) + M(d) = 12MeV

Mp = 938.27 MeV
AM = 926 MeV
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Barrier Potential, E<
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x=0

Figure 2.3 The wave function of a particle of energy £ encountering a step of
height V;,, for the case E < \,. 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
=7, 0<x<a (2.35)
=90 x>a
In the three regions 1, 2, and 3, the solutions are
4‘1 =A€ik‘x + Be*iklx
Y, = Ce'k2* + De ik (2.36)
\1’3 = Feing + Ge*ikgx
where k, = k; = V2mE/h? and k, = 2m(E — V,)/h*.

Using the continuity conditions at x = 0 and at x = a, 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|2/|4]%

1.
T = 2.37
1 V2 ( )

1

0
T EE Sk
2 EC 0)sm ,a

The solution is illustrated in Figure 2.4.

Barrier Potential, E< {,
For this case, the ; and iy solutions are as above, but i, becomes

Y, = Cek2* + De ko~ (2.38)
where now k, = \/W . 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 = g permits the
solution for the transmission coefficient:

1
T= - . (2.39)

1 sinh® k,a

0
+_#
4 E(V,- E)

Classically, we would expect 7 = 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 funneling has
important applications in nuclear physics, especially in the theory of a decay,
which we discuss in Chapter 8. '

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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proton/neuntron conversions

n—pe 7,
Reaction #1:
e

Jow:

Reaction #2:

s

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

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