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Figure 8.1 Energy distribution of the electron and positron in ®*Cu decay. The low energy
part of the electron spectrum is enhanced due to the deceleration caused by the nuclear
attraction. For the positron one has the opposite effect.
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Table 5.1 Energy conditions in g-decay and electron capture in terms of nuclear masses,
M(ZA):

Decay
Ji (ZA)=(Z+1,A)te” +¥,,
B*: (Z,A):>(Z—1,A)+e++ve,
EC: (ZA)+e =(Z-1,A)+v,.

i these conditions become:
In terms of atomic masses (# (ZA))

Q, = (M(ZA)-M(Z+1,A)-m,)c* >0.
Q, = (M(ZA)-M(Z-1,A)=m,)c? >O0.
Q= (M(ZA)+m,~M(Z-1,A))c? >0

B Q = (M(ZA)-M(Z+1,A))C? >0.
ﬂ*z' Q, =(Jl(Z,A)—/l(Z—LA)—Zme)cZ>0.
EC’: OEC=(u/l(Z,A)—//l(Z--LA))c2 >0.

[We have assumed that the mass 'of the electron is equal to that (_)f the positron. There is a
fundamental theorem in relativistic quantum mechanics which is based on sound basic

principles that requires particle and antiparticle to have the same mass. There is neither-
experimental nor theoretical reason to doubt this result.]

Fig. 5.5 The energy-level diagrams for f~- f*-decays and for
electron capture (E.C.). Here it is most convenient to use a
vertical scale which gives the atomic masses of the levels
involved. In (a) the parent level has to be above the level of the
daughter for -decay to be possible, the level difference, Q,,
being the energy available to share among the products as
kinetic energy, which, neglecting nuclear recoil, will be the
maximum kinetic energy the electron can have. In (b) electron

f: ia a,

Ed

=)

E l

k]

<

(Z,A) (Z+1,A) (Z“LA) (Z,A) (2_1"4) (Z,A)
fa) (b) ()

capture can occur and the mass difference (Qr.) goes into total
energy of the neutrino and recoil of the daughter atom (branch
labelled E.C.). For f*-decay to occur the mass difference must
be greater than 2m,; what is left is available for kinetic energy
(Qp)- This situation is represented by the right-hand branch of
(b), labelled B*. For an atomic mass difference less than 2m,,
p*-decay is impossible and only electron capture can occur, as
shown in (c).



Laboratory Stellar plasma

Figure 1.17 p-Decays (a) in the laboratory, In the laboratory, the p-decay proceeds from
and (b) in a hot stellar plasma. The vertical the ground state of nucleus X to levels in
direction corresponds to an energy scale. For nucleus X', while far more p-decay transi-
reasons of clarity, only two levels are shown  tions are energetically accessible in a stellar
in the parent nucleus X and the daughter plasma owing to the thermal excitation of
nucleus X’. The ground and first excited levels (dashed vertical arrows).

state are labeled by 0 and 1, respectively.

Example 1.5

In the laboratory, f*-decays of the nuclide 2°Al have been observed both from

the ground state (J* = 5%) and from the first excited (isomeric) state (J* = 0%) .
located at an excitation energy of E, = 228 keV (Figure 1.15). The ground state

decays via positron emission to excited levels in the daughter nucleus Mg (we

will neglect a small electron capture branch) with a half-life of Tsz =717 x10%y,

while the first excited state decays to the Mg ground state with a half-life of

Ty, =6345s. Above a temperature of T = 0.4 GK, both of these 2°Al levels are

in thermal equilibrium (Figure 1.16). Calculate the stellar half-life of 26Al when

the plasma temperature amounts to 7' = 2 GK.
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Fig. 5.6 The atomic mass of the isobars of 4=101as a function of Z in the region of
the line of stability. The solid points are calculated using the semi-empirical mass
formula (Table 4.2); the line drawn through the points has no physical significance.
The energy changes in f-decay given in Table 5.1 permit the transitions indicated so
that the lowest atomic mass is thereby expected to be the only stable isobar,
ruthenium in this case. This is the situation in all odd-4 nuclei and the conclusion is
that there is only one stable isobar for odd-4 nuclei. The actual atomic masses are
given by open points: the conclusion is the same. However, it is clear that even the
relatively small errors in the result of the semi-empirical mass formula may not
permit, in all cases, a prediction of which Z has the lowest atomic mass at the bottom
of a shallow curve. For the real nuclei the transition from 4 = 45 to A4 = 44 can occur
only by electron capture.
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Fig. 5.7 The atomic mass of the isobars of 4 =100 as a function of Z in the region of
the line of stability. The solid points ‘are calculated using the semi-empirical mass
formula (Table 4.2). The pairing term contributes an opposite amount to the even-
and odd-Z masses with the result that alternate mass points lie on different parabolae.
The energy changes in f-decay givenin Table 5.1 predict that the transitions indicated
will occur and that molybdenum and ruthenium will be stable. As in Fig. 5.6 the
actual masses are indicated by the open points. The conclusions are not changed in
this case. The general conclusion is that even-4 nuclei can have two or more stable
isobars.
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Figure 8.5 Experimental distribution of logjft values. The number of cases in the ordinate
includes the electron capture process.
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Fig. 2.14. Qq vs. A for B-stable nuclei. The solid line shows the prediction of the
semi-empirical mass formula. Because of the shell structure, nuclei just heavier than
the doubly magic 2°Pb have large values of Q. while nuclei just lighter have small
values of Qo. The dashed lines show half-lives calculated according to the Gamow
formula (2.61). Most nuclei with A > 140 are potential a-emitters, though, because
of the strong dependence of the lifetime on Qq, the only nuclei with lifetimes short
enough to be observed are those with A > 209 or A ~ 148, as well as the light
nuclei ®Be, 5Li, and 5He. '



Qo (MeV)

Fig. 2.15. The half-lives vs. Qq for selected nuclei. The half-lives vary by 23 orders
of magnitude while Qq varies by only a factor of two. The lines shown the prediction
of the Gamow formula (2.61). .
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Fig. 2.16. Gamow’s model of o-decay in which the nucleus contains a o-particle
moving in a mean potential. If the electromagnetic interactions are “turned off”, the
o-particle is in the state shown on the left. When the electromagnetic interaction
is turned on, the energy of the o-particle is raised to a position where it can tunnel
out of the nucleus.
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which has the solution
N(t) = N(t=0)e"t".

The mean survival time is 7, justifying its name.
The inverse of the 1aean lifetime is the “decay rate”

" 6Ge — °Se2e” 2V,  t1
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he observation time is comp
cessary because T can be de

A== (4.4)

T

We saw in Sect. 3.5 that an unstable particle (or more precisely an un- fi
stable quantum state) has a rest energy uncertainty or “width” of
I 6.58 x 10722 MeV sec

I' =h\ = - =
T T

Since nuclear states are typically separated by energies in the MeV range,
the width is small compared to state separations if the lifetime is greater
than ~ 10722 sec. This is generally the case for states decaying through the
weak or electromagnetic interactions. For decays involving the dissociation}
of a nucleus, the width can be quite large. Examples are the excited states:
of "Li (Fig. 3.5) that decay via neutron emission or dissociation into 3H*He.}
From the cross-section shown in Fig. 3.4, we see that the fourth excited state
(7.459 MeV) has a decay width of I' ~ 100 keV. 4
It is often the case that an unstable state has more than one “decay
channel,” each channel k having its own “branching ratio” Bj. For exampl
the fourth excited state of “Li has

=105 < 7 < 10%s (mostly -,
urification is not possible fo
nuclear reactions can be slow
material (Sect. 5.3). Decays ¢
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“i collisions with a charged.
Lifetimes of observed nuclear transitions range from ~ 10722 sec _'4_2" the cross-sechion itvoli
TLi(7.459MeV) — n°Li, H%He 1 = 6% 102 sec § 2nd excited-nuclear states as
ground-state. In fact, the inci

to 102! yr , ‘

Bpep; = 0.72 Bspag, = 028 By ~ 0.0, (4. 6)'

where the third mode is the unlikely radiative decay to the ground state. In
general we have

Y By =1, (4.7);
. « i
the sum of the “partial decay rates,” A\ = Bp\

Xk:Ak - P%
oy

and the sum of the “partial widths,” I}, = By I

%:Fk=F. QI\ L jL (4.

4.1.2 Measurement of decay rates
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Qe — 9Se2e” 2Ve t12 = 1.6 x 10 yr (4.11)
not surprising that the techniques for lifetime measurements vary con-
erably from one end of the scale to the other. Here, we summarize some
Lome ¢ techniques, illustrated in Figs. 4.1- 4.4.
‘decay rate” o

o 7> 108 yr (mostly o~ and 2B-decay). The nuclei are still present on Earth
(whose nuclei were formed abotit 5 x 10° year ago) and can be chemically
and isotopically isolated in macroscopic quantities and their decays de-
tected. The lifetime can then by determined from (4.3) and knowledge of
the quantity IV in the sample. An illustration of this technique is shown in
Fig. 4.1.

e 10min < 7 < 108 yr (mostly o- and B-decay). The nuclei are no longer
L present on Earth in significant quantities and must be produced in nuclear
| reactions, either artificially or naturally (cosmic rays and natural radioac-
'* t1v1ty sequences). The lifetimes are long enough for chemical and (with
~ more difficulty) isotopic purification. The decays can then be observed and
(4 3) applied to derive 7. The case of '"°Tm is illustrated in Fig. 4.2. If
_ the observation time is comparable to 7, knowledge of N(t = 0) is not

(44

article (or more premsely an un: :
certainty or “width” of
e (4.5)°
1 by energies in the MeV range,}
wations if the lifetime is greater
s for states decaying through the
decays involving the dissociation’
Examples are the excited states’
ission or dissociation into 3H*He,
3 see that the fourth excited state
keV. b
state has more than one “decay|
ranching ratio” By. For example &

rate.

10~1% < 7 < 103s (mostly B-, y- and o-decay). While chemical and isotopic
purification is not possible for such short lifetimes, particles produced in
nuclear reactions can be slowed down and stopped in a small amount of
material (Sect. 5.3). Decays can be counted and (4.3) applied to derive 7.
Examples are shown in Figs. 2.18 and 2.19. The case of the first excited
state of 179Yb produced in the B-decay of "°Tm is illustrated in Fig. 4.2.
o 107155 < 7 < 10710s. (mostly y-decay). The time interval between produc-
tion and decay is too short to be measured by standard timing techniques
but a variety of ingenious techniques have been devised that apply to this
range that covers most of the radiative nuclear decays. One technique uses

By ~ 0.0, (4.6)
ive decay to the ground state. In

(47) ]

Bi) .~ the fact that the time for a particle to slow down in a material after having
" been produced in a nuclear reaction can be reliably calculated (Sect. 5.3).

(4.8) % " For particles with 107%s < 7 < 1071, the disposition of material can be

chosen so that some particles decay “in flight” and some after coming to

By I rest. For the former, the energies of the decay particles are Doppler shifted

and can be distinguished from those due to decays at rest. Measurement of
the proportion of the two types and knowledge of the slowing-down time
allows one to derive 7. The technique is illustrated in Fig. 4.3.

Another indirect technique for radiative transitions is the Coulomb ez-
citation method. The cross-section for the production of an excited state
in collisions with a charged particle is measured. As mentioned in Sect.
3.4.2, the cross-section involves the same matrix element between ground-
and excited-nuclear states as that involved in the decay of the excited- to
ground-state. In fact, the incident charged particle can be considered to be

nge from ~ 10722 sec

= 6x 102" sec (4.10) ¢

necessary because 7 can be derived from the time variation of the counting |
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a source of virtual photons that can induce the transition. Knowledge of j, 101

the cross-section allows one to deduce the radiative lifetime of the state. ;
o 7 <10 2sie I' > 6 x 10710 MeV. (mostly y-decay and dissociation). In &
this range where direct timing is impossible, the width of the state can be
measured and (4.5) applied to derive 7. An example is shown in Fig. 3.4 |
where the energy dependence of the neutron cross-section on 6Li can be
used to derive the widths of excited states. In this example, the state is-
very wide because it decays by breakup to n®Li or *H*He. Widths of states 3
that decay radiatively can only be measured with special techniques. An
example is the use of the Mdssbauer effect, as illustrated in Fig. 4.4. ‘

helium gas

S SCID t1l ators‘ o

4.1.3 Calculation of decay rates

Consider a decay i
a—bi+byt+... +by . (412)‘

Particle a, assumed to be at rest, has a mass M and an energy £ = M 2. As
in scattering theory, we can calculate decay rates by using tlme—dependent
perturbation theory (Appendix C). We suppose that the Hamiltonian consists -
of two parts. The first, Hy, represents the energies of the initial and final state
particles, while the second H;, has matrix elements connecting initial and ’
final states. The decay rate, i.e. the probability per unit time that a decays
into a state |f) of final particles is

Nass = AT (M — Y B) @19)§

where F; is the energy of particle b;. In first order perturbation theory, the ¢
" transition operator T is just the Hamiltonian responsible for the decay, Hi.
As in the case of nuclear reactions, quantum field theory is the appropri- -
ate language to determine which decays are possible and the form of their :
matrix elements. Lacking this technology, we will usually just give the ma-
trix elements for each process under consideration. However, as in reaction
theory where the classical limit of particles moving in a potential was a gulde
for determining the matrix elements for elastic scattering, certain decay prO-'
cesses have classical analogs that can guide us. This is the case for ra,d1at1Ve
decays which have the classical limit of a charge distribution generating a.n
oscillating electromagnetic field. :
Despite the fact that we will not generally be able to derive rlgorously
the matrix elements, we can expect that the interaction Hamiltonian 152
translation invariant. Therefore, thé square of the transition matrix element | ?n pairs measured in this manr
|(£|T'|3)|? will be, as in scattering theory, proportional to a momentum con-: BEriod of 6140 h, corresponding to
serving delta functlon We therefore define the “reduced” transition matrlx
element T by

(AT = [Tor.pn)PV- N V(2nh)*s} (Tp;) (4.14)
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(background subtracted)

2 3 4
2 electron energy sum (MeV)

Fig. 4.1. The measurement of the double-p decay of 10000 — 19Ru 2e2Ve [36].
The upper figure shows a simplified version of the experiment The source is a 40um
thick foil consisting of 172 g of isotopically enriched '*°Mo (98.4% compared to
the natural abundance of 9.6%). After a decay, the daughter nucleus stays in the
foil but the decay electrons leave the foil (Exercise 4.2) and traverse a volume con-
‘faining helium gas. The gas is instrumented with high voltage wires that sense the
onization trail left by the passing electrons so as to determine the e™ trajectories.
' The electrons then stop in plastic scintillators which generate light in proportion to
‘the electron kinetic energy. The bottom figure show the summed kinetic energy of
‘electron pairs measured in this manner. A total of 1433 events were observed over
" a period of 6140 h, corresponding to a half-life of 100Mo of (0.95 £ 0.11) x 10*%yr.
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Fig. 4.2. Observation of the decay of *"°Tm and measurement of the lifetime of the:
first excited state of *"°Yb [37]. The radioactive isotope "°Tm (t;/, = 128.6day) is i
produced by irradiating a thin foil of stable ***T'm with reactor neutrons. 170 'm is
produced through radiative neutron capture, ***Tm(n,y)"*Tm. After irradiation,
the foil is placed at a focus of a double-armed magnetic spectrometer. The decay
OTm — 1"%Ybe Ve proceeds as indicated in the diagram with a 76% branching
ratio to the ground state of *"°Yb and with at 24% branching ratio to the 84 keW
first excited state. The excited state subsequently decays either through - emlssloll
or by internal conversion where the y-ray ejects an atomic electron of the Yb.:
Electrons emerging from the foil are momentum-selected by the magnetic field and
focused onto two scintillators. Events with counts in both scintillators are due.to 2
B-electron in one scintillator and to an internal conversion ele.ctron in the ot-her.. The! ,,shows the energy distribution of 1
distribution of time-delay between one count and the other is shown and indicates Br for four germanium diodes at

that the exited state has a lifetime of ~ 1.57 ns. direct ion. Each distribution has two col
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. 4.3. Measurement of radiative-decay lifetimes by the “Doppler-shift attenu-
i tlon method” [38]. The top figure is a s1mphﬁed version of the apparatus used to
easure the lifetimes of excited states of "Br. A beam of 70 MeV '°F ions impinges
upon a 58Ni target, producing a variety of nuclei in a varlety of excited states. The
target is sufficiently thick that the produced nuclei stop in the target. Depending
“on the lifetime of the produced excited state, the state may decay before stopping
-flight” decays) or at rest. The target is surrounded by germanium-diode de- .
tectors (the Euroball array) that measure the energy of the photons. The bottom
ﬁgure shows the energy distribution of photons corresponding to the 1068 keV line
f ™Br for four germanium diodes at different angles with respect to the beam
ection. Each distribution has two components, a narrow peak corresponding to
ecays at rest and a broad tail corresponding to Doppler-shifted in-flight decays.
" Note that decays with # > 90 deg (6 > 90 deg) have Doppler shifts that are positive
negative). Roughly half the decays are in-flight and half at-rest. Knowledge of the
time necessary to stop a Br ion in the target allowed one to deduce a lifetime of
0.25 ps for the state that decays by emission of the 1068keV gamma (Exercise 4.4).
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Fig. 4.4. Measurement of the width of the first excited state of 917y throught
Méssbauer spectroscopy [39]. The excited state is produced by the B-decay of 191058
De-excitation photons can be absorbed by the inverse transition in a '°'Ir absorber
This resonant absorption can be prevented by moving the absorber with respect t0
the source with velocity v so that the photons are Doppler shifted out of the reso
nance. Scanning in energy then amounts to scanning in velocity with AEy/Ey = v/ ¢
Tt should be noted that photons from the decay of free ***Ir have insufficient enl-
ergy to excite °*Ir because nuclear recoil takes some of the energy (4.42). Resonant
absorption .is possible with v = 0 only if the 17 nuclei is “locked” at a cryst__'
lattice site so the crystal as a whole recoils. The nuclear kinetic energy p?/2ma 1L
(4.42) is modified by replacing the mass of the nucleus with the mass of the cryS'J‘,,A
The photon then takes all the energy and has sufficient energy to excite the originds
state. This “Mossbauer effect” is not present for photons with E > 200keV becaust
nuclear recoil is sufficient to excite phonon modes in the crystal which take sOm&
of the energy and momentum. i
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