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BETA DECAY

The emission of ordinary negative electrons from the nucleus was among the
earliest observed radioactive decay phenomena. The inverse process, capture by a
nucleus of an electron from its atomic orbital, was not observed until 1938 when
Alvarez detected the characteristic X rays emitted in the filling of the vacancy left
by the captured electron. The Joliot-Curies in 1934 first observed the related
process of positive electron (positron) emission in radioactive decay, only two
years after the positron had been discovered in cosmic rays. These three nuclear
processes are closely related and are grouped under the common name beta (B)

decay.

The most basic 8 decay process is the conversion of a proton to a neutron or of
a neutron into a proton. In a nucleus, B decay changes both Z and N by one
unit: Z—>Z+1, NN F1sothat A=Z+ N remains constant. Thus B

decay provides a convenient way for an unstable nucleus to “slide down” the
mass parabola (Figure 3.18, for example) of constant A and to approach the
stable isobar.

In contrast with a decay, progress in understanding 8 decay has been achieved
at an extremely slow pace, and often the experimental results have created new
puzzles that challenged existing theories. Just as Rutherford’s early experiments
showed a particles to be identical with *He nuclei, other early experiments
showed the negative B particles to have the same electric charge and charge-

to-mass ratio as ordinary electrons. In Section 1.2, we discussed the evidence

against the presence of electrons as nuclear constituents, and so we must regard

the B decay process as “creating” an electron from the available decay energy at
the instant of decay; this electron is then immediately ejected from the nucleus.
This situation contrasts with a decay, in which the a particle may be regarded as
having a previous existence in the nucleus.

The basic decay processes are thus:

n —p+e” negative beta decay (87)
p—»n+e* positive beta decay (81)
pte —n orbital electron capture (&)

another particle (a neutrino or

These processes are not complete, for there is yet
ocesses occur only for protons

antineutrino) involved in each. The latter two pr
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9.1 ENERGY RELEASE IN § DECAY

’e[‘:e continuous energy distribution of the S-decay electrons was a confusing

de}éin(rinental ‘result in the 1920§. Alpha particles are emitted with sharp, well-

el e; ta::nelglgles, i:lqual t(l)1 the difference in mass energy between the initi.;ll and

es (less the small recoil corrections); all a deca i
fina ; ys connecting the same
;m:;fllu?gsogrslaij‘s?t‘is h_ave e)f(actly the same kinetic energies. Beta pafticles have
istribution of energies, from zero u imi

. utio , p to an upper limit (the

grrlii)otnt energy) which is eql{al to the energy difference between the initial (and

o Ofs tz;;ces. IfB (_ie,cay were, like a decay, a two-body process, we would expect

partidesehgvé)artwlesu to have a unique energy, but virtually all of the emitted
a smaller energy. For instance, we might ex i

: : \ pect on the basis of

E;llfelf;r ernass dlf;‘e{elngei\sll that the B particles from 21°Bi would be emitted with a

nergy of 1. eV, yet we find a conti istributi
116 MoV (Boure 5.1 inuous distribution from 0 up to
B’?:r :e:lrclzu:fltemp“ct;odacccilunt for this “missing” energy hypothesized that the
y emitted with 1.16 MeV of kinetic ener

2 / _ gy, but lose energy, such as

Ey Z(;H'l[??ns with a?or?uc electrons, before they reach the detection syf‘z;m. Such

ﬁnI:: o :1 ,[; ity was eliminated by' very precise calorimetric experiments that con-

ek :;)gurce and mea;ured its decay energy by the heating effect. If a portion

y were transferred to the atomic electrons, a ¢ i ise i

, a corresponding rise in

';er:cpteraturﬁ shou}d b_e observgd. These experiments showed that the sha§e of the

aIIJl d rum shown in Figure 9.1 is a characteristic of the decay electrons themselves

< not a result of any subsequent interactions.
emit(i gcgount for this energy release, Pauli in 1931 proposed that there was
ed in the decay process a second particle, later named by Fermi the
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s the “missing” energy and, because it is highly
t stopped within the calorimeter, thus accounting
for the failure of those experiments t0 record its energy. Conservation of electric
charge requires the neutrino to be electrically neutral, and angular momentum
conservation and statistical considerations in the decay process require the
neutrino to have (like the electron) a spin of 1. Experiment shows that there are
in fact two different kinds of neutrinos emitted in B decay (and yet other varieties
emitted in other decay processes; se¢ Chapter 18). These are called the neutrino
and the antineutrino and indicated by » and 7. It is the antineutrino which is
emitted in B~ decay and the neutrino which is emitted in 7 decay and electron

capture. In discussing B decay, the term “neutrino” is often used to refer to both

neutrinos and antineutrinos, although it is of course necessary to distinguish
the same is true for “electron.”

between them in writing decay processes;
To demonstrate B-decay energetics we first consider the decay of the free
neutron (which occurs with a half-life of about 10 min),

n—>p+e +7.
As we did in the case of a decay, we define the Q value to be the difference
between the initial and final nuclear mass energies.

neutrino. The neutrino carrie
penetrating radiation, it is no

Q= (m,—m,—me— m;)c? (9.1)

and for decays of neutrons at rest,
Q=T,+T.+ T (9.2)

For the moment we will ignore the proton recoil kinetic energy T, which

amounts to only 0.3 keV. The antineutrino and electron will then share the decay
energy, which accounts for the continuous electron spectrum. The maximum-
energy electrons correspond to minimum-energy antineutrinos, and when the
antineutrinos have vanishingly small energies, Q = (T,) max- 1hE measured maxi-
mum energy of the electrons is 0.782 + 0.013 MeV. Using the measured neutron,
electron, and proton masses, we can compute the Q value:
Q=met—myc?— mc* — myc?
— 939573 MeV — 938.280 MeV — 0.511 MeV — myc?

= 0.782 MeV — m;c?

Thus to within the precision of the measured maximum energy (about 13 keV)
we may regard the antineutrino as massless. Other experiments provide more
stringent upper limits, as we discuss in Section 9.6, and for the present discussion
we take the masses of the neutrino and antineutrino to be identically zero.
Conservation of linear momentum can be used to identify B decay as a
three-body process, but this requires measuring the momentum of the recoiling
nucleus in coincidence with the momentum of the electron. These experiments
are difficult, for the low-energy nucleus (T < keV) is easily scattered, but they

have been done in a few cases, from which it can be deduced that the vector sum

of the linear momenta of the electron and the recoiling nucleus is consistent with
» energy and having a rest

an unobserved third particle carrying the “missing
mass of zero or nearly zero. Whatever its mass might be, the existence of the
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xidtl}i:m;?l Itaarticle cils abslolutely required by these experiments, for the momenta
ectron and nucleus certainly do not sum to i
vobody doony. y zero, as they would in a
1Bte.ca}us'e the neutrir}o is massless, it moves with the speed of light and its total
re atlYIStIC energy E, is thg same as its kinetic energy; we will use E, to represent
nme;izmo enelr)gles. (A review of the concepts and formulas of relativistic kine-
" t's may be found.ln Appendlx. A.)) For the electron, we will use both its
bm; 1c_energy T, :;md its total relativistic energy E., which are of course related
t}f B, = T, + mec”. (Decay energies are typically of order MeV; thus the nonrel-
a lngth approximation ‘T.<< ‘mcz is certainly not valid for the decay electrons
and we must use relativistic kinematics.) The nuclear recoil is of very low ener :
and can be treated nonrelativistically. ®
Let’s consider a typical negative B-decay process in a nucleus:

Xy =24 X o te T+
Qp-= [mn(2X) = my(2.4X) - me]c?

wh o
etre 1mN 1n§10ates nuclea'r masses. To convert nuclear masses into the tabulated
neutral atomic masses, which we denote as m(4X), we use

(9.3)

. V4
m(*X)c? = my(*X)c* + Zmc* — ¥ B, (9.4)
i=1

Q- = {[m(*X) = Zm] = [m(*X) = (Z + )m.] = m_}c*
£a-E3) 63

Notice that the electron masses i i
it th cancel in this case. Neglecting the difft i
electron binding energy, we therefore find ® ’ remes s

Qp- = [m(*X) — m(*X")] c? (9.6)

where the masses are neutral atomi
¢ masses. The Q value represen
shared by the electron and neutrino: ’ ts the encrey

. QB_ = 7‘; + El—, (9.7)
and it follows that each has its maximum when the other approaches zero:
(T:e)max = (El'l)ma.x = Q,B_ (98)

"In the case of the #9Bi —21%Po decay, the mass tables give

Qﬂ‘ — [m(szi) _ m(lePO)]CZ
= (209.984095 u ~ 209.982848 1)(931.502 MeV /u)

= 1.161 MeV

N Figure 9.1 showed (T_e) max = 1.16 MeV, in agreement with the value expected
V(;m Qp-. Actually, thlS.IS really not an agreement between two independent
alues. The value of Q- is used in this case to determine the mass of *'*Po, with
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the mass of 21°Bi determined from that of 2*’Bi using neutron capture. Equation
9.6 is used with the measured Qp- to obtain m(4X"). '
In the case of positron decay, a typical decay processis

Xy = 24X e+
and a calculation similar to the previous one shows
Qp = [m(*X) = m(*X") ~ 2m,| > (9.9)

again using aromic masses. Notice that the electron masses do not cancel in this

case.
For electron-capture processes, such as
IXy+e 2z Xy v

the calculation of the Q value must take into account tha}t the atom X' is in an
atomic excited state immediately after the capture. That is, if ‘the capture takes
place from an inner shell, the K shell for instance, an electromp vacancy in that
shell results. The vacancy is quickly filled as electrons from higher shells makle
downward transitions and emit characteristic X rays. Wl}eth_er one X ray is
emitted or several, the total X-ray energy is equa}l to thp binding energy of the
captured electron. Thus the atomic mass of X’ immediately after. thf: decay is
greater than the mass of X' in its atomic ground state by B, .the binding energy
of the captured n-shell electron (n = K, L,. ..). The Q value is then

0, = [m(*X) - m(*X)]* - B, (9.10)

Positive beta decay and electron capture both lead from the initial nuclegs
4X, to the final nucleus 24X v 't.)l.lt note that both may not Izlwe;y.sf e
energetically possible (Q must be positive for any decay process). Nuclel bor
which B* decay is energetically possible may also undergo electron capture, but
the teverse is not true—it is possible to have Q > 0 for electron capture while
Q < 0 for B* decay. The atomic mass energy difference must be at least

¢? = 1.022 MeV to permit B* decay.
27’;; positron decay, ex;l))ressions of the form of Eq}lations 9.7 and 9.8 show that
there is a continuous distribution of neutrino energies up to Qg+ (less the usually
negligible nuclear recoil). In electron capture, however, the two_—body final s'tlate
results in unique values for the recoil energy and E,. Neglecting the recoil, a
monoenergetic neutrino with energy Q, is emitted.

All of the above expressions refer to decays between nuclear ground states. If
the final nuclear state X’ is an excited state, the O value must be accordingly

Table 9.1 Typical B-Decay Processes

Decay Type 0 (MeV) b
BNe »BNa+e +7 8- 4.38 38s )
9Tc »PRu+e” +7 B~ 0.29 21X10°y
BAl P Mg + et + v B* 3.26 725

1247 L 12%4Te + et +» Bt 214 424d

50 +e” »PN+» e 2.75 1.22's .
ACa+e »4K+» & 0.43 1.0 X107y
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decreased by the excitation energy of the state:
Qex = Qground - Eex (911)

Table 9.1 shows some typical B8 decay processes, their energy releases, and
their half-lives.

9.2 FERMI THEORY OF ($ DECAY

In our calculation of a-decay half-lives in Chapter 8, we found that the barrier
penetration probability was the critical factor in determining the half-life. In
negative B decay there is no such barrier to penetrate and even in 8% decay, it is
possible to show from even a rough calculation that the exponential factor in the
barrier penetration probability is of order unity. There are other important
differences between a and B decay which suggest to us that we must use a
completely different approach for the calculation of transition probabilities in S
decay: (1) The electron and neutrino do not exist before the decay process, and
therefore we must account for the formation of those particles. (2) The electron
and neutrino must be treated relativistically. (3) The continuous distribution of
electron energies must result from the calculation.

In 1934, Férmi developed a successful theory of B decay based on Pauli’s
neutrino hypothesis. The essential features of the decay can be derived from the
basic expression for the transition probability caused by an interaction that is
weak compared with the interaction that forms the quasi-stationary states. This is
certainly true for 8 decay, in which the characteristic times (the half-lives,
typically of order seconds or longer) are far longer than the characteristic nuclear
time (10720 s). The result of this calculation, treating the decay-causing interac-
tion as a weak perturbation, is Fermi’s Golden Rule, a general result for any
transition rate previously given in Equation 2.79:

2a 5
A= 7|Vﬁ| p(E;) (9.12)

The matrix element Vj; is the integral of the interaction ¥ between the initial and
final quasi-stationary states of the system:

Va= [¥FV;dv (9.13)

The factor p(E;) is the density of final states, which can also be written as
dn/dE;, the number dn of final states in the energy interval dE;. A given
transition is more likely to occur if there is a large number of accessible final
states.

Fermi did not know the mathematical form of V for 8 decay that would have
permitted calculations using Equations 9.12 and 9.13. Instead, he considered all
possible forms consistent with special relativity, and he showed that ¥ could be
replaced with one of five mathematical operators Oy, where the subscript X gives
the form of the operator O (that is, its transformation properties): X =V
(vector), A (axial vector), S (scalar), P (pseudoscalar), or T (tensor). Which of
these is correct for B decay can be revealed only through experiments that study
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the symmetries and the spatial properties of the decay products, and it took 20
years (and several mistaken conclusions) for the correct V-A form to be deduced.

The final state wave function must include not only the nucleus but also the
electron and neutrino. For electron capture or neutrino capture, the forms would
be similar, but the appropriate wave function would appear in the initial state.
For B decay, the interaction matrix element then has the form

Vo= g [lyroter1Ox; do (9:14)

where now i refers only to the final nuclear wave function and ¢, and ¢, give
the wave functions of the electron and neutrino. The quantity in square brackets
represents the entire final system after the decay. The value of the constant g
determines the strength of the interaction; the electronic charge e plays a similar
role in the interaction between an atom and the electromagnetic field.

The density of states factor determines (to lowest order) the shape of the beta
energy spectrum. To find the density of states, we need to know the number of
final states accessible to the decay products. Let us suppose in the decay that we
have an electron (or positron) emitted with momentum p and a neutrino (or
antineutrino) with momentum g. We are interested at this point only in the shape
of the energy spectrum, and thus the directions of p and g are of no interest. 1If
we imagine a coordinate system whose axes are labeled p,, p,, p,, then the
locus of the points representing a specific value of |p| = (p2+p) + pH/? is a
sphere of radius p = |p|. More specifically, the locus of points representing
momenta in the range dp at p isa spherical shell of radius p and thickness dp,
thus having volume 4xp? dp. If the electron is confined to a box of volume ¥
(this step is taken only for completeness and to permit the wave function to be
normalized; the actual volume will cancel from the final result), then the number
of final electron states dn., corresponding to momenta in the range p to p + dp,
is

Aqp*dpV
n, = —Lhrl-’—— (9.15)
where the factor 42 is included to make the result a dimensionless pure number.*
Similarly, the number of neutrino states is
dng*dqV
n = —?h—g"— (9.16)
and the number of final states which have simultaneously an electron and a
neutrino with the proper momenta is

47)*V2ptdpq*d
(4m)V2p*dpq~dq (9.17)

d*n = dn_dn,= x;

*The available spatial and momentum states are counted in six-dimensional (x, ¥, 2z, Py« Py p:)

phase space; the unit volume in phase space is .
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The electron and neutrino w i
. ave functions have the usual free- i
normalized within the volume V- partcle form,

1 .
(p (r) = —¢ ip '/}&1

(r) _1 iger/h

, ¥ = rg-r,

P e

For an electron with 1 MeV kinetic energy, p = 1.4 MeV/c and p/A = 0.007

fm~!. Thus over the nuclear v
m ™" Thu olume, pr << 1 and we can expand th
tials, keeping only the first term: P T PR

. ip +
em'r/ﬁ=1+phr+... =1
. (9.19)
. q-
e/t =1+ th =1

This ap'proximat'ion is known as the allowed approximation.

In this approximation, the only factors that depend on the electron or neutrino
energy come from the density of states. Let’s assume we are trying to calculate
the momentum and energy distributions of the emitted electrons. The partial
decay rate for electrons and neutrinos with the proper momenta is . pae

2ar

h

27 dpg® dg

d\ = £%9
h®  dE;

2
g% M;;|"(47) (9.20)
\;Es/he_::eEME = [YFOxy; dv is the nuclear matrix element. The final energy E| is just
1e ,=E, + q¢s and so dq/dE; = 1/c at fixed E,. As far as the shape of the
§ect1ron spectrum is conc‘:erned, all of the factors in Equation 9.20 that do not
{nzo ve the momentum (including M, which for the present we assume to be
g}s tepgn?ent (_)f p) can be combined into a constant C, and the resulting
istribution i
iy gives Fhe number of electrons with momentum between p and

N(p) dp = Cp*q*dp (9.21)
If Q is the decay energy, then ignoring the negligible nuclear recoil energy,

qu—Te=Q—\/m+mec2
c

. (9.22)
and the spectrum shape is given by
N(p) = p*(@ - T}
3 A (9.23)
_c, 2
=27 [Q — p%? + m2* + mecz] (9.24)

This function vanishes at p = 0 and al ;
. = so at th -0
is shown in Figure 9.2. ? at the endpoint where 7, = Q; its shape
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3 Pmax = 2.967 MeV/e
Z
| l
p (MeV/e)
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Figure 9.2 Expected electron energy and momentum distributi
_ stributions, from Equa-
tions 9.24 and 9.25. These distributions are drawn for Q = 2.5 MeV. ?

‘Mo_re frequently we are interested in the energy spectrum, for electrons with
kinetic energy between T, and T, + dT,. With ¢>pdp = (T, + mc?*) dT,, we have

C
MT) = (12 + 2Lm ) (@ - T(T+ me?)  (9.25)

This distribution, which also vanishes at 7, = 0 and at T, = Q, is shown in
Figure 9.2, T

In Figure 9.3, the 8% and B~ decays of *“Cu are compared with the
pr.edlctlons of the theory. As you can see, the general shape of Figure 9.2 is
ev1dent,‘ but there are systematic differences between theory and experiment.
These differences originate with the Coulomb interaction between the 8 particle
and the daughter nucleus. Semiclassically, we can interpret the shapes of the
momentum distributions of Figure 9.3 as a Coulomb repulsion of 8* by the
n.uc.:leus, giving fewer low-energy positrons, and a Coulomb attraction of 8-,
giving more low-energy electrons. From the more correct standpoint of quantum
mechgnlcs, we should instead refer to the change in the electron plane wave
Equation 9.19, brought about by the Coulomb potential inside the nucleus. Thé
quantum mechanical calculation of the effect of the nuclear Coulomb field on the
elec‘tron wave function is beyond the level of this text. It modifies the spectrum
by mtroduc;ing an additional factor, the Fermi function F(Z', p) or F(Z', T.)
where Z' is the atomic number of the daughter nucleus. Finally, we I,nues’é
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Figure 9.3 Momentum and kinetic energy spectra of electrons and positrons
emitted in the decay of 4Cu. Compare with Figure 9.2; the differences arise from
the Coulomb interactions with the daughter nucleus. From R. D. Evans, The Atomic
Nucleus (New York: McGraw-Hill, 1955).

consider the effect of the nuclear matrix element, My, which we have up to now
assumed not to influence the shape of the spectrum. This approximation (also
called the allowed approximation) is often found to be a very good one, but there
are some cases in which it is very bad—in fact, there are cases in which Mp
vanishes in the allowed approximation, giving no spectrum at all! In such cases,
we must take the next terms of the plane wave expansion, Equations 9.19, which
introduce yet another momentum dependence. Such cases are called, somewhat
incorrectly, forbidden decays; these decays are not absolutely forbidden, but as
we will learn subsequently, they are less likely to occur than allowed decays and
therefore tend to have longer half-lives. The degree to which a transition is
forbidden depends on how far we must take the expansion of the plane wave to
find a nonvanishing nuclear matrix element. Thus the first term beyond the 1
gives first-forbidden decays, the next term gives second-forbidden, and so on. We
will see in Section 9.4 how the angular momentum and parity selection rules
restrict the kinds of decay that can occur.
The complete 8 spectrum then includes three factors:

1. The statistical factor p*(Q — T,)?, derived from the number of final states
accessible to the emitted particles.

2. The Fermi function F(Z', p), which accounts for the influence of the nuclear
Coulomb field. -
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which accounts for the effects of particu-
ay include an additional
q) from forbidden terms:

ix element | Mgl :
nal nuclear states and which m
momentum dependence S(p,

2(Q - T F(Z, PIMi*S(p,4) (9.26)

3. The nuclear matr
lar initial and fi :
electron and neutrino

N(p) <p

« CLASSICAL” EXPERIMENTAL TESTS

H
:I? TIIE FERMI THEORY

The Shape of the p Spectrum
In the allowed approximation, we can rewrite Equation 9.26 as
n

[ N(p)
(0-T.)~ FFZ, ) (9.27)

2p(Z' inst T. should give a straight line which
o [N(p)/p°F(Z', p) against T, , _
?md plottlfiﬁe X Elii)s/gt the decay energy Q. Such a plot is called a Kurze plgt
intero®h ® s a Fermi plot or a Fermi-Kurie plot). An e)'cample of a Kurie plot is
(S;milzﬁeFigure 9.4. The linear nature of this plot gives us confidence in the
show ol

h as it has been developed, and also gives us a convenient way to determine
theory

i erey (and therefore the O value). _ -
thei detcglg’ z:sdep(c))lfn tfc?ll"{)iciggegl decays, the standard Kurie plot does not give a
n

ne, but we can restore the linearity of the plot if we instead graph
)

srsght % i 1 tum dependence
2R(Z against T,, where S is the momentu p
N(p)/p Fz, p?lg(ﬁli)é}?e)r-ofder terr;l in the expansion of the plane wave. The

}hat tr'esrtlllt; if:OI?rll(:wn as the shape factor; for certain first-forbidden decays, for
unctio > ,

it is simply p° + 4" ‘ '
exe;rr:lclﬁiizglsthe sga}[,)e factor gives a linear plot, as Figure 9.5 shows.

I I I I I I |
2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

W
Figure 9.4 Fermi- Kurie plot of allowed 0" — 0% decay of ®*Ga. The horizontal
scale is the relativistic total energy (T, + m.c?) in units of m,c?. The deviation from
the straight line at low energy arises from the scattering of low-energy electrons
within the radioactive source. From D. C. Camp and L. M. Langer, Phys. Rev. 129,
1782 (1963).

1.0

The Total Decay Rate . f
rate, we must integrate Equation 9.20 over all values 0
To find the tote decazn Ds keeping the neutrino momentum at the value de-

entu
them?r?:érg; ]g;?ll:lltion 9.22, which of course also depends on p. Thus, for allowed
ter

With A = 0.693/1, ,,, we have

f,, = 0.693 28 930
= 0693 ———— ‘
Tt g2m§c4|Mﬁ|2 ( )

decays,
20 12
_8 |]3Mf7il3 f P “F(Z',p) X0~ Te)2 dp (9.28) The quantity on the left side of Equation 9.30 is called the comparative half-life
2a°h'c” Yo . or ft value. It gives us a way to compare the B-decay probabilities in different
. : ! i ctron lei—Equation 9.28 shows that the decay rate depends on Z’ and on E, and
. 1 yltimately depend only on Z’ and on the maximum ele nuclei— Equ y D .
The integral will u Y this dependence is incorporated into f, so that differences in ft values must be due

. = JE2 — m%*), and we therefore represent it as
total energy Eo (SInCe CPrmax Eg —me”), 2 to differences in the nuclear matrix element and thus to differences in the nuclear
wave function. :

As in the case of a decay, there is an enormous range of half-lives in 8 decay
—ft values range from about 103 to 10?° s. For this reason, what is often quoted
is the value of log,, ft (with 7 given in seconds). The decays with the shortest

comparative half-lives (log ft = 3-4) are known as superallowed decays. Some of

1 Pmax 2
' e ["F(Z, p)p*(Eo - E)d (929
f(2 5= oy () k

n included to make f dimensionless. The functior:
en tabulated for values of Z

the constants have bee
j‘y(hze’reEO) is known as the Fermi integral and has be

and Eq.
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(N/pZFS)l/Z

3.0 4.0

1.0 2.0

rie plot in the B decay of 91y (top). The
linearity is restored if the shape factor S(p, g) is included; for this type of first-
forbidden decay, the shape factor p* + g2 gives a linear plot (bottom). Data from L.
M. Langer and H. C. Price, Phys. Rev. 75, 1109 (1 949).

Figure 9.5 Uncorrected Fermi-Ku

the superallowed decays have 0+ initial and final states, in which case the nuclear
matrix element can be calculated quite easily: My = V2. The log ft values for
0+ — 0+ decays should all be identical. Table 9.2 shows the log ft values of all
known 0% — 0* superallowed transitions, and within experimental error the
values appear to be quite constant. Moreover, with My = V2, we can use
Equation 9.30 to find a value of the B-decay strength constant

g =088 X 1074 MeV - o’

his constant more comparable to other fundamental constants, we
should express it in a dimensionless form. We can then compare it with
dimensionless constants of other interactions (the fine structure constant which
characterizes the electromagnetic interaction, for instance). Letting M, L,and T
represent, respectively, the dimensions of mass, length, and time, the dimensions
of g are M'L’T™?, and no combinations of the fundamental constanis 7
(dimension M'L?T~") and c (dimension LMT~1) can be used to convert g into a
dimensionless constant. (For instance, hcd has dimension M 175735, and so
g/hc’ has dimension T3.) Let us therefore introduce an arbitrary mass m and

To make t
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Table 9.2 ft Values for 0* — 0* Superallowed Decays

Decay £t (s)
ig - llii 3100 + 31
3092 + 4
"*Ne —»'*F 3084 + 76
?2Mg —*Na 3014 + 78
Al > Mg 3081 + 4
281 — %Al 3052 + 51
08 %P 3120 + 82
*Cl -8 3087 + 9
¥Ar —»*Cl 3101 + 20
K —*Ar 3102 + 8
*Ca »*K 3145 + 138
“Sc »>%Ca 3091 + 7
“Ti —>*Sc 3275 + 1039
OV 4T 3082 + 13
Cr %y 2834 + 657
*Mn —*Cr 3086 + 8
*Co —*Fe 3091 + 5

62 62
Ga »Zn 2549 + 1280

try to choose the exponents i, j, and k so that g/m'h/c* is dimensionless. A

solution immediately follows with i = —2, j
==2,j=3 k=-1 i
ratio, indicated by G, is ’ 1+ Thus the desired
o g mc

m2het ETR (9:31)
There is no clear indjcation of what value to use for the mass in Equation 9.31. If
:‘1;6 are foncerned vyuh the nucleon—nucleon interaction, it is appropriate to use
Ge_ ni.l((:) eon m_asss, in which case the resulting dimensionless strength constant is
G = d X 10 .Tkzle'comparable constant describing the pion—nucleon interac-
fon, er'loted by g2 in Cha}?ter 4, is of order unity. We can therefore rank the
our basic nucleon—nucleon interactions in order of strength:

pion-nucleon (*“strong”) 1

electromagnetic 102
B decay (“weak”) 10-3
gravitational 1073

ghe last entry follows from a similar conyersion of the universal gravitational
constant into dimensionless form also using the nucleon mass.) The B-decay
;2;::22;;;)n is 1cinefof a general class of phenomena known collectively as weak
poera thns, all o which are characterl_zed by the strength parameter g. The
- heory is remarkably succe.ssful in describing these phenomena, to the

ent that they are frequently discussed as examples of the universal Fermi
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interaction. Nevertheless, the Fermi theory fails in several respects to account for
some details of the weak interaction (details which are unimportant for the

present discussion of B decay). A theory that describes the weak interaction in

terms of exchanged particles (just as the strong nuclear force was described in

Chapter 4) is more successful in explaining these properties. The recently

discovered exchanged particles (with the unfortunate name intermediate vector

bosons) are discussed in more detail in Chapter 18.

The Mass of the Neutrino

The Fermi theory is based on the assumption that the rest mass of the neutrino is

zero. Superficially, it might seem that the neutrino rest mass would be a
reasonably easy quantity to measure in order to verify this assumption. Looking
back at Equations 9.1 and 9.2, or their equivalents for nuclei with 4 > 1, we

immediately see a method to test the assumption. We can calculate the decay Q

value (including a possible nonzero value of the neutrino mass) from Equation

9.6 or 9.9, and we can measurc the Q value, as in Equation 9.8, from the
maximum energy of the B particles. Comparison of these two values then permits

a value for the neutrino mass to be deduced.
lude that the neutrino rest mass is smaller

From this procedure we can conc
than about 1 keV/c?, but we cannot extend far below that limit because the
measured atomic masses used to compute 0O have precisions of the order of keV,
and the deduced endpoint energies also have experimental uncertainties of the
order of keV. A superior method uses the shape of the B spectrum near the upper
limit. If m, # 0 then Equation 992 is no longer strictly valid. However, if
m,c? < Q, then over most of the observed B spectrum E, > m,c? and the
neutrino can be treated in the extreme relativistic approximation E, = gc. In this
case, Equation 9.22 will be a very good approximation and the neutrino mass will

have a negligible effect. Near the endpoint of the B spectrum, however, the
neutrino energy approaches zero and at some point we would expect E, ~ m,c,
in which case our previous calculation of the statistical factor for the spectrum
shape is incorrect. Still closer to the endpoint, the peutrino kinetic energy
becomes still smaller and we may begin to treat it nonrelativistically, so that

q* =2m,T, and
N(p) < p2[Q — P2 + mk* + meczll/2 (9.32)

that used to obtain Equation 9.24,

which follows from a procedure similar to
= m,/q in the nonrelativistic limit.

except that for m, > 0 we must use dq/dE;
Also,

N(T,) o< (T2 + 2Tme?) 4@ - T/ (T + mec?) (9.33)

The quantity in square brackets in Equations 9.32 and 9.24, which is just
int dN/dp —» 0if m, = 0,

(Q — T.), vanishes at the endpoint. Thus at the endpot
while dN/dp — oo if m, > 0. That is, the momentum spectrum approaches the
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2966.32 keV/c 2967.32 keV/
. ¢

2499 keV 2500 keV
:;ge‘rl;: S?);ﬂ:gzr:;ed \éigw_r;)f the upper 1-keV region of the momentum and
ure 9.2. The normalizations are arbitrary; what is signifi i
. . ’ n
tr;e difference in the shape of the spectra for m, = 0 and my # 0. For r?) lic(? ntthI:
slope goes to zero at the endpoint; for m, # 0, the slope at the endpoint iys infi,nite.

endpoint with zero slope for m, = 0 and with infinite slope for m, > 0. T
?f t.he energy spectrum, dN /dT,, behaves identically. Ws can theyrefore.: stlllﬁiillczﬁz
imit on the neutrino mass by looking at the slope at the endpoint of the
spectrum, as suggested by Figure 9.6. Unfortunately N(p) and N(T.) also
approach zero here, and we must study the slope of a continuousl dimi;ish'
(and therefore statistically worsening) quantity of data. ’ e
The most a'ttracti\(e choice for an experimental measurement of this sort would
be a deca_y w1tl} a small Q (so that the relative magnitude of the effect is larger) |
and one in which the atomic states before and after the decay are well unger-
stood, so that the important corrections for the influence of different atomic
states can be .calculated. (The effects of the atomic states are negligible in most
,Bi;fdecay experiments, .but in this case in which we are searching for a very small
zaﬁgz,d ;?ey lzlecome 1mpor13ant.) The decay of *H (tritium) is an appropriate
one-electiol;n er bf)th criteria. It.s Q value is relatively small (18.6 keV), and the
- one-etectror taht:omlc wave Sfunct'lons. are well known. (In fact, the calculation of
mechantes) I:‘.e resultlr'lg He ion is a standard problem in first-year quantum
Lahger an.d l\/llglilife 9.7‘ 11.1ustrates some of the more precise experimental results.
anger and B o atBorlgmglly reported an upper limit of m,c? < 200 eV, while
e Secad s later, ergkv1s‘f reduced the limit to 60 eV. One recent result may
pate 1;otnzero mass.w1.th a probable value between 14 and 46 eV, while
b gfg st an upper limit .of about 20 eV. Several experiments are currently
g performed to resolve this question and possibly to reduce the upper limit
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m, = 57 eV
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Eg
Figure 9.7 Experimental determination of the neutrino mass from the ,31 g;azcayaz;‘
tritium (3H). The data at left, from K.-E. Bergkvist, Nucl. If’h}_/s. B 39, 317 6(0 V),The
consistent with a mass of zero and indicate an upper I|m;t40f2 2{30?1n9d80) :eém e
i Lett. B )

more recent data of V. A. Lubimov et al., Phys. , '
indicate a nonzero value of about 30 eV, howgver, these data are sugjec(;co;cz
corrections for instrumental resolution and atomic-state effects and may be
sistent with a vanishing mass.

Why is so much effort expended to pursue these measur.ements? T h(lel neutlf';r(l:cé
mass has very important implications for_ two areas of physics that Snlt f sul;: o
may seem to be unrelated. If the neutrinos have mass, then tf.le. electrow <
theoretical formulism, which treats the weak anfi electromagnetic 1ntefact1ogf s
different aspects of the same basic force, permits electrgn-type negnrmos, ng °
emitted in 8 decay, to convert into othe;r types of neutrinos, galleh Irtl;:on amber
neutrinos (see Chapter 18). This conversion may perhaps explain W g fe r}llut oer
of neutrinos we observe coming from the sun is only gbout one-third o wda R
expected to be, based on current theories o_f solar fus.1on. At the othci1 end o the
scale, there seems to be more matter holding the universe togetl_ler t aln we !
observe with even the most powerful telescopes. Th‘m ‘matter is r}onBummo::S:
meaning it is not observed to emit any sort of radiation. The B1_g 1a;11§nf)m-
mology, which seems to explain nearly all of the observed astr_onor;uca fhe oy
ena, predicts that the present universe should be full of %eutl;mos hrom oy
universe, with a present concentration of the order of 10 /'m . If these neu s
were massless, they could not supply the necessary grav1tat}ona1 attrac_ulcl)n :
“close” the universe (that is, to halt and reverse ‘the expansion), but wit ’rl?}?e
masses as low as 5 eV, they would provide sufﬁcwnt mass-energy den51ty.1 ne

study of the neutrino mass thus has direct anfi immediate bearing notnon y
nuclear and particle physics, but on solar physics and cosmology as well.
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9.4 ANGULAR MOMENTUM AND PARITY SELECTION RULES

Allowed Decays

In the allowed approximation, we replaced the electron and neutrino wave
functions with their values at the origin; that is, we regard the electron and
neutrino to have been created at r = 0. In this case they cannot carry any orbital
angular momentum, and the only change in the angular momentum of the
nucleus must result from the spins of the electron and neutrino, each of which
has the value s = 3. These two spins can be parallel (total $ = 1) or antiparallel
(total § = 0). If the spins are antiparallel (which is known as a Fermi decay)
then in the allowed approximation (£ = 0) there can be no change in the nuclear
spin: Al = |I; — It| = 0. If the electron and neutrino spins are parallel (which is
called a Gamow-Teller decay) in the allowed approximation, they carry a total
angular momentum of 1 unit and thus I; and I; must be coupled through a
vector of length 1: I; = I; + 1. This is possible only if AT = 0 or 1 (except for
I; = 0 and I; = 0, in which case only the Fermi transition can contribute).

If the electron and neutrino carry no orbital angular momentum, then the
parities of the initial and final states must be identical since the parity associated
with orbital angular momentum ¢ is (— 1),

We therefore have the following selection rules for allowed B decay:

AI'=0,1  Ax (parity change) = no

Some examples of allowed 8 decay are

%0 = *N* This 0* - 0* decay to an excited state of *N must be pure Fermi
type (because 0* — 0* decays cannot be accomplished through a Gamow-
Teller decay, which must carry one unit of angular momentum). Other exam-
ples include *Cl — 3§ and °C —19B*_ both of which are 0+ — 0+,

%He —°Li This decay is 0* — 1*, which must be a pure Gamow-Teller transi-
tion. Other allowed pure Gamow-Teller decays include B —»*C (37— 1),
230Pa _>230Th* (2— N 3—)’ and lllsn —>11111’1 (%+_) %-(-)

n—p In this case AT =0 (5> 1*), and so both the Fermi (F) and Gamow-
Teller (GT) selection rules are satisfied. This is an example of a “mixed”
F + GT transition, in which the exact proportions of F and GT are de-
termined by the initial and final nuclear wave functions. It is convenient to

define the ratio y of the Fermi and Gamow-Teller amplitudes (that is, matrix
elements):

grMp

y=—— (9.34)
8otMor

where M and Mg are the actual Fermi and Gamow-Teller nuclear matrix
elements. We allow for the possibility. that the Fermi and Gamow-Teller
strength constants may differ by defining g and ggp as the constants
analogous to the single constant g that appears in Equation 9.28. (In the decay
rate, we should replace g?|M;|? with g2|Mg|? + g2r|Mgr|®) We assume g
to be identical to the value g deduced from the superallowed (0 — 0*) Fermi
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decays. For neutron decay, the Fermi matrix element can be simply calculated:
|Mg| = 1. Since the decay rate is proportional to ggZME(L + y~2), the neutron
decay rate permits a calculation of the ratio y, which yields the value
0.467 + 0.003. That is, the decay is 82% Gamow-Teller and 18% Fermi.

In general, the initial and final nuclear wave functions make calculating Mg
and Mgy a complicated and difficult process, but in one special group of decays
the calculation is simplified. That group is the mirror decays, which we previously
considered in Section 3.1. In decays such as 41Sc,, — 2Cay, where the 2lst
hange of wave function is involved. Except

proton becomes the 21st neutron, no ¢
for minor differences due to the Coulomb interaction, the initial and final wave
of My and Mgy is easily done. For

functions are identical, and the calculation
these nuclei, gp and My have the same values as they do for the decay of the

free neutron.

This result may seem somewhat surprising because in a nucleus, a nucleon does

not behave at all like a free nucleon, primarily because of the cloud of mesons
that surrounds a nucleon as it participates in exchange interactions with its
neighbors. The hypothesis that Fermi interactions of nucleons in nuclei are
unchanged by the surrounding mesons is called the conserved vector current
(CVC) hypothesis. (The term «yector” refers to the transformation properties of
the operator that causes the Fermi part of the decay; the Gamow-Teller part

» type of interaction.) The CVC hypothesis can be

arises from an “axial vector
understood by analogy with the electromagnetic interaction. The electric charge
+ ¢* which is part of the exchange

is not changed by the transformation p © n
interaction in which a proton may participate. Electric charge is conserved in this

process and the Coulomb interaction is unchanged. (The electrons bound to the

nucleus by Coulomb forces are unaware of the transformation.) On the other
hand, magnetic interactions are substantially changed by p © n + at, as we
discussed when we considered shell-model magnetic moments in Section 51.1In B

naffected by the surrounding mesons, while

decay, gr (like electric charge) is u
gor (like magnetic moments) may be affected by the meson cloud. In some

nuclei, the change amounts to 20-30%. The matrix element Mgy also varies with
the particular shell model state of the nucleon that makes the transition.

Table 9.3 Ratio of Fermi to Gamow-Teller Matrix Elements

Decay y = geMg/8orMar (33 %GT

Mirror n—p 0.467 + 0.003 18 82

decays SH —»°He 0.479 + 0.001 19 81

BN -»BC 1.779 + 0.006 76 24

2 Na —»2'Ne 1.416 + 0.012 67 33

4gc »HCa 0.949 + 0.003 47 53
Nonmirror 24Na - Mg —0.021 + 0.007 0.044 99.956
decays 4Ar 4K +0.027 + 0.011 0.073 99.927
46Gc »4Ti —0.023 + 0.005 0.053 99.947

52Mn —2Cr —0.144 + 0.006 2 98

65Ni =% Cu —0.002 + 0.019 < 0.04 > 99.96
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Table 9.3 shows a summary of values of the ratio y of the Fermi and
Gampw-Teller amplitudes for some mirror nuclei, assuming the CVC hypothesis
(g is unchanged from its value for neutron decay) and taking |Mg| = 1. These
values are derived from decay rates. i .

For‘ decays in which the initial and final wave functions are very different, the
Fermi matrix element vanishes, and so measuring the ratio y for these decays, isa
way to test the purity of the wave functions. Table 9.3 includes some representa-
tive values o_f y for transitions in other than mirror nuclei. These values come
fr.om measuring the angular distribution of the 8 particles relative to a particular
direction (similar to studies with a decays discussed in Chapter 8). You can see
jtha‘t t.he values are in general quite small, showing that the Fermi transitions are
inhibited and thus that the wave functions are relatively pure.

Forbidden Decays

The designation of decays as “forbidden” is really somewhat of a misnomer

These decay§ are usually less probable than allowed decays (and have generally}

longer half-lives, as we discuss in the next section), but if the allowed matrix

zlcecr:ents happen to vanish, then the forbidden decays are the only ones that can
r.

The most frequent occurrence of a forbidden decay is when the initial and final
states have opposite parities, and thus the selection rule for allowed decay is
v1o}ated. Tp accomplish the change in parity, the electron and neutrino must be
emitted with an odd value of the orbital angular momentum relative to the
n}lcleus. Let us consider, for example, a 1-MeV decay process. If the electron is
given all the decay energy, its momentum is 1.4 MeV /¢ and the maximum
ang:ular momentum it can carry relative to the nucleus is pR = 8.4 MeV-fm/c
taking R = 6 fm as a typical nuclear radius. In units of %, this is equivalent to
PR/h = Q.04. Thus, while it is less likely to have /= 1 decays relative to /=0
decays with = 3,5,7,... are extremely unlikely, and we can for the momeni
consider only those forbidden decays with £= 1. These are called first-forbidden
decay's, and' like the allowed decays they have Fermi types, with the electron and
neutrino spins opposite (S = 0), and Gamow-Teller types, with the spins parallel
(S = 1). The coupling of § = 0 with £=1 for the Fermi decays gives total
angular momentum of one unit carried by the beta decay, so that Al =0 or 1
(but not 0 - 0). Coupling S = 1 with £= 1 for the Gamow-Teller decays gives O
1, or 2 units of total angular momentum, so that Al =0, 1, or 2. Thus th(;
selection rules for first-forbidden decays are ’ .

AI=0,1,2 Am = yes

In contrast to the relative simplicity of allowed decays, ther ix di

matrix elements for first-forbidden decays, and the agaiysis zfaiIch:; ‘iﬁ:eg;

angular distributions becomes very complicated. We will mer i
. ely cite some of th
many examples of first-forbidden decays: ’ o

17N_)17O (%—%%+)
76Br - 76Se (1— N 0+)

28b —»128n* (27 - 2%)
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Transitions with AI > 2, but with no change in parity, are permitted by
neither the allowed nor the first-forbidden selection rules. For these transitions
we must look to the =2 B emission, and consequently these are known as
second-forbidden decays. When we couple S = 0 or 1 to £= 2, we can in principle
change the nuclear spin by any amount from AJ =0 to AI =3 (with certain
exceptions, such as 0 — 0 and 3~ 1y, The AI = 0 and 1 cases fall within the
selection rules for allowed decays, and we expect that the contribution of the
second-forbidden terms to those decays will be negligible (perhaps 1073 t0 107*
in angular distributions, and 10~% to 1078 in the spectrum shape). Excepting
these cases, the selection rules for the second-forbidden decays are

ATl =12,3 A7 = no
Examples of second-forbidden decays are
22Na N 221\1e (3+ - 0+)

. + +
1370 137, (% -2 )

ocess, we would find third-forbidden decays (£=3), in

Continuing this pr
forbidden processes are Al = 3

which the selection rules not also satisfied by first-
or 4 and Am = yes:

¥Rb »%sr (2 —3")
0K »90Ca (47—~ 0%)

In very unusual circumstances, even fourth-forbidden decays (£= 4) may occur,

with Al = 4 or 5 and Az = no:
1157, — 115y (%Jf_) {f)

We will learn in the next section that the higher the order of forbiddenness, the
more unlikely is the decay. Given the chance, a nucleus prefers to decay by
allowed or first-forbidden decays, and higher orders are generally too weak to
observe. Only when no other decay mode is possible can we observe these

extremely rare third- and fourth-forbidden decays.

9.5 COMPARATIVE HALF-LIVES AND FORBIDDEN DECAYS

Beta-decay half-lives encompass an enormous range, from the order of millisec-
onds to about 10 years. Part of this variation must be due to the poor match-up

of the initial and final nuclear wave functions, but it is hard to imagine that

nuclear wave functions are so purely one configuration or another that this effect
f this variation over 26 orders of

can account for any but a relatively small part o

magnitude.
The true source of the variation in half-lives is the relative difficulty of creating

a B particle and a neutrino in an angular momentum state with £> 0. As we
found in the previous section, a typical (classical) angular momentum for a
1-MeV B particle has a maximum value of the order of £~ 0.044. That is, the
probability is very small for the electron and neutrino to be emitted in a state

with quantum number £> 0.
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We can make this qualitative estimate more quantitati 1sideri
wave functions of the electron and neutrino, whicclll are take‘;l‘3 tgyb: (Z)I;Stlg:rligfmt}cl)?
p:lape wavesZ, e P/t Expanding the exponential gives 1+ (ip*r)/h +
s[ip = r)/A)* + .- . The first term (after sandwiching between the initial and
ﬁpal nuclear wave functions and including the appropriate spin terms) is respon-
sible for allgwed decays. In the event that the nuclear wave functions cause this
term to vanish ‘(they may be of opposite parity, for instance) then we must go to
the next term, in which the nuclear part (excepting the spin) is [y §Fry, dv. Such
terms are responsible for the first-forbidden decays. The average valixe olf p.- r/h
1ntegfa.ted over the nuclear volume, is of order 0.01, as we found above Thej
trans1t19p probability is proportional to the square of the integral, and s'o the
probabl.hty for first-forbidden decays is only about 10™# that for allc;wed decays

The 1nteg,ral also vanishes unless the initial and final states have opposite:
parities, vyh1ch can be? shown, for example, by writing » in terms of Y;(d, ¢). This
ﬁl:éels) rz::%?(l)rlll Stl;z ;?})eiitlon rule A7 = yes for first-forbidden decays, as discussed in

Each succeeding term in the expansion of the exponential
wave gives a higher order of forbiddenness, and eacﬁ) gives a tr?rf;?tigrfl tphri)liablill?
;tgr :}r)r:)e:llieiottl:n that of the previous term by a factor of the order of (p * r/k)?,

6

5

log10lf(Z’, Eo)l
o

] |

04 0.6 8 10

(Tedmax in MeV

:’eI?ure 9.8 The Fermi integral, defined by Equation 9.29. The atomic number Z’
negzi \:Z t;e ‘dafugrgfr nucleus; the curves for positive Z’ are for 8~ decay, while

" is for decay. From R. D. Evan j , :
NioGran-Hil, 1065) s, The Atomic Nucleus (New York:
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igure 9.9 Systematics of experimental log

f# values. From W. Meyerhof, Ele-
, 1967).

(New York: McGraw-Hill

ments of Nuclear Physics
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To compare the half-lives of different 8 transitions, we must first correct for
the variation in the B decay probability that results from differences in the
daughter atomic number Z’ or in the endpoint energy E,. This is done through
the Fermi integral function f(Z', E;), which was defined in Section 9.3. If we
know the partial half-life for a certain decay process, we can find f(Z’, E,) from
curves such as those of Figure 9.8. The product ft; ,, is the comparative half-life
or ft value, which is usually given as log,, ft, where ¢, , is always in seconds.

As an example, we consider the 8~ decay of 2*Hg. The half-life is 46.8 days,
50 logyo 2, » = 6.6. The Q value for the decay to **Tl is 0.491 MeV. However,
essentially 100% of the decay goes to the 279-keV excited state of 2>Tl, and so

the B endpoint energy will be 0.491 — 0.279 = 0.212 MeV. From Figure 9.8 we
estimate log,, f = —0.1, and thus

logyq ft = logyo f + logygt1, = —0.1 + 6.6 = 6.5

For a second example, we take the 8+ decay of **Na to the ground state of
2Ne (Z’ = 10). The half-life is 2.60 years but the branching ratio to the ground
state is only 0.06%. Thus the partial half-life is 2.60 years/6 X 10™%, so that
logyo 1, = 11.1. The Q value for B* decay is 1.8 MeV, so from Figure 9.8 we
estimate log,, / = 1.6, and log,, ft = 11.1 + 1.6 = 12.7.

In compilations of nuclear decay information, the log ft values are given
directly. We can determine the type of decay (allowed, nth-forbidden) based on
the angular momentum and parity selection rules, and we can then try to relate
the experimental log fr values with the order of forbiddenness. Figure 9.9
summarizes the experimental values of log ft for different types of decays, and
you can see that there is indeed an effect of the order we estimated—each
additional degree of forbiddenness increases the log ft value by about 3.5,
representing a reduction in the transition probability by 3 X 10~%. (There is also
a great deal of scatter within each type of decay, a large part of which is probably
due to the effects of the particular initial and final nuclear wave functions.)

Most allowed decays have log ft values in the range 3.5 to 7.5, and first-forbid-
den decays generally fall in the range 6.0 to 9.0. There are relatively fewer known
second-forbidden decays, which have log f¢ values from about 10 to 13, and the
third-forbidden decays (four cases) range from about 14 to 20. There are two
known fourth-forbidden decays, with log ft about 23.

The value of summaries of this kind of information is in their predictive ability;
for example, if we are studying a previously unknown decay scheme for which we
measure log fr = 5.0, the decay is most probably of the allowed type, which
permits us to assign the initial and final states the same parity and to conclude
that their spins differ by at most one unit. We shall see the value of such
deductions when we discuss 8 spectroscopy in Section 9.10.

9.6 NEUTRINO PHYSICS
A process closely related to B decay is capture of a neutrino (or an antineutrino)
by a nucleon:

p+p—on+et

v+n—-op-te
which sometimes is called inverse 8 decay.
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Let’s first discuss why only these processes occur and not others such as
capture of a neutrino by a proton or of an antineutrino by a neutron. Electrons
and neutrinos belong to a class of particles called leptons; the antiparticles e*
and 7 are antileptons. Based on observations of many processes and failure to
observe certain others, the law of lepton conservation is deduced: the total number
of leptons minus antileptons on each side of a decay or reaction process must be
the same. Many sensitive searches have been made to find violations of this law,
but none have yet been found. The reaction » + p — n + e*, which conserves
electric charge and nucleon number, does not conserve lepton number and is
therefore, according to our present understanding of fundamental processes,

absolutely forbidden.
h reactions is in fact one of our best indicators that »

The failure to observe suc
and 7 are really different particles. The electron and positron differ in the sign of
their electric charge (and in properties that depend on electric charge, such as
magnetic moment). But v and 7 are uncharged (and as uncharged point particles,

have vanishing magnetic moments). They are thus immune from the electromag-
netic interaction, which is often used to distinguish particles from antiparticles.

As we discussed in Section 9.1, the existence of the neutrino was inferred from
the failure of B decay to conform to the well-established conservation laws of
energy and momentum conservation, Direct observation of the neutrinos did not

occur until 25 years following Pauli’s original proposal. To understand the
utrino, we can try to estimate the probability

difficulty of catching the elusive ne
for the basic neutrino capture reaction. Let us, in analogy with Equation 4.27,
pon+e’as

define the cross section for the reaction 7 +

probability per target atom for the reaction o occur
g = (9.35)

incident flux of v
e calculated using Fermi’s Golden Rule, as in

Equation 9.12. For the matrix element V;; we can take (1/V) gM;;, as we did in
the calculation based on the allowed approximation leading to Equation 9.20.
Neglecting the recoil of the neutron, the density of final states comes only from
the electron and is given by Equation 9.15. Finally, we can adapt the form of
Equation 4.26 for the incident flux of 7, using the plane wave form of Equation
9.18 and recalling that the quantity hk/m came from the velocity of the incident

which is ¢ for neutrinos. The resulting cross section is thus

The reaction probability can b

particle,
27 g2 AqpidpV
—h_Tg/_z'Mﬁ'z :3 dEp
o= (9.36)
. c/V
Using dp/dE = E/c’p gives
PR ., 4npE
o= 'h?g2|Mﬁ|2—c'2h_3_ (9.37)

To make a numerical estimate, let us use the nuclear matrix element we found for

the case of neutron f decay in Section 9.4, g2 M2 = g#(1 + y~?) = 5.6g%; for
fi

gp we take the value deduced from the superallowed S decays. We choose an

incident antineutrino energy of 2.5 MeV, somewhat above the minimum energy
of 1.8 MeV needed to initiate the reaction (because mpc2 < mc?, we must

R B A e M i e
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:llllpflt)}fl the1 additional neeFled mass energy through the incident antineutrino), and
us the electron energy is 1.21 MeV. Putting in all of the numerical factor; th
re§u1't1ng cross section is 1.2 X 1071 b =12 X 10~* ¢cm? We can ap rec,:iatz
;1;; :;cigedtglgr small'cross section (compare With the low-energy nucleon—flucleon
e captu%ed iis szctl‘on of 20 b!) by eYaluathg the probability for a neutrino to
ot t p 551;1g through a typical solid, which contains of the order of
** protons per . The neutrino has a reaction cross section of about 10~
cm fpr eagh proton it encounters, and in passing through 1 cm® of material a
?le(;lEI:;lO gvﬂl ezlgcoulzger about191024 protons. The net reaction probability is
a0 fcm )(10% em~?) = 10 cm™1; that is, the reaction probability is about
or each CII.I.Of material through which the neutrino passes. To have a
reaso?able probability to be captured, the neutrino must pass througil about 10°
cmT;>l material, or ::J.bout 10 light-years. No wonder it took 25 years to find one!

(he act}lal experimental detection was done through an ingenious and pain
taking series of experiments carried out in the 1950s by Reines and CowanpA A
source of » thgy used a nuclear reactor, since the neutron-rich fission 'ro.duf:ta
undergo negative B decay and consequently emit 7. The average emissioI; t s
ia:bout 6 v per fission, and the net flux of ¥ was about 10" per cm? per s;goiclls
frcen‘; t};e(:)lz'oieu‘frmo d}(:'tector, Reines and Cowan used a liquid scintillator (rich ili
by ap mto;) 1gto which a Cd compound _had been introduced. The capture of »
o +;; otor 2g1v<?s ahneu‘tro_n and a positron; the positron quickly annihilates
(e +o v) in the sc1.nt111ator and gives a flash of light. The neutron travels
rough t e_solutlon and is gradually slowed, until finally it is captured by a Cd
nucleus, ;;slz‘}‘uch has a ¥arge neutron-capture cross section. Following the n);utron

capture, “*Cd is left ina highly excited state, which quickly emits a 9.1-MeV
ray. "l.“he' charac‘ter.lstlc signal of a » is thus a light signal from the. ositro:l,

annihilation radiation (0.511-MeV photons) followed about 10 ps later (It)he tim
necessary for the neutron to be slowed and captured) by the 9.1-MeV neutr .
capture y ray. Using a tank containing of the order of 10° cm.3 of scintillat();1
Reines and Cowan observed a few events per hour that were candidates for0 ;
cz%'fl{res. To detfermine conclusively that these were indeed » captures man;
?neslt;;r;?)lleexlzﬁnyc‘mts were necessary, following which the conclusic,)n was
o imaginatiznys .1s a real particle, and not just a figment of Pauli’s and Fermi’s
m;[;lc: izr;lzr(;;traée ;l)mt_v capture by neutrons is not possible, a related experi-
o 1 ObeS erzf,e ;1\;1_s3 75:1(1111(1 _c)o;vxofgas. The}f used a large tank of CCl, in an

: v r, again with reactor antineu .

gtllrglng the tank perlo_dlcally and searching for the presence of radioactigg I;;xrlz
e removed gas, Davis was able to conclude that the reaction was not observed,

indicating that » and ¥ are in fact different particles.

ha:/?\;e arte thus re_solved to the fgct that » and 7 are different particles, but we
not yet specified just what is the fundamental property that distinguishes »

t = . .
rom 7. Experimentally, there is one property: all # have their spin vectors

parallel to their momentum vectors, while i i

) ! \ all » have spin opposite t

This property is called the helicity and is defined to bi °P 0 momentum
s°p

h =
s+ p|

(9.38)
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which has the value of +1 for 7 and —1 for ». (It is often said that 7 is
because the precession of s about p

“right-handed” and v is “left-handed”

traces out a pattern analogous to the threads of a right-handed screw for 7 and of
a left-handed screw for ».) Electrons from f decay have a similar property, with
h= —uv/cfore” and h= +v/c for e*, but this is not an intrinsic property of
all e* and e~, only those emitted in B decay. Electrons in atoms have no definite
hat originate from pair production (y = et +em)

helicities, nor do positrons t
All v and 7, however, have definite helicities, right-handed for 7 and left-handed

for ».
Davis has used a similar technique to observe » emitted by the sun as a result
ght nuclei tends to produce neutron-deficient

of fusion processes. (Fusion of li
thus emit » rather than 7.) To shield

products, which undergo B* decay and
against events produced by cosmic rays (a problem in his earlier experiments),
Davis has placed his CCl, tank at the bottom of a 1500-m deep mine, and has

spent more than 10 years counting these solar neutrinos. These are especially

important because they come to us directly from the core of the sun, where the
nuclear reactions occur; the light we see, on the other hand, comes from the sun’s
formation about processes that are

surface and contains relatively little direct in
now going on in the core.) The expected rate of conversion of 7Cl to YAr by
er day; yet despite years of

solar neutrinos in Davis’ tank is about one atom p
heroic efforts, the observed rate is only about one-third of the expected value,
which represents either an error in the assumptions made regarding the rate of

peutrino emission by the sun (and thus a shortcoming of our present theory of
solar processes) or an error in our present theories of properties of the neutrino.

9.7 DOUBLE-} DECAY

Consider the decay of **Ca (Figure 9.10). The Q value for §~ decay to 43¢ is
0.281 MeV, but the only 48gc states accessible to the decay would be the 4%, 5,
and 6% states, which would require either fourth- or sixth-forbidden decays. If we
take our previous empirical estimate of log ft ~ 23 for fourth-forbidden decays,
then (with log f= —2 from Figure 9.8) we estimate logt~ 2508t~ 10% s
(1018 y). It is thus not surprising that we should regard “¥Ca as a “stable”
nucleus.

An alternative possible decay is the double-B (BB) decay ®*Ca S48T] +2e +
27. This is a direct process, which does not require the “3Sc intermediate state. (In
fact, as we shall discuss, in most of the possible 88 decays, the intermediate state

is of greater energy then the initial state and is energetically impossible to reach.)

The advantage of this process over the single B decay (in this case) is the

0+ — 0* nature of the transition, which would place it in the superallowed,
rather than the fourth-forbidden, category.
We can make a rough estimate of the probability

Equation 9.30 for single-B decay as

for such decay by rewriting

mc? mic?| M|
*f( p ){ngh’ } (9:39)

The first term has a value of approximately 0.8 X 102! s7* and can be considered
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—5

—0

48Tj

Figure 9.10 The deca 48
; y of “°Ca. The supe L
alternative to the fourth-forbidden single-g8 deza;aif\ivaegc BB decay to “8Ti is an

th dn 3 N .
al]eofli?lzniillf(?;?:] ;fiaollllng nfa;;toz. ghe remaining term is dimensionless and contains
. " s
val;lﬁ of 15 X 10-5 £ tusins | ]\ZTY:I‘I/% ;1uclear transition probabilities. It has a
e decay rate for 88 decay then ought to be approximately given by

2
Apg = el g2m‘~‘:cz|Mﬁ|2 ?
h 27346

which gives a half-life of th
. e order of 107 years i
inglo-f decey caltionsh s years, comparable with the value for
-y ( ugh this simple calculation should not be taken too seri-
Double-beta deca i
y can also occur in cases in whi i

- ‘ which the int i
Fig:fet ;)i ;e:;:}?eg by tl}c;ssmgle 1decay mode. Consider the case of gg’ﬁdlsal:g Sta'te
thereforé n;)t e decay '*Te — 21 has a negative Q value of ~1.26 l\/feV WI:ll'n
e 87pilslmble. Yet the BB decay 2Te — 8Xe is energe}:icall ’ ar}blls

. eV. In fact, such situations provide the most likely Zarr)l?isizlat:s’:

(9.40)

-—3

ot 1024y

1287¢ k
0 +
128y

Figure 9.11 Sin
. gle-B decay of 8 Te i ; )
128y o i . _ e is energeticall
Xeis getically forbidden, b
possible. See Figure 3.18 to understand the relative masses cl:: tﬁgsze::é;?

—1o
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for observing BB decays because we do not want to study the case of two

successive decays through an energetically accessible intermediate state.
There are two basic approaches to the observation of 8 decay. The first is the
mass Spectroscopic method, in which we search for the stable daughter nuclei in
logical age. If, for example, we were 1o find an excess

minerals of known geo
abundance of 128Xe (relative to its abundance in atmospheric Xe, for example) in

a tellurium-bearing rock, we could deduce an estimate for the BB-decay half-
life of 128Te to ®Xe. Making the reasonable assumption that the BB-decay

half-life is long compared with the age T of the rock, the number of Xe resulting

from the BB decay is
0.693T
_ (9.41)

Ny, = Np(l - e ) = N
L2

and so

N

I (9.42)

NXe

mined using mass spectroscopic
be found. Some typical values

), = 0.693T

The number of Te and Xe nuclei can be deter
techniques, and thus the BB-decay half-life may
obtained using this method are

18T »128Xe (3.5 +1.0) X 10%*y
130Tg —»130Xe (2.2 £ 0.6) X 10y
82Ge — 82Kr (1.7 +03) X 10%y

The direct detection of B8 decay is obviously frustrated by the long half-lives
__from one mole of sample, we would expect of the order of one decay per year
day in the best case. Experiments with such

in the worst case above and oné per
low count rates always suffer from spurious background counts, such as those

from natural radioactivity or cosmic ray
counts severely taxes the skill of the experimenter. For examp
was done under 4000 m of rock
between France and Italy!

A recent experiment reported by
cloud chamber to search for evidence of
of a typical event in which two electrons w
son is another event in which an a particle track origin
location as the two electrons; this event probably result
radioactive background, most likely from the decay of
A more sensitive search for
Phys. Rev. Lett. 56, 2582 (1986), showed approximatel
associated with BB decays in more than 3000 h of measuring

lower limit on the BB half-life is 1.0 X 10%

result listed above.

Although the direct method is exceedingly difficult and s
possible systematic uncertainties, it is extremely important to pursu
because they are sensitive to the critical question of lepton conservation

s, and shielding against these unwanted
le, one experiment

in a tunnel under Mont Blanc on the border

Moe and Lowenthal used strips of 82Ge in a
BB decays. Figure 9.12 shows examples
ere emitted. Also shown for compari-
ates from the same
s from the natural
214j; in the uranium series.
BB events by Elliott, Hahn, and Moe, reported in
y 30 events possibly
time. The deduced

y, in agreement with the geochemical

ubject to many
e these studies
(which we
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Figure 9.12 Clo

82ge. The horizontaulc:ir::ehsa;ln o PhOtOQBrzaph of a suspected fp-decay event from
the pair of curved track Ire strips of "“Se source material. The f-decay event is
ohotograph at left Tﬁ s originating from one of the strips in the exact center of the
these produce twc') Sre are also background events due to natural radioactivity;
chain of decays, Fi B- eceay electrons in succession (as in the natural radioactivé
the heavy a track og‘."_e 10) and an « particle. Note the two electron tracks and
graph on the right Arlglnatlng frpm a common point near the center of the photo-
the tracks, so ’?hat. th(ren 2?erl>et:§nflﬁ:grg:r?endiCUlar fo the plane of the photos curves
D. D. Lowenthal, Phys. Rev. C 22, 218?3 ‘E;nggg)n be deduced. From M. K. Moe and

di . -

(tlﬁzlssissmi Egrz;t;riztgﬂ mlCclilapter 18). If » and 7 are not really distinct particles
, are couple together or are linear combination

fundamental particles), then “neutrinoless” 88 decay would be posss(i)‘tj)?lg'et other

4 A -
XN 250Xt 20

In S .
Ehroisslintc;, we can think of th1§ process as follows: the first 8 decay proceeds
T gh the \_flrtual and energetically inaccessible intermediate stat X
he emitted » turns into a » and i 1 i edinte stat
and is reabsorbed by the virtual intermediate state

.giving » + ,, 41X’ - 4
g 224X y_1 = e + 7,4 X% _,. The net process therefore results in the

emission of two 8’s and no »’s.)
th?zla::}z)efn_lrglce}nt ;d{esigne(g} to search for neutrinoless 88 decay has been done in
e. Here a Ge detector is used both as th i
nuclei and as the detector of the d e cheray e 308
‘ ecays. The total available d i
ey ys. e decay energy is 2.04
ev:nt, ;?t(}il ;fntl:l etrvgo e}ezct(;::r;\s/I s:?p within the detector, it should recorgya single
y of 2. eV. The difficulty here is to red
(from natural radioactivit on e nnts. ond i
y, man-made radioactive contaminants, and i

rays) to a low enough level so that the 2.04-MeV region can be s’earchegofsci?lz
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: of this type and

. ment mentioned above was o and
k. The Mont Blanc eXperiiey, 102! y. In another underg

Fc);)a':a'med a lower limit on the half-life of 5 X y O C 34, 666 (1986),

experiment, 1epo. ed recently by Avigno t al., Phys. ' :
i 1 ne et al., o6,
” d WL urcras we:'e taken to surround the detector only with materia
extraordinary meas y

hat would n bute su i teel screws,
i background (stainless s

ot contri bstantially to the ( :

twhltch hlowedt con tanmjntatison from ®Co, were replaced with ‘t‘)rassi alrld rubs be

(0] s w t with indium). After 9 months of counting, there wa 23no

-rings were replaced ith n \ e |

‘ he half-life was dedu _ _ ‘
Vilslible oo o 2n23 E/rlz\::,o?:tl;\tling, in the hope that continued improvements i
These experime

obscrved directly :cal interpretations are difficult, it may be thfa.tntfl:;;zaggﬁ
Although the theor_etlia s BB decay will be an important source 1(; i ormaron
for evidence of neutity escter of the neutrinos. The emission-rea soip' Hon Svith
on the fundamental charéc tance, is impossible for massless neutrt .
cess described above, for m$ i tion of the neutrinoless BB decay

i iciti d so the observa : . czy
deﬁtige hehill'uislye fﬁg)éez? that the «“classical” properties of the neutrino are
would immediate!

correct.

9.8 BETA-DELAYED NUCLEON EMISSION

¢ only form of radiation that ¢

ing B decay. s ¢
ot B e p(')si?clflte(()lf f(())1111: vc‘;r %ngre nuclgox}s. The nu;:lleon errzlslsxglr;
unstable agamst' e emlthat it competes with ¥ engssxon), and thus ov
e oon o rgpldly o with a half-life characteristic of the 8 decz'ly.b each
nucleon emissicy o0 1y one or two places from the most stable isobar f cach
. deciys (j I311:1fllef;);lyyenergies are small (1-2 MeV), and nucleon emus
mass number 4,

i decay energies may
i m the stable nuclei, the :
forbidden by ensBR Farulf;?e highly excited states, which may then decay

becoms lor8¢ enough. t(')oﬁopA schematic diagram of this process for n;;go'i%ré
throug? r}ucleon eI‘msls*“li u're 9.13. The original B-decaymng parent 18 ﬁa led the
e eror, }fhowge::ns t%xemselves come from the emitter and eventually
recursor; the nu
I;tates in the daughter.
Interest in delayed
with experimental stud

an be emitted from nuclear

Gamna 1ays afs 10 9 Occasionally the states are

1 has increased in recent years in concert
s " . ommes
ies of nuclei far from stability. Additional interest ¢

. the control of nuclear reactors (see
i delayed neutrons in t e

from the 1mp0rtancse(r)f the giscovery of the phenomenon ccllza‘t‘fis rfr?rr:ntg};e ;phz
Chapter 13 o h, sics——Rutherford in 1916 reporte lo gd nge 2 pte
history of Tue gly 1283, The main branch in I'ihls B egyyO% es to
particles followmgm ich in turn emits & particles with an ener .

B0, W - ucleus,
v grour_xd sae decaying state is a 0% ground state of2 Ognbeveil :I\;f:;lr; uolews,
Mhe\g e t:;(‘ixs- virtually 100% to the ground state of ®*Pb.)
the decay pro

j i V. 0.0035%; 10.422
ith higher energies (9.495 MeV, b; 1
of as, hower ot s avite ‘81:)117‘715 Lower energies would have indicated

V, . . .
MeV, 0.0020%; dl(s)tlzzfs (I)\;IPQOSPb but higher energles must 1n(<iiécc::;eodfe2cle‘x‘3]r3si from
cite ~rD, ! |
(eiiz?t}c,:il tsota?;s of 212Po. Similar

nucleon emissio

behavior was observed in th:
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23N

Figure 9.13 Schematic of B-delayed nucleon emission. The B decay of the
precursor populates highly excited states in the emitter that are unstable with
respect to nucleon emission. Note that the energy of the excited state in the emitter
equals the sum of the energy of the emitted nucleon plus the nucleon separation
energy between X’ and X" (plus the small correction for the recoil of the emitting
nucleus).

The calculation of the energy spectra of the emitted nucleons is a complicated
process, requiring knowledge of the spectrum of excited states in the emitter, the
probabilities for 8 decay from the precursor to each state of the emitter, and the
probabilities of nucleon decay for each state of the emitter to the accessible states
of the daughter. The difficulty is compounded in heavy nuclei by the large density
of excited states—the average spacing between excited states at high energy may
be of order eV, far smaller than our ability to resolve individual proton or
neutron groups; thus all we observe in such cases is a broad distribution, similar
in structure to the continuous distribution in 8 decay but originating from a very
different effect. Because of these difficulties, we shall not discuss the theory of
delayed nucleon emission; rather, we shall give some examples of experimental
studies and their significance.

The energetics of S-delayed nucleon emission are relatively simple. Reference
to Figure 9.13 shows immediately that the process can occur as long as the
B-decay energy is greater than the nucleon separation energy: Qg > Sy (where
N = n or p). Whenever this process is energetically permitted, there will always
be competing processes; for example, y decay of the emitting state or 8 decays to
lower levels in the emitter that cannot decay by particle emission.

The information that we derive from S-delayed nucleon emission is mainly of
two types: (1) Since the decay is a two-body process (emitted nucleon plus
daughter nucleus), the nucleons emerge with a distinct energy, which gives
directly the energy difference between the initial and final states. The energy
levels in the daughter are usually well known, and so the energy of the emitted
nucleon is in effect a measure of the energy of the excited state of the emitter. (2)
From the relative probability of nucleon emission from different states in the
emitter, we can deduce the relative population of these states in the 8 decay of

the precursor. This provides information on the f-decay matrix elements. Be-

cause the highly excited states in the emitter are so close together, they nearly
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ropriate to COIL
ge B-decay int
E,. Usually there ar

and it is more app
hich gives the avera
states in the vicinity of excitation energy Sy =5
inhibiting B decay 10 states at this high excitation,
function is rather featureless and i rougmy propor
p(E,). However, there is always one particular state t!
to the precursor that tl_le majority of the B decays
particularly Jarge Fermi-type m

atrix element). The
analog state (or simply, analog. state) because its structure is an
original decaying state ir} the neighb
the analog state (and 18 energy) can often be
technique of ,B-delayed nucl.eon emission.
As an example of a typical experimen

emission from 17N, whi
dily identifiab

form a continuum,
function Sl;(Ex), w

t, we consider the B-delayed
which decays by negative f emission
shows three réa 1e neutron groups, with energies
keV; we assume that three excited states of 170 are populated in the
that’ cach emits a neutron to form 0. Let us assume ‘
directly to the ground state of. 160, (This is certainly not gomng
general, but 160 has its first excited state a
s not possible that the I7N f decay could have enou
highly excited state.) .
To analyze the energy t'ransfer in
separation energy of YIQ; using Equation 3.26:

g, = [m(0) - m(70) + mal®
= (15.99491464u — 16.9991306u + 1.00866496

~ 4144 MeV

This is the energy that must be sup .
regard the initial state of the system as 170 in an €
The initial energy is therefore m(*70)¢” + Ex. The_ﬁnal energy :
+mett T,+ Tro where T, is the neutron kinetic energy and Tg 18
of the *0 recoil, which must occur to conserve momentum. We have
possible excitation energy of 160 in the term Ej; later we will show

zero in this case. Energy conservation gives
m(0)¢* + Ex= m(*60)c? + Ex + me*+ T+ Tr

plied to remove a neutron from

or
X=E,:+Tn+ Tgp + Sa

a general result. The recoil correction is
on of momentum, yielding

T my T 1
n ~nA__1

which is
conservatt
Tp =

oiling nucleus. Since this is a sm

is the mass of the rec
—1). The final result is

where Mg
¢ m,/mg by 1/(4

can approximat

= E/+ T,+ S
EX X A__ln n

the decay, we, first need the

sider a fB-decay strength
ensity leading 1O excited
e few selection rules
and so the B-decay strength
tional to the density of states
hat is so similar in character
populate that state (it has a
state is known as the isobaric
alogous to the

oring isobar. The B-decay strength leading t0
determined only through the

neutron

to V0. Figure 9.14
383, 1171, and 1700
B decay and
that these decays g0
to be true in
t more than 6 MeV; we will see that it
gh energy to populate such a

neutron

71)931.502 MeV /u

170, Let’s

xcited state with energy E,.
is m(160)c? + E

the energy
included a
it must be

(9.43)

obtained by application of

(9.44)

all correction, we

(9.45)
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0 6. .
. . . 17 ' :

de . .
cay to be a direct neutron emission process and it must therefore be a

1/2- 417s
TN B-delayed emissi
_— elayed emission process. The resulting decay is shown in Figure 9.15

Proton emission will occur most easi i

TotC _ easily from nuclei with an €

\t;i/lhlch I11s certainly thg:8 case for ®S (Z =16, N =13). The a():(t?\e/isfyoifspi’rg:;r;fi,

anr(;nii the reaction ?8Si +*He — S + 2n, which essentially adds two protons
moves a neutron from the stable initial nucleus (Z = 14, N = 14). The

+ 0
L —
80
572+ 13.790
8, = 4.144 MeV 188.0ms

29
/ s ‘ %  Log ft
5.20

/ 8.787 0.14

5/2+ 0
17 /
809 /(3/2+,5/2+)8.532 1.14 4.43
9.390 0.43 440 s T=3/2,56/2* 8381 18.3 3.29

) @i 52%) 831y 101 4.61 i“
————— v 5/2+ 8.106 0.69 4.83 ‘

(3/2+) 7.759 0.23
7.526 0.08 5.99
7.366 0.25 5,58

_—/_0.33 5.49
7'241/—1.08 502

m—
7.

083)
5/2+ 6.832 <0.3 > 5.7

(6.653) 0.71 5.37
0.30 5.79

Figure 9.15 The g-delayed neutron decay of "N.

160, the three measured 'N B-delayed neutron energies
f 4.551, 5.388, and 5.950 MeV. Nuclear reactions can
170 excited states, and three states are

Assuming E; = 0 for
give excitation energies 0
also be used to measure the energies of the
found in reaction studies with the energies we have just calculated. If we were to

consider the possibility to reach excited states in 160 (that is, E; = 6.049 MeV,
the first excited state in '90), then the lowest possible excitation in 170 would be
10.6 MeV, which is greater than the Q value of the 17N B decay (8.68 MeV).
Excited states in 160 are therefore not populated in this decay.
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9.9 NONCONSERVATION OF PARITY

The parity operation (as distinguished from the parity quantum number) consists
of reflecting all of the coordinates of a system: r — —r. If the parity operation
gives us a physical system or set of equations that obeys the same laws as the
original system, we conclude that the system is invariant with respect to parity.
The original and reflected systems would both represent possible states of nature,
and in fact we could not distinguish in any fundamental way the original system
from its reflection.

Of course, the macroscopic world does show a definite preference for one
direction over another—for example, we humans tend to have our hearts on the
left side of our bodies. There is no law of nature that demands that this be so,
and we could construct a perfectly acceptable human with the heart on the right
side. It is the reflection symmetry of the laws of nature themselves with which we
are concerned, not the accidental arrangement of the objects governed by
the laws.

In fact, there are three different “reflections” with which we frequently work.
The first is the spatial reflection » — —r, which is the parity (P) operation. The
second “reflection” consists of replacing all particles with their antiparticles; this
operation is called charge conjugation (C), although there are properties in
addition to electric charge that are reversed in this operation. The third operation
is time reversal (T), in which we replace ¢+ by —¢ and in effect reverse the
direction in time of all of the processes in the system. Figure 9.19 shows how
three basic processes would appear under the P, C, and T operations. Notice
especially that there are some vectors that change sign under P (coordinates,
velocity, force, electric field) and some that do not (angular momentum, magnetic
field, torque). The former are called true or polar vectors and the latter are
pseudo- or axial vectors, Figure 9.20 shows a complete view of a rotating object
reflected through the origin. You can see quite clearly that the angular momen-
tum vector does not change direction upon reflection.

In each case shown in Figure 9.19, the reflected image represents a real
physical situation that we could achieve in the laboratory, and we believe that
gravity and electromagnetism are invariant with respect to P, C, and T.

One way of testing the invariance of the nuclear interaction to P, C, and T
would be to perform the series of experiments described in Figure 9.21. In the
original experiment, a reaction between particles A and B produces C and D. We
could test P by interchanging the particles (for example, have projectile B
incident on target A, instead of projectile A incident on target B). We could test
C by doing the reaction with antiparticles and T by reacting particles C and D to
produce A and B. In each case we could compare the probability of the reversed

‘reaction with that of the original, and if the probabilities proved to be identical,

we could conclude that P, C, and T were invariant operations for the nuclear
interaction.

In the case of decays A — B + C, we could perform the same type of tests, as
shown in the figure, and could again study the invariance of P, C, and T in decay
processes.

We must take care how we test the P operation because, as shown in the figure,
the reflected experiment is identical to what we would observe if we turned the
page around or stood on our heads to observe the decay or reaction process.
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Electric field Magnetic field

Gravity

Original

P mirror

C mirror

T mirror

Figure 9.19 The effect of P, C, and T reversal on gravitational and electromag-
netic interactions. In all cases the reversed diagrams represent possible physical
situations, and thus these interactions are invariant under P, G, and T.
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Figure 9.21 Nuclear physics tests of P, C, and T.
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align the spins of some decaying nuclei and look to see if the decay products are
emitted equally in both directions or preferentially in one direction.

In 1956, T. D. Lee and C. N. Yang pointed out that P had not yet been tested
in B decay, even though it had been well tested in other nuclear decay and

reaction processes. They were led to this assertion by an unusual situation called
the @-r puzzle. At that time there were two particles, called 6 and 7, which
appeared to have identical spins, masses, and lifetimes; this suggested that 6 and
he decays of these particles lead to final

+ were in fact the same particle. Yet t
states of different parities. Since the decays were governed by a process similar to

nuclear B decay, Lee and Yang suggested that 6 and 7 were the same particle
(today called a K meson) which could decay into final states of differing parities
if the P operation were not an invariant process for B decay.

Several experimental groups set out to test the suggestion of Lee and Yang,

and a successful experiment was soon done by C. S. Wu and her co-workers using
the B decay of ®Co. They aligned the “Co spins by aligning their magnetic
dipole moments in a magnetic field at very low temperature (T ~ 0.01 K, low
enough so that thermal motion would not destroy the alignment). Reversing the
magnetic field direction reversed the spins and in effect accomplished the

reflection. If B particles would have been observed in equal numbers along and

opposite to the magnetic field, then B decay would have been invariant with

respect to the P operation. What was observed in fact was that at least 70% of the
B particles were emitted opposite to the nuclear spin. Figure 9.22 shows the
original data of Wu and colleagues, and you can se¢ quite clearly that the B
counting rate reverses as the magnetic field direction is reversed.

Twenty-five years after the original experiment, Wu's research group repeated
the ©Co experiment with new apparatus that represented considerably advanced
technology for cooling the nuclei, polarizing their spins, and detecting the B
particles. Figure 923 shows the result of this new experiment, which demon-
strates quite clearly the parity-violating effect.

Figure 9.24 shows schematically the ©°Co experiment and its reflection in the P
mirror. In the P-reflected experiment, the electrons are emitted preferentially
along, rather than opposite to, the direction of the magnetic field. Since this
represents a state of affairs that is not observed in nature, it must be concluded
that, at least as far as B decay is concerned, the P operation is not a valid
symmetry. There is yet another surprising result that follows from this experi-

ment. Consider the reflection of the original experiment in the C mirror, also
shown in Figure 9.24. The electrons flowing in the wires that produce the
magnetic field become positrons, so that the magnetic field reverses. In the
C-reflected experiment, the particles are now emitted preferentially along
the magnetic field. Thus matter and antimatter behave differently in beta decay,
which is a violation of the C symmetry. (In his book The Ambidextrous Universe,
Martin Gardner discusses how this experiment can be used to try to decide
whether an extraterrestrial civilization, with whom we may someday be in
communication, is composed of matter or antimatter.)

If, however, we reflect the experiment in a mirror that simultaneously performs
both the P and C operations, as shown in Figure 9.24, the original experiment is
restored. Even though the separate C and P operations are not valid symmetries,
the CP combination is. (We discuss in Chapter 17 that certain decays of the K
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wave function has no observable consequences for nuclear spectroscopy, but
there are two cases in particular in which the effects can be observable. In the
first, nuclear y radiation emitted by a polarized nucleus acquires a small
difference in intensity between the directions along and opposite to the polarizing
magnetic field. This is exactly analogous to the ®Co experiment, but is generally
a very small effect (of the order of one part in 107) because it arises only from the
small part of the wave function and the regular part (™ gives no difference in
the two intensities. In one very favorable case in the decay of the 3*Hf isomeric
state, described in K. S. Krane et al.,- Phys. Rev. C 4, 1906 (1971), the difference
is about 2%, but in general it is much smaller and probably beyond our ability to
measure. A second type of observation involves the search for a process that
would ordinarily be absolutely forbidden if F were zero. For example, consider
the a decay of the 2~ level of 160 to the 0* ground state of 2C. The selection
rules for a decay absolutely forbid 2~ — 0* decays (see Section 8.5), but if the
27 state includes a small piece of 2* state, the decay is permitted to occur with a
very small intensity proportional to F2, Based on a careful study of the a decay
of the excited states of *O, Neubeck et al. discovered a weak branch which they
assigned to the parity-violating 2~ — 0™ transition. The partial half-life for this
transition was deduced to be 7 X 1077 s. By way of comparison, Equation 8.18
gives for the half-life of an ordinary « transition (with Q = 1.7 MeV, B = 3.8
MeV) the value 2 X 107! 5. The a decay intensity is thus indeed of order F?
(107), as expected for this P-violating process. A description of this difficult
experiment can be found in Phys. Rev. C 10, 320 (1974).

9.10 BETA SPECTROSCOPY

In this section we explore some techniques for deducing the properties of nuclear
states (especially excitation energies and spin-parity assignments) through meas-
urements of B decays. This process is complicated by two features of the f-decay
process (as compared with a decay, for instance): (1) The B spectrum is
continuous. The study of decay processes such as those discussed in Section 8.6 is
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Figure 9.25 Uncorrected Fermi-Kurie plot for °Be decay and correction for

shape factor for second-forbidden transition. Data from L. Feldman and C. S. Wu,
Phys. Rev. 87, 1091 (1952).
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not possible for B decays with many branches, for we cannot reliably “unfold”

the various components. (2) The B selection rules are not absolute— the ranges of
ft values often overlap and cannot be used to make absolute deductions of decay
types, and the measurement of the angular momentum carried by the B particle
is not sufficient to fix the relative parities of the initial and final states. There are,
however, many cases in which it is possible to derive spectroscopic information

from the decays.
Although the shape of
of the decay are not absol

clues about the type of decay (and therefore
of the initial and final nuclear states). As discussed in Section 9.3, a linear

Fermi—Kurie plot with no shape factor strongly suggests a decay of the allowed
type, and we would therefore expect AI =0 or 1 and A7 = no. A nonlinear
Fermi—Kurie plot that is linearized by the shape factor § = p* + q? is, as shown
in Figure 9.5, most likely of a first-forbidden type.

Figures 9.25 and 9.26 show additional examples of the use of the shape of the
decay to deduce the properties of the initial state. The Fermi—Kurie plot for the
decay of °Be is linearized by a shape factor characteristic of AI =3, Ar =no
second-forbidden decays. Like all even-Z, even-N nuclei, 108 has a 0F ground
state, and so we immediately deduce the assignment of 3* for the B final state.

the B spectrum and the half-life (actually, the ft value)

ute indicators of the decay type, they do give us strong
the relative spin-parity assignments
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is added to stable 6Lu to form
leased when a low-energy neutron 1is a
fgelflgg’lfﬁis energy is determined to be 7.0726 + 0.0006 MeV, and thus

m(T7Lu) = m(7Lu) + m(n) — 7.0726 MeV /c?
176.943766 + 0.000006 u
where the latter step is made using the known 1761 13 mass. We can now find
Qp = m(*"Lu) — m (*"THI)
= 496 + 8 keV

i We therefore
i ement with the energy of the highest 8 group.
Lr:)n(ec);iezllie?ﬁa? %lr:i:s group populates the '""Hf ground state, with the lower groups
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Figure 8.29 Fermi-Kurie plot of the 8 decay of 7Lu. Curve A represents the
complete B spectrum. Extrapolating the high-energy portion (which presumably
includes only a single component) gives the dashed line, and the difference
between the extrapolated line and curve A gives curve B. The linear portion of
curve B gives the endpoint of the next component, and repeating the procedure
gives curves C and D. The resulting decay scheme is shown in the inset. Data from
M. 8. El-Nesr and E. Bashandy, Nucl. Phys. 31, 128 (1962).

populating successively higher states at energies of 112 keV (= 497 — 385), 248
keV (= 497 — 249), and 323 keV (= 497 — 174). The y spectrum shows results
consistent with these deductions, as we discuss in Section 10.8. The 113-keV Y
ray, for example, represents the transition from the first excited state to the
ground state, and the B spectrum in coincidence with the 113-keV y ray shows
only the 385-keV component.

As a final example of a spectroscopic study, we consider the decay of 1%6],
which can occur either through negative or positive 8 emission. The Fermi-Kurie
plot (Figure 9.30) is definitely nonlinear at the high end, but when the upper end
is corrected by the shape factor for a Al = 2, Az = yes first-forbidden decay, it
becomes linear and the stripping reveals three groups. Only the two lower groups
are in coincidence with y radiation, suggesting that the highest group populates
the 12*Xe ground state (0*) and thus that the decaying state must be 2~ (because
the highest group is AT = 2, Ar = yes). The other groups must populate excited
states at 385 keV (= 1250 — 865) and 865 keV (= 1250 — 385). (It is coinciden-
tal that the numbers happen to be interchangeable.) The positron spectrum
(Figure 9.31) similarly shows two groups which by the same argument populate
the ground and first excited (670-keV) state of %Te. The y spectrum shows
strong transitions of energies 389, 492, 666, 754, 880, and 1420 keV, which can be

‘Placed as shown in Figure 9.32, based on the observed B endpoints. The spins of

the first excited states are 2+, and the second excited states must be 2+ as well,
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Flgure 9.32 Decay scheme of 26|, showing 8 and y information. Energies of 8’s,
v’s, and levels are given in keV.

neutron would be expected to involve initial and final nuclear wave functions
(based on the shell model) identical with those in the transition of the 7th
neutron into the 6th proton. The fr values are consistent with this expectation.
The transition of the proton into a neutron that leaves the neutron in the same
shell-model state as the initial proton results in the population of the 15.11-MeV
excited state of >C. This state therefore has the same nuclear wave functions as
the 2B and N ground states (except for the difference between protons and
neutrons) and is the analog state of 1*B and 2N, The particularly small f¢ value
in the decay of 12N to this state emphasizes its interpretation as the analog state.

Finally, let’s look at the information on nuclear wave functions that can be
obtained from B decay. In particular, we examine the transitions between odd
neutrons and protons within the f; , shell. (That is, one f; , nucleon is trans-
formed into another.) Let us look specifically at cases in odd-A4 nuclei involving
AT = 0, allowed decays between states of spin-parity . The simplest example is

1t

11.0 ms
12
7Ns

Bt €

3.3

12

6C6
Figure 9.33 Beta decays of B and "N to '?C. Note the similarities in the log ft
values for the 8+ and 8~ decays leading to the same final state in '2C.
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Table 9.4 B Decaysin the f;/, Shell (G~ ~ %)

— . )
4 Xy -5 Xy |Z-N'|=IN Z'| log /

35
g} Scyo -30Cay 0 15
5Ty = 5iScn 0 3' 6
BV -5 Tiy ?) 3.6
$3Coy— 3 Fey
5.0
;:i 8022 —-)g% Ca23 2 46
$Tiy— 515¢2 ; 5' 2
3eFey; - 3aMn '
6.0
16Cays— 515C24 4 53
‘;{Sc% _’gTizs 4 6. 2
53 Vas =33 Tiy : 5.4
31Cry7 =33 Vag '
8.5
43Cay;—31Scs0 2 57

49 49y
31555 =22 Ty

the decay of “'Sc to “'Ca, in which a single proton outside the doubly rfnag1§ 4:1(3;
core changes into a single neutron. No changg of nucle.ar wave Iimc 1oeral_
involved, and the observed log ft for this decay is 3.5, placing 1t n t e_sil;; 2
Jowed category. (This is an example of a mirror decay.) Ip the elxtrem; me nﬁ o
dent particle shell model, all odd particles are tzeatecl c_aquwalent y, and ;N i gﬁf
therefore expect the decay “'Ca to “'Sc (also 3~ to 77 ) to show a Slmfl 31‘85' %F I
However, the observed value is 8.5—the decay is slqwer by a factor o 1'. The
transition of the 27th neutron to the 21st proton 1s thus a more comp }gcam
- process, and the other six neutrons in the f; shell must havg a s1gtm ot
influence on the decay. (Some general features of these many—gelrtlcli sta ecs1 v(s:/a ;
discussed in Section 5.3.) Table 9.4 summarizes the observed 3~ to p ,Bh' 61:1 tze
of the f,, shell nuclei (20 < N,Z < 28). You can see thztt decays %1’/1 _‘Y Ol)c : the
odd particle is not required to change its state (Z N N =hN —1 ’ o_f ) haxs
log ft values in the superallowed category'(about 3.5); as the vla u o
increases, the change of state is correspondingly greater and ‘the og fi nores ir;
on the average by about one unit (a factor of 10 in the half-life) for each step

Z— N
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PROBLEMS

1. Compute the Q values for the following 8~ decays: (a) *Ni — *Cu; (b)
"Be —11B; (c) 1**0s - 'Ir.

2. Compute the Q values for the following 8 and & decays: (a) 1°C —1°B;
(b) *2Eu —128m; (c) ¥Zr - ¥Y.

3. 'Au can decay by 8, B*, and e. Find the Q values for the three decay
modes.

4. The maximum kinetic energy of the positron spectrum emitted in the decay
1C - 1B is 1.983 + 0.003 MeV. Use this information and the known mass
of !B to calculate the mass of ''C.

'5. In the decay of ®He to SLi, the maximum B kinetic energy is 3.510 4 0.004

MeV. Find the mass of $He, given the mass of SLi.

6. In the decay of /Ca to “’Sc, what energy is given to the neutrino when the
electron has a kinetic energy of 1,100 MeV?

7. The B decay of Os leads only to an excited state of !Ir at 171 keV.
Compute the maximum kinetic energy of the 8 spectrum.

8. (a) If the B-decay energy is large compared with mc?, find a simplified
form of Equation 9.25 and show that the average value of T, (not the value
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or antiparallel to one another. (b) Repeat for a 1* — 0% B~ decay. (c)
What are the implications of these results for the recoil of the nucleus? (d)
Would any of your conclusions differ in the case of 8* decay?

of T. where N(T,) has its maximum) is equal to Q/2. (b) In the case of

i 2 average
B-decay energies that are small compared with m.c”, show that the g

e i s o 25

value of T, is Q/3. _ ) ] 18. ?°Na decays to an excited state of *Ne through the emission of positrons of
9. Supply the missing component(s) in the following processes: g maximum kinetic energy 5.55 MeV. The excited state decays by a emission

(a) 7 +He to the ground state of 1°0. Compute the energy of the emitted a.

(b) $He —SLi + e™ + 19. Following the decay of !"Ne, a highly excited state in '’F emits a 10.597

(©) e +°B - MeV proton in decaying to the ground state of '*0. What is the maximum

() » +12C - y energy of the positrons emitted in the decay to the !’F excited state?

() “K - v + 20. A certain B-decay process has three components, with maximum energies

(f) K -7+ 0.672, 0.536, and 0.256 MeV. The first component has two coincident y

rays: 0.468 and 0.316 MeV, which are also coincident with each other. The
second component has coincident y’s of 0.604, 0.308, 0.136, 0.468, 0.612,
0.296, and 0.316 MeV. The third B component is in coincidence with all of
the above, plus 0.885, 0.589, 0.416, and 0.280 MeV. Use this information to
construct a decay scheme and find the mass difference between the nuclear
ground states.

10. What is the kinetic energy given to the proton ip the decay of the neutron
. when (a) the electron has negligibly small kinetic energy; (b) the neutrino

has negligibly small energy?

11. One of the processes that is most likely
neutrinos in the sun is the electron-capture >
energy of the emitted neutrino and the kinetic energy of the

12. Defining the Q value as (m; — m;)c?, compute the +range Zf nel?ri?lz
energies in the solar fusionb{ezi(cjtio? ptp e—s> d +e* + ». Assum
initial protons to have negligible kinetic energies.

13. (a) Folr) neutrino capwre reactions » +4X > e +4X, slzloyv .tha:t th(c:,‘ XQ)
value, defined as in the case of decays as @ = (mi — my)c’, s Just [m
— m(#X")]c? using atomic masses. (b) Neglecting thq small kmef:w enelr%z
given to the final nucleus (to conserve momentum), this Q valpe is équa ©
the minimum energy the neutrino must have to cause the 3r7eact1on.71 (c;mpu .
the minimum neutrino energy necessary foF capture37l)y ' Cl, lziy dat, a:ly
by 115In. (c) In the Davis experiment (Section 9.6), ’Cl is used to de c:c' v

from solar fusion; 7*Ga and *In have also been proposed as solar neufrm

detectors. Comment on the use of these detectors to observe neutrmo; from

the basic fusion reaction p + p — d + e* + » (see Problem 12) and from

the decay of "Be (see Problem 11). ‘
14. Classify the following decays according to degree of forbi

@ ¥srGH YY)

(b) *C1(27%) —36Ar (07)

(C) 26A1 (5+) __)26Mg* (2+) .

(d) 26Si (O+) —>26A1* (0+) —*26Mg (0 )

) YZr (3%~ Nb*G ) ; N
15. Show that the slope of the electron energy spectrum for allowed decays

zero near T, = Q if m, = 0 but becomes infinite if m, # 0.

isinate with any atomic shell K,L,... . Fora
16. FElectron-capture decays can origl e Shel B e K.cap-

ide range of nuclei, the L-capture probabili.ty i -2
‘t):re probgability. Justify this ratio with an estimate based on the probability

to locate an orbital electron near the nucleus. For this rough estimate,
ignore any effects of electron screening,. ‘
i - i icity, Equation 9.38, of the
. Consider a 0+ —» 0% B~ decay. Using the helicity, .
1 E:Zlitted e~ and », deduce whether the e” and » tend to be emitted parallel

responsible for the production of
ture decay of "Be. Compute the
"Li nucleus.

21. The decay of *®Au to 8Pt by electron capture has not been observed, even |
though the very similar decay of 1*°Au to °Pt by electron capture proceeds
strongly. Examine the spectroscopic features of these decays and explain
why the %®Au electron-capture decay is not observed. (Use the Table of
Isotopes or a similar spectroscopic reference.)

22. From collections of nuclear spectroscopic data, find and tabulate ft values K
for 2*— 1 allowed decays in the region of N or Z = 14 to 20 (d;,, and
51, shells). Also tabulate the allowed 3~ to 3~ decays for Nor Z =2to 8
(ps/, and p, , shells). Discuss any systematic differences between the two

sets of values.

23. Using systematic collections of nuclear data (such as the Table of Isotopes or
the Nuclear Data Sheets), tabulate the available information on 0% - 0* 8
transitions between f; , nuclei (20 < Z,N < 28). Discuss the coupling of
the odd proton-and odd neutron, and explain the observed ft values.

ddenness: 24. Tabulate the available information on g,, — g;,, positron decays of

odd-mass nuclei; gy, protons are generally found in the range 40 < Z < 50,
and g, ,, neutrons are usually between N = 50 and N = 66. Try to account
for the ft values. (Note: The GT decay is sometimes called a “spin-flip”
process.)

25. There are many B-decaying odd-Z, odd-N nuclei with 2~ spin-parity
assignments. These can decay to the 0* ground state or the 2* first excited
state of the neighboring even-Z, even-N nucleus. (a) Use a general nuclear
spectroscopy reference (Table of Isotopes or the Nuclear Data Sheets) to
tabulate the f¢ values for the 2% and 0" final states from as many of these
decay processes as you can find. (b) The 2~ — 0% decay is a first-forbidden
process, in which the 8 decay must carry 2 units of total angular momen-
tum, while in the 27 — 2% decay it can carry 0, 1, or 2 units of angular
momentum. Use your compilations of fr values to make some general
conclusions on the relative probability of the 8 decay carrying 2 units of
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e whether there might be an explanation
for this effect in terms of the 0% and 2" nuclear wave functi_ons, nlake a
similar tabulation of decays from 17 states, that is, of 1 - 0% and
1~ — 2% decays. Both these first-forbidden decays carry one unit of jtotal
angular momentum. (Why?) Do you observe a systematic difference in ft
values between 0* and 2* final states? What do you conclude ab_01'1t.t¥1e
probable effect of the final nuclear state on the B decays from 27 initial

states?
26. There are several examples of allowed B decays that have larger than

average ft values, which can be explained with reference to the nuclear

: . 65N} — 65
structure. Consider, for example, the following cases: (a) "Ni — Cu and

6571 —65Cu, in which the ground state-ground state decays are both %_ to
3~ Gamow-Teller decays, but the ft values are 1-2 orders of magnitude

larger than for allowed decays to other low-lying states; (b) " Te —1158b

. 5+ 143 he IISSb
115G, — 135§n*; in the "> Te decay, the 1*— 37 transition to t
and 'Sb ; * low-lying excited state

] 1

round state is not seen, and in the **Sb decay, a 3 :
igs populated only weakly, with an ft value again 1—2 orders of magnitude
hboring excited states. Find the shell model

larger than values for neig i
identification of these states and thus explain why the allowed decay mode

is inhibited. Use the Table of Isotopes to find other examples of inhibited
decays with the same shell-model assignments.

angular momentum. (¢) To examin

10

GAMMA DECAY

Most « and B decays, and in fact most nuclear reactions as well, leave the final
nucleus in an excited state. These excited states decay rapidly to the ground state
through the emission of one or more y rays, which are photons of electromag-
netic radiation like X rays or visible light. Gamma rays have energies typically in
the range of 0.1 to 10 MeV, characteristic of the energy difference between
nuclear states, and thus corresponding wavelengths between 104 and 100 fm.
These wavelengths are far shorter than those of the other types of electromag-
netic radiations that we normally encounter; visible light, for example, has
wavelengths 106 times longer than y rays.

The detail and richness of our knowledge of nuclear spectroscopy depends on
what we know of the excited states, and so studies of y-ray emission have become
the standard technique of nuclear spectroscopy. Other factors that contribute to
the popularity and utility of this method include the relative ease of observing y
rays (negligible absorption and scattering in air, for instance, contrary to the
behavior of « and B radiations) and the accuracy with which their energies (and.
thus by deduction the energies of the excited states) can be measured. Further-
more, studying y emission and its competing process, internal conversion, allows
us to deduce the spins and parities of the excited states.

10.1 ENERGETICS OF y DECAY

Let’s consider the decay of a nucleus of mass M at rest, from an initial excited
state E; to a final state E,. To conserve linear momentum, the final nucleus will
not be at rest but must have a recoil momentum p; and corresponding recoil
kinetic energy Ty, which we assume to be nonrelativistic (Ty = pi/2M).
Conservation of total energy and momentum give
O = p R + p Y
It follows that pg = p,; the nucleus recoils with a momentum equal and opposite
to that of the y ray. Defining AE = E; — E; and using the relativistic relation-
ship E, = cp,,

(10.1)

2

AE=E, + i 102
Y 2Mc? (10.2)




