Lecture 12 Krane  Enge Cohen  Williams
a-decay
Energetics 8.1 10.1
Systematics 8.3 10.3 6.2
Coulomb effects 8.4 10.5 10.4 6.3

Angular mom. 8.5 10.6 10.5 6.4

g-decay

Multipoleradn. 10.2 9.5 12.1
Decay constants 10.3 9.5 12.2
Selectionrules 104 9.6 12.4

Problems

1

Caculate the Q and the energy of the emitted a, for a-decay from 2*?Po, 2%8po,
242Cm. Indicate the residual nucleus.

Use the uncertainty principle to estimate the minimum speed and energy of an a-
particle ingde a heavy nudleus.

In a sami-clasca picture an /=0 a-paticle is emitted dong a line tha passes

through the centre of the nucleus..

@ How far from the centre of the nucleus mugst an /=2 particle be emitted?
Assume Q =6 MeV and A = 230.

(b) What would be the recoil rotationd energy if dl the recoll went into
rotation of the daughter nucleus.

For the following gray trangtions , give dl permitted multipoles, and indicate
which would be the most likely.
2> 7/2°, 572, 12",

A decay process leads to find dtates in an evenreven nucleus, and gives only three

g-rays of energies 100, 200 and 300 keV, which are found to be of E1, E2 and E3
multipolarity. Congruct two different possible level schemes for tis nucleus and

label the states with their mogt likely 1P assignments.

A nudleus has the following sequence of states beginning with the GS.  3/2°, 7/2°,
5/2°, ¥ and 3/2. Draw alevd scheme showing the intense g-rays transitions and
indicate their multipolarity.




Review Lecture 11
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Beta D
The bet

The nuclear force is charge independent, hence the level dructure of excited states
in nucle that have the same A, and the same configuration (but differing N and 2)
will be the same. The example given was A=14. After dlowing for the different
coulomb energy

e*(2z-1)

s’
0

(0.78 MeV), the states in **C and *O (mirror nude) line up in energy, together
with andogue statesin 2N,

DE_, =3/5 and the mass difference between a proton and neutron

The isospin Q No. of a configuration is the T, vaue (T, = (N-2)/2) d the “mogt
neutrontrich” form of the configuration that can be made consstent with Pauli
principle. The low-lying states in 2C and 1#0, and the andlogue states in *N are
al T=1, with projection T, = -1, +1, and O respectively. The GS and most low-
lying statesin N have T=0 (naturdly T, =0)

ecay
a decay process

A - A
X +e®, X +n

The energy of a b ™-particle emitted from a nucleus A,Z to form nucleus A, Z+1

AX®

Z+1

AX +e

Q,. ={[m(;X)- Zm,]- [m(,,:X)- (Z +1)m,]-m_}c®
Q,. =[M(FX)- m(,.;X)Ic*

Qp repr

Z+1

Z+1

esents the energy shared by the € and the antineutrino

Qb- :Te + Er‘l’

And sn
(Te- )max

For pos
IX® .

ce when oneis max the other is zero
= (En')max :Qb_

tron emisson, asmilar calculation gives that:
X +e

Q.. =[M(ZX)- m(,.X)- 2m,]c*

Thelog

ft tarm and what it indicates.

The concept of forbidden-ness.

The importance of super-alowed trandtion, when the Nuclear wave-function overlgp is

exact.



Lecture 12

We discussed b-decay last lecture, and today | will discuss a and g decay. We need to
ak what determines whether decay of any kind will occur, and then look a little more
closaly asto what isthe probability of certain decay.

Firdly let us remember we are discussing nucle which lie outsde the collection of 200 or
0 dable nudd., and ultimady they will reech dability in order to attan a minimum
energy of the nuclear sysem. These nuclel have either an excess of protons or neutrons,

and in generd they will atain gability by b-decay, changing a n® p or p =n. However
for nucle with A > 150 a -decay isthe mogt likely possibility.

Ultimately the requirement for paticle decay is tha the find system is more gable than
the origind. One can show by consdering the Q (energy difference between the find
and initid system), thet for light particle emission the only possibility isa.

Heretable 8.1

For a decay the processis

A A-4 4
ZXN ® Z-2 X N—2+2a2

Energy congderdtions give
the Q isdefined as
Q=(m,-m, - m,)c’
Thisenergyisshared betweenthe
a andthedaughter nucleus
o)
(m - m,-m)c*=Q=T, +T,

So if Q is podtive , in theory a-decay can occur. The emitted a will Q
of course not have a KE (T) equd to Q, since the daughter nucleus T, = m
will recoil (T'x). 1+ ma

sincem, <<m,

T »

a

1+2
A



However Q aone does not

determine whether or not 20
we will observe an a
decay. Since the decaying
nucleus has a large Z, the
coulomb barier acts to
suppress  decay. The
probability of the a
getting out depends very
criticdly on the energy of
the a. This was found out
by Geger and Nuttdl in -~
1911 (the Geiger Nuittdl )
law) h : l I I | |

6 7 8 [} 10
Q (MeV)

. . Figure 8.1 The inverse relationship between a-deca i
* ' - y hali-life and decay energy,
Note_ the Vertica scae is salied the Geiger-Nuttall rule, Only even-Z, even-N nuclei are shown. 1¥he so%i{!
Iogalthml C, ad rANQES 'nes connect the data points.
over some 25 orders of

magnitude. Nuclel with the same Z are joined.

—
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We are now in aposition to estimate the rate of a -particle emisson.

v = 1 .2Z-2¢ v
dpe, a
o{b-a)
Coulomb pot.
%(BQ
R et s e
S AVAVAN Co1 e ] r
T b a b
KEh KER
-V,

v,

We modd the system as an a and daughter nucleus, with a radius a  Within the radius
r<athe a is free to move, but it cannot escape because of the coulomb barrier. Between a
and b, dasscdly the a cannot exist, snce V>KE. Classcdly he paticle will bounce
back and forth in the region r=0 to a= However quantum mechanicdly there is a chance
of leskage, or tunndling through the barrier, and one can cdculae the probability P of
ecape. The decay constant | = fP per second. Where f is the frequency of presentation
at the boundary.

As an example, for 238U the apha takes ~10% tries before it succeeds (~10° years.)



The QM problem is smplified by usng a square pot barier. The barier height varies
from (B-Q) above the particles energy at r=a, to zero at r=b. Lets take an average height
YAB-Q).

The width of the true coulomb barrier isb-a. Lets take the square one as ¥Ab-a).
(NOTE b is the value of r when the dpha is free of the coulomb potentid. It is

equivdent to the dtopping distace from r=0 for in incoming apha of energy Q. SO
consarvation of energy gives

KE = PE
1 2(zZ- 2)¢?
Q_4pe0 b
_ 1 2Z-2¢
dpe, Q

Pof a being outside nucleusis prop to (WF outside)?/(WF inside)? = prob

After normdizing a boundary

P » € 2k (b- a)
where

-1 omi(E- 9

Typicd vaues
For Z=90 a~7.5fm, B~34 MeV . With Q =6MeV, b~ 42 fm.

ThisgivesP~2x 10%
if V (potential) ~ 35 MeV, and Q ~ 6 MeV, then
f = 5* 1021 Hz,
So that remembering that | = fP per second, | = 10 per second=>ty, =700 s.

You can see the criticdity of the dependence on E, (~Q) since if we chose Q = 5 ingtead
of 6, P> 10, and ty, & 10°® s Thisisroughly consistent with the observations.



The Effect of WF

For a emission not only doesthe Q need to be quite
high, but the overlap of theinitial and final WF must be

lar ge.

de =@ *1¥ ™ 19912 00~

1h9/2 —

consider ??Po 2 ?®Pb(GS) + a

208 Pb

What doesy ;look like?

y1-y 2Pb +2n + 2p)

these 2p and 2n in essenceform an a

particlesincethey arein arelative /=0
state.

de = QY + Y ¥

de = ¢y (208Pb) y * (208Pb)(h9/2)*(g9/2)% (a)
=10y (@)(h9/2)*(g9/ 2)°

In fact these WF areto all intentsand purposesthe

same. Sothe a decay should proceed strongly if Q is
OK.
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Figure 8,7 « decay of 2*2Cm to different excited states of ***Pu. T

each a-decay branch ig given to the right of the level.

Electromagnetic decays

Two marks of a person literatein nuclear physics.

1. they say nu-clear, not nucu-lar

they know the difference between x-rays and g-rays

What areg-rays?

Very-high-energy EM radiation
E=hf hal
From nucleus (cf x-raysfrom aom)

Agan the WF ovelgp is
essentidly 1 between the two GSs.
However only 74% goes to GS.
The rest goes to excited dsates.
Note that Pu is a rotaiond
nucleus. The firg 5 dates dl have
the same intrinsc WF. So overlap
is same. The difference is that
242Cm darts with AM = 0 and to
get to 1% excited state the a must
carry avay 2 unitsof AM.

This means it must overcome a
centrifugd barrier of

0 + 1)

o2 (hence problem 3)
mv

As we sad ealier. if a nudeus is in an excted (not GS) date, it will, if energeticdly
possible decay by emisson of an a particle, or by b emisson.



We now want to look a the competition that g-ray decay offersto a-decay. It turns out
that the decay probability for a-decay or any patice emisson is much higher (haf-life
much shorter) than for g-decay, so will aways happen if enegeticdly possble
Otherwise g-decay.

What can we learn from the sudy of g-decay spectra?

You will recdl tha in atomic phydcs it was the sudy of the spectra (visble mainly but
laer IR and UV) that led to the unfolding and confirmetion of the shel modd of the
atom. The spectrum of H is the supreme example. However in more complicated atoms
it was necessary to identify the gpectra with specific dectron configurations.  This
involved measuring the energy (wavelength), the decay probability (intengty) and the
related haf-life of each excited Sate.

The g-rays result from decay of a particular excited nuclear state to a lower one. The
resulting spectrum, as a successon of grays leading to the GS and dability, can identify
the energies of the excited dates in the nucleus. The energies of these g-rays can be
determined using scintillation detectors and solid state detectors as most of you used in

the part 3 lab.
A 3 ; Eﬁ w  The rddive intensies of the grays in the
TIL - e T spectrum will tell us the decay probabilities of the
BT A e e decay (or hdf-life) of a particular Sate to a st of
ot o I el toer 87— - find sates  This is relateble to the width of the

e “1 dae via the Heizenberg uncertainty relaionship
DEDt~71 .

Having collected data on the nature of the dates it
is then, as in the case of atomic physics, possble
to try and find out the configuration of the ate.
In the case of nude near magic numbers this is
in pat redisad via the shdl modd, and in
deformed nucle  rotationd  dates can  be
identified; however in generd it isvery difficult.

Classical Picture

EM radigion results from  the
accderation of charges or the
vaiaion of currents  The Smplest
3313 Repmsemmon ot cae is of the otillation of an dectric
me miommem  Charge such asin aradio antenna

cmf;eﬁ}inaplam:cmllinl'lgm . . H H

oscillal il o i

e 1S is - cdled  electric  dipole

ol and cxpands 10 becdene the . . H y
Irwyp, -

. radiation, E1, and it has a Smple coxg
enat the Foynling vector S iy

diali i i .

s - dependence

madiated ulang the 4 cis of the:

dipole.

33-% BADIATION FROM AN ANTENNA 239




The fidd st up by a changing current through a smple magnetic dipole has a smilar
behaviour, and istermed M 1 radiation.

More complicated charge (and current) distributions lead to higher order radiation modes,
with more complicated digtribution patterns. For example consider a quadrupole charge
digribution.

{ch

Thiswouldleedto E2, E3, E1radiation.

In generd the radiation is specified as E/or M /. Where! specifies the order of the
multipole.

NOTE that a photon ALWAYS caries AM. And it is the anount of AM that must be
caries avay (or absorbed) that drongly influences the probability of its emisson or
absorbtion.

The power radiated by a particular charge digtribution is given by:

- 2C+DC Wipo Ao
PE-0 e€[(2€+1)!!]2(c) Qi
2+ =1x3x5x7....

Q isthe moment of the electric charge distribution, e.g. dipole, quadrupole etc.
NB the strong dependence of P on frequency.

If we now consider aclassica charge distribution, the size of anucleus, dueto Z protons
confined in aradius R we can make some estimate of Q.

Q1 ~Zed whered isthe amp of vibration

Q2 ~Z&(32-1%) ~

@b.52eR(DRIR)
< ZeR?

0 to zero approximation Q < ZeR'



Thus we could write

2(/+7)c (ﬂ

P(E- E)_ee[(zg +DI? c

)z(ﬂ R)? Z 2
C

so that the radiated power is approximately proportiond to

w R)ze or (B)zz

( |

0 interedingly

For medium size nudeus R~10° m
RI =5x 103
E2/E1 power 2 x 10°

for atom | ~4000 Angst
R~0.5 angst.
RI =10
E2/E1 power 10°®

So dthough in generd the higher the multipole the less power radiated, for atoms E2
radiation is 10° timeslesslikely than E1 (cf 10° for nuclei). Soin atomic spectra, dl the
observable trangtions give rise to E1 radiation.

Quantization

The expression for P(E-l) isthe power radiated. Naturdly in the classicd Stuation this

diminisheswith time. That isthe old problem of the Bohr orbits without quantization.
The orbits collgpsed.

In the quantum Situation the energy is emitted as a photon of energy hf or i w, when the
nucleus changes satefromy j toy . Thetrangtion probability is| (E-!) and is P(E-l)/

hAw (energy/sec/energy).

2(0+1) W, 2/1 ~2
| (E- /)= —)
For aquantum system Qn, is replaced by the overlap of theinitid and fina tate charges

as defined by the wavefunctions, and is known as the multipole matrix eement.
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QmP &Yt e Yimyidt

k=1

Each photon of order {, emitted in thistrangtion, must carry with it an AM of

hAl (¢ +1) withazprojection of m7i .
That isthe vector difference between the AM of theinitid sate

|, and thefinal state I mustbe 71/ £ (¢ +1) with the

appropriate z component change Dmy.
The consequence of thisis that the alowed vaues of | are given

iy off S
br Iirw §-t

q.ffll " [

?

by
[li-1s| ELEL+1¢

N ote that we have not
yet caculated the
probability of

emisson of a particular I- photon.

wiasolinvauvi i vi y’l Gy ualioiavlio

For electric multiP_oIe transitions p

For magnetic mu

H%mmﬂpg\,&yj%.cannot occur, since the

tipole transitions

¥ Sy,

Thetransition probability for emission of a 9-ray between
statesis! (E-B (energy/sec/energy) is:

2(/ +1)

I(E- )=

nef 20+ )12

e

Fsor agiven energy W)
1" order calc. by
Weisskopf gives relative
transition probability at

1MeV as

=1 11

=2 190*

=3 110"

=4 1 90™
nJTT+T)

energy as

mumpoée matrix element.
QuPa § 1&Yimy &
k=1

N
(E) 2 szm

For agiven / (/=1) 1%
order calcn. Givesthe
relativetransition
prob.,as a function of

100keV | ~1 ,
1Mev | ~10,
10Mev I ~10

Each photon of ¢, must carry with it an AM of

withazprojectionof m .

Depending on the AM carried off by the photon
there are requirements regarding the parity of the

satesinvolved.
bol AM Parit . . ™.
ype RN or clectric multipole transitions pipr = (-1).
Zlectric dipole El |1 Yes For magnetic multipole transitions pips = (-1)"*.
Aagnetic dipole M1 1 No
lectricquadrupole  E2 2 No
Aagnetic quadrupole M2 2 Yes

M agnetictransitionsare~10'2tim&s lesdikely than
electric ones of the same multipolarity ()



The process of emitting a photon of quantized energy is not too difficult to imagine when
we consder collective oscillations of the nucleus. The emisson of a phonon of energy
froman | =1 dipole oscillation reduces the energy of the nucleus by that phonon.
Smilarly for quadrupole oscillations.

In asingle particle modd
picture, we can imagine the
initid and find Satesto
involve a proton in one orbit
jumping to ancther withthe

tn :
——— release of energy, ina

smilar way to the aomic shell modd.

1= Indeeditisonly possbleto

.;' — —.E. T edimate the trangtion
I | I m  probabilities under some
! | 11 =m ' ,  Modd assumption. A far
(- p w1 order-of-magnitude estimate is
s - =+ Madeon the assumption that
=i~ A ] — - ws  theinitid wave function of the
i - 2 H m. proton has AM | and thefind
- I" : | =4 ww  Saeisan ssate (1=0).
I ' = - i | o
o AR =1 /f U s Onthisbesis
L] P [ 1T
! =1 ! /fr’;/ g g Q p e 3R£
B o - I m —/—
’ N f —|rn - ! 4p {+3
s | 2= AL | = andthegraphs shown indicate
=" . A1 [ ow VAluesof | for different
o : ,,f"f . m Cectric muItipoIetrgnsitions
. /e = forarangeof nuclei
:‘ 4 -|I-I T Lo ®
3 Jh = - 16771
zl 1 H AN
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What do we observer from these theoretical estimates?

First notethat T12 =1n 2/l

S0 that ahigh trandtion rate =» short lifetime

the width of the state (how well its energy is defined) isinversdy proportiond tol .

(Helsenberg)

The trangtion rates vary dramaicdly with g-ray energy. E.g. 12 orders of magnitude
for | =5 trangtions between 100 kev and 10 MeV, for E1 it is about 6 orders.

at low erergiesthe effect of | isdramatic. 6 orders of magnitude between E1 and E2 a

100 keV. Only 2 ordersat 10 MeV.

the magnetic trangtions show the same trends, but the rates are lower by about 2

orders of magnitude.
How redigtic are these numbers?

Real stateslivelonger

ESTIMATED AND EXPERIMENTAL TRANSITION HATES
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E2 trangtionsfor deformed nuclel decay
morerapidly.

Going againg the trend E2 trandtions for
deformed nuclel have larger trangition rates
than estimated. Thisislikely to bethe case
snce the quadrupole moments for these
nuclel is much larger than assumed.

In view of the goproximations made it would
be surprising if the predictions were correct.
In generd (not for E2) the caculated
trangtion rates are Sgnificantly larger than
the measured ones. ( red dateslive longer
than predicted) Thisisnot surprisng snceit
has been assumed that protons only are
involved inthe trangtion. In haf the casesit
isthe neutron that moves orbit. The
caculaions dso assume pure Smple single-
particle wavefunctions. Thisis sddom likely
to be the case.
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Internal Conversion

Theseis an interesting effect on these trangition-rate graphs at low g energies for heavy
nuclei. Note that the trangtion rate increases markedly about 100 keV. So that,
particularly for heavy nuclei the rate increases by several orders of magnitude for low
energies. Thisistheresult of interna conversion.

What isit?

In thisingtance the energy difference between the initial and final states of the nucleusis
transferred to an orbital (most likely ak-shell) dectron, and thisis emitted with akinetic
energy of E -BE. Thus one sees emisson of dectrons with very discrete sharp energies
that can be related directly to energy differences of states within the nucleus.

How doesthis come about?

The whole process of emisson of ag-ray isthe result of the interaction of charge
didribution with the dl- pervading EM field. So that the Proton in the higher Sate drops
back to alower state within this field (provided by the eectric moment of the nucleus),
and the energy difference is emitted asag-ray. However this EM fied aso pervades the
atomic dectrons even though they are much further away (4 or so orders of magnitude).
So it ispossble that the energy difference could be given to an aomic nucleus.

Thisismore likely if the orbital eectrons are close to the nucleus asthey are for heavy
atoms (high Z and raom is prop 1/2).

It isadso morelikdy if the g-decay has a smdl decay congtant (the state has along life),
snce the BEM interaction probability goesup. Thuswhen ag-ray trangtion involves a
large AM trandfer, the electron converson rate increases. In fact in some instances (e.g.
a0 =>» Otrangtion) when g-decay is forbidden eectron conversion isthe only decay
mechaniam.

The picture below shows the energy spectrum of eectrons from #2Pb. The smooth

curves are dueto b particles, and the sharp resonances are interna- conversion eectrons.
(Enge 9.19)
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Fig. 7. Elcbmo spricum from PR s dugghyn peodant [From & EWmmardod, F. M3 10h 397 (1958 |



