Lawrence Berkeley National Laboratory
Recent Work

Title
ALPHA DECAY

Permalink
https://escholarship.org/uc/item/1495z8s1l

Author
Mang, H.J.

Publication Date
1964-02-04

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1495z8s1
https://escholarship.org
http://www.cdlib.org/

UCRL-11326

~ University of California

“Radiation Laboratory

ALPHA DECAY
H. J. Mang
~ February 4, 1964 ‘

TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

Berkeley, California



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



SO

-

' Submitted for publication in
+ Annual Reviéew of Nuclear

- Science

UNIVERSITY OF CALIFORNIA -

Lawrence Radi'ation .Laborato‘ry'
Berkeley, California

AEC Contract No. W-7405-eng-48

H. J. Mang " "

February 4, 1964

UCRL-11326



P

R to}line widths of a few keV. Lover-resolution aspectroscopy, but with high .

* - populated ih" o decay.

- UCRL-11326

ALPHA DECAY . . &

'/.,

H. J. Mang
~+ Lawrence Radiation Labdratorj_
' University of Californis ..
Berkeley, California

February L, 196h'

{
I. Introduction
Alphe radioactivity has long been a valuable tool of the nuclear -
~ spectroscopist, and in recent years has ylelded an ever increasing_amount'bf Lo

i'énergyylevel information. The monoenergetic characteriof: @  rediation '

. (like 7 radlation) and its charged-particle nature (like B radietion)

meke possible precision spectroscopy by large magnetic spectrographs down - L

geometry, is performed often with lonizetion chambers and solid-state

- semiconductor detectors.

Alpha trensitions, in gontrastfto B and Y trdnsifions, ere only

 mildly inhibited by chenges in angular momentum. Therefore, all the low-

+~ Jylng states of the daughter hucleus are likely to be populated in detectable_

'intensity. As & spectroscople tool, @ radiation suffers from two restrictions.
‘First, 1t is limited to certain regions of the periodic tablé,.the largest

encompassing the trans-lead nuclei, and another consisting of rare earth

~ nuclei with 8% or a few'mofé neutrons. The second restriction is that
 dhtfans1t1on rates exhibit an extremely éensitive dependence‘oh"dec&y energy,if'?7 __

, ... 80 that in practice only etates up to a few hundred kilovolts excitﬁtion ere fii'y

’

In the trans-lead region, where & decay is so prevalent, the Q

values of @ and B decay have been used to calculate relative atomic



masses within the four coi;xiecféd familiée vhose xﬁae_s nmnbeirs‘Aar‘e of form
bn, bn+l, 4n+2, a.nd 4n+3. When supplemented by thréé nuclesr reaction Q
' values, the families are linked together to give atomic masses over the . -

whole heavy region (1,2). Besides the importance of energy measurements, -

--— 0 decay ratesg=--and 'parficulai'ly the fine-s‘trugtui'e patterns (3)--are

interesting in their own right. -

The'dominating faé'tor governizig. a decajr lré.tes ‘has long beenv L
recoe;nized as the Coulombic barrier penetre.tion. Iddeed 'it‘-wasv one of the /
triumphs of quentum mechanics: vhen Gemow (4) and, independently, Condon &
Gurney (5) were able to show that this barrier-penetration factor and its

energy dependence follow from the quantum mechanical trea.tment of & simple L

. model of O decayi In this model the « emitter is trea.ted as an cx

\
particle moving in a potential well supposedly created 'by' the remaining .\\

nucleons. =
Clearly such a one-body model 1s not sophiaticated enough to allow
- an understanding of the re]ation of the fine-structure pa.ttern to nuélear
structure. A first a.ttempt vas made by R. G. Thomes in 1954 to treat 3
decay as a many-body,problem (6). His a.pproa.ch to the problem 18 bas}ed
on the R-Matrix.theory of Wigner & Eisenbud (7). He aid nb_t pﬁréue his; ‘
- approach further , Mevw 3 In pa.i'ticul.ai' » he ‘aid ndi‘_. usé'nuclear-model' '

vave functions to calcule.te Ot-tra.nsition rates. '

The development in recent years has been going exa.ctly in this

) 1o 3 U

direction (8~12), and the more subtle connections of o decay with the
powerful conéept of the nuclear shell model are becoming more and more
clear. Certainly a complete understanding of this relation vill énablé

us to obtein further and more detailed information about energy levels, -
| , T
from & decay measurememts. ' o »;

H
i
» .
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the problem of « decay rates and nuclear modela., :

" the velocity of light,

reduced mess, M ( =

', by the equations above is an idealization to be 1nferred from e many=body

. . ) ' UCRL-11326 -

For this very reason this article is almost entirely devoted to

II, CooservationgLewa and Besie Eqpationsv.-="

The o decey process for bare nuclel has the eoﬁaﬁioﬁ{v -

-

- _2>»g+» P

Conservat101 cf energy reqnirea that at 1nfinitely large separation

~of the products, the effective kinetic energy Qf of the final system be

given by the difference of rest masses of the nuclei times the square of

= ( Ll ” M, '°‘MHé),02 .

The Q values for nuclear o decay rarely exceed 0.25% of the

MHB )
Mﬁe + M

Hence, nonrelativistic treatments may

e confidently employed. S ;

Conservation of linear momentum then reqnires that the total kinetic L

‘energy be divided between the two products in inverse proportion to their
‘mnsses, ‘ ‘ .
The quantity Qf is desired for careful theorgtical treatment of- _:Q"ff

o« decay rates, but the Q velue that can be directly measured in the

labvoratory is somewhat different, since one actually deals with atoms pos- R

‘i‘c'sessing a cloud of orbital electrons. The simple two-body breakup expressed,e“

#

problem with the electrons in the system. Because the electrons are so mnch

/7



'. where z 18 the atomic number of the pa.ront.
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lighte.r than the nuclea.r bodies, ) their presence does not ueually make for .

difficulties in inferring properties of the decay process of the bare xmclei

The Qp value may be obtained from the measured @ value by o.dding the

"Sereening correction (13),

AE

D 27/2 - 8o Z__Q'/ ev, S

In applying the laws of conservation of a.ngulﬁ.r mcmentmn and pa.rity

it is appropriate again to consider the two-body bree.kup of the me nuclei.

end neglect the orbitel electrons, The electrons ma.ke their presence i‘elt

only in attenuating angular correlations » essentially brea.king dovn’ the

| conservation of the pro.}ection_ of nuclear angulayr momentum along a s'pa.c_ea'

fixed axis (14).

~

The parity, end the total angular momentun end its projection along

an axis, should be the same for the final system as for the initiel perent

‘nucleus. Since the particle'ie gpindess and has .even. parity, the seleces

tion rules take an especially simple form. The orbital anguler momentum

of a decay 1s restricted to valueé between the sum end difference of initial.

and f£inal spins,

!11 . f,l_‘-‘-“;“él; +I, .

It the parity of parent. and daughter are the seme, onlyv even values . . '

of L sre permitted; if oposite, then only odd values of L are permitted. o B

The. congervation of the pro.jection of anguler momentum: my be expzresaed in

\

terms of the ma@etic quantum mmbers. Thie consmtion is relevant to

angular correlation experiments.

&

&
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If parent (or daughter) has spin zero, than certain spin and parity

combinations of the daughter (or parent) states will be absolutely forbidden C
" to the extent that parity is conserved in strong interactions.“~The orbital SR
electrons could, of course, mix in certain states, which woulc cause & bio-

' lation of the selection rule, The‘magnitude of the amplitudes of such

admixtures, however, would be given by the ratio of magnetic_hyperfine
spliﬁting to the energy separation of the admixed nucleor stétes.“‘

A formule that expresses the decay constant in terms of'nucloar o

wave functions is now derived. - The derivatlion is bosed on_the_aSsumﬁtion = '
,-that-(a) the decaylng system can be described by a wave function - -
o ) o R o
{‘r-¢3 (xl.,.xA, t) which depends on »A, spooe and.spin coordinatesbxk(k
= 1°°*A) and the time t; and moreover, (b) that we know the functional

 form of the time dependence within a certain space-pime region_(l5){

ad

of. wave functions of the daughter nucleus. ST - L e

Let X, be the internal a-particle wave function, and ¥ e set.f

We define

. .  N' . 1/2‘ - ' | '; s | o
Bl [, ,IZ:— elaas mven)

0

: . | : fIII.lf.
oty (0) YT (e () & (oo, ) ag an e,

TR e

'R = relative distance between a‘porticle-and danghtéronuqléﬁg; a
| Q= (8,y) = angular coordinatesfof the 04 porticlevwith fespeet-€ 

to the center-of-mass system, S f';f'}- ST
£ = internal coordinates of the o particle

]

internal coordinates of the daughter nﬁéieﬁs,

i A



-~ N

Here (

£ and 1 atend for space md. spin eoordinates,
J= totﬂ angular momentum of the parent nucleus, | o
J = total angular momentum of the daughter nucleus, . _
¢ = anguler momentum of the & particle relative to the daughter
rucleus, | o
-, My, m= magxe’c;ic quantum numbers, -

C (£37; m M-m) = Clebsch~Gordan coefficient
N‘
12
the final«-state vave function (o + dmxghtw) has not been completely anti~

and ) are binbmia.l coefﬁcients which account i’or ‘the fact ‘bha.t

symmetrized.' Clearly gg 2 (R,t) has the meaning of & time~dependent o

probabllity amplitude. It measures the probability that in the wave function

<I}' ! an @ particle and & daughter nucleu.a with the specified quantum nunbers

. ere present at a distence R of ea.ch other and at a tine '1'. It ehould 'be

.. mentlioned that angula.r momentum conservation hag been teken into o.ccovmt

| e:splicitli:’by coupling the anguler moments of the O partlele, £, ‘end
% daughter nucle\is » Js» to glve the anguler momentun of the parent nucleus,
A "urthermom, to aviod too many in.dices, all q;uantm numbers necessary

to .specify & nuclear state are .considered to be included in the engular

momentum quantum numbers J ,J .

~ The conditions for ¢M to describe a proper decaying tsta,te are as
followsz 4 ‘ _
(a) There exists e space-time region in which the time dependence of .
gg, p (R,t) is erponential, |

¢

() - exp( = ""‘“ﬁ"’*‘)sj S, me



- de.g,ree of precisiom .
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with E snd ' real and I‘ also positive,

(b) For sufficiently large distances R the amplitude 8.3 z (R) may ; /

contain only outgoing waves,

; | The restrictions on the space-time region in which the above S
) conditions can be fulfilled are evident. Equation II.2 can never hold /r '4_
for a1l times t. Clesrly it cammot hold for sufficiently large negauvg o

"times t. Indeed the decaying system must have been formed :at some fime,_
end 1t does not nake sense I‘1;0 apply Equation IX.2 to any t:hne prior"'vbo

“that formation. Also, Equation II.2 is not velid for very large ponitive. '
‘times. This 1s because of the dispersion of a wave packet leading to a \_‘. ) |

. time dependence like ¢ “3/ 2, vwhich fina.JJ.y dmninatea over any exponential‘."_}‘

| time dependence. "'he spe.ce region in which the above csnditionn cen dbe
fulfilled 4is also lim:!.ted. Suppose the decaying systegm.has been formed:_ 3

" at a tine t, =0, then at time t endx particle can have trﬁveled_only'

& distance R = vt (_v = velocity of the o perticle), It: follows that for

'R>vt the emplitude g'; (R,t) must be essentially zero. It has been
shown, however, that these restrictions are uniﬁxportant in all practico.l ) 3

. cases (16, 17). There is always a sufficiently large space-time region ‘

in which conditions (a) and (b) cen be fulfilled witl; an extremely high . . |

, Sterting from Equaticn II. 2 it 18 easy to express the decay constant '

A in terms of the amplitudes & 3,4 4 (R). One obtelns, from the continuity o
| equation, o

?\ﬂmﬁ Elj,.&’ . . ) II.B

e



W’ith 4 | . l . . B . Lo .
Ly, s = BN %z R 827" 82 "R 5}3 ST

- where M = reduced mass of the o po.rticle.

In the region of R larger then vt, vhere the s.symptotic form

of the emplitudes g 14 can be used, Equation II. h rcduces to

!
S

“"gﬁ =v *R !ggz (R)'Q LI Fo ' II.5\

At this point it should be noted that in going from Equa‘cion n 4 to
Equation IX.5, use bas been made of the fact that there is o aufficiently
large spacestime reglon in which Equat:t.on I.Iba nay be applied. Indeed,
‘the time % must be so 1arge that the polut R = vt 18 vell within the
ssymptotic region where gJ 2. (R) bvehaves like & simple outgoing vave
 and R° l €1 (R)l 18 therefore independent of R, Finally, the crucia.l
approximation xmw’c. be introduced, which will allow the caleculation of the
amplitudes g Y (R) from nucleer models., -

Assume the exdstence of & radius R, so that (8, 15):

(¢) S
(c) For R > R, the interaction betveen & particle end dsughter nucleus
can be represented by a potential V(R) alone., L

(&) For R < Ro

amplitudes g 14 Eech condition cen be individuslly m_filledm-condition

{c) by choice of e sufficlently large Ry, end (d) with the help of a redius = - -

' RO that is small enough. Whether a satisfactory compromise is po_ssible

 will finelly be decided by success or failure of a theory besed cm the -

. ,existence.f of such a radius Ry. One can write gd 2 (R) es -

8. L ucRL-11326

miclear-model wave ﬁmctions allow a calculation of the . |

gt



- vemeases
s g s (R) o o, e
. %ﬁ (®) = ‘3.59 (RQ) 'jFR:) L . II6

According to condition (c) the ratio 8.1 P (R)/g ) z (R ) is cs.lcul- .

' _a.ble from a one-body SchrBdingm‘ equatiom Into the solution enters the

potential V(R) and the as:,mptotic bounda.ry condition that them'e a.re only

- ... The definitions are -

C o k’inetvic ‘energy of the & particle, -

outgoing waves. The VKB approximation (18), which has been almost exclu- , ._  "

. sively used in oz-deca.y theory, Yyields u sﬂmple expression

e =% R -Ej afe) & |, " ILT

J - .
1Ro8se (Ro)_ L Ry

where

S M| e 8+ 1/2 R A
q(r) = ;;.é. [ Ce.-v gﬁ' . ;’ .- ) V(r)] } oy - .}_5 S

K= %’i-e,_ - , L oo

end r, = outer turning point defined by q,(ro) = 0. , :
 Next A 48 expressed in terms of bverrier penctrabi]ity P i(a) end reduced

width'yuh ' B

ﬂl!-‘

%;, (e) ”’m B | | IT8 -

2 1 J 2 LT e o
g mm RlEET o e
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2 le

ARy S R
with - « o e RIS
Jz(R ) - 303/ SJA(R )o |

o ?iaﬂ,(“o’v

The ﬂ(R ) is nov & dimenaionlesa quantity.‘ Clea.r]y both P (e) a.nd

. y‘213‘9" depend on 02 but their prcduct should be 1ndependent or R, in en R

0
exact theory. This point is discussed in detau in references J.l and 15.

The a.mplitude G g(R ) can now be calculated from Equation 11. 1,

» Ln which @M " the wave function of the d.ecaying aystem, may be replaced by
the vave function of the parent nucleus in aocordance wlth the cho:lce of - ‘

 the _radius Roz

N 1/2
) J 2. c(,cg.r; m M-m)

R n, e | HE

P ng(go) Caemt s e

-l

xfg (w) me (n) X (g) zg as dﬂ " }‘Jn.-vlq

- The content of this chapter can be sumsrized as follows: The

c-decay constant can be expressed &s & swu of partia’l‘transifion gi‘bba;

| .. -bilitles (the sum on J,2). More importent, however, the partial tra.n:itioh .‘

probubilitiés consist of two factors, one veprsenting the m'oba‘)iltty of

' fomation of an ct-particle in the nuclear surface. region 33 },(R ), the :

other mee.suring the prohability of penetration through the Coulomb barrier.‘ ‘

The problem of caleulating the decay constent hes beep divided into two
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problems » one of vhich, the calculat:lon of 'yJ 32 mwlves epeciﬁc

nuclear propertles of the pare.nt end dmmhter nucleus » whweas the ba.rrier

_ penetrability depends only on the decay energy snd the a-nucleus potential

QZe2
R »

..~ second problem hns been recognized and solved by Gemow (h) ,. end aJ.so by

.+~ Y(R) vwhose maln part, the Coulomb potential 1s well knovn. The
" Condon & Gurney (5). The varrier penetrability P, (g) determines the

.- 'the extremely atrong exponentio.l enm'gy dependence of the decay consta.nt. SO, P

r"

A thorough discussion of this point can be found in rererence 5. Ve shall ~ '_
from now on concentrate on the reduced width 'YJ 12 that contains all the

L _information on nuclear properties.,

ITI. Spherfeal Fuelet T . . Uy

In the preceding chapter the aaaimbtion"ma' been made that thé -
Q-nucleus interaction consists of & simple potentia.l V(R) as long as & |
l‘lpa_rticle and dsughter nucleus eve ferther spart than R.. ’J.‘his mplies i N
o ) thet there 18 no in‘_heraction?.ee.ding to excitation or de-exeitgtion of the ‘
- v. ~ daughter nucleus by the & particle while it pengrtratés the ,‘barri'ez". Buch |
| en csumption can be valid only if the muclei fnvolved in the decey have
spherical eqﬁilibrium shaﬁe. o 3 |
o Furthernore ve shall want to invoke the muclear shell model in the
o .expla.na.tion of a~decay date, since 1t 18 a ﬁiﬁiple model of nuclear st‘ruc.-‘— v
ture. Therefore it seems only natural to concentrate first on the region i
in the periodic teble around doubly magle Pb208 If shell-model wave o
. | functions' bave anything to do vith reality, then nuclear wave Ametions

. © - in this reglon whould be reasonably well &D}_?I‘Oﬁm-ted; by them,



Before the implications of the nuclear shell model for the.as .

‘decay process can.be dlascussed, ;hha_quesiion'of.tlxe-int_ema; Qmvave

.. function Xa(él) must be settled, ‘Electron scattering experiments on -
" He (19) sre explained by a charge density distribution of Goussien shape. ' -

_Thia leads to a vave 'ﬁmction of the type
e 235/ 5/2
o xa(§1§2§38182 Bh) - X (s ) Xo(s sh) ( I lm )
e [ ENEIRS ggx .

yhere_.v; N

IR ;é;a'u' (1',4[2) (r ;5"- r..a) 'f;.)

Lo EeR) @ emeEeR) , .
K ‘31,' ‘82, ‘85; 'eh' ] spin coordingtes, :,

. . . . . iR X e

Xy = singlet spin functiom, . S -

, .1;2 refm'::'fo rrotons,
%,k i'e*’er -tohetrt:rons, |
. o e B = 047 e e'_',:.".. o
The ebove wave ftmction wi1) be used throughout. It should be noted at
this point that the followmg relation between volume elements ihbldé:v :
asn

’.‘ . 3 . .
" d ‘rlld5r2‘ c‘l.:”r5 dBrh =8 d"’gl

, "._""a (1}[2) (r ~2) L
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| A1l wave functions in the followlng are normelized with the volume element

&y P, Py PR o
An intéresting set of data to be atudied first 4s thé decay properties
of the even-even polonium isotopes. The grownd~state transitiohs. (0" - o) o
are elways the most intense transitions. Transitlons to excited states are |
= coneiderably hindered owing to the energy and enpular momentum dependence )
of the barrier penqtrabili}:y. Lifetimea and decay eﬁéégies are lmown li‘érf' |
all mass mmbers from A = 202 to A = 220 (23, 20). Asmming a pétential
V(R) for thé a~nucleus interactibn, one cen calculate the reduced widths.,
Two sete -c:l'“such reduced widths are plotted against the mass number in
Fig. 1. These iwo sets of reduced widths'are given in an at'dezupt to demon~
~ atrate that the geheral behavior Qf the reduced width as a fHunction of the. |
mass muber is not eltered when the potentlal is somewhat changed. The |
_ potentials used were o pure Coulamb potential (Ro = 9,5 F) and thé real | |
part of Igo's opticelemodel potential (21,22) vhich has been derived from
scattering dste. ‘ | _
| It is elmost unnecessary to point out the conspicuous mcreéaé of
the reduced width when going fyom A = 210 to A = 212 (or from neutron
" pumber 126 to 128). Such en increase can be understood gmlitativély from

the structure of the formule for the reduced width (Equation IX.9)., On

w ', . . the basls of the shell modeélithe the nucleus Pca']‘2 differs from szqa by L
' ~ two neutrons end two protons outside the closed shells, whereas Poglo
| S % " has only two protons outside the closed shells. In order to form the

' 06

daughter nucleus Pba. in the : latter case the closed neutron shell musth
| ~ ve roken. In this pleture the probebility emplitude for formation of
| : | an ¢ particle 1is dir‘ectly&;'élated 1o the magnitude of the vsingle-particle



e o voReses
. | ; ‘\\\ |
vave functions at the muclear surface. Thet thié 1'5 80 can be seen. froﬁ‘i\-
Equation I11.10. After mtegration ovor the internel coordina.tea of the
daughter nucleus is performed, a wave .ﬁmction of four nucleona is leﬁ:. _-

 From this four-nucleon wvave function an o particle with 1ts center .of

- mass at RO contribute, According to the shell model the four-mucleon

wvave functions involved are the same in both decays, The neutron vave "
functions, however, belong to different single-particle states, Since

. { . . '
the single-perticls siates that form the closed shell are more strongly

bound than the oues outside the closed shell, it 1s to be expected that
© the wave functions corresponding to the latter are larger at the edge of

 the nucleus. Therefore, the reduced width of Po°~ ghould be larger than

the reduced width of Poelo. That this explanation is correct showes in a
'A calculation -in vwhich the single~particle wave ;functions have been apprexw o

imated by harmonic oscillator wa.;re functiona (9) '.l'he order 1n which the : |

 various single-pa.rticle sta.tea are £illed or mnptied has been determ.tned .

with the help of the euergy levels of nuclei vhich have one nucleon more

206 - 207 207

- or less than Pu2 o These sre Pb -, TL™ ", Pb and, 131209. Their level

’ schemes are gﬁen _in Table I; they ore mporta.nt to vhat follows. The ,
ealculated values‘ in Fig. 2. are all given rele.ti#e to the sténda.rd Poelo.
The recason for doing this is that ratios of reduced widths are msensitive -
to p&rameter cbanges. For matmce, Ro cen be varied between 8,0 and 9.5 .

F end the re.tiosvef ‘reduced vidths remain prectically ux;char.ged. The
absoluts values, however, are excre.mely sensitive to such cha.ngem This.

| 'question vwill dbe taken wp ZLo.

The compe.riaon between experimental and calqum;ed reduced width -
- in Fig. 2 shows very clearly that taking into e.cco nt nuclear atructure | ,- - ‘=

effects on the basis of a simple shell model S.mpcroves markedly the



egreement betveen experiment and theory. It 15 no longer necessory Lo

. . : /
-'invoke a discontinuous cb&nge in nuclea.r radius when going :t‘rom Pb206 to

- doubly magic %208.‘ Indeed such a radius change has never been aupported

by any other e:rperiment.

A natural question to aak is what happens if refinements o:r the
shell model are brought into the piotmre. Ie the agreement ‘betveen ex—_
| periment e.nd theory improvcxl br wiped out altogether? } N ‘
In order to answer such questions four particulaxly euitable decaya

have been studied in gx_'eat detatl (J.O, 12). The parent nuclei were Po 10,

- Po 211’ Po 212, and 31211_. * The shell mode), has i:een refined in two res_pects_. :

'Fi'rst; configuration miximg ves introduced (23, 24), and second.," the harmonie

~ oscillator wave functions were re;b;!.acéd by wave functions caleulated with .

) " the help of a‘aingle-partiéle potentinl of the Woods~Saxon type (25).

" results of the calculation as well as the experimental values of the decay o ‘
| ‘amplituien are presented in Table IX. It should be noted i;l;p.tl the éxperi-;
mental data ave complete in the sense timﬁ pra,ctiéally all péssible ineae- _
urements have been performed (26—29) » including an -y polarization -

211

correlation measurement Iin the decay of Bt to the first excited state - -

of Tleo? (29). This experiment together with an O~y angular eerrelation

meagwrenent (27) determines the relative amplitude of the o partiasl waves -

and the multipole mixture of the subsequent -y transition. One can but
conclude that the more sophisticated the model the better the é{;zfeemént
between experiment end calculation. We must admit , bovever ‘,.that the al=
most perfect e.greemenf of the last two columns in .Table Iz imyivellr be
accidente.i.. | . | . | . | . |
The tmnsitibns discussed so fer are not the only ones in the L

. region around %208 ‘that ore well studied. Some odd-odd o emitters such

i
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210 sna 312,12 show & very complex f£ine structure (30, 31), end some ‘

1somerlc states such as 131210 :‘Lsom’ P°21l 1eom - end 212 lsom e of

as Bi

interest because of theae extreme spin va.lues (27, >e-35). The spins

and parities assigned to these states are 9=, ~2-2 +, a.nd 18 + Only the

assignment of the Bielo 1somer has been confirmed by another e‘cperiment ’

the (d,p) reaci:ion on Bi 9- the two others are ta.sed on a-decay data

alone. These & transition are not very,helpm 1n supporting the shelle

model theory of & deco.y."\ ‘There 18 no reason to tielieve the.t the wave

' functions are pure shell-model wave functions (56 37), end admixtures

to shell-model vave functions can be shown to be importan‘b (12) Vith
some confidence in the theory, however, onc; could attempt to investigate '

these wave functions with tim help qf Q-decay aﬁndies.

M |

'IV. The BCS Method and Alpﬁa Decay Rates -

The reeulta 80 fa.r obftained on the basis of a refined nuelear
shell model are certainly encouraging enoug,h to Justﬂ‘y an attempt to
apply the theory to many more ¢ emittera. For nucle‘i'far__removed fron

clesed chells, however s the simple shell model iz not adequete and con= -

figura'bion miking caleulations are not feasible. Fortunate]q} the Bardeens - -

~ Cooper=Schricffer Method (38, 39), borrowed from the theory of super=

conductivit& and sucessfully epplied to nuclear physics (LO-kh) , ellove

one to account for {the most importent _correlations betveen nucleons

outaide.closed shells in a ressonably good approximation. It goes be~ -

yondd the scope of this article to develop the BCS theory or to Jjustify
ite usg; in nuclear structure caleuletions. Only tl‘i“ev results can be

presén%ed.
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~ The nuclear vave function is vritten as a product of a neutron wa.ve '_

function and a proton wave function:

e Y(protona) X Y(néutrons)
with E —
""" Ty H(u +V o vhY0)

for an even systenm, : , - o

, ¥mb ] (U + Vg by bp)[0)

for é.nodd syéte:n.“ - | |
: _ ) ' . . U2+V2=l 0

'r s ..,

The index £ labels the single-i:article states. The state a2 is the -

"'_time-reversed state of Q. When dealing with a spherical nucleua, £a “stands -

for the set of quantum numbers (o £ J m}; In this perticuler case the smp-

- litudes Vﬁ and UQ ere also independent of the mesgnetic quantum number m, '

This corresponds to coupling like nucleons pairwise to angular momentum zero.
. . . \‘

In the general case the states 2 mey form eny set of single particle states., )

The quentities V. snd U are probabllity ampl:ltudes vhere V2 measures the

Q

probabllity Jor the state I, - being occupled by a pair of nucleons whereas

UE measures the probability that thils state is unoccupied. unations to detero o

:  mine UQ and V., are obtelned by minimizing the expectation 'valu'e of the Hemile

Q

P - A, the gap perameters A0 and the single-particle energles en ,

L e [ g AT |

V= (1/2) [1 + (e = N/Aflegn)™ + & }

~tonian. Usually UQ end VQ ere then expressed in terms of the chemical potentiaiu ‘
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Clearly the étates wiﬁh single-particle en&giea almaila' than N are %pére _

than half £1lled (_vé} 0.5) and the others less than half £111ea (v§ < 0.5).

The gap parametérs An messure the diffuseness of the "probébility dletribue
" tion" (Va), vhere the -amplitudels V are considered as fu.nctions of the single=
) particle energy. In other vords, An measures the deviation of the function

A (¢) from a step ﬁmction, gince for AQ tending towa.rda zero the occupation

probabilities V2 are either one or zero depending bnnthe position of the |

corresponding single-particle energy € relative to the chemical poten‘bial }\..

Q

Upon introdueing the wave function IV.) into Equation IX.10 +he qua.ntity .

e 4 (By)=-end hence the reduced width-~ig obtained in terms of the amplitudes

Uy » Yy o

.~1 .

As a first exa.mple » the m'oundgste.te tra.nsitions of even-even nucled

" are considered (m this cese J = § = £ = 0O)z

o~

gomos—'Z T, ug.wf 2 ,s? 'ﬂ/e‘}'@gpg'))

G ]
o e M T |
. o : ’ ' o IV.6
o S X T (v, i, + v, V5, 52%}44/2_-‘ \JNJ'Q L
o ’ PG B S B .
| | N
x (1/2) [(23 ) (23 +l)]l/2 v v v oy
A P W o 9y Y Jpapoaxauoo(no),v
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r "'Z €330 5 my Moem))
adadpldint S 1%2°p m1 LEC
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| o _M - : ’_ .
3/2 [ lia(ga) ?I'f(n) A(wji %Z ml) __.A (:;}2 wjﬁ.% ) a0, o

where ’/}31 = single-particle vave fmetion of the stete nfjm (ﬁhé quantmg" SRR
mxnbers h end £ arec not explicithr written) , ' ‘ -
) .a.nd' A = antisymmetrization and normelizatlon opere.‘bor. o

The quantity Iy is the amplitude for @ fomation i‘rom i’our nucleons

in single—-particle states ) 3233‘3& vhere the protons’ (J 32) 9re c.'upl&d to

J and the neutrons (35.1,,) are coupied to Jy. In the above emmple all cmgu- L
' lar momenta are zero (.j = Jp L= 0) because of the specia.l coupling of the

single pmticles in the initial and fina.l aucleus, v .
'.l‘he factor J'f Vi is easily understood. In the oz-decay process a palr

“of nucleona is taken away from the parent nucleus, If the pa:.r is to ‘be t_al_:en
from the state J - this stote must be occupled in the parent nucleus, hence

~ the amplitude V1 appears, end when the pair has been removed the state must

J

 be unoccupied in the deughter nucleus, therefore the factor Ug must be present -

' 4n Equation IV.G.

The expresaions vhich appl,v to odd-mass nmuclei or to excited-sta.te )

transitione in even~even nuclei are slightly more camplicated and are not given ,

» here. They can be found in reference 15. Equation Iv.6 hau been used ‘oy Zeh (15)

. and also by MacFarlene, Resmussen & Rho (45) to calcula.te reduced widths of

4even—even spherical nuclei. Zeh has treated once agein the even-mass 1sotopes |

. of polonim and finds no drastlc diﬂ’erance from a calculation based on the
'_'.’“s:l,mple shell model (9), except for the absolute value of the redm.ed width, _
| which increases by & factor of ten. He pointa out that fluct.uations related to
the existence of subshells are reduced when pa.iring correlations are included -

" 4n the shell_«model cnﬂ;ugﬂ.ation. MacPexrlane et sJ.. discuas the decays of rare .~

L e
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earth o emitters which have neutron mumber N = éh (h_6~b8)_. They are Aapi:fe to
" explain the veriation of the reduced width vith proton mmber Z, _?aui only 1 7/
they choose the proper single-particlé energies for the proton states 'ané.‘_\a .
suitable strength of tlr;e ‘pairing interaction. It ia worth méntioning.that\\
_although there is & close analogy between the neutrons in the rare earth a emittera
N = 84 and the protons in the polonium case (Z = 84) the si’cuation is qui’ce
different for the other type of nucleons in the two casea., uhe rare earth.

O emitters have always an appi'eciable mmber of protons outside elosed shells,

.since Z renges from 58:1:0 70, In ewaluating the Importence of pairing corre- . . -

lotions for the a~decay problem from these examples one should keep in mind

that in the J=3 coupling shell model (49) one has included pairing correlations o

between nucleons in one subshell {same }). What the BCS treatment adds are
correlations between nucleons in different subshells (diffm'en‘h J)'.' The situ- :
‘ation 1s radically different in the case o:t‘ deformed. nuclei , in mhich ell lefvels

are only twofold degeneru.te. ‘There pairing correlations are decisiw.
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V. Deformed Fuclel

\".. .

The treament of deformed nuclei iz based on tvo e.ssmptions concerning Cn

 the nuclear veve i‘unctions. v

First, the validity of the strong coupling modcl of Bchu: a.nd Mottelson .
(50) is teken as @:anted. Thds implies that the total nuclea.r vave function S
factorizes into a rotational end an intrinsio part:s ’ - :
AT
e _ (o ay1fe [ 1 e
Jr (a;+;/1en 2 | o (6)) o L

:vh;ez:e ' , . ) o v‘ : .
e R I = totel anguler momentum, _ I

- M = magnetic quentum nuxnber; o ¥ ~ :.“a f

.. K = projection of the totel angﬂ.m mcment\nm an_the nuclea.r syme‘;.ry axis,
amd (1) = parsty. ST T N

< . N

. The functions If, are the eigmﬁmctiona of a synmetric top. The’

ergunents 6 are the Eulerian angles vhich connect the “’body £1ixed" nuclea.r

' coordina@;e system with a "space ﬁxed" frame of reference. The wave ﬁmct,ioms

¢ describe the intrinsic motlon of the nucleons with respect to the "body

fixed" coordinate s,/etem.

The second assumption concerns these intrinsic wave functions. They

" are of the BCS type, with single-particle weve :mnctiona ca.'!.culo.ted from o ,
3 deformed everage potentinl. The amgle-vparticle vave runctiona used in the .0

| following are taken from Nilsson's work. (51, 52),

A ccmp&ication stems from the 1arge intrinsic qua.d.mxpole mmnents in the e

v ‘deformed region. The qudmpole moment of the doaughter nucleus leada to a
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coupling between different f£inal states which ca.rmot be neglected as veg done -

;Y in the case of syherica.l nuclei. When the @ particle penetrates the nuclesr

vorrier it may well exchange energy and angular momentum with the do.u{;hter
nucleus. v | ‘ | - ‘.
" The states of the daughtm' nucleus that ere involved in thid pzrocess

are the members of 2 rotational bond, exactly those states that are connected

: by strong electric quadrupole transitions. In othem vords, to ca.lculate the

barrier penctre.bility one no J.onger deals with 8 aimple me—dimensicnal A

" Schrddinger equation as in the spherical case, but either with a three-

dimensional s_chrBdinger equation that 4s not sgperablé‘ or with a set of c;oupled -

‘, differential equations for the radial weve mnctions in'-‘ the case in which the.

a wave iﬁmction is expanded in spherical hm*monics. 'l'he’bb.rrien' penetrability e

z(e ) bas to be repla.ced by a penetrability metrix Qi?, which accou.nts for the
possibility that an o particle formed with angular momentmn L and nmaznetic
nomentun £, leaving the daughter nucleus in o rotationsal state J. The pene-
trabllity matrix 1s convcntionally wvritten as a product of two fa.ctors. The
square of the first factor 1s the usual barrier penctrability calcqlated es
in 'bhel spherical cese. The second factor, Blm, takes the matrix cha.mcfer.

£

It should be empha,sized that this is mere convention. Wha.t has ,juat been sa.id
now. a matrix equation.

can be restated by saying that Equation IL.6 1s/ ‘This. equation connects the’

' asymptotic flux vith the ¢ amplitude at the nuclear suri’a,ce., Proceeding emctly |

. e

es in Chapter II, one can thus obtain en expression for thgpa:::tial 'Eransition L
probability from a state Ii ki qi of the parent toca state If kf %L of the
daughter by emission of an @ particle vwith angulexr momentum £3
C Mxgr=" Bly) aEz das
R s~ g © I

T SNl Mk e
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he functions GL K -K ‘ GL K.+ againA are the a-probabmty ampli-'-
i i f

» " tudes at the nuclear surface (R nRo) The presence of two terms 15 /ﬁ,v_"fg_ff;

. . © Que to the two terms (<I>K',CD_K) in the strong-coupling wave function. '.l'he Vo
L uérticle at the nuclear s'urface may take elther the difference or the

'Z{t sum of the projection ouantum numbers Ki and Kf A réducgd W1dth can

. be defined as in the case of a apherical o emitter.

.

. ] L
L K -K ( ) ( ) \‘K xa q’x YL . (Q )dﬁdfl‘m _

i £

LGy K+ © R)/a" (z) {:) ('l)qr % %i¢ Ke i : (“ )dgd"d“' o

SR S As far as the matrices g are concerned, quite a mumber of attempts- !

L3

have been mede to calculate these qufmtities 'oo various degrees of accurncy - |

. (55-)8). * The most useful expressiqn ‘has been obtained by Fréman (56), end
" independently, by Nosov (57). Both use a three-dimeneion_al WKB method to
| _arrive at the expression »

ool LR, £ KK T KK

: B£ I; fgv(-;) 1 fC(Ij !?I K’ )kgi f:.-’

Voo
X SRS

LK+ 24K 4K +f,_<;

T TN T T S i o 1 °fF 1
SETE " B, e = (-1) c(x; 2 xr; -K, f+z<:1) X

' BP 8 '
2]3 fifm (0'11/") e (co o) Ym (\)'1//') 4 cos \)' d;a'

: B is. given in terms of the non-cemtro.l part of the a-nucleua interaction. e

-

Feran gives: ST R - S
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This estimate 18 based on the electrostatic 1nternction vith the qnadru
pole moment alone. The nuclear deformation parameter is defined in accord-

ance with Nilsson (51)

~A somevhat superior estimate has been made by Rasmussen (11), who

» includes also the deformation of the nuclear potential._

He obtaina o o f?- . * -  : ‘J"ln ".’”f»'
| n615~00h5%: o

‘*u
oy

- where QO is in barns. | \.'f v ' 'fi.{ qu“ ?‘;]f- i?A;l f:i: :“

Needless to say in this caseé the price one pays for eimnlicity isilv

: 'accuraéy. In compering with methoda that are superior 1n terms of accuracy)r".
Mgh,one should keep in mind, however, that the nuclear model that plays such
'a decisive role in the theory is not-ao accurate as to~3ust1fy an excessive

acecursey in the caleulation of the harrier-penetrability matrix.-'

The final step 15 to calculaté explicitly the abprobability amnli- K

| tudes, by use of the wave functions ¢ as glven by Equation Iv. l.,

Ve discuss firet ground~gtate transitiona of evenseven nuclei.

It 1z established beyond any ‘donbt that Kﬁ © K = 0 in these cases and the

a-probability emplitudes ores
. - ) PR I S
oy () 1] @, %%,

o s 'v.."f?_
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! The quzmtity T is the contribution to the Ot~emplitude of a, specific

,?combination of four Nilsson orbitels, 9192“5“h’ and the ' Wh s are the a! ]e-:fV

’>'partic1e wave functiona a8 viven by Nilsson. As has been pointed out 1n the

' ;‘preceding chnpter, the form of the BCS wave. function implies thax protona as

; well es neutron~ are paired up in the 1n1t1al and final nucleua: (In a
: spherical nucleus this corresponds to coupling nucleons pairwise to angular
momentum zero.) Therefore in the deformed nucleus onlylcambinntiona of the‘

 type (2,-0) must be occupled by & pair of nucleons in the mitial nucleus | f'f

‘s end unoccupled in the final nucleus. The products runnins over n' fin&lly

come from the overlap of the remainder of the vave functions. lneir \\1 =

N .
\

.. numerical value is usunlly very close to un-ty, and in almost ell cases .

2 they mey be disreperded.

The most Iimportant feature of Eqpation \L 5 is the averaging procesa, e

. '_f which supprecses any rapid fluctuation in decay properties that mioht arise 3_F.

. 1f only one specific ccmbination of orbitala vere 1nvolved 4n each decay (11) -

The averaglng process is mnch more dmportent in this case: than it wvas in the o

' decay,of a'spherical micleus. Looaely speaking, one might say_that_ona :
:Nilséon'orbit‘is equivalent to a ﬁagnetic substate of arsingle-particle 3   ?:£;
vatéte with given J. One alyays averages over magnetic substatea 1n the .fi |
“_spherical case; as vas pointed out befcre. In Figs. 2 through 5 calculated

" results (11, )9) are compared with experimental aata! (24, 60, 61). Given ' - o
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ere the reduced width 'y pf the g;round-to-gg.'mmd tmnsition (O -»O )
2k

. relatlve to Cu and the reduced amplitudes b, of the transitions ’co t‘xe

L
first and second xexcited states ( the 2 a.nd h ,swtes pf the @round-state |

" rotational bond). A selection from Nilsson's work (51, 52) has been 1ised ,‘ |

. in the calculation.: The genersd trend of the éxperimental daﬁa 48 well .

reproduced by the calculation. Note in particuler the small intensity of

the trensition to the 4F state in Cm. In 1ooking for reasons: that could

!

- explain the remainin[; discrena.nciea one finda thnt several of the quz«.ntities ‘

that enter the calcuimtion are uncertain to some exbent. These m‘a' The.

single—particle energies én , on which the occupa‘bion pwobabilities depend
sensitively; the single-particle wave functiona themselves; the residusl
interac‘cion used in. solving ’bhe equtionr of the BCS theory (the residual

neutron-nroton intemction being neulected completely) 3 and last but not

"‘penetro.bility, not to spee.k of the epproximations that heve ‘been made in o )

solving the barrier ioenetration problens In viéw of the'se”uncertainties '
the agreement be’cween experiment and tlieory is rather satisfying. : Indeed,

these results hold forth #Ahe promise that some day such a-decay ca,lcuhtiona

A

.. will prove en instrument for resolving details of nuclear structure, '\'\

At this point it ahould 8ls0o be mentioned tha.t né attempt has yet

o : been made to investigate theoretically Ot-trgnsitions of ‘even-even nuclei
" other than the ones leading to the ground state rotational band. The

'experhnental data (62) for such trensitions are certainly so mﬁez"étingb

s to descrve a very thorough theoretical study.

In the decay of odd~mass nuclei, two types of tra.nsitiona are - .

easily distinguished on the basis of their intensities. Favored trzm- AR

sitions lgave reduced ‘vwidths ccmparable to those of tlgeir even~-even

gﬁ



neighbors. Unfavored trtmsitiona are hindered by factors of 1o to 10’*, T

"”'T:wnerc thesn hindrance factore refer to reduced transition rates. It will ‘f&‘“f_i'} :

ﬁ'ﬁ?'soon become clear that pairin& correlntione axre largely responsible for

vfif jgif ”vﬁthis difference‘ It wae recognized very early that favored trunsitions ff ?,;hk7§_  ¢
,_;' _%i;m;;'nrc charactcrized by Ki |

= K (6), 64). This 1mp11es, on the beais of our*
';-?model, that the state of the odd nucleon is not chan@ed by t&e ﬂwcay-procesu.f“ =f’

-f.AIndeed the & formation proceeds 1n the same voy o8 in an even—even nucleus,‘iﬂl2: f}‘;

\

",'exccpt that the state of the. 0dd nucleon 46 blocked for pairs and therefore f}'”f”:?

V'f'_cannot contribute to the decay. One finds for the amplitude G (R ), , _ng_ﬁf9”v i

V'*?L;.the case of an odd-neutron nucleus (the odd proton case is analogous), o fff}fgﬂj |

” 'm;s Z T‘T @, - v‘ e
P T‘T @ e vf 6

Caemopn
o U}flpyipugnvén o

nj;:ffj;ffv  The situ&tion is entirely different for an unfawored decay where j 7
e K = K Since the odd particle is now 1n different states mitiam end |
| vAfinally,_there is only one vay to form én <& particle and a daughter'nucleus,[ '}ffF

5 e3ﬂ¥;1f&¢"which has the odd nucleon in the state Koo The o particle must be formed

o . :
| ~'-'z»,f_frcm the odd nucleon of the parent (state X ) and one nucleon from & pair in u ‘;”- :
"j?the etate K This is schematicnlly 11lustrated below. [*: LN i

_ - K 4 _ y _ ,JR , S ,

' . Configwation - .~ Configuration . L.
of the parent . of the doughter

irvom Y Ars ey o PSR e



'
Rote that the conﬁguretion of the remaining nucleon pairs not shown abave

. must be the same for daughter and parent nuclei.. :

N
™

The calculation yields for - G 13 enalo;_;ous) P
e N § ‘Z) A
T o dip wp My IERRREET TR e
+ V Vr (Ui U-f
* 3' %K 'y Oy
. AL
) P p 1.7 o
PLK xf (R) i

-

Tbe o.bove formulu is signiﬁc 161y different from Eqmtiqﬁ V.6 which applies

to a favored dece.y: there is no ammnation ovei' contri’butions by heu‘cron

pairs.(65). I’o can be shown. (11) tlw.t all nucleon paire contribu’ce wi’oh

. positive sign to the ‘emplitude G, (L =0 ) of a fe.vored decay, end almoat

all contributions to @, (L = 2) ere also positive. Consequently the im~
portant partial vaves of small angular momentum are s_;'ceatly enhances in a
favored tra.nsition. This is e.lso true for efven-even'decays. Since the

tvwo 1owest pm:tial vaves accamt for about G0 percent of the ~rnnsition, _

~ thier enhancement amounts to a significant enhencement of the ‘botel trene o

. sition. ’I'hu.s the mis sing sumxmtion over neutron pairs in Equetion V 7

'expl?ibe at least part of the hindra.nce of an unfavored decay

Calceulated reaulte end the correaponding, experimentel da.ta (60, ‘

o 61, 60-69) are presented in Table IIX. Favored trzméitions behave vm'y

g
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‘much like ewlren-everx tra.nsitions ; bas wo.s expected. . Bloc}cing of a pe.rticula.r
| state K in most casés results only in an overull reduction o:f the tran- /
_ sition rate.. In dome cases s however, one pa.rtial vave 15 more $tron5_,ly |
' o ‘ | affected than others., A.n example is Pu 2 9‘ vhere the partia.l vave of :
. £ =4 1is wca.kcned es compared with the decay of nelghboring even—-even nuclei. .
| . ]'mportant information that cen be obtained from favored deca.ys 1s the - |
 relative phases of different paxtial weves, Alpha-ganma correlation - o
‘experiments (70, 71) end low- temperature nuclear-aligxment experiments.‘ o
(72, 75) have shown ﬁhet‘ £ = 2 18 in phase 'withl = 0. Nof.much is knov;n“.:
| g about the phase of £ = L, | According to the calculation this amplitude e
: ..{E.'_:cb,ang,es sig,rn between Cm and cf (compare Figs. 4 and. )); v This sign change ,;. o
B should certainly show wp in refined mea.aumments. : ' _ | ’ .v |
Besideg the genere.l hindrance of unfuvored tra.naitions as discuased
- 80 fa.r, considerable fluctuations uithin this class of transitions a.re -
| observed vhich are due tq the intierent properties qf the aingle-particle
" states K, and K, (74). These fluctuationg.are faitm reproduced by
the calcu.lation. Moreofer » qualitative rules can be established tfmf o
- . allow predictions of which: unfavored transitions should be more hindered
| and which less. Since such rules can be helpful in assigning singlew -

.' particle states in odd-mass nuclel, 'they will be worked out explicitly. - o

Lh " In order to do this let us decompose the projection o:t‘vth‘t'a"angﬁlar |

mozentum K, on the nuclear symeetry axis into its spln 3 end ordital
e o o ' o
. KeZenathz =td




' In general A a.nd 2, are not conatanta of motion because of the presence ’

spin ﬁmction, the spins of the nucleona which form the x particle must

A= 2. The ground-state trensition (to the 7/2+ ‘_atate)v is hindered much

“more than the transition to the 5/2+ state, v!'m extunple in which these

~ this decay, two 5/2+ rotationsl Lands are populateds’ one has A = 3, the et

0= . URL-11326

of a pin-orbit cou-:ling in the single-pa.rticle potentie.l TFor sufficiently

ln.r.,e deformations , however, A and & are approximately conserved o.nd one . -

_ can deduce selection rules that hold e.pproximately. Tvwo cases mustbe

’ distinguished{ ' - R

(a) 2. and Z a:re both pa.rallel or a.ntiparallel to the respective A,

(b) One 1is n&rallel and ‘the other ‘one antipare.llel to A.

- Since ‘the spin function of two like nucleons in the o pa.rticle i.s a singlet

be anitpa.ra.llel. 'l‘herefore in cose (a) the alpha must 'be formed frcm o

>_ nucleons in state K, and -K - in case (b) ﬁ'om K a.nd K,. This in turn

1 8 £’

implies that in case, (a) the magnetic quantmn number m of the a pa.rticle

equals Ki

K, +,. Thus, in case (z) the n.ngular momentum of the O particle at the :

nuclear surfece is restricted to v.lues equal to or larger than I, -Krl,"

K. at the nuclear surface, whereas in case (b) m is equal to

end in case (b), to values equal to or larger then !K +K I. As a consequence

" one expects that in tranaitions of type (b) the analu. angulzxr momente

(vetween lK - K I and K ) w111 be suppressed, ond hence the transition

more hindered. Tne most striking exa.mple of such a case is the decay of

b’g to Cn 245 « There ere tvo unf&vored transitions to the g'ound state
and Pirst excited state. The mitial state is a 9/2~state with A=

the finsl states are a 7/2+ etate vith A=k ond & 5/2+ state which has = - L

rules can be appliegi to meke level assigmments 1s the decay of Pua? 9. In

4 . . o '

' %
-



‘ essignment in Ta.ble III differs from the aesiggmnent made by Bara.nov e‘c e.l.

other A= 2- They con be assianed on t.he ba,sis of the a.bove rules. The ', / o

P PR

(69), who studieo the Pu. 259 decay experimentally Cases of special intereat v

are those involving aKs= 1/2 orbit, Here IK -K | and X, Kf differ only

R

- by unity. Tvo interi‘ering terms are then present :I.n the po.rtial waves of

_,."tude, this may lead to "alternating mtenaities", as observed in the . decay

4s the decay of Fuc?” thet has recently been .tudied 'by Asero et al. (76)

Stmnarizing one ney say thet the nuclear shell model mcludmp;

B . _rpairing correlations e*qalains eatisfactoril;/ the tremendous vuriatione of
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heerved a-intensities in the decays of deformed nuclei.» That an exp].anation .

. of such varistions required soxne new idea asbout a-particle formation wea
& survey of the then existing ueta. by eaying: "It seems likely the.t sonme.

- tion of the Ct-dcce.y process, ond that the ramifications of these ideae will -

o proviae 8 be‘cter understending o:f‘ nuc].eer structure." Apparently we_have =

done a sig,niﬁcant step forverd towards this goal. -

- smellva.ngxﬂm‘ momentun, If the two terms are of the ‘sa,me order of mag;ni- B

. f Cmeb' to the ground state rotetional bend of Pu 25 9 (7)) Ano‘bher emmple :

‘alreo.dy recognized by Perlmen end Asaro (77) ten years ago. They concluded o

‘of the new ideas when :f‘urther developed vill add appreciadbly to the explc.na- o
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- VI. Ihe Absolute Value of the Decay .= -
-~ Constant end the Structure of the tf 7 ST e

Nuclear Surface

;- The material presented in the preceding chapters certainly Justifiesl':

-a freedom from doubt that the current nuclesr models, in particular the

- various versione of the nuclear ehell nodel, provide a satisfactory deecr1p~- -

.? tion of the O~decay proceg;. The only qnantity that has 80 far been umitted.
rfrOm the discussién’is the»ébsolute value of the decay'constant. It vas ;
| stated earlier that the calculated value depends sensifively on sﬁch‘nuc1earv‘
:vvparameters as Ro, for example (12). Despite tﬁia éensitivify, hbﬁever, it .
i.is difficult to find a rensonable set of parsmeters giv&ng ‘the correct
absolute decay rate.’ The~calculated uecay constants always come out too |
'Asmall by a factor between 10 and 1000, depending on vhat 13 still considered.‘V
r'an acceptable get of pcrametera and on what a«nucleus potential has been
“used in the calculation.> | .
This rather large discrepancy haa Jed scme to the. conclusion thnt

. the nuclear surface consiets mainly of abclnsters (70) and that the shell

- model i therefore 1ncapable ‘of satisfactorily uescribing the structure of

the nuclear surface. Takinc thia point of view, we find ourselwea in the .

> dilemmae that on the one hand the shell model cannot describe the cluster |

structure of the nuclear curface, but on the other h&nd»itvpredicts correctly ”:'

'the relétive amplitudes of verious types of O clusters preaent in thé nuclear
- surface. | o | N | | : lF:_ _ ‘
Fortungtely'there seeﬁnvtd be_é vay out of tﬁistﬁilemma end hoée 6fv
‘v-reconciling the conflicting points Qf'view. ‘In order hqt to confound the

~ 1ssues let us consider the simplastnexnmble, the deéay of Pbele under the

1T : /

i :
i
H



o
G T 8ePe }
" is the ratio pa(R)/pB o (R). Only 1f this ratio vere grester then 0.1 .

AN
S © UCRL-11326
' »,the asaxmption that the P’o 2od core remains unchanged. One can define a
. b '"single-particle density of the outer four nucleons from their vave ﬁmction' 3
g(l)QJB)h)?
S N 2. - 3 3. ad. Ad. A
. ps-.p'(R) s:f l‘l/l Z 8(r~:!.~§) d r, &r, d Y1 dfb, dQB . |
o : {1 ‘ o . , - ,
I the four nuclcona ere ea.ch in a aefinite single-pa.rticle state, o sp (r) - .
’ takes the simpler form A ' |
, " o
_ 2 .
Pg.p. (R) = Z !¢1 (R)l el
1ml o , ) .5 ) v:‘.“.‘. S »:
vhere qbi 1s the redial vave function of nucleon’ 1. i'-_‘:":'.i'- e
- An a=perticle density can be- obtained from the amplitude g, (R)
oi‘Chapter II: ' . e '_‘& X
| O tey 12 N
pa (R) = lgoo(‘(n) l. . L S
Note that J =j= £ = 0 in the cage under consideration.
w In the nuclear swface region (R > 6.5 F) ) where.neither Py nor ¢ .

venishes (79), the quentity the.t measures the amount of o cluaters

© let us say, could one_possibly speck of the shell model _this retio ranges |
fron 10 at R = 7.0 F to 10"19 at R = 9.5 F, Even vhen p - is multin

plied by 1000, e I‘acta,r which would in any case bring calcule.ted and

meagured decay constants into agreement, the ratio pa/pa p remains very

" much less then unity. One can tut conclude that the muclear surface 18 .
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by no means composed enti‘rely 6f @ clusters, There remains the qucstion
%o be answered- What sort of mecha.nism could enhe.nce the o ampli’cuoe by
' ~en emount proporbional to the o amplitude as calculated from shell-model -
' }v»v'we functions? = - - o - o
w-+ . It has been pointed out earlier that inclusion of conﬁguration |
‘ : mxing within one ma..jor shell increases the oz«-dece.y rate by a factor of ten .
o '. in the case of a-z;pheric&.l nucleus in the Pb ree,ion (lc.) What 15 even
more important s the & denaity p ~ increases only in the surface region
.of the nucleus ('{9) Another 'importzmt voint to note 1s that the maximum'
of & Py (R), which is ce.lculated from four definite aingle-particle ﬁmctions ,
moves f‘urther and fu.rther out when the single-particle ﬁms.tions are taken '
-from h.;.gber and higher shells The poesible effect of a.dmixing such higber' N
confi(,urations might be that the o density drops off more slowly than
B ) 'predicted by the shell model. The transition rate muld thun mcrease. _
At the eame time the value of oy (R) [or g(R)) somewhe*e betveen R = 7.0 F
: ond R'= 7.5 F (in the Pb region) would still be glven by the shell mo_del
uvith configuration mixing within oné major shell. _ This would leave the
relative rates unchanged, . _ | ” | _
Whetner thesge speculationa have eny basis in reality can be decided
~only by further studies.. Information about thc cxunucleus potential WR) 18
needed most. A significent amount of the wncertainty about‘the discrepancy
.fj '.between calculated and ﬁeaawmed deca‘.y.ra.t.es must be éttributed to inguf-

= ficient lmowledge of this intermction. Urless this interaction is unome

-

biguously determined the shortcem;nga of the shell model cannot be criticelly L
“ evalunted. ” | -

1 o o It is ‘élear, however, that tﬁeﬁe i's no neéd, to believe now é_lmt the ..

| ' shell nodel is 1;1tr:fnsi§ally izla.ca.palble of describing ‘the structure of the
nuclear surface as far as the a;decay proc'ess is conc;meda - S A\

/

\
\
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Table I. Singlé-particle states in the leod region.
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Table II. Decay amplitudes of Po” £10 , Po e 5 BL ll, and Po 12, calculated and expermental.
I(3) = Intensity of the transition to the level j in the daughter nucleus. ;

A(J,2) = Amplitude of the fth partial wave of the transition to the level Jj.
' Shell model
R S with configu-
One- Shell-model  Shell model ration mixing : i
body "~ harnmonic Woods-Saxon (Voods-Saxon ' Experimental £
model oscillator ° potential  potential) - - values :
, . : _ g
B 210y - 3
l:El,/Q(Po o.) ‘ _ , Lo o 158d : ;‘
. l/Q(Poen) 0.19 sec 0.18 sec 0.14 sec | 0.4 sec O 59 sec’ ’
1/2(P° 2y | : b0 3.0lx1077 & %g
(men) 6.85 miix © 18.% nin 21 min 2.56 min 2.2min
_ 1(5/2)/(1/2) 6.85x10™% 1.eox10f2_ . 0.80x1072 | o.7éxlo'2, 0.53x107° . {T;
‘ - 1(3/2)/(1/2) 048072 0.53x10° 0.49x10 ? o.thlo‘? _ ~ 0.50%10 2 B
P°211 _A(5/2:?)/A(-5/2:3) : . 0.48 o - -0.90 B -0. 90 _ A;-_L -0.90 . ‘ . C -0 95 ; 2
L M5/2,T)/M5/2,3) - 0.15 o o0 ol Coss T
: .._A(3/2 5)/A(3/ ,3) - 0 ,7-,. . 5_‘-0 35.,.'--:T‘ 9 ??uéf_ﬂ 035 L 35§ L
qax HF2YI(y2) 0 s T8 ok a5 g
B . o _ R R e !

A/ ,5)/A(3/2.5);” 007 w035 . 035 T w035 0wt o

po- 10 1(2)/1(0) B0 2.x0™ l.z;xld“5 "‘J.A;xlo"'5 1.2x107

81f the 'cransition }?‘3 / —-»Pl / is assumed to be pure Ml one o‘otains the value -0 1!& from the measured A (E% -
angular correlation. An 1.2 percent admixture of E2 gives the value -O. 35 (lc) T E -
Py .
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Decay rates of odd mass deformed nuclei relative to

.t the Cmghzvground state transition (only a representative U .
R sample of data is given). - U R A R
—— et e e e e e e e e e — e
Angular Excitation Reduced . ‘ '
monentum  energy of transition
Initial  Final  of the ~ the dsugh~  rate .
" Parent Nilsson = Nilsson daughter ter (kev) Calcu~ Experis v
nucleus : state state nucleus (¢ njeleus - lated mental © ' Remarks
R T . sfesl6ue]  5/246k2) /2 86.0 361.0 236.0  No Coriolls mix~
' ‘ : o Tfe 105.0 219.5 178.8 - ing between the
; o 5/2+[642) bend
sfe+[642]  1/e-[530] 1/2 | 6.0 W3k 1,20 end the 3/2+(651)
‘ : 32 0.0 1,825 3.43% - ~band has been
5/2 . 69.0 3.245 . 5,16 taken into account:
- /2 - 57.0 - 335505 3.90 o | .
nE9 . 1/ed631)  1/ed631) /2 .07 . 386.0 . 379.0
R S 3/2 13.5 0 u0 7945 9%5
5/2 0 5L.T . 119.0 126,77
/2 8.0 . 2,88 0.657
o 9/ 1151.0 3,11 0.620 -
1/2+4[631]  5/2+[622) -5/2 129.0 0.062.  0.181 . The assignment.
A /2 “172.0 0.28%- 0.347° made is certain
L9/2 22k, 0 -~ 0.240:  0.442 . only in so for
- : - : . that the weaker
L . transitions must
T " go to the 5/2+
o © 1622] band end =
R . not to the- '
S - e Lo o 5fe+(633] vend.
1/2+[631)  5/2+[(633) - 5/2 . #333.0 - 2,355 ¢ 2.97
1/2+[631)  5/2+[633) 5/2 k26,0 . 02,355 0 '3.30 - This essignment
: /2 S U70.0 71,1000 0 2.50 18 also possible.
. 9/2 530.0 . L,690  3.20 = on the basis of -
o L ST -~ the & intensities '
A_x_nzl‘l 5/e-[523]  5/2-[523] 5/2 - 59.57 = 611,00 697.8 -
: , ST T/ 103.0 - 16k.0 2017
9/2 . 158.6 7 .60,9 L.t
/2 0 225.0 . . 3.69 1.16
A | 13/2 - 307.0 . 136 061 _
L 5/2-[523) - 5fex{6MR] 52 - 0.0 o 0496 0.940 - -
S T2 T 3ee T 0033 CoBh
| 9/2 - 76,57 . 054 . odas - o
1n/2 T 127.0 0,051 0,192 ;
{continued)
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Table IIX. (Continued L

5/2-[523]  1f2-[530] 1/2 m—— 00,002 wee  fhé.transition:
v sl 3/2 g7 0.162  0.073.  1s not observed.
o T . e It 1s difficult -
“: . to essign other -
B o : N - . . .  observed levels &
SR | - : S ...+ on the basis of .
S o SR o R L " O=intensities o
S " Lo T - ST TP ‘alone tp this '
) . , _ o . 7o potational band
o : o S T S " to the 1/2- -
: Am2h3 osfe-[523)-. sfe-[523) S5/2 v RO 503.0 7726 . gtate. /
CT7/2 0 1T.0 o 1305 AT
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Fig. 1. Reduced widths 72 of even-even polonium isotopes (in
arbitrary units) given as a function of mass number. —8—, computed
from measured decay constants with the help of Igo's optical-model
potential (22); —A—, also computed from measured decay constants,
but a pure Coulomb potential has been used with a cutoff at 9.3
F (15); --0-- calculated from the shell model (9).
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Fig. 2. Reduced widths of the ground-state transitions of even isotopes

of U, Cm, and Fm. O, calculated; @, experimental. The real part
of the optical-model potential has beenuused as CO~nucleus interaction.
Calculated points are normalized at cmeHe,
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Fig. 3.
of Th, Pu, and Cf.

0, calculated;

Reduced widths of the ground-state transitions of even isotopes
®, experimental.

The real part

of the optical-model potential has been used as d-nucleus interaction.

Calculated points are normalized at cmete,
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Reduced wave amplitudes of transitions to the 2+
0, calculated; O,

and 4F
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Fig. 5. Reduced wave amplitudes of transitions to the ot ana

states of the ground-state rotational band. 0, calculated; @,
experimental.



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








