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I. Introduction

"ANY hundreds of reduced widths of nuclear
-- energy levels have been measured during the

last 10 years. The theoretical interpretation of these
widths has been largely statistical in nature, the reason
being that most observed levels cannot possibly be
identi6ed individually. For instance, the widths for
neutron and photon channels that are obtained from
slow-neutron resonance reactions belong mostly to
levels in regions where there are thousands of levels
per Mev of excitation (Hu58). ' The widths of these
levels have been interpreted stetisticuUy in terms of
"strength functions, " but it is unreasonable to expect

' References are given in alphabetical order in Bibliography at
the end of the paper.

that the widths of such levels should be interpreted
AA&PBNCllg.

However, not Rll of thc obscrvcd widths come into
this category. There are quite a number of widths about
which some individual prediction. may be made. These
widths are those of most levels of light nuclei, and of
low-lying levels of heavier nuclei. For a heavier nucleus,
the excitation energy above which individual inter-
pretation becomes impossible depends upon the
proximity of dosed shells. For nuclei not near' closed
shells this energy is 2 Mev; for Pb'", however,
unbound levels at 5-Mev excitation may be idm. ti6ed.

Experimentally, one obtains widths of unbound
levels by measuring excitation curves of resonance rcac-
tloIls. Widths fox' bound lcvcls arc obtained from
measurement of yields in stripping reactions ox, in the
case of photon channels, from Coulomb excitation.

The present article is composed of two parts: the
6rst part deals with the theoretical prediction of widths,
and presents expressions for widths derived from the
shell model (E157a) and the strong coupling version of
the Bohr-Motteison model (Bo53); the second part
consists of a compilation of the observed widths of
nuclei of mass number &40 together with theoretical
discussion. Apart from a few photon widths, all values
quoted refer to resonance levels, i.e., the values are
obtained from x'csonancc rcactlonsq Ilot strlpplng I'cRC-

~ tions. The reason for this restriction is that values from
stripping reactions are not reliably determined in
general. It appears that the relative values of widths
determined in any given reaction are much more reliable
than absolute values, which are sensitive to details of
the particular stripping theory that is used. IIlowcock
(BoSS),has made an interesting attempt to remove this
sensitivity and to extract reliable values, but his
method has not been extensively applied.

II. Theoretical Prediction of
Reduced Widths

I'ollowing Lane and Thomas (La57), the basic nota-
tion used herc is as follows:

thc total number of nucleons

Rny pair of bound fragIQcnts into
which the total system may be
scparRtcd

the mass numbers of O,I and 0.2.'

At+As= A
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gy RQd g2:
Ig and I2.
$l RQd $2:

ip«IrIII a

~c=~e:

S:

y)„——(II'/23f. a.)& y.II*XlzIIdS„

where q,~ is the "channel wave function"

y,sr ——r, ' Q (III2tit2(sr)(sl, pm,
~
JM)

thc 1Qtclnal coordinates of nj Rnd n2
thc splns of nl Rnd n2
thc components of Ij RQd I2 1Q R

6xcd direction
nd ip«mrmI2: thc wave fllllctlolls of aI Rnd a2

the vector between the positions of
nj, Rnd n2

the radial distance between nj and n~

the angle of r, referred to the 6xed
dlrectlon

thc lntclactlon I'adlus fox' ny Rnd n2
the element of the channel surface in

con6gurRtloQ spRcc:
dS« =a«dQ«dilldgs

M«IM«2/3f' I+M«s the reduce 1 mass
Of nl RQd n2

the relative angular momentum of n1
Rnd n2

tlM conlpoQcnt of lg

thc channel spin of ni Rnd n2'.

a=II+12
the component of s
the total spin J=1,+s
the component of J
channel=—(aIII2si,J}
wave function of the compound state

) of spin J with component 3f
reduced width amplitude for the

channel t, of the compound state );
this is de6ned as:

there should be a summation over (A!/AI!A2!) terms
along with a normalizing factor (A!/AI!Am!) &. Since
Xyg~ is antisymmetric in all particles, it follows that
each individual surface makes the same contribution.
Therefore, if p,~ is rtolo takert to coritaiII deb'mite particles
ie the groNPs nI and n2, the dimensionless reduced width
amplitude ls

8,=(,/2)*(A!/A !A !)&)I, *X dS,. (5)

1. REDUCED WIDTH AMPLITUDES IN TERMS
GF EXPANSION COEFFICIENTS

(a) Particle Channels

Before introducing speci6c Q1odels, it is convenient
to develop expression ('5) further. From the form of (5)
it is evident that the @, are closely related to the ex-
pansion cocfEcients in the expansion of the compound-
state wave function XyJ ~ in terms of the channel wave
functions

X&,sir =g(kl ]!ciioi,sl,J; r,)p,jr.

In this expansion the sum is over s and l, and Rll states
n~ of Al particular nucleons and all states n2 of the
other A2 nucleons. The sum also implies integration
ovcl' unbound sta'tcs. We stl'css again tllRt Ilcl'c (Rnd 111

future) we understand that qo, sf contains definite par-
ticular nucleons in the groups nI and as. From (5) it
follows immediately that

81.= (2!/A I!A2!)*'(a./2)'(ll Ji alalsl, J; a,}. (7)

Notlcc thRt thc normalization of Xgg~ Rnd thc p ~
implies that the expansion coefFicients as defined by (6)
satisfy the relation

where s,v are taken to denote channel spin and its mag-
netic quantum number. Let us de6ne a dimensionless

reduced width amplitude @,by

81.=pl, (atm/M, a,2)-&,

0) .= (a./2) v.~ X),ssrdS'

Once an expansion of the form (6) has been established
on the basis of some nuclear model, the reduced widths
can be evaluated by using P). The most natural ex-
pansions of X),g~ arising from various models are not
quite of the form (6). The differences arise from dif-
ferent modes of vector coupling. In (6), the channel
spin is used Q1erely to classify difFerent spin combina-
tions, and it has no special physical signi6cance. Wc
now consider two types of expansions in which Rlter-
QRtlvc spin quantum members of physlcRl slgn16cRncc
are used instead of channel spin.

Thc suI'fRcc S6 ls rcRlly R suIQ over many surfaccsp oQc

for each permutation of all A nucleons into groups of
A~ Rnd A2 individual nucleons. Lct us make use of the
lsotoplc spin formahsm) thcQ Rll partlclcs Rl c equiv-
alent, and neutrons and protons are not distinguished

separately. The number of surfaces is then (&!/AI!A2!),
irrespective of the numbers of neutrons and protons in

nl Rnd n2. Correspondingly, in the de6nition of q,~

+&pa»iort +«Nral to +pin Orbit Cogplilg-
Instead of coupling h Rnd Im to give channel spin z,

I2 ls coupled to l, to give a, ncw qllalltuIII number g
The expansion is now

XlsIr= Z (&J[}alo2IIyJ; r.)
m 2hg

X P(ein2IIJJ3I), (9)



%'herc

q(nIngIIgJM)=r, ' -p (I2l,i2m, ~gal)
je,ma, gg, i1

which can be written as a 12—j symbol (EI55a). Thus,
in I.—5 coupling, @re have the formula for the reduced
width amplitude

&C, (I,gi,mf JM))l r„;y.~„,('4Y,&I )). {10) t)1.=(A'/AI&2'):(a. /2)'

%'e see later that this type of expansion follows most
naturally from the nuclear shell model in j—j coupling.
By comparing (9}and (10) with (6) and using a little
Racah algebra, , one easily derives the relation

(XJ~nIn2slg; r.)
=Q U(IIIIJl„sg)(XJ ~nIn2IIJJ; r,), (11)

therefore, from (7),

81,= (A!/A I!As!)&(u./2) & Q U{III2J/. ,Sg)'

XZ (SILIII,S2LII2,SLJ,l.Zs)

X{XSL
~
nIn22SL; a,)

e(XSL—; nISII I,nIS2L2, sl&) (say). (18)

TreutINeIIt of Arbitrary Colpligtg

KvcQ when Rn I—5 coupling sltuatloQ docs Qot
exist in the nucleus, it is often convenient to work in
t f I.—5 pr e t tio;', t p d

XIssr= P ()1J!pSL)XI @&sr.)sr,
pal

x()1J)nIn21&gJ; a.&. (12) Z (nIII
~
pISILI)4'Ah(%&~) A,

P1S1I~1
(19)

ErPamsion Xatlral to I.—S CoNPlirtg

If an I—5 coupling sltuatloQ holds ln thc Quclcus so
that stRtcs X, 0!y, Rnd cg can bc RsslgQcd qURQtum

numbers 5I., SgI.g, and 521.2, respectively, the most
natulRl cxpRnslon of Xy8ImamJ. ls

X),sr jrsssg p(~L!——,nIn2&SL; r.)

X q {nInsZSLMeMI, }, (13)

2 {n2I2 I PISA)f&uh(a~r 2)'s,
P282LS

where the wave functions on the right form complete
sets of I—8 wRvc functions. %c CRQ now cxprcss Rny
reduced width ln tcI'Ins of thc expansion cocfEclcnts 1Q

(19) and the reduced width of (18),

HI, = Q ()iJ
~
pSL) (nIII

~
pISILI}(ngI2

~
pgSIL2}

y (nIn22SLM sMI)

(L,l.M~,m. i Zm)
MX,1MLgM81May+, ~

y(LIgMI„ORiLMI)(SIS2Ms Ms iSMe)

Xp {nISILIMs,MJg)+ {n2S2L2MsaMr 2}

)&i'Y~,I4)) (14).

The new quantum number in this case is Z, which is
formed by coupHng I.2 and l. together. By using the
rclatlon

&&8(tISL,pISILI,p2S2Ln, si,J). (20)

%c now consider spcciahzations to various particular
types of channels c.

lt'tgeleon ehartrtels n2—=nucl.eon, I2=12, (A!/AI!A2!)

SpirI orbit col-pling: The expansion (9), although
apploprlRtc to thc sltuatlon of spin-orbit coupllngq ls
perfectly general, as is the consequent formula (12) for
reduced width amplitude. On specializing to the case of
nucleon processes, (12) becomes

X),sII= Q (SLMeMI, i JM)X) srsrssrr„(15)
3fBM'I,

and similar ones «» $~1~14 and 4'~&2'2 we ca»e!ate
the expansions (15) and (6) to derive

(u ~nInssl. J; r.}=&(SILIII,S2LA SLJ l &s)

X(),SL~ , nZnSL; r.), (16)

where the ncw symbol represents the quantity

( )" ' ""Z( —)'U(L S»II,»—f)

)& U(fL2Jl„s2) U(LISIfS2,IIS)U(SLIJg,fL), (12)

wllel'e we wr1te jIIlstead of g as is c'ustomary for nucleons
and where (&J~nIn2IIjJ; r,) are the expansion coef
fIclents as II1 Kq. (9), NotIce ths, t, on squarmg
summing over channel spins, the vector coupling coef-
6cient disappears:

If we can assume that the value of an expansion coef-
6cicnt Rt f,=Q, ls loughly equal to its RvcI'Rgc over thc
interior r, ~& a„ from {8)it follows that
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where, as in (8), the sum includes an integration over
unbound residual states &,.

L Sc—oupling: Formula (18) for reduced width am-
plitude in I.—S coupling is appreciably simpli6ed when
specialization to nucleon channels is made. By putting
LI=—0 in (1"/) and (18)

(SILiJ'1,—,'0-,',SLJ,/, l.s)

=( )» s—»+~-U-(L,Sis 2i I,S)U-(SLIJ/, sI)

/Ii =A'(a /2)'( —)" ' ""'U(LIS»-' IIS)

X U(SL,J/„sL)(ZSLI, ,/.SI.; a.). (25)

By summing the square of (24) over S and Ii, we get
the formula corresponding to (22) in spin-orbit coupling,

I1+81
P e„I=A(a./2) I(XSLl,n, /PL; a.) I'. (26)

I1 =~1,& -81t

Arguing as before, one can then derive the sum rule (23).
Deuteron channels. ~2=deuteron, I,—=1,

(A I/A I!A I !)=A (A —l )/2

Spim orbit comp-/img: From (12),

81,——(A (A —1)/2)'(a, /2) & P U(I,1J/„sg)
g-le, 4+&

X(»ln, nI Ig J;a,). {27)

{b) Photon Channels

For such channels, the reduced width amplitudes are
electromagnetic matrix elements. The evaluation of
these does not follow directly from the previous for-
mulas but involves special considerations. We consider
only EZ and Mi multipole radiation as represented by
the operators Hm&~~~ and Elm&~'&; each of these is a
sum (over all particles) of the single-particle operators

heir &s~) = eL:,' —t —{Z/A~) jr I"an+'(0), (31)
hsr&&~'& (space) = (eh/2mc) (-', —tii) (Vr Fsri &'I li (32)

hSS&~" (SPin) = (eh/2rrIC) L (-,' —ts)g~

+(-'+ti)g j(VrPsn&'&) s (33)

where ra is the nucleon mass, ti= ——,
' for protons, +2

for neutrons, and g~, g„are the gyromagnetic ratios for
protons and neutrons. In (31), the recoil effect for EZ,
radiation has been allowed for by the Z/A~ term; also,
certain small terms have been dropped. VVe know from
the algebra of Racah (Ra42) that the matrix elements
of any one component Hm{~& of an operator of degree
2 is related simply to the matrix elements of any other
component Hsri, '~' through the relation (in Racah's
notation)

(l&JMIHs&I&~& Il~'J'M')

{J'&M'Dr/I JM) 9Jll&"'ll&'I')
(34)

(2J'+1)&

where (»II&& 'll&'J') is a "~educed matrix element"
that does not depend on any directional quantum
numbers. Racah uses the phase convention

{JM III~«&IVJ'M')
X U(L,Sisi,IIS)U(SLiJ/„sL) = (—)~(l~'J'M'IH sa&~I I) JM), (35)

X{l&SL
I
nlni/&L; a,). (28)

Just as for nucleon processes, we can derive a sum rule

like (23), but now with A replaced by A(A —1)/2. The
sum includes not only integration over unbound states
of the residual nucleus but also integration over
unbound states of the nucleon-nucleon system.

A/pha channels ns=alpha, I.s ——0,

(A!/A I!As!)=A!/(A —4)!4!.

Spis"Orbit coNp/irig: Fl'OII1 (12)q with Is=0, g=/qq

01,= (A!/(A —4)!4!)&(a,/2)&(»l ninIii J/; a.). (29)

L Scomp/img: Fr—om (18), with L2——S2——0,

@,= (A!/(A —4)!4!)-'*(a,/2)'*U(SLIJ/. ,IIL)
(—)

—»&-Ii-I {l&sL
I
nins/, sL; a,). (30)

Again a sum rule like (23) can be derived with A

replaced by t A!/(A —4)!4!j.

or, equivalently

(»II&"'lll 'J') = (—)' "(&'J'll&"'ll») (36)

From (34), it follows that

{»IIII&~&IIVJ')
(J'zM'9RI JM)

(2J+1)& si+m=sr

X (»M IIIs&t&s'
I
X'J'M'), (37)

and this is the formula we use to evaluate the reduced
matrix elements. The square of (3'/) is precisely the
quantity I3(Z) that was introduced by Bohr and
Mottelson (Bo53).

SpinOrbit Coup/ing-

Consider that n2 is a nucleon in expansion (9), and
make such an expansion for each of the states ) and ) '.
These expansions enable us to develop expressions for
the matrix elements of space and spin operators as
follows.
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Space operator of degree 2. By using formula (37) and expansion (9) with ai=—nucleon, use of the Racah algebra
gives

(1&J II
II&&& (space) Ill&'J')

U(zl,j''„i.j -') U(xj 'JI„jJ')
(2J+1)&

(&1&JIa&aiIijJ r &y'"'llh's'(space) II&1&'J'Ia&aiI&j'J' r.&l'"')
38

(2l,+1)&

Spin operator of degree Z. In this case from (37) and (9) we have

(1&JIIII&s~(spin) II1& J ) =A P (—)' "U(Zii jl. -'j')U(2j'JIi, jJ')
(2J+1)&

(&1&JIa~aiIi jJ r &Ilh"'(spin) IIO'I'Ianna Jiij'J'; r.&)
X (39)

V2
L—S Coitplieg

Now we consider states 1& and X' expanded (with ai=nucleon) as in Eq. (13).
Space operator of degree Z.

(1&IIIII&s'(space) Ill&'J')
U(Zl, 'LLi, lL') U(ZL'JS, LJ')

(2I+1)' ag &0&c'sr r"
((XJI a laSiL; r))F&'&IIh&s&(space)II(1&'J'I a la, 'iSL'; r,)F&"~)

X 40
(2l,+1)&

Spi&s operator of degree 2.

(1&JIIII&s&(spin) Ill&'J') =A Q ( )' + ' —U(Z 'SSg, ',S') U(-gS'J—L,SJ')
(2J+1)& ~~4r, ss

(&1&Jlagagl+L; r, )IIh& '(spin) Il(1&'J'I alp,a'Sg'L; r,))—
X (41)

V2

Partial Redlctiom of Single Particle Matr-ix Plements

((XJ la&a&I&jJ; r &F'&'&Ilh&s&(space)II&X'J'Ia&aiIi j'J'; r,)F &)

2l+1 &( )

( )se(12—00 I
l'0) [', m& -(Z—/As—)j &XI la&a&IijJ; r,)&X'J'

I
aiaPij'J', r,)r sdr, for ZZ (42)

The single-particle space matrix element in (38) can be partially evaluated for the three types of multipole
order we are considering (on replacing l., l,' by l, P as is usual for nucleons):

(eh/2mc)&«, D(i+1)5t(', m, ) &X-J—Ia&a&IijJ; r,&&&'J'la&aiIij'J', r,)dr, for M1(space). (43)

The single-particle space matrix element in (40) can be similarly reduced. The only single-particle spin matrix
element we are concerned with is that for M1 (spin) radiation. The element occurring in (39) can be written

(&~J laiaiIi jJ'» &llh' "(spin) Ii&1&'J'laiaiIi j'J" r &) = (eh/2mc) (-,')&{(-,' —m,)g„+(-,'+m, )g„)
v2

X l &XJIa&a&IijJ; r &&X'J'Ia&aiI&j'J'; r )dr, (44)

and that occurring in (41) can be similarly expressed. of the whole system (which produces radiation) is
In formulas (42) and (43), there is an implicit assump- approximated by the motion relative to the centroicl of
tion that the motion of a nucleon relative to the centroid the other nucleons. This is true only to Q(1/A), but
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since this error is inherent in the model we use to evalu-
ate the expansion coefficients (the shell model), we need
not be concerned with it.

2. INTERPRETATION OF THE EXPANSION
COEFFICIENTS WITH THE

SHELL MODEL

Having seen how the reduced widths of nuclear
energy levels can be expressed in terms of certain ex-
pansion coeKcients, we now discuss the interpretation
of these coefFicients on the basis of the shell model. We
do not interrupt the development here to introduce the
concepts and assumptions of the shell model, but refer
to a recent review of this subject (E157a).

At this stage we introduce a separation of the dis-
cussion which is carried through to the end of the
section, namely, nuclear states are discussed according
to whether they are of "normal" or "nonnormal"
parity. The normal parity of a nucleus is the parity of
the ground state and the nonnormal parity is simply
the opposite parity. This division is natural on the shell

model, where the lowest states of normal parity have
the normal configuration, i.e., a number of close shells
and a few "loose" particles in an unhlled orbit. Non-
normal parity states, on the other hand, have a more
complicated structure since they must involve the
excitation of a particle to a higher orbit or the dis-
turbance of the closed shells. In Table I we give the
configurations of the lowest states of normal and non-
normal parity in light nuclei.

(a) States of Normal Parity

The known states of normal parity in light nuclei that
occur above the lowest disintegration thresholds usually
can be assumed to belong to the normal con6guration,
as can the final states that are formed in the breakup
of the free states. Thus our main interest is in processes
of the form

Compound State
Xf (closed shells) t" "& (l)"}

Channel State
+~

ni((closed shells) &" "& (l)"'}+n2

i.e., the compound state X has (A —ii) nucleons in
closed shells and e in the l orbit, and the channel state
consists of the residual nucleus O.y with the same closed
shell and e~ particles in the l orbit and the emitted
nucleus n2 containing ng(=N —ei) nucleons. Since the
closed shells play no role in this type of process, there
is no need to expand the wave function of all A nucleons
as we have done in the previous section but only the
wave function of the e "loose" particles. It so happens
that expansions of states of the loose particles that are
very similar to what we require are well known in shell-
model theory. These are the "fractional parentage"
expansions. Tables of such expansions have been given
for two types of states: (a) states of Russell-Saunders

coupling with quantum numbers T, S, L, and spatial
symmetry (Ja51); (b) states of spin-orbit coupling with
quantum numbers I, T, and seniority (Ed52). Thus, if
we believed nuclear states to be either of these two
types, we could read oG the expansion coefficients from
the tables and immediately predict their reduced widths.
Even if states are not of these simple types in practice,
we can often expand them in terms of one of the simple
sets as in Eq. (19); the required reduced widths then
follow immediately on use of Eq. (20).

To find expansions of type (19), we simply carry
through a conventional shell-model calculation to 6nd
the expansions of what we believe to be the actual
nuclear states in terms of one of the two kinds of
complete sets mentioned previously, i.e., set up the total
interaction matrices in one of the complete sets and
diagonalize them.

We now discuss in more detail the relations between
fractional parentage expansions and the expansions of
Sec. II.1. Let us suppose that we have chosen a com-
plete set of Russell-Saunders wave functions, and that
we are expanding state 7i(TSL) of (l") into state
Pi(TiSiLi) of (l"') and P~(TQ&g) of (f"'), where Pi and
P2 contain definite individual nucleons. This expansion
is usually written in the form (Ja51)

XKTSLMTMBMI, —

p (l l}py2) p (TiT2MriM»~TMr)

X (Li&Mri~~ LMr) (SiS2MsMs,
~
SMs)

Xg (P1T1S1L1Mr1Ms1ML&)

XP(P2T~S~ZMr, Ms~OR) (46)

)writing Z for L2 in keeping with expansion (13)j,
where the second sum is over magnetic quantum
numbers and (X)}4) is an abbreviation for the full
coefficient of fractional parentage (c.f.p.)

&l l}PA)—=&(1-)X(TSL)l}(f-)P,(TSL,),
X (l"')p2(T2S2L2)).

By comparing expansion (46) with the previous ex-
pansion t Eqs. (13) and (14)j, we can associate Pi with
ni. P2 cannot be identified with n2, however, since the
former consists of n2 nucleons moving in the l orbit and
the latter is a composite particle of n2 nucleons moving
relative to n~ with angular momentum l,. Thus the
relation between the expansion coeKcient of (13) and
the c.f.p. of (46) is complicated by an overlap integraL
The relation can easily be seen to be

(liTSL!nin2lTSL; r,)
= (e~/ei!e2!) ~(A i!A2!/A!) ~(TiT2M r,Mr, ( TMr)

X Z (&
~
}P42)~~ls18~24,P2(r.), (47)

Pga
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TABLE I.Lowest and next-to-lowest con6gurations of nuclear states in the mass ranges 4&A ~& 16 and 16&A ~& 40. The next-to-lowest
con6gurations of normal parity lie in energy 2fuo above the lowest, and the lowest con6gurations of nonnormal parity lie midway
between the two. (Ace is the quantum of the harmonic oscillator well. )

Mass range

4(A & 16

16(A & 40

(1s)4(1p

(»)' (1P)"(2s»d)"

(»)' (1P)"+'
(»)'(1P)"(»,1d)
(»)' (1P)"~(2S,1d) '
(1 )' (1P)

"-'(2P, 1f)
(»)' (1P)"(»,1d) "+'
(1s)4(1p)' (2s 1d)"~
(1s)4(1p)"(2s, 1d) "(1p) 1f)
(»)' (1P)"(2S,1d)" ' (»,2g»g)

Configurations of normal parity
Lowest Next-to-lowest

Configurations of nonnormal parity
Lowest

(1s)3(1p) 22+i

(1s)4(ip)" '(2s, td)

(1s)' (1p) 1' (2s, 1d) "+'
(»)'(1P)"(»,1d)" '(1P»f )

where the Grst factor merely takes account of the fact
that all A nucleons are included in expansion (13), but
only the n loose ones are in expansion (46) . The last
factor is the space overlap integral between 222 (=A 2)
nucleons moving in the l orbit about the well center,
and particle n2 separating from n~ with relative orbital
angular momentum /, :

Eoallati o22 of the cf.P. i22 SPecial Cases

For nucleon, deuteron, and alpha channels, the ap-
propriate fractional parentage expansions (46) and (49)
are those in which n2 = 1, 2, and 4, respectively. Those
for 222

——1 are tabulated, and so are some for 222 ——2 (E153).
The rest of those for e2 ——2 and those for e2 =4 can be
obtained by "iterating" those for e2 = 1.

@-2l., e2(r.)=a.j [f(p2~5!t') (l")j* E2algatio22 of the OoerlaP i22 SPecial Cases

For nlcleo22 channels (n2 —=nucleon), the overlap of
both formulas (48) and (52) simply reduces to the
single-particle radial wave function of the l orbit, tt 2(r),
say. By the normalization of X&, the normalization of
42 must be

(L2lMI 2m
I
zBR)ll'(n2L2Mr. ,(q2)

ML, 2, m

X&~."'(&.)]dq2d&. . (48)

q2 represents the internal coordinates of n2, and 0, is
the angle of the vector r, joining e& and a2.

For j—j coupling we can write formulas correspond-
ing to those just given for L—5 coupling. The fractional
parentage expansion of state X(JT) of (j") into states
n&(J&T&), n2(J2T2) of (j"&), (j"'), respectively, is (Ed52)

f+c
I gl(r) I'dr= 1, (53)

instead of the usual normalization of shell-model theory
in which the upper limit is inhnity. However, the dif-
ferences in the two normalizations is small. In Table II
expressions are given for some single-particle radial
wave functions of a harmonic oscillator well .

For delterom channels formula (50) becomes

XXTJMTM J
(X I }PA) P (TgT2MrgMr2

I TMr)
mag .

X (Iggz gOR I
J'M J')f (pgIg Tg2gMr, )

P(P2y2T2mM. ,), (49)

where (XI }P2P2) is written for the full c.f.p.,

(~ I }plp2) =((j")&TII }(j"')p2(T2I2) (j"')p2(T2$)) (50)

By comparing (49) with (9) and (10), and identifying
P2 With cK2&

()tTI
I ~i~2I4~ «.)

22I g~!+2I) 2

(T,T2Mr, Mr.
I
TM,)

(22'!222! A!

X Q (x I }pip2)5 Ie18 2lo, e2(r,), (51)
I342

«l. ,e2(L S)=a,bl, e —' [f(p2zoR) (P)]*

X[!4(q2)1' "'(& )jdq2d& (54)

if we assume the deuteron to be in an S state. Formula
(52) giving the j—j coupling overlap becomes

«&"e (j j)=a.
I 4'(p4~—)(j')j*

X[P(1/ i&m
I
$5R)fa(q2) F~,&'~ (0,)jdq2dQ, (55).

By rmoupling vectors, it can be seen that this is related
to th overlap of 54 by

«l'~ (j j)=«l"»(L S)PZ~( )'—" ' '— —
where the overlap integral is

6l 2l, , p2(r,) =a,
~

[ll'(p2$M( j")j*[p (I2l,i2m,
I /OR)

'S2
2 flic X U( ',lgjj f) U( ,'lfl jl,) U(-,','gt„Sf)],—(56)——

Xlp((g2I2i2(q2)Fm' l ~(Q )gdq2dQ, . (52) with S, the intrinsic spin of the deuteron, equal to one.
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TABLE II. Radial oscillator wave functions p&(r) for the four lowest orbits, normalized according to (53). The oscillator potential
may be written in terms of the "size parameter" b as V(r) = (m/2) (k/mb2)2r2. The oscillator quantum fua is related to b by Ace= k2/mb2.
The quantities s', sp, and Iare de6ned by s=r/b, sp ——a./0, and I=exp(so' Jp'o exp( —s')dz. The third column is related to the dimension-
less single-particle reduced widths 8~2 by 8~2 = 2'Lrttt p(r) ja,.The last column gives the logarithmic derivatives of the radial wave functions.

Orbit

1s
1p
1'
2$

Eigenvalue

3')/2
5W/2
7r /2
7hca/2

2s3 exp (sp —s ) (I—sp)
4s5 exp (so —z2) (3I—2sog —3sp)
8s7 exp (so2—z2) (15I—4so5 —10so3 15so)
4s(s3—-'s)' exp(so —s ) (3I—2sp +sp' —3sp) '

f= (rlgg) (&l/dr)

1—s'
2—s2

3—s2

3—s2+3/z2 —-'

32
I Ir 'F "&(Q)——,'q'Fp ' (Q)j

Pb&P)

2r, '+ (q'/2)
Xexp—

252
(57)

.J

where we have made the transformation

r„=r,+,q, r„=r,-,q——1 1

The center-of-mass coordinate is r, and q
—= (q,Q) is the

internal coordinate of the neutron-proton system, and
b is the oscillator-well size parameter (see caption to
Table II for precise de6nition).

On using (55), we have the overlap

64a, '(2p & &

Bdt„e,=
~

—
~

ocr ' exp( —r '/2b') (59)
75b' 4)

where we have de6ned a new overlap (dimensionless)
for the integral over the internal coordinate,

t' Its(q
o„= ~~ fe(q)dq. (60)

q(4pr) &

The dimensionless reduced width 82, which is equal to
a,/2 times the square of the overlap evaluated at r,=a,
is, from (59),

32 )2q &

8 =—
~

—
~

sp~ exp( —2sp ) (oq)'
15 &~)

where sp- a,/b. —

Overlap (54) can be evaluated by using the con-
venient transformation methods of Talmi (Ta51). As
an example, consider two 1p nucleons 'coupled up to
give 2=2, i.e., orbital angular momenta parallel. The
evaluation of (54) is independent of the value of OR,

but it is convenient to take JR=+2. By taking the
oscillator wave functions normalized over all space
(which can incur only a small error),

p(p, zm(P)

~.(r-) .e.(.)F &'&(Q ) F &'&(Q )
rn,

rm +rv= (v) &b '(x„+iy—„)—(x,+iy„) exp-
2b'

Evaluation of Overlap at the Nuclear Surface

The nuclear shell model gives only an approximation
to the actual nuclear wave function. This approximation
in most practical applications appears to be a surpris-
ingly good one. However, one has to be careful in each
application to make sure that the model is not taken
so literally that certain inherent errors in the shell
model are magniied to a point where spurious results
can arise. As an example, one can recall the fact that
the normal version of the shell model does not ex-
plicitly separate the center-of-mass motion. In most
applications this limitation of the model can be for-
gotten because the errors incurred are at most O(1/A).
When used for computing Ei matrix elements, however,
the model, when used naively, does not give the well-
known isotopic-spin selection rule and, therefore, can
give large errors. This does not mean that the model
is useless in such applications, but merely that one must
make special allowance for its limitations. This is done
simply by changing the Ej operator into an eGective
operator which includes a recoil term as in (31). The
model can then be used to the same degree of accuracy
as in other applications.

A second example of where we have to be careful in
applying the model too literally arises in the present
work when we evaluate the overlaps at the interaction
radii, r,=a„ for the purpose of estimating reduced
widths.

Let us consider the special case of egcleoe processes.
The overlap for such processes is just the single-particle
radial wave function, and the estimation of reduced
widths involves the evaluation of this wave function at
the interaction radius for a nucleon and the residual
nucleus. An evaluation using the oscillator shell model
is subject to two errors, one from the oscillator shape,
one from the nature of the shell model:

(i) the 6rst error arises because the interaction radius
r=a, usually comes well outside the turning point of
the orbit in the oscillator well, and this means (cf. the
third column in Table II) that the value of the single-
particle width

&:=L /2~'() j-.
is very small with the precise value depending hyper-
sensitively on the point of evaluation. As an example,
consider N' as the compound nucleus. A normal parity
state belongs to (1s)'(1P)P, and we are interested in the
value of 8„' for a channel with a p wave nucleon. The
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usual formula, a,=1.45(A~&+Am&))&10 "cm, gives for
the interaction radius in this case the value 4.77X10 "
cm. The turning point of the 1p orbit occurs at the
point r'= L5+ (17)~]b'/2. Now, from a study of Coulomb
energies of mirror nuclei (Ca54b), we know that the
value of 5 for nuclei in the ip shell is 1.67&(10-"cm.
By taking this value, the turning point of the 1p orbit
is at 3.60)&10 "cm which is 1.17)&10 ' cm inside the
interaction radius. The value of 8„', using the second
column of Table II, is found to be 0.036, which is much
less than the single-particle reduced width (e„' 0.5).

The reason for this anomaly is clearly that the infinite
oscillator well, although providing wave functions that
are suitable for most calculations, nevertheless has
certain deficiencies and occasionally gives spurious
results as in the present case. We now discuss how the
most reasonable nuclear well differs from the infinite
oscillator well. Clearly, the main difference is that the
actual nuclear well has a Gnite depth. The most con-
sistent depth for a given light nucleus seems to be that
for which the last orbit 611s near the top of the well

(to within a few Mev). This choice would represent the
observed fact that the states in single-particle nuclei
(He', 0'~) occur near the, dissociation energy for nuclear
emission. If we remove the ininite walls of the oscillator
well, the various orbits fall somewhat in energy because
they are less conined. They also spread out considerably
(except for those orbits still tightly bound) and the
value of 8„' will rise to 0.5. It might be thought that
the reasonable well for a given nucleus can be achieved
by simply rounding oG the edge of the usual oscillator
well at the orbit that is filling /Fig. 1(a)]. However,
this is not so. For instance, in the 1p shell, rounding off
the oscillator well with b=1.67X10 " cm causes the
bulk of the ip wave function to move outwards. This
means that particles are further apart and that the
Coulomb mirror energies are underestimated. What we

really want is that the wave functions spread out in
both directions instead of only outwards. This is quali-

0

~ Hr

ROUNOFO OSC,II LATOR IIELL

INFINITE OSCILLATOR WELL,

ACTUAL NUCLEAL WElL

FIG. 1(a). Various well shapes and the corresponding radial 1p
wave functions (qualitative only).

tatively achieved with a bell-shaped well )Fig. 1(a)]
that is narrower and deeper than the oscillator well,
and also is finite with a tail on it. This would thus seem
to be the most "reasonable" nuclear well. It would give
wave functions that have reasonable values of 8„' ht
the interaction radius, yet, at the same time, it should,
in other respects, behave like the ininite oscillator well.
Unfortunately, it is not possible to perform analytical
calculations with the bell-shaped well and so one cannot
be very precise about the values of 8~' that it predicts.
Since, however, there are often uncertainties in the
experimental reduced widths of the order of 30%, this
is not a serious fault. We try the value ~0.60 for 8„~
for all orbits with an understood possible uncertainty
of the order of 30%. This choice is seen in the next
section to be corroborated by the experimental data.

(ii) The second kind of error that arises when the
oscillator shell model is used naively does not arise
from the shape of the well but from the structure of the
shell model itself. This trouble is that the shell-model

FrG. 1(b). Illustrating the
transition from the shell-
model wave function of a
single particle inside the
nucleus (r &e,) to the actual
external wave function in
the external region (r&u,).
Figure (i) shows the situ-
ation when the transition
region is very sharp, i.e.,
when the sharing of energy
take place in a very small
radial distance at r =a,.
Figure (ii) illustrates the
more realistic situation of a
6nite transition region. In
this latter case, the wave
functions (shown by broken
lines) are smooth across the
transition region.
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wave function does not obviously satisfy the set of
boundary conditions B,=S, that we normally impose
upon a compound state ) in resonance reaction theory
(La57). This is obviously true because, even when the
shape of the well is adjusted in the way we have just
discussed, the usual shell-model wave functions cannot
represent the correct radial wave function outside the
point r=a, . The reason is that, in the shell model, it is
assumed that all particles in the same orbit always
have the same energy whereas, actually, when a
nucleon separates from the rest of the system beyond
the point where it has no polarizing interaction, it has
a special energy of its own depending on the energy of
the residual configuration. It is the fact that states of
the residual nucleus are split up in energy that gives
rise to this situation. If there were no splitting, the
energy of a nucleon outside u, would always be the
same so the shell-model wave function would be ac-
curate there. Another way of saying the same thing is
that, when a particle is brought into the nucleus from
outside, the interactions with other nucleons cause it
to change its energy from its special energy outside to
the mean orbit energy inside, if however, there were no
interactions, there could be no sharing of energy and
hence the energy of the nucleon is the same wherever
it is. Notice that it is the fact that the shell model (with
energy splittings) car describe the shaping of energy
brought into the nucleus that enables it to be used to
describe compound-nucleus processes in nuclear reac-
tions in the way we are doing.

For simplicity, let us assume that the energy sharing
takes place in an infinitely small region at the inter-
action radius a, assumed the same for all nucleon
processes. This situation is depicted in Fig. 1(b).
Inside a„all nucleons have the same mean energy and
the same wave function. Outside a„a nucleon has
an energy depending on the energy of the residual
nucleus, and its wave function is the solution at
this energy of the Schrodinger equation with the
normal external barrier. Thus, there are discontinuities
in slopes of the radial wave functions at a,. On this
simple picture, since the single-particle wave functions
inside r=a, do not depend on external energy, the
single-particle reduced widths 8„'=—,'e,p'(a, ) are the
same for all processes, i.e., there is no dependence on
the energy of the residual nucleus. When this extreme
picture is relaxed and the region of energy sharing is
considered to be Qnite, the value of 0„' depends on the
state of the residual nucleus. The main change is in
the values of 0„' for those processes in which the nucleon

energy is very negative outside r= a,. If energy sharing
does not take place precisely at r=a„ the negative
energy persists inside this point, and the exponential
increase of the wave function for decreasing r continues.
This means that, for such processes, 8~' may be much
smaller than when the sharing is immediate at r=a, .
However, this seriously sects only the prediction of

reduced widths for negative energy processes such as
those relevant to stripping reactions in which the final
state is bound. For other processes, such as those of
resonance reactions, 0„' should not deviate far from the
value it has when the sharing region is very small.

Finally, we make a few remarks about the evaluation
of the overlap of deuteron processes at the interaction
radius. This evaluation is aGected even more than that
for nucleon overlaps by the unreal attenuation of the
radial wave functions caused by the in6nite sides of the
oscillator well since two nucleons are involved. It is
dificult to see how the overlap is altered on changing
to the finite bell-shaped well of Fig. 1(a) because we can
no longer make the simple transformation (58), which
is only correct for oscillator wave functions. However,
it should be qualitatively correct to retain the integral
o~ over the internal coordinate of the deuteron in
formula (61) and to put the factor sP exp( —2sp') which
contains the spurious attenuation equal to unity; there-
fore& 8' 2 (oq)'

E'hotoe Channels

Equations (42) to (44) give expressions for matrix
elements to be inserted in (38) and (39) to obtain total
matrix elements for Ej and Mi radiation between
states in spin-orbit coupling. There exist other equa-
tions, identical in form, for the L—S coupling matrix
elements to be inserted in (40) and (41). When a
nuclear shell model is used, all the expansion coef-
ficients have the form /from Eq. (51) with u2 —=nucleon,
P2 =j nucleon Pl =011

(l,I~a,ng,jJ; r.)
= (~/A)'p'lgM~lmg~ &Mr)(X

~ }p+2)p&(r), (62)

where p~(r) is the single-particle radial wave function
of the j orbit. The essential part of expressions (42) to
(44) are the radial integrals. When we insert the shell-
model expressions above for the expansion coeKcients,
we have for these integrals

)f(&J~nz~Aj&; r)(X'J'~nzn2I&j'J'; r)r dv

= (n/A) (Tg-', Mr, man
~
TMr) (T2 ', Mr~ma,

~
TMr)-

x(~l }pA)0'I }py2')I(~; i,f'), (63)
where

(64)

In these integrals the upper limit should be the inter-
action radius for nucleons r=a„and the radial wave
functions should be normalized inside this point.
However, we take the upper limit at infinity and the
normalization over all space. This should incur no
serious error. With oscillator wave functions, we have
the values of I(Z; l,l') shown in Table III. LThe
relevant integral for M1 transitions is I(0; l,l').)
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TAm, z III. Values of the radial integrals I(Z; l,l') when oscil-
lator wave functions are used. The integral I(0;l,l'), which is
appropriate for Mi transitions, equals 5&& .

l, l'
I(1; l,l')

l, l'
I(2; l,l')

1$) 1p
b(s)'

l, P
I(3 l,l')

2s, ip id, ip 2s, 2p id, 2p id, if
b b(-,')~ b(-', )~ b b(-,')~

2s) 1d 1d) 1d
(10)~V

'
-:b'

ip, ip

1p) 1d
(245/8l &b'

(b) States of Nonnormal Parity

In principle, it is possible to deal with states of non-
normal parity with just the same program that was
suggested for states of normal parity, i.e., 6rst set up
complete sets of states, then evaluate reduced width
amplitudes for these states, and 6nally express the
actual states in terms of the complete set by diagonal-
izing interactions. The practical trouble in applying
this program to nonnormal parity states is the great
amount of computational labor involved in the last step
arising from the largeness of the complete set.

To illustrate this remark, let us consider states of
J=i2, T=~~in C" with negative (normal) and positive
(nonnormal) parity. In the former case, as can be
seen from Table I, there is one configuration that is
uniquely lowest, (1s)'(1p)'. It can be easily checked
from published lists of states that there are only five
states of J=» T= 2 arising from this con6guration.
Consequently, the matrices involved in the last stage
of the program are 6ve-by-five, and these are easily
diagonalized without much labor.

From. Table I it can be seen that states of positive
parity in C"arise from not one, but three con6gurations
that have about the same energy (exactly the same on
an oscillator well with no spin-orbit splitting):

(1s)4(1p)'2s, (is)4(1p)'1d, (is)4(ip)' . (65)

There is no difhculty about setting up a complete set
of states. Given any complete sets of states of (1p)'
and (1p)M, one can construct the complete set we need
by coupling on the odd nucleon (or hole) to these states
and then antisymmetrizing. This is the "genealogical"
method of constructing states. Sy using the published
lists of states, it is quickly found that there are 75 states
of J=~, T= ~ in the complete set, the foregoing three
con6gurations giving 19, 50, and 6 states, respectively.

The great amount of labor involved in dealing with
this complete set tempts one to make simplifying
approximations, even those with no obvious justi6ca-
tion. For instance, one can limit the number of states
in the set one uses. In practice we are interested in the
lowest few states-of spectra, and it seems clear that for
such states, the most important members of the com-
plete set are those whose "parent" states /of (1p) and
(1p)"7are lowest in energy. As yet we have not specified
any particular sets of parent states, but let us now

(A) L(1s)4(ip)~ '7 4+2s~,

(fl) 2(»)'(lp)" '7-i+id;,
(~) 5(»)'(lp)" '7-i+id;,
(D) p(»)'(ip) "+'7-4—»;,

(66)

where nj is taken to label the actual eigenstates of the
bracketed "core" con6gurations.

The simplified model makes immediate predictions
about certain common types of data such as spectra and
nucleon reduced widths. The predicted spectrum of
nonnormal parity states of a 1p-shell nucleus consists
of four families of types (A)(B)(C)(D), the first three
of which reproduce the observed spectrum of (is)4
(1p)" ' and the last reproducing that of (1s)4(1p)"+'.
The four families can be superposed once the relative
energies of the four single-particle states is given.

The only reduced nucleon widths that are important
in practice are those with the ground state of the
nucleus with one less nucleon as the residual nucleus.
The predictions about the values of these reduced
widths are immediate on the present model:

Type (A): single-particle value for s-wave emission
when the core state 0.~ is the ground state; zero other-
wise.

choose these sets to be the actual eigenstates of the
parent nuclei. In our example these are the positive
parity states of C", N". LThese are known to be well
represented by the configurations (1p)', (ip)'4 taken in
intermediate coupling. 7 This choice should enable a
more severe limitation of the complete set than any
other.

What we propose to do, in fact, is to set up a very
simpli6ed model for the nonnormal parity states in
which we carry this latter type of approximation to the
extreme, i.e., we try to identify members of the last
mentioned type of complete set with the actual nuclear
states. LA somewhat generalized version of the same
model has been examined independently by G. C.
Phillips (private communication); see Re56(b).7 This
model implies two strong assumptions.

(i) Each state has a pure configuration (i.e., in our
example one of the three con6gurations listed).

(ii) Each state has a unique "parent" state, which is
a proper state of the parent nucleus (i.e., C" or N" in
our example).

Physically, the model implies that the polarizing
power of an odd nucleon or hole in the presence of a
group (core) of equivalent particles is very limited such
that the interactions do not disturb the core, or, for
that matter, the orbit of the odd nucleon. As a refine-
ment, we regard the odd nucleon as being spin-orbit
coupled having a j value besides an / value. In general,
in the 1p shell, the model implies that states of non-
normal parity are one of four types; for a nucleus of
normal conaguration (1s)'(1p)",
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Types (8), (C):single-particle value for d-wave emis-
sion when the core state 0,1 is the ground state; zero
otherwise.

Type (D): always zero.

It follows that one can very quickly discover, on
examining the experimental data, whether the model
can be taken at all seriously. %e see in Sec. III.2 that
the model works well, in fact almost disconcertingly so.
We will see evidence in the case of N" that the polar-
izing power of the interaction between the odd nucleon
and the C" core is such that it is only when two core
states occur within an Mev or so of each other that
they begin to mix appreciably. However, it should not
be assumed that the model is always successful. For
instance, in the case of N", the model gives a poor
account of the observed states, which involve large
mixing of core states (Ha57b) of N". It is reasonable
that the model should work better in N'3 that N'5 since
the spacing of the core states is larger for N" than for
N15

We do not discuss deuteron and alpha processes from
nonnormal parity states. There is not very much data,
and the labor involved together with inherent uncer™
tainties and the tentativeness of the model do not make
the eGort worth it. However, we do discuss radiation
processes, which are all of the electric-dipole type
leading to states of normal parity. For computing the
matrix elements of such processes, we must express
the structure of states on our model more explicitly.
For a core state of (n—1) nucleons and an odd
nucleon j,
XXTZMpMg= {I~ Q( ) }

XQ(T&-,'Mz&m)j TMr)(I&ji&m; j JMz)

Xf(~iTiIiMr i,) &
—'&f(ljmgm;) &'&, (67)

where {n & P;(—) } is the antisymmetrizing operator
and the superscript (—i) means "does not contain
particle i."

(c) Collected Formulas for Applications
in Sec. III

In Sec. III we compare theoretical and experimental
reduced widths. This is done quantitively only for
certain nucleon and electromagnetic processes, and we
give here shell-model formulas for the reduced widths
of such processes. All these formulas have been given
explicitly or implicitly in the present subsection, but we
collect them here for convenience.

Nucleon Channels

The reduced width of a normal parity compound
state of conlguration (l)" for a channel state (l)" ' and
an l-wave nucleon is given in L—S coupling Drom (25)

and (49)) by

g„ /g ( )s,+s—a—z&e-, (T@Mrgm~l TM&)

X U(LiSis —,',JiS)U(SLqJl sL)(Xl }ni), (68)

where 8, is the single-particle value,

g.= (o./2) *A(o.). (69)

In j—j coupling, for compound state (j)"and residual
state (j)" ' where j=l+-', , we have )from (21) and
(52)j
g)„/g, =el(T&,'Mr&m-pl TMr) U(J&-,'Jl sj)(X j }u&). (70)

The c.f.p. for I.—S and j—j coupling can be found in
the literature (Ja51, Ed52) except for the c.f.p. in the
upper halves of shells io j—j coupling. These are simply
related to the "mirror" c.f.p. in the lower halves of
shells by the formula (Ra43)

(j 4&+' "(ATJ) j }J4'+' "(ngTgJg))

=(—)"" ' '+'+'(j"+'(~~T~J~)j}j"0TJ)&

(m+1) (2Tg+1) (2J,+1)
X (71)

(4j+2 n) (2—T+1)(2J'+1).

For nucleon channels and nonnormul parity states, the
predicted reduces widths on the simplified model have
been discussed below Eq. (66).

We write the quantity g&,/g, as the symbol Ai„and
we use this as the basis of our comparison of experiment
and theory,

x„=g„,/g, = (r,./I', ):. (72)

However, there is ambiguity in the evaluation of the
single-particle value depending on whether the particle
is a proton or neutron and upon the coupling of the
orbital motion to the spin.

%e conventionally adopt the following choices for the
single-particle values.

Electric puli!iPole. Evaluate for a proton with no
orbit-spin coupling:

(single-particle value)

(ljjh'"(space) lll') (2&+1) '
I (—)'(4~)(2l+1)'*

X(l&00ji'0)I(&; l,l')e(1 —Z/A ). (74)

Photon Channels

%e may de6ne a quantity similar to A)„ for electro-
magnetic processes by

Ii', ) & (liJjjH&c'jjX'J')
(single-particle (73)

EI' ) (2J+1)l value).
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Magne/ic dipo/e .Evaluate for a proton with no TAsLEIV. Valuesoitheisotopicspinfactorridefinedin (78},
along with other relevant quantities. g and g„are the gyromag-orbital motion: netic ratios for the neutron and proton.

(single-particle value)

($~)l's'~'&(spin) ~~s) 3 t" ek qg„. (75)

The theoretical formulas for Aq, in L—S coupling are
then, from (42)—(44), and (53),

4 4 —4 1 ~3

0 0 0 $ 0 1
0 1 0 ~x 1

2g„—7.652
4.898

2' = 11.172
-', {2g„+g„)=—1.384

g„+g„= 1.760
g„—g„=—9.412

T T' Mp TZ rg b'rr~ -r1 brr~+ri (brps -rx)gp
+(t}rrs+r1)ga

A)„(EZ)=bss s P&}W,
~
)nt)&X' I )ny) U(Z/'LL, /L')

X U(&L'JS,LJ')

,'(brr. —rg) (—Z/As—)hrr
tx, (76)

1—(Z/As) I

0

1. 4—1—1

1 1 0 1
1 1 0 1
1 1 1 0
1 1 3

1 1 —1 2
1 1

g +g„= 1.760
g„+g„= 1.760

2g = —7.652
y {Bg~+g„}= 6.466

2g„= 11.172
g' {g~+3g„)= —2.946

&} (/;-&/) l)n, (/s.-~))=n-&. (79)

For states of configurations /ss '/ (/W/s) it is of interest
to consider a possible structure in which the core
(/s" ') t is in L Scoupling with —a total spin Jt= Lt+Sq
and where the odd particle is spin-orbit coupled, j=l~2,
before being coupled on to J~ in the total state. For EZ

X„(M1)=b„.(n/VSg„)P. ,&} ~)n, )y, '~ }n,)

X(bss U(1/'LLt, /L') U(1L'JS,LJ')

X (brr —r t) D(/+ 1)7&

+brI. ( )~' s' ~+—sU(1S'JL,SJ')

x U&1-;ss„-;s)YW2)L(b„,—.,)g,

+(brr +ri)g. j}, (77)

where the new quantity ~j is dered by

rg (—)sr&-r——re(1T'OMr
~
TMr)

XU(1-'TTt T'), (78)

and is tabulated in Table IV.
These formulas apply to transitions of the type

X(/s" '/) -+}'(/s" '/') with nt labeling the states of /ss '
and where l and l' may or may not be equal to lo. From
formula (67) it follows that, if / //s, our simple model
for states of the type (/ss '/) gives for the c.f.p. ,

transitions with the Gnal state in pure L—S coupling
and the initial state of this type,

X U(/'Lt I'S',L'f) U(sSifLbS'Jg)

X U(/ ,'JJ~j f)U-(Z/'Jf /I')&X'~ )n~)

X(C:l(b — )—(Z/A')b 3/1 —(Z/A')} (8o)

In j—j coupling the corresponding formulas are-
Drom (38), (39), (42)-(44), and (63)j,
Ag, (EZ) = ts +&X j }nt)(X'

~ }nt)U(Z/' j-,',/j')

XU(Zj 'JJtjI')([', (brr' ri)-—
—(Z/A s)brr. j/1 —(Z/A s)}, (81)

c4.(M1) = (tsbsv/VZg„) p&&~ }ni)&&'~)nt)U(1j'JJ& jJ')

X(U(1/'jk /j') (b» —rt) L/(/+ 1)3'

+(—)'-"U(1sj/, s j')(V3/2)

X$(&rr —ri)g,+ (brr +rt)g.j). (82)

The formula for extracting the experimental value of
A' from an observed width I',b, for electric-multipole
radiation is

t
~E(2~+1) ilj'XO 694X10 s(197.3)se+'

X,,s(EZ) =
I

' 2(2g+1) (g+1)

I'obs
(83)

E 'e+'(1—(Z/A ~)$'$(/ZOO~/'0)I(2 /, /')$'

where I(Z, /, /') is in units of (10 " cm)~, E~ in Mev, mula is
F,b, in ev. The values of the 6rst factor for dipole
(2=1) and quadrupole (2=2) radiation are

h)„s(M1)=15.457,b,/E~s. (85)

3. INTERPRETATION OF THE EXPANSION
COEFFICIENTS WITH THE

ROTATIONAL MODEL
8=1: { ) =3.977

&=2: { ) =3.11X10' (84)
Recently it has been shown that a number of the

For magnetic-dipole radiation, the corresponding for- light nuclei in the mass region A =19 to 3=36 appear
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to have permanent intrinsic quadrupole deformations
(Pa57, Sh56b). It is possible to describe these deforma-
tions in terms of superpositions of shell-model states;
in fact, in the case of many properties of F", the shell
model has been used successfully to predict these
properties (E155a). However, it is much simpler, both
in this particular case (Pa57) and in general, to describe
deformed nuclei with the development by Nilsson
(Ni55) of the "strong-coupling" model of Bohr and
Mottelson (Bo53).In this development, one works with
single-particle wave functions defined for a deformed
(spheroidal) potential well. In general, such a wave
function has the projection or of the angular momentum
on the symmetry axis as a good quantum number, but

j, the total angular momentum, is not a good quantum
number.

To illustrate the construction of total wave functions
with Nilsson s model, we begin by describing the pre-
diction of reduced widths for nucleon channels (Sa58,
Yo54). In doing this, we follow a paper by Yoshida
(Yo54). (Yoshida considered both "strong" and "weak"
coupling. We do not concern ourselves here with the
latter because there is no evidence at present that it is
of any use in applications. ) Afterwards we mention
electromagnetic matrix elements. There is not suflicient
practical application to warrant any discussion of alpha
and deuteron processes, and no discussion of these is
given.

(a) Nucleon Channels

Let us suppose that the nucleus consists of A nucleons
moving in orbits in a deformed spheroidal potential.
Although j caeeot be an exact quantum number for a
particle in a spheroidal potential, for the present we
can regard j as an aPProximate quantum number and
label the particle orbits j1 . jz. (This restriction is
removed below. ) Let us further suppose that the com-
ponents of particle angular momentum along the body
axis of symmetry are good quantum numbers co&

and let us write 0 for P; 1~ co; and (j,+) for the set of
orbits. We may now assert that the sterna/wave function
of the system (i.e., the wave function referred to the
body axes) has the form

X&;,.&or~, =(A )-~(g +)y;...y;... y;„.„, (86)
(T)

where (P&r&&) denotes a summation over the possible
permutations of the particles 1 A amongst the states

p~~~~ such that T is a good quantum number
and the state has a definite symmetry character allowed

by the Pauli principle.
To construct wave functions in a space-Axed coor-

dinate system, it only remains to introduce the quan-
tities D&1I&r~~&(0») which enable one to transform wave

functions from one set of axes to a second set whose

orientation with relation to the erst set is specified by
Euler angles denoted by 0». For instance, the trans-

formation of a particular particle state is

e1-(t)1)=Z- D-")(e»)4»-(t)2).

The normalization of the D~~~ is

(87)

lD&Lrrr' &(8») l'dt)» ——81r'/(2J+1). (ss)

The wave function of a compound state of spin J and
component M along a space-6xed axis is

2J+11 '
Xxzmrcvr

l (2)t(X(~.)or, ~rD~rrt &

I 8~'j
+rX(i—), urer rD—»r &r

'~) },-(89)

where e is the sign e= (—1)~ s, S being the angular
momentum of the intrinsic wave function X:

The presence of the second term and also the rule that
the difference (E'—0) must be even,

E—0=0, ~2, +4
is a consequence of the degeneracy of the system with
respect to rotation by 180' about any axis perpendicular
to the body symmetry axis. In general one may also
include a vibrational wave function in (89), but we do
not concern ourselves with vibrational states.

The wave function of the "channel state"

(D1rx"')'D~'Jr ""Dm.")dt)12

(I1ji1m
l
JM') (I1jE,&o

l
JE) (92)

2J+1
immediately enables one to derive the expansion coef-
ficients in (49) as

1 (2I1+11~

&)1I}~1j)=-l l Z(&ill@1~&(I,jE,~I JE)
2 (2J+1 2

+&—fllfl1~&(I1jE1~IJ—E)
+(—)' ' "&ill —111~&(I1j—E1~IJE)
+(—)' ' "&—ill —fl1~&

X(I&j—E1~lJ—E)}, (93)

&p(nlI1i1T13'-f 1'1)

which has one less nucleon than the compound state,
has a similar form:

f(n, I1i1T1Mr,)

(2I1+1) &

l (l)'H((j, ) fl T tif' )D'.~ '"'
81r1 )

+r11p((j, —~)1—111T1Mr,)Dt, —&r, t"&}. (91)

The use of the formula



%ID YHS OF NUCLEAR ENERGY LEVELS

where the (Ql Qgo& are the coefficients in the fractional
parentage expansion of the internal wave functions

I(;,„)o=g (QIQ,a)&g(y,.),o,y;„. (94)

where it is implied that Qr=E~ for nonzero (Xl }aqj).
Evidently another exceptional case is when the

channel state (91) is not correctly normalized for
similar reasons. In this case, E~=Q~=0 and (95)

XDQIOE&+(—Qlo —E)g

=(2)'(—)" (Ij—EEII~O)From (93)

becomes
For brevity we have dropped the isotopic-spin labels
and writ~ &QIQ&~& for the full fractional parentage

&) l)~,j&=(-',)'I I (I,jOEIIE)
coe%.cient I 2@+1)

((j,~)QTMr I }(j,co)~Q~T~M r~, jo&-,'m&).

&~l)~ij)

1 (2Ii+1) &

I (P(QIQ„E—E,)
2 &u+1)
+ &

—Q
I

—Q„—EyE,&j(I,jE,(E—E,) I m)
+P&-QIQ„-E-E,&+&Ql-Q„E+E,q

X (IijEx(—E—Ei) I
I K)). (95)—

For nonzero (X In, j), it is clear that all orbits of (j,co) r
must be contained in (j,~) or (j, —co) and also that

Q E=+ (Qg—E—g). (96)

There are exceptional cases for which the foregoing
formulas are not quite correct. For instance, the wave
function (89) is not correctly normalized if

This implies that E=Q=O and X(;,„)0=eX(;, „)0. For
each occupied state p;,„in the total state, the state @;
must be occupied also; thus, the total state must consist
of filled two-particle "shells" +co with certain symmetry
and J values. For instance, if all lowest states in an
even-even (X=Z) nucleus are 611ed with neutrons and
protons, then only even J are allowed. If an odd-odd
(Ã=Z) nucleus has all lowest orbits 611ed and one
neutron and one proton in the last orbit, then, for T=O
states (symmetric in space for the last two particles),
only odd J are allowed and for 7=1, only even J are
allowed. If an even-even (X=Z+2) nucleus has all
lowest states 611ed, the last two neutrons (T=1) must
be coupled antisymmetrically in space and only even J
are allowed. When condition (97) holds, the wave
function is

t 2J'+1q &

x.z~=
I I XU, „)OD~O' ',

4 8~')
and (95) becomes

(2Iy+1$ ~

&1 I }~~j&=(k)'I I (I~jEi—Eil~0)
&2I+1)

XDO I Qi —Eg)+(0 I
—QgEg)g

=(-,')*(—)'+ '(JjOEglIgEg)

XDO!Q,-E,&+(OI-Q,E,&j, (98)

XL&QIOE&+(-QIO-E&l, (99)

where it is implied that 0=E for nonzero (XI }n~j).
From (12) and (9), the reduced-width amplitudes

corresponding to the expansion coeKcients (95) are

8&,=p U(I@I/„sj)(T&2Mr m, l TMr)el(XI)~&g&

X (~./2)'0»-(~. ), (100)

and the reduced widths summed over channel spins,

Pe,P=(T,,'M,~, ITM—,)2+m&XI)n, j&2

XL(~./2)4»-(o. )7, (1o1)

4-=Z(~l j&&- (102)

the expansion coeKcients &col j) being identical with
Nilsson's c; (Ni55). Thus the right-hand sides of (89)
and (91) should be preceded by

~~~- ~.(-~lj~&

but the only effect on formulas (93), (95), (98), and

(99) is that each term on the right-hand side is multi-

plied by &co I j& with co talren appropriately for each term
separately. Formulas (94) and (100) are unaifected.

The results of this section may be illustrated by the
following simple example which accounts for many
cases of practical interest.

(i) Channel state consists of closed shells of neutrons
and protons (so x=1, Q~=O) in the lowest rotational

where e is the number of particles that are taken into
account in the parentage expansion (94) for the internal
wave functions, As pointed out before, there is no need
to include in the antisymmetrization those particles in
close "shells" common to both compound and channel
states.

At this stage we may point out the efkcts of dropping
the assumption that j is a good quantum number. The
actual orbit p„may be expanded. as



state (so E~=I&,=o). This situation is one of the ex-
ceptional cases mentioned previously and is covered by
(99) from which 1t follows that

of the operators Band H are

(XJMjHmr (e) jX'J'M')

&&j} j)=l l &Eji)&
(.2J+1)

(103)

1 tr2J+1 2J'+1) &

j p{(njBm,(»jo')2(8s 8~& i ~,

Thus, from (101), the reduced widths for entrance
channels of rotational bands of levels found in nucleon
resonance reactions or ((E,p) or (d,e) stripping reactions
on an even-even nucleus by nucleons are proportional
to (2J+1) ' in the approximation in which j is a
reasonably good quantum number. If there is con-
siderable jmixing, the same result holds if (2J+1) ' is
replaced by {2J+1) '&Ejj)'.

(ii) Compound state consists of closed shells of
neutrons and protons (so 0=2, Q=o) in the lowest state
(so E=J=o). Th'is situation is covered by (98) from

which it follows that

&& j} j)=2~(-) ""«jj)~'. (104)

Thus, in the approximation in which j is a good quan-

tum number, the reduced widths of states of a rotational
band found in (P,d) or (e,or) pickup reactions on even-

even closed-shell targets should be all the same.

Hmr, (»((&,)=P Dmr, mr, (»(t&„)IImr, (»(e,), (105)
5K2

where Hmr(~)(0~) has the same functional form as
Hmr(~) ((&r). Unlike the corresponding evaluation of
matrix elements with the usual shell model based on a
spherically symmetric potential, all particles contribute
in general. Let us break the operators B into two parts;
Z=H+8; the part H corresponding to particles in
closed shells that are undisturbed in the transition
(each shell contaming two neutrons and two protons and
having T=o), and the part 8 corresponding to the
"loose" particles, The internal wave functions X~;, ~g

may also be broken into two parts. X=X~&;,„~~00,„)0X
provided that we ignore antisymmetrization between
the particles in the two parts. Typical matrix elements

(b) Photon Channels

From the strong-coupling wave functions of (89) and
the electromagnetic operators (31)—(33), it is possible

to compute electromagnetic matrix elements. The erst.

step is to express the operators in terms of the same

coordinates as those in the wave functions, viz. , the
Euler angles 8~2 of the symmetry axis relative to a
space-6xed set of axes, and the internal coordinates.
From the tensor nature of the electromagnetic operators,
this may be done by transforming thus:

X(MEj~.~.jM'E')+ (-~jH "jO')

X (M—E
j 5K)F2 j

M'E')+ c'(0 jHmr, (e&
l
—0')

X(ME

ling,

gZ, jM' —E')+ „'(—njHm(, «)
l
—g')

x(M—E jm,on, j
M' —E')},

(2J'+1q &

/
(J'ZM'Onrj JM){(njII&r &r

«) ja')
&2J+1 )

(J'ZE'(E E')
l
JE—)

+e(—QjH &r x (e)jQ')

x(J'zE'( E E')
l
J—E'—)}, (lo—6)

(XJMjIIm4(~) jVJ'M')

(2J'+1q &

j
(I'zM'm,

l
JM)(J'zEoj JE)

&2J+1 )
X (0 jHO(e)

j 0)&xr( &xx, (107)

where we have made the abbreviations

(D~x( & jDmr, m(, (e) jD)rr x.(s &) = (MICjOK)RZ2j M'E'),

(X(;)oj IIs, r((e)
jX'(g, ) o ) = (Q j

Hmr( ~)
j Q'),

and where 8~x ——j. if X(;„&g and X~;„)o areidentical
wave functions and zero otherwise.

01,CO

Mr1+m] =Mr
XX(), ),o,p;, (109)

and similarly for X{;„)g . It follows that

(QjHmr2«) j
0') =e P &Qj Qrro)&Q'j Qr(o')

QccMp

x(y;„jcr&y~,«) jy;;)
xL!(~-—.)-(~/&')~-3, (»0)

where we have used the electric multipole operator of
(31) and the deinition {78)of ~~. On using the formula
of subsections 1 and 2 for the single-particle matrix
elements ((r; jt Fm(2(e) jp; „) and formula (106), the
matrix elements of H are obtained. As in the problem
of predicting nucleon widths, generalization to the case

E/ccirica/ Meltipolc Trmsitioes

The evaluation of the matrix elements of H proceeds
as follows. Let us assume fractional parentage expan-
sions of states 8'(; „)o of n particles in terms of parent
state X(p,„),o, of (e—1) particles:

&QjQ(o)(T-', Mr, m jTMr)



when j is not a good quantum number is attained by
inserting the expansion coefficients (tsl j) of (102) at
appropriate places. The single-particle matrix elements
may be evaluated with formula and numerical tables
given by ¹Isson (Ni55).

The evaluation of the matrix elements of H, the
closed-shell operator, is straightforward:

(OIHs&~&IO)=c "p(r)Fs&»dr,

body-ftxed system; it is important to note that I is still
de6ned as angular momentum relative to a space-6xed
system. Now the internal wave functions X~;, ~g are
products of single-particle wave functions @;„in which

j is the angular momentum relative to the body ftzcd-
system. Thus one cannot directly evaluate the matrix
elements (P; lhm&~t&lp;„). The usual way of pro-
ceeding is to introduce a "collective angular momentum"
R defined by the equation

J= P (1+a)b,gy+ R.
where ip(r) is the density distribution of protons

lp(r)dr=Z,

Evidently,
all particles

all particles
(1)space (1)body

and where the term Z/Az has been dmpped. If we now
assume that the density is uniform f =Zl (4r/3)a'j ')
inside the surface given by

r=al 1+pro&'&(Os) j, (113)

Thus the closed shells contribute only to quadrupole
transitions; the reduced matrix element for the dosed-
shell E2 transition is, fmm (106) and (114),

0 ~ll&"'lll '~') = (»'+1)'(~'2«l~&) sQo (115)

where Qo is the intrinsic quadrupole moment of Bohr
and Mottelson (Bo53) de6ned as

Qs 3Za'p——e/(Sm. ) & (116)

For the frequently encountered case of an E2 transition
between the first excited state (J=2) and the ground
state (J'=0) of an even-even nucleus,

(»II&"'lll '~') =3Za'Pc/2{5~)'=s'Qo («&)

In terms of the quantity B,(2) of Bohr and Motteison,
as defined following (37),

B,(2) = (1/1&n.)Qa2.

Magytciic DiPole Traytsitiows

The magnetic dipole operator is, from (32) and (33),

(ck )
PBK&~'& = p I I

(vr r'BR&'&)

all particles (2yitC)

{4—~s) (1+g.s)+(s+~s)g.s), (119)

where 1 is the particle angular momentum relative to a
space-6xed coordinate system. When the transformation
(105) is made, the components of 1 are referred to the

and zero outside, it follows that, to first order in p

c(3Za'P/4rr) if Z =2.
(Ol~oiellO) = . (114)

0 otherwise.

Now one assumes that the magnetic-moment operator
corresponding to (120) is equal to (119) with (l)bsay
replacing (1),p, and with a term gitR added inside
the curly brackets, where gz is the gyromagnetic ratio
associated with R. Usually git is assigned the value
Z/A. By using (120), the effective M1 operator is

(ch yBsx&~"= Q I I

(vrI'sinai'&

aH particles E2~&)

((l—~s)L(1—gs) 1+(g.—g~) sj

+(a+is)l: gsl+(g—- g~jsj&—, (122)

where 1 is taken in the body system. It is clear that the
part of (122) from particles in closed shells not disturbed
in a transition has zero matrix elements. It follows that
the summation may be restricted to the loose particles.
To evaluate the matrix elements (QI8sit2&~t&IQ') of

{106), one proceeds just as in the electric-multipole
case by introducing the fractional parentage expansion

(109) leading to (110). The evaluation of the single-

particle matrix elements (p; I
hmr, "~'& Ip; „) is the only

remaining problem, This may be done by using the
formulas and numerical tables of Nilsson (Ni55).

As an example, let us consider the common case
where there is only one loose particle and the transition
is between two state J~ J'=J—i of a rotational band
E=E' Q=Q'=co.')

(3q&~ cii q9'.Ibo'"ler-)=I —
I I l(g- —gs)~, {»3)

(2yitc &

g-= (1/~)({2 &s)(i.+g.~.)+—(a+»)g-y*»-(124).
Equation (106) then gives

(»II&'""ll~'J') =
I

—
I
(»'+1)'(I'1«l~&)

&4 )
(ck )X

I I (g.—gs)~. (125)
&2inc
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In terms of B„(1)of Bohr and Mottelson as defined
following (37),

3 (eP, p
B„(1)=—(ZIZ'0

i
S'Z)

i i(g„—ga)~
i

.
4n. 2tÃc

III. Experimental Values of Reduced
Widths of Resonance Levels

in Light Nuclei

In Sec. II, formulas have been derived for the various
reduced widths of individual energy levels. In the
present section, the data on individual resonance levels
in nuclei with A ~&40 is presented and some comparison
with the predictions of models is made. Recently the
shell model has had striking successes in predicting the
level schemes of the lighter nuclei, especially those
with A &~16 (In53, E155a, Ku56). Before anticipating
similar success in predicting the reduced widths of
resonance levels, it must be recalled that this latter
data usually concerns levels at considerably higher
excitations than those levels previously discussed. Con-
sequently there is no basis for expecting the shell model
to give more than qualitative agreement with the
observed reduced widths of resonance levels. As
stressed in the 1ast section, there are practical reasons
for using rather different shell-model approaches to
states of normal and nonnormal parity. Consequently
all discussion in terms of the shell model is divided into
normal and nonnormal parity states.

Although the shell model has been applied with
success to nuclei in the range 16&A &~40 Lespecially
to F" (E155a)], the limelight in this region has been
taken recently by the strong-coupling version of the
Bohr-Mottelson model (Bo53) Las supplemented by
Nilsson (Ni55)j. This latter model has been applied
with striking success to F" (Pa57), Mg'4, AP' (Li56),
AP' (Sh56b) and several other nuclei (Ra57) in this
region. In certain cases such as F", this model and the
shell model give very similar predictions. This raises
interesting problems (which do not concern us here)
about the relation between the two models. III actual
fact, just as the shell model has applications in the
range N&A &~40, so the strong-coupling model may
be applied successfully in the range A &16 (Ku59).
However, we con6ne discussion of nuclei of A &~16 to
the shell model and discussion of nuclei of 16&A &~40

to the strong-coupling model. This rather arbitrary
limitation may be justi6ed by the fact that neither
model can be expected to give a very good account of
many of the excited levels that concern us here.

1. NORMAL PARITY STATES OF THE
MASS RANGE 4&A&~16

Configurations of the type (1s)'(1p)"may be assigned
to most known normal parity states in nuclei of the
1p shell. Exceptions arise for the more highly excited
states of nuclei of masses 14, 15, and 16 where the

above type of configuration contains only limited
number of states. For instance, in the case of mass 16,
the configuration is (1s)'(1p)", which is a closed-shell
system and has only one state; hence, all excited states
of positive parity must arise from other configurations.

The following discussion of the nuclear reaction data
on the normal parity states is in four parts correspond-
ing to nucleon, deuteron, alpha, and radiation processes.
Where theoretical predictions about the data are made
using the shell model, this is usually done only for
those modes of coupling for which the necessary frac-
tional parentage coefBcients have been tabulated. There
are two such modes as follows.

(i) Russel-Saunders (I.—S) coupling with no spin-
exchange forces and no spin-orbit forces (Ja51): In
this situation spatial symmetry is a good quantum
number and therefore can be used to classify states. It
so happens that, in the 1p shell, the set of numbers T,
S, 1., and symmetry is sufBcient to classify all states
with two exceptions, viz. , the "D and "D states of
maximum symmetry f427 in (1p)'; each of these is
doubly degenerate. The condition of no spin-exchange
forces means that only force mixtures containing ordi-
nary and Majorana (space exchange) forces are catered
for. The Serber force (Se47) is such a mixture:

Unfortunately, it seems that those mixtures containing
some spin-exchange forces are more satisfactory in
shell-model calculations of nuclear spectra. In particular,
there is the Rosenfeld (Ro48) mixture,

—0.13+0.93P~j0.46Pg —0.26P~
= —(~g ~2)L0.10+0.23(eg e2)J,

and its "caricatured form" (In53),

0.80Pjr+0.20P~= —(2/15)(2+vi ~2)(1+ei e2),

which are often used in this connection. Both of these
contain appreciable spin-exchange components. How-
ever, in general, it turns out that the nondiagonal
elements of these components are considerably less than
the diagonal separations of states. Thus, the approxi-
mation of assuming good symmetry quantum numbers
is justi6ed for most suggested central force mixtures.

(ii) Spin orbit (j—j) coupling with (small) central
forces of the ordinary and Heisenberg (charge exchange)
types (Ed52): In the absence of central forces, states
of a number of spin-orbit coupled nucleons are highly
degenerate. Such states can be classihed in many ways
in principle. An especially convenient one which has
been the basis of fractional parentage tables is that in
which there are two quantum numbers (in addition to
the usual J, T) called s and t, the seniority and reduced
isotopic spin. It so happens that any mixture of ordinary
and Heisenberg forces is diagonal in this representation.
However, as in the previous case of I.—S coupling, the
"natural" types of force for the representation do not
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correspond to those which succeed best in nuclear-
structure calculations. In the present case, we notice
that the Rosenfeld mixture and its caricature contain
large Majorana components which are nondiagonal, in
general, in the (s,t) representation. Nevertheless, again
as in the previous case, the suggested representation can
provide a good approximation to the wave functions.
This is because any type of zero-range force always can
be written as a combination of ordinary and Heisenberg
forces (because zero-range Majorana and Bartlett
forces are equivalent to ordinary and Heisenberg forces,
respectively). Since the actual range of nuclear forces
(compared with nuclear dimensions) is fairly small, the
quantum numbers s and t should be preserved even in
the presence of strong Majorana and Bartlett forces.

Neither of the foregoing two extreme types of coupling
seems to be a good description of the actual mode of
coupling in the 1p shell, which is believed to be inter-
mediate between the two (E157a, Im53, Ku56).
Although in general we compare only the observed
values with the pairs of predicted values from the
extreme modes, in certain special cases we actually
examine data in the intermediate region between the
two extremes. The mode of coupling in this intermediate
region can be speci6ed by a ratio $/E, the so-ca'lled
"intermediate coupling parameter" (In53). In this
ratio, $ is a measure of the strength of the spin-orbit
forces tending to produce a state of spin-orbit coupling,
and E is a measure of the strength of the central forces
that tend to produce Russell-Saunders coupling.

In the following discussions, experimental references
are only given if they are not to be found in the com-
pilations of data by Ajzenberg and Lauritsen (Aj52,
Aj55, Aj59).

(a) Nucleon Channels

At present there are some 30 or so experimental values
of reduced widths for compound states of normal parity
in the 1p shell and channel states consisting of a nucleon
and a residual nucleus. With few exceptions the residual
nucleus is in its ground state in these processes. A few of
the values are for compound states that do not belong
to the ground-state configurations (is)'(1p)"; these
cases occur in N", N", and 0".All values are listed in
Table V along with the theoretical predictions, where
possible, of the two extreme coupling modes of the
shell model. The observed relative orbital angular
momentum of separation is almost always p wave. We
now discuss the entries in the table and other nucleon
data on normal parity states according to the mass
numbers of the compound nuclei.

Mass 5

The mirror nuclei He~ and Lis are very similar. In
both nuclei the ground state is unbound against nucleon
emission and possesses a large natural width. Further-
more, each nucleus is known to have a very broad state

a few Mev above the ground. state making, with the
ground state, the 1p~-1pi inverted doublet expected
from the shell model. In view of the large widths, it is
somewhat unnatural to use the one-level resonance
reaction theory for relating experimental phase shifts
to the shell model, especially for the upper state. Rather
it seems more appropriate to compare the observed
phase shifts directly to those expected in nucleon scat-
tering from a potential well with a spin-orbit force
included. Both programs have been carried through.
The former approach (Ad52, Do52, Mi 58c) leads to
fits of the data in terms of the reduced widths of the two
states. That of the lower state is determined to be
approximately the single-particle value, but the reduced
width of the upper state is undetermined except insofar
that it be large. The second approach (Sa54) is more
precise. Adequate fits of the observed phase shifts have
been obtained with the square, Gaussian, and exponen-
tial well shapes V and a spin-orbit force of the Thomas
type: const (1/r) (dV/dr) (1 s). Given some well shape,
the various parameters seem to be fairly we11 deter-
mined in the Gtting. For the three wells mentioned, the
6tting gives

Square well: L1+0.1031(1 s)rob(r —ro)](19.65 Mev)

(ro ——3.21X10-"cm),

Gaussian well: [1+0.2468(1 s)](47.32 Mev)

Xexpg —(r/a) ] (a=2.30X10 "cm),

Exponential well: $1+0.4765 (1 s) (r/b)](155.5 Mev)

exp( —2r/b) (b=1.924X10 "crn)

It is rather unfortunate that no analysis has been
reported for a cutoG oscillator well because this has the
unique characteristic of having a Thomas-type spin-
orbit term that does not depend on radial distance.
Most shell-model structure calculations assume this
latter type of spin-orbit term for convenience. Thus, at
present, no immediate comparison is possible of the
strength of spin-orbit force needed in structure calcu-
lations with that needed to explain the alpha-nucleon
scattering. However, we can make a rough comparison
by taking the expectation value of the spin-orbit force
in the radial wave function for each of the above three
cases. The value obtained in units of (1 s) is, in each
case, about 3 or 4 Mev. This is to be compared with
the strength of approximately 2 Mev needed in structure
calculations on the mass 6 nuclei (In53, Ga55).

Mass 7

A normal parity state of spin ~ has been found in Be~
in Li'+p bombardment and a similar state has been
found in Li' in Li'+n bombardment. There is little
doubt that these two states are mirror states. Not only
do they have the same spin and almost the same exci-
tation energy, but their reduced widths for nucleon
emission are roughly the same, namely 0' 0.35, when
an interaction radius of 1.45(6~+1)X10 "=4.09X10 "
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TABLE V. Nucleon widths of normal parity states of nuclei in the mass range 4& A ~& 16.'

Com-
pound

nucleus

EXCl-
tation

in Mev

Spin and
isotopic

spin

Channel:
residual
nucleus

+nucleon
+ic o

Obs
channel
width

(kev, in
center of

mass) Obs 82d

Compound
nucleus
in L-S
coupling

Residual
nucleus'
in L —S
coupling

A3 in
L —S
coup-

linge

Com-
pound
nucleus
in j—j
coupling

Residual
nucleus
in j—j
coupling

A2 in
J —j

coup-
llnge

He'
Lis
Liv
Be'
Li'
Be'

BeIO

0
0
7.46
7.16
2.28

17.63
19.18
7.37
7.54

3 1
2 7 2
3 1
2 1

7 2
5 1'J
3+ 1
1+', 1
3+', 1
3+, 1
(2+},1

He4+n+1
He4+ p+1
Li'+n+1
Li'+p+1
Li'+n+1
Li'+p+1
Li'+p+1
Be'+n+1
Be'+n+1

~700
1500

61
670

28
10

~180
23
7

0.39
0.36
0.11
0.13
0.06
0.021
0.0051

22P
22P
24pt 3g
24PL3j
»PI-31j
"P$31j
"P$31j
3IFL42j

("DL427
or

2j
2j
3j
3j
3j
41/

22pt

APL
"PL
22PL
22PL
22PI-

22PL 4

Pl(1st)'
Pt(»k)'

(Pl}'(Pk)
(P~)'(P~)
(p«)4
(p))4
(P~)4
(p~)'p~
(p&)'ps

(«,.)'
(1S&)4
(p&}' o
(»)
V»)3 5/»
(pg) 3 2/15
(p~)' 2/15
(p&}
(p&)'

B10 7.46 2+, (o)
7.56 0+

8.89 2+, 1

CII

8.89

9.70

3+ 1

NI3 3.51
NI4 8.62

8.98
9.72

12.79

1
7 2

0+, (1)
1+
1+
4+

NI5 11.29

11.96

12.09

1
2 7 2

5
2 7 2

5
2 7 2

O15 7.61
9.03

13.65

(' )
3 1
27
1+

B" 3.76 2+, 1
16.10 2+, 1

(17.80)b (0+)

Be'+p+1
Bee+p+1

Be'+p+1
B2+n+1

Be2+p+ 1.

B9+n+1
B'0+n+1

B"+n+1
Bll+P+ 1
B"+p+1

C12+p+ 1
+13+p+ 1
CI3+p+
'C13+p+ 1
C13+p+3
C 13+p+4
C213+p+3
C,13+p+2

C14+p+ 1
N'4+n+1
C14+p+3
NI4+n+1
C'4+ p+1
N'4+n+1
C14+p+ 1
N'4+n+1
N"+p+1
N"+p+1
N15+p+ 1

80
3

225
or
75
37
0.006

&140

67
6
7

15
0.18
0.085
0.44
9.6
0.59
9.7
1.5
0.03

22.0
0.3

20.0
0.8

16.0
Q2

10

0.15
0.006

0.0048

0.039

0.12
ol

0.04
0.054
0.08

&0.05

0.06
0.02
0.007
0.007
0.00018
0.04
0.045
0.07
0.0024
0.03
0.002
0.002
0.01
0.0003
0.009
0.03
0.007

&10
0.0045
0.012

l"PP3)
I3D$42j

ol
"PL321]
3IDL42)

or
"PL33j
3IJ

{ 42j

"PI 431j
"PL431
"P[431

or
'U'$431]
"PL441j
"PL422j"P$4337

22P[41j
22PL41j

22PI 41j

0
?
0

(»)'p~ (»)'
(p~)'p& (p~)'

(p~)'ps (p0'

22PL43 j
22P$43)
22PL43 j

5/18 (P~}'p& (P~)'
(pl)'(Pk)' (Ps)'

"8$44]
22Pj'441j
np$441j

0
0

(p&)'(p&)2 (p~)'
(Pg)'(Pk)' (Pf)'Pk
(pg)'(p))' (p~)'p~

PL41j t) (Pt)'Pl (Pt)'

a Refelences to the data used in the table are given in the discussions in the text except where the data is cited in the published compi»tio» (Aj». Aj»
Aj59).

b Uncertain entries are bracketed ( ).
The residual nucleus in the fourth column is always in the ground state except where a subscript n denotes that it is in the nth excited state.

d The observed values of 82 are corrected for variation of the partial level shift. The interaction radius is always assumed to be 1.45 (Al&+1) &(10 3 cm.
e The ninth and 12th columns list theoretical values of her=83/8p'. For comparison with the experimental values of 83in thesixth column, we try 8&3 ——0.6

)see the discussion in Sec. Ii.2(a) j.

cm is assumed (Ba51, Jo54b, Wi56a, Ma56e). ' The
state was originally identified in a shell-model scheme
as a "Ft'3j state of I—S coupling and a (PI)s state of

j—j coupling (LaSSa). Lately, however, these assign-
ments have been revised in the light of new experi-
mental evidence (Ma57b) and further theoretical con-
siderations (So57, Ma57a, Me56); the new assignments
are '4Pt 21] and (pI)spi. The residual nucleus Li' is
tsSL2j in J Scoupling and arises from—(pI) in j—j

s gn unusually small interaction radius is used in (lo34b).

coupling. The reduced width for p-wave emission in
I—S coupling is —, of the single-particle value; in j—j
coupling it is zero. By taking the valve 0.60 for 8„~,
agreement between experiment and theory is achieved

(So57) at a mode of coupling characterized by $ 2E.
The ratio of the yields to the ground (ss —) and first

excited (s —) states of Lir in the Lis(d, p)Li' stripping
reaction indicates that the ratio of the two reduced
widths is roughly 0.7 (Ho53, Le55). In I. Scoupling, —
the states arise from the "P(3] doublet and the pre-
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dieted ratio of the two reduced widths is unity. In j—j
coupling, both states arise from (py)' and the ground
state is predicted to have a smaller reduced width than
the excited one by a factor —,'0. The observed ratio lies
in between the two predictions, and intermediate-
coupling calculations (Au55, Fr57) give agreement
centered at the mode characterized by $ 3E. It 'is

also possible to analyze the relative yield to the ground
(1+) and first excited (3+) states of Li in the
Li'(p, d)Li' reaction (Re56a) and find a reduced width
ratio of 1.4, which agrees with an intermediate-
coupling mode of $ 1.8E' (Au55). (The predictions of
L, Sand j——j coupling for the ratio are 25/14 and
3/7, respectively. )

Mass 8

There is good isobaric correspondence between the
observed states of Li and Be if the 16.72-Mev level in
Be is paired oG with the ground state of Li'. The 17.63-
and 19.2-Mev states in Be' then pair oG in energy with
the 0.93- and 2.28-Mev states in Li'. The spins of these
various states, as far as they are known, support this
pairing. The nucleon reduced width of any pair of
isobaric states should be the same. Since any nucleon
width of a Be' state is shared equally between neutrons
and protons, the neutron (or proton) reduced width of
a state in Be' should be one-half of the neutron
reduced width of the isobaric state in Li, i.e., the total
nucleon widths of corresponding states should be the
same.

The observed proton reduced width of the 17.63
state in Be' is 0'= 0.13.This state, which is the first T= 1
state of spin 7=1, is identified as coming from "Pt 31]
in L—S coupling and from (Pg)' in j—j coupling. The
L—S state predicts 8'= ~8~' and the j—j state predicts
8'= (2/15)8~'. On taking 8„'~0.60, the observed value
lies between the predicted values. An additional item
of experimental information on this state is the channel
spin ratio, which is known to be 1:5 for s=1:s=2
(De49). Theoretically, the predictions of such quan-
tities do not contain the uncertain single-particle width
8„' which drops out in the ratio. Both L—S and j—j
coupling predict precisely the observed value of 1:5
(Ch53).

There is a state of 18.14 Mev in Be' which has been
suggested to be 1+. It is presumably T=O since no
isobar is found in Li'. If the main decay of this state is
supposed to be to the ground state of Li', its reduced
width for this process is 8' 0.3. In L—S coupling the
state is most likely iaP$31], which has a reduced width
8'=-', 8~' and a channel spin ratio of 1:5. In j—j
coupling, the state would be (pa)'pi„but there are two
states of 1=1+, 2'=0 in this configuration, and finding
the relative amplitude of each in the actual state
involves diagonalizing the central interaction.

The observed widths of the state at 19.18 Mev in Be
and the isobaric 3+ state at 2.28 Mev in Li' can be
fitted with roughly the same value of the total nuclear

reduced width as expected for isobaric states (Ad54)
C
see, however, (Ne57)]. The total nucleon reduced width

for either level is 8'=0.12 (Th54, Th56, Wi56a). In
L Sc—oupling the state is NP$31] and in j—j coupling
it comes from (p~)'. The predicted values of 8' in the
two extreme modes are 238~' and (4.15)8~', respectively,
This reduced width has also been investigated in inter-
mediate coupling (La55a). However, there is no such
nearly sensitive dependence on the degree of inter-
mediate coupling as was found in a similar instance in
the mass 7 nuclei (So57, La55a). It has been suggested
(Ma56a) that the 19.18 state in Be is not the analog
of the 3+ level at 2.28 in Li'. This suggestion comes
from an analysis of the evidence on Lir+P scattering
in this vicinity, which points to an analog level at
19.0 Mev.

The relative yields to the ground and 0.93 states in
Lis in the Lir(d, p) reaction (Le55, Re56a) indicate a
ratio of 1.83 for the reduced widths for breakup of
these states into Li'+e /see also (Fr57)]. L Sand-
j—j coupling give the ratios 5/3 and 4, respectively
(assuming the two states to be 2+ and 1+ and to arise
from the asPt 31]state in L Scoup—ling).

3fass 0

Very little can be inferred about the spins of the
known states in Be~ at present. There are four de6nite
or suggested low-lying excited states at 1.8-, 2.43-, 3.1-,
and 4.8-Mev excitation. The 2.43 state is very sharp
[I'&1 kev, (Go55b)], the 4.8 state is broad (I'=0.5 —1
Mev), and the widths of the other two are uncertain
but probably &100kev. There is qualitative agreement
with expectation. One expects low-lying normal parity
states of spin —',, ~~ arising from "P$41] and 22D$41],
respectively, in L Scoupling and fr—om (P;)' in j—j
coupling. The reduced widths expected are ~8~' and
zero, respectively, in L—S coupling and both are zero
in j—j coupling. Thus the 2.43 state (which would
have an observed 8' &0.001 for p-wave neutron emission)
might be identi6ed as the —,'state. This can decay only
by f-wave emission. The observed state at 3.1 could
be the predicted ~~state. Because of its possibly large
width, the 1.8 state may be an s-wave state since it is
unbound only by 0.14 Mev or so, and a state formed by
other waves would be sharpened by the penetrability.
Since C" is a (4m+1)-type nucleus like Be', we might
expect certain similarities in their structures. In partic-
ular, the single-particle s- and d-wave states of the type
found in C" may occur in Be'. The 1.8 and 4.8 states of
Be' would be the most likely candidates. It is interesting
that an analysis of the Be (y,n)Be and Be (y,e)Be *
reactions (Gu49, Ma56b) has been made with an s-wave
state near 1.7 Mev and a broad d-wave state at 4.8 Mev.
The ratio between the two cross sections is sensitive to
the value of the intermediate-coupling parameter $/E.
The observed ratio corresponds to )=1.4X.

The B"(e,d)Be' and B"(p,d)B' reactions (Ri54,
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Re56a) yielding the ground and 2.4 states of the mass 9
nuclei have been analyzed to give the ratio of reduced

idths of the 3'o ground state for break up into these
states. The ratio is 1.40 from the first reaction, 0.93
from the second. The prediction of j—j coupling is 8;
that of I.—5 coupling depends on the exchange nature
of the central forces.

The Grst unbound state in the mass 10 isobars that is
believed to have normal parity is the 7.46 level in 3'o,
whose spin is inferred to be 2+ (Mo56). The second
stR'te ls flic 0+ stRtc at 7.56 wllosc IsotopIC sp111 Is
undertermined. If T=1 for this state, then it must
appear in the spectrum of Be".From the parity assign-
ments of the Bee(d,p)Be" stripping reaction (Gr56a),
the only eligible state at about the analogous energy in
Be" is the state that at 6.18 Mev whose parity is
undetermined because of the weakness of the group
leading to it. The 7.56 Mev state has a small reduced
width against proton emission, namely, 8' 0.008. In
I. Scoupling —the state wouM be ISEf337 if X=1 and
"Ef321jif T=O. Both assignments give 8'=0. In j—j
coupling, for either isotopic spin, the state would be
(PI)'Pi with the (PI)~ group in the spin —,'state. Since
Be', the residual nucleus, has spin —„again 8' is predicted
to be zero. The smallness of the observed 0' is thus not
surprlslng.

There is a state in 3" at 8.89 Mev whose spin is
believed to be 2+, T=1 (Ma54, Ma56c). There is a
known le~el at about the analogous energy in Be'o
which is also believed to have spin 2, although the
parity is unknown; this is the 7.54-Mev level. According
to an analysis of the Be'(p,a)Li'* reaction, the observed
reduced width of the 3" level for nucleon emission is
8'=0.016 or 0.0048 (Ma54). (This is the sum of the
neutron and proton reduced widths assuming them to
be equal. ) If the 7.54 level in Be"is assumed to be 2+,
its reduced width is 8'=0.0051 in nice agreement with
the second of the two possibilities for the 3" level. In
fact, a recent analysis of the data on the 3'o level has
con6rmed that the second value should be taken
(Ma56c). In I. Scoupling the level —would be "Df42j
or 33Ef33j. The former can give a large reduced width,
and the latter gives zero. (N.B. The SIDf42$ level
contains two components that are split by diagonalizing
the central intel'action. Since its structure ls ln this %'ay

ambiguous, we do not quote a precise prediction for the
reduced width. ) In j—j coupling the state arises from
(py)'p~, and it could have a large range of reduced
widths values from zero upwards depending on the
relative amounts of (PI)'J, I and (P;)'q, =l in its
parentage. Finally we discuss the 7.37 state in Be'
tlla't Is bellcvcd 'to bc 3+. If 'tile spII1 ls indeed 3+ 'tllc

state can be identified as the SIFf42j state in L 5—
coupling and as arising from (PI)'P~ fwith the (Pg)'
group in a spin 2 or 2 state/ in j—j coupling. Both
extreme modes clearly predict 0'=0 which is satis-

factory in view of the small observed value of 8'=0.021
(Wi55R).

For some time there was speculation on the apparent
absence of a level corresponding to this latter one in the
spectrum of Bio From the known width of the Beso

level, one could easily calculate that the isobaric state
in B" should be of reasonable width ( 50 kev or so),
not too sharp and not too broad to escape observation.
Thus the absence of such in a state seemed mysterious.
The mystery has been resolved by a recent analysis of
new data (Ma56c) which finds that the 8.89-Mev level
of 3"actually consists of two levels of widths 40 and

80 kev. The former of these is associated with the
2+ level at 7.54 Mev in Be", as we have already dis-
cussed. The latter width is attributed to the missing
3+ level. The total nucleon reduced widths of the 3+
states in Be'o and 3'o are 82 0.021 and, 0.038, re-
spectively. The diGerence of a factor of almost two is
a little disturbing but not suSciently to throw serious
doubt on the interpretation of the levels as an isobaric
pair.

The only resonance data on these nuclei comes from
the LiI+u and B"+p bombardments. The B"(p,n)LiI
reaction reveals a state of spin -' —in C" at 9.70 Mev
with a proton reduced width of either 0'=0.12 or 0.04
(Cr56a). It does not seem possible to identify this state
unambiguously with the shell model.

There is considerable isobaric correspondence between
the levels of 3" and C". Pairing off the ground state
of 3'2 with the 15.09 state of C'2 enables a number of
other pairs to be associated in energy and spin. The
6rst of these is the 16.10-Mev state in C" which cor-
responds to the 0.95-Mev state of B"and has spin 2+.
In I. Scoupling this sta—te would be ~3Pf431) which
has 8'= (5/ig)8„'. In j—j coupling it would be (P~) IPi
which has 8'= 2'0„'. The observed value is 0' 0.08 which
is less than both of the predicted values when 8„' is
taken as 0.6.

A rather doubtful 0+ state occurs at 17.80 Mev in
C".Its isotopic spin is undetermined. In I.—5 coupling
it would be 18Ef431) or 38Pf4317 and, in j—j coupling

(P,*.)'(P1)'. Both I.—5 states predict 8'= ~g8„' and the

j—j state predicts 0'=0. The observed total width of
150 kev corresponds to 0'=0.05, but this va1ue must be
taken as an upper hmit since no alpha width has been
subtracted.

The 2+ state at 3.76 Mev in B"has a reduced width
of 8'=0.05, and, may have an analog in the 18.86
state in C" or possibly in the 18.39 state which has
been suggested to be 2+. In I.—5 coupling the state
is ~Df431j with a reduced width 8'=0 10 8 ' In j—j
coupling, the state is (Pg)'(PI)' and this has 8'=0.
Taking 8„'=0.60, the observed value again lies between
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Pro. 2. The value of A.'=I'/F~ for the proton emission process
N13(& —) —+ C"(0+). The horizontal line is the experimental
value (assuming 8„'=0.60). Rosenfeld forces were used in the
calculation of the theoretical curve.

the predictions of the extreme coupling modes. An
analysis of neutron scattering on 3" indicates a
channel spin ratio (the ratio of the reduced widths for
the two channel spins 1 and 2) of zero or infinity
(Wi55a). The foregoing L Sassignment —implies a ratio
one and the j—j assignment makes no prediction since
both reduced widths separately are zero. (The most
likely impurity in the j—j case, (P~)~(Pi), predicts a
ratio one. $ Note that the 18.86-Mev state in C" has a
width of about 100 kev. If this is mostly made up of
the width for proton emission to 8" in its ground state,
the reduced width for this latter process is 8' 0.03
which is about a half the value for the 8" state, as
would be expected if these states are isobars.

Mess 13

There is only one well-established normal parity
state in the mass 13 nuclei that is unbound. This is the
3.51 Mev (-,' —) state in N" which has a reduced width
of 8'=0.06 (Se51, Ja53). In L Scoupling this sta—te
forms with the ground state, the 22PL441j doublet and
hase2= 38„'.In j—j coupling, the stateis (P~)i(Pi)' and
this implies 8'=0. Taking 8„'=0.6, the observed value
falls between the two predicted values. This example
has been analyzed in intermediate coupling (La53) and
the result is shown in Fig. 2. Agreement between theory
and experiment is achieved at a mode of coupling
characterized by $=5E. This is a rather higher value
of P than is obtained on fitting a reduced width in
Li' (So57), but such a trend in $ with A often has been
remarked on (In53, Ku56).

Mess 14

The state at 8.62 Mev in N'4 has spin 0+ and is
probably 7= 1 since it is not produced in the N" (n,n')-
N"* reaction (Mi56). If indeed it has T=1, it should
have one of the states at 6.59, 6.72, and 6.89 in C"

as its analog. The C"(d,p)C44 reaction suggests the
6.89 state on grounds of parity .(McG55). By accepting
T=1, it can be assigned to the ~ormal configuration
(1p)io with the structure "P$433j in L—S coupling
and (Pg)

' in j—j coupling. In both cases 8' is predicted
to be zero and it is satisfactory to And that the observed
value is small (0.020). LIf the state is not T= 1, it must
arise from a configuration higher than (1p)io. The most
likely configurations are (1p)'(2s, 1d)' and these imply
tt'=0.)

A second unbound normal parity state is found at
8.98 in N" with spin 1+. If this is assigned to the
normal configuration (1p)", it is "EL433] in L S—
coupling and (P;) ' in j—j coupling. Again, in both
cases, 8' is predicted to be zero and the observed value
is small (0.007). Another 1+ level with the same
reduced width has been reported at 9.72 Mev (Zi57).

At high excitation, there occur two 4+ states (at
12.79 and 12.92). These must be assigned to higher
configurations. The reduced widths of the lower state
for f-wave proton emission to the 2 ground state in C"
and for f-wave neutron emission to the i~ ground state
of N" are 8'=0.00018, and 0.0024, respectively (Sh53,
Sh55a). It is significant that these values differ by more
than a factor of 10 or so. Small diGerences in reduced
widths for mirror processes can arise from the diGerent
boundary conditions for neutrons and protons, but a
factor of five must be ascribed to a breakdown of
neutron-proton symmetry, that is, to the impurity of
isotopic spin as a quantum number. The two observed
4+ states occur only 130 kev apart, which is within the
estimates one can make of Coulomb mixing energy
(Ra53, McD56), so it is not surprising that isotopic
spin is not preserved.

It is also signilcant that the 12.79-Mev state emits
g-wave protons to the 3.09 (-,'+) state of C" with
appreciable probability (e =0.04) signifying that con-
figurations that are four quanta above the normal con-
figuration of N' are already contributing to the
structure of these states.

I"ideally, the absolute cross section of the pickup
reaction N44(p, d)N" has been analyzed to give the
reduced width of the ground state of N'4 for breakup into
N" and a neutron (St56). The value obtained is said to
be qualitatively in agreement with that expected from
the intermediate-coupling shell model. In addition,
some theoretical predictions of a rather general nature
have been made about reduced widths involving the
lowest states of N" and N" (Fr56, Fr57, E156b).

Mess 15

The levels in 0"at 6.14, 7.61, and 9.03 Mev (Ha56,
Fe59b) have tentatively been assigned normal parity
(for example, the 7.61-Mev state is probably 2

—). The
N44(d, p)N'4 stripping reaction indicates that the levels
in N" at 6.33, and 9.06 Mev (Gr56a) correspond to the
erst and last of the three levels in 0".There are several
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TAax.E VI. Alpha-particle widths of levels of the mass range 4&A ~(16.'

Compound
nucleus

Ll

Be7

Be8 b

B10e

Qll e

Cil

C12

N14

016

Excitation
in Mev

4.63
7.46
4.58
6.4

7.16
0
2.90

10.8
16.06

16.72
4.77
5.11
5.16
6.89
7 4ge
8.89
8.92

9.19
9.28
9.70

10.06

15.09
16.10

16.57
17.22

12.69
12.79
9.58
9.835

10.36
11.25
11.51
11.62
12.43
12.51'

12.95
13.09

13.24

13.65

Spin and
isotopic

spin

1
2
1
2
1
2

~ or
1
2
1
2

2 7
5
2 7
7
2 p

2+7
2+/
5
2 7

5 1
2 7 2

1+ 1
2+,'1

2 p1—

3—
4+
1—0
2+, 0
4+, 0
0+, 0
2+, 0
3—,0

(1—,0)
2—

3 1

1+, 0

0+, 0
2+, 0
4+, 0
2+, 0 or
4+
(2+, 1)~
2+, 0
2—,0
2+ 1
1—,0
2 —1
2+,'1

Channel:
residual

nucleus +le h

He'+3
H'+3
He'+3
He'+0 or
He3+2
He3+3
He4+0
He4+2
He4+4
He4+4 or
He4+2
He4+2
Li012
Li0+1
Li'+2
Lie+1
Li'+1
Li2012
Li'+0 or
Ll +1 ol
Li7+2
Ll +2
Ll +1
Li7+0

Ll +3

L11 +3
Be1s+2
Bes+2
Be,s+0
Bei +1
Be'+1
Beis+1
B10+1
B10+2
C12+i
C12+2
C"+4
C"+0
C1'+2
C~+3
C~+1
C112+1

C 12+1
C12+1
CD+1
C12+3
CD+1
CP+2

Observed channel width
(kev in center of

mass)

93
38

102
120 or
60
50

4.5(W3) Xio-3
-2.0Xiog
~6.7X10'

0.47X10'

150
&10, )10-3

1.2~.4
~ ~ ~

28
& 10~

&10 '
6

75 or
225
56 or

100
34 or
60
0.020
0.1
5

140
~35
900

1.7
1.0

645
0.75

27
2400

77
1200
172

0.9 or
0.03

1.0
27

1
12
6

57

Obs P 1

0.32
0.012
0.54
0.02 or
0.04
0.072
0.07

~1.0
0.05 or
0.06
0.016

&10, )10-3
0.036
0.1

~0.15
0.008
0.50

&0.1 or
&0.4 or
&5
&1.2X10 '

0.28
0.012 or
0.037
0.24 or
0.48
0.30 ox
0.63
7X10 '
3X10 '

10 3

0.03
0.008

~02
0.09
0.12
1.3+
0.0022+
0.39+
1.1+
0.05+
1.1+
0.06+
1.2 ol
0.04
0.04
0.008
0.0034
0.006
0.074
0.57

a References to data used in the table are given in the discussions in the text except where the data is cited in the published compilations (Aj52, AjSS,
Aj59).

b The limits on the width of the ground state of Bes are taken from estimates of the lifetime (HeS6, Ru56}.
e The limits in the entries in Bio and B» can be imposed according to whether the states concerned decay preferentially by gamma or alpha emission

PD. H. Wilkinson (private communication); (JoS4a, Me59) j.
d The entry for the 6.89-Mev level in Bio assumes I'p QI'„, I'@.
e The entry for the 7.48-Mev level in Bio is discussed in Sec. III.2(a) under "Mass 10."
f The larger of the two possible values of the partial width in the case of the j,2.51 level in 0« is preferred because the smaller one would imply a very

large proton reduced width (82))1) for the state (see Table I).
I Uncertain entries are bracketed ( ).
h The residual nucleus in the fourth column is in the ground state unless a subscript n denotes that it is in the nth excited state.
f An interaction radius of 1.45(Ai~ll+41~~} X10» cm has been used in extracting values of reduced widths, except in the cases of O«marked + where a

radius constant of 1.40 was assumed in the published analysis of the data (BiS4), and the 0, 2.9, and 10.8 levels in Be where the radii used were 5.7, S.O,
and 4.S X10» cm (Ru56).

levels in ¹'between 9 and 13 Mev to which normal
parity has been definitely or tentatively assigned (Ba54,
Fo55, Ba55b, Sh55a, Gr56a, Fe59a). The normal con-
figuration of these mass 15 nuclei is (ip)" which has
only one excited state, and this is identified at 6.3-Mev
excitation. Thus all the normal parity states above

must come from higher configurations such as
(ip)'(2s, id)' or possibly (ip)"(2p, if). The first pos-
sibility gives zero reduced widths. The observed values
for all the above states are small. Some of the spin
assignments in (Fo55) do not agree with those of
(Ba55b). We quote the latter assignments in Table V.
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TAaLE VII. Deuteron @widths of levels in the
mass range 4&2 &~ 16.'

There is a state at 12.43 Mev in 0"whose spin has
alternately been suggested as being 0+ and 1—(Co53,
Bi54, Ho55). The former possibility implies P-wave
formation and the corresponding value of the reduced
width is very large 8'»1 (Co53). The only possible
theoretical explanation of a large p-wave reduced width
lies in assigning the configuration (1p)"2p. However,
even this gives only 8'~0.30 when the value 0.60 is
assumed for 8~', and so the correct spin is probably i—.

Another unbound state of normal parity exists at
13.65. The spin is 1+ (Ha57a) and this implies p-wave
nucleon emission. However, the partial width of the
state for this emission is unknown.

Com-
pound
nucleus

He'
I i6

Excita-
tion in
Mev

16.69
16.80

Spin
and

isotopic
spin

2+j
2+/

Channel:
residual
nucleus
+le d

Hg+2
He'+2

Obs.
channel
vridth
(kev ln
center

of mass)

2+) 0
1+,0

He'+2 600
He4+0 broad

6.89
7.48'

Bes+1
Se'+1

4 ~ ~

~15

2.189 3+,0 He4+2 20

Assumed
radius 8
(So-»
cm)

(C.o
3.5
3.5

14e

0.75
11.5e
0.3-1.5e

(b) Alpha Particle Channels

In Table VI, we list the observed reduced alpha
widths for both normal and nonnormal parity states
in the ip shell. The most striking feature of the reduced
widths is the grea, t variation. However, this is due in
some measure to the fact that the very small values (for
instance, those in C") correspond to transitions for-
bidden by the isotopic-spin selection rule. In such cases,
the magnitude of the alpha width gives an estimate of
Isotopic-spill llllplll'lty (W153R).

Another feature is the occurrence of some large widths
in Lil (Mi58b) but especially in the 4e nuclei Be' (Tr55,
Ru56) and 0" (Bi54). Theoretically, large widths are
expected on the alpha-particle model. Whether the
shell model can give such magnitudes is more debatable.
There is no basic reason why it should not. It has been
pointed out (PC56) that the totally antisymmetric
shell-model ground states of (is)4(ip)" with m=4, 8, 12
and with oscillatol wave functions can be written in
such a way as to show that the systems are divided

spatially into groups of four nudeons separated by
node planes. Thus, there is less difference between the
two models than might appear at first sight. In par-
ticular, (is)'(1p)', the configuration of Be', has been
examined from this point of view, and it has been shown

that, in I.—8 coupling with oscillator wave functions,
thc "5t 447 ground-stRtc WRvc fllllctloll call bc IcwrlttcII
a,s a product of the two internal wave functions of two

groups of four particles times a wave function of relative
motion. This means that. the shell-model state can have
an appreciable alpha width, the precise value being
controlled by the overlap between the alpha wave
functions and the foregoing internal wave functions.

It would be interesting to predict the 0'6 widths with
the alpha model, especially in view of the success the
model llas 111 prcdlctlllg 'thc 0 spcctru111 (Dc54b).

(c) Deuteron Channels

Table VII lists the observed deuteron widths for
normal and nonnormal parity states in the ip shell.
There are only a few entries because the deuteron

N14 12.41 4—
12.60 3+
12.69 3—
12.79 4+

Cia+3
C12+2
C12+3

19+4

22
30
0.93

2.0

5.15
5.15
5.15
5.15

0.20
0.02
0.0039
0.059

a References to data used in the table are given in the discussions in
the text except where the data is cited in the published compilations (Aj52,
Ajss, Aj59).

b The Lie values have been deduced from the He4+d data (Ga55) with
rather a smaH interaction radius (3.5 &(10» cm). Note that limits on the
ground-state reduced width mere also deduced in this analysis.

c For discussion of the values given for the 7.48-Mev level in Bio, see
"Mass 10" of Sec. III.2(b).

d The residual nucleus in the fourth column is always in the ground
state unless a subscript I indicates that it is the ttth excited state.

e An interaction radius of 1.45 (A.»3+2l~s) is not used in these entries.

thresholds are usually high in excitation in the con-
tinuum where individual levels are not resolved. One
noteworthy point is the size of the widths in Li6 (Ga55);
a,s we have seen in Sec. II, such large widths are quite
consistent with the nuclear shell model and are, in fact,
expected because of the large overlap between the wave
function of two nucleons moving in ip orbits and a
deuteron separating from the well-center with orbital
angular momentum zero or two.

' See (La54) but notice: (i) A. is de6ned diGerently in this
reference; (ii) in Formulas (4) to (7), errors'occur in the relative
phases of the space and spin contributions to A, (Ml). This invali-
dates the last column of Table 2 in this reference.

(d) Photon Channels

Table VIII lists the known Mj. radiation widths
observed between states of normal parity in the ip
shell. It is an extended and corrected version of a
previous taMe. ' Many entries are taken from a. recent
compilation (Wi56b), and. we refer to this paper for the
many experimental references. The initial and 6nal
states in nearly every case can be ascribed to the normal
conaguration (1p)", and so theoretical predictions can
be mad. e about the observed magnitudes. Such pre-
dictions for I—S and j—j coupling are listed. in the
table along with the assignments to the character of the
initial and 6nal states. In every case the radiation is
supposed to come only from the 1p nucleons and the
possible effects of recoil motion of the (is)4 core are
ignored. Such eGects. are presumably more important
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Teal.z VIII. 3II1 transitions of known width in nuclei of the mass range 4&3 & 16.'

Nu-
cleus

Excita»
tlon Of
initial
state

in Mev

Spin and
isotopic
spin of
initial
state

Excita-
tion of
final
state

in Mev

Spin and
isotopic
spin of
final
state

Obs
width
in ev

Experim-

entall
value
of A2

Inltlal
state

in 1.-$
coupling

Final
state

in I.—8
coupling

A.3 in
I.-5

coupling

Initial
state

' ill g —g
coupling

Final
state

ln j—J
coupling

A~ in

coupling

I,i'b
Be7
Be'

0.477
0.430

17.63

18.14o

4.78
5.16

I I
0

1+, (1)d 0

(1+)

(1+,0) 0.72
(2+, 1) 0

0.72
2.15

(0+, 0 0.72
or 1)

3 I
2 7 2
3
2 7 2
0+, 0
2+, 0
0+, 0
2+, 0
1+,0
3+, 0
1+, 0
1+,0
1+,0

B" 4.46
9.19
9.19
9.19

C" 9 70
C» 15 10

15.10
16.10

N'8 3.51
8.62

8.98
N'5 10.70

10.81
11.29

(-' —)
1+, 1
1+,'1
2+, 1

0+, (1)

1+, (0)
2 7 2
3 I
2 7 2I

0
0
4.46
6.81
0
0
4.43
4.43
0
0
3.95
0
0
0
0

3
2 7
3

7

0+, 0
2+, 0
2+, 0

1+,0
1+,0
1+, 0
I I
2 7 2

2
—4

2

2.15 1+, 0

8.89 2+, 1 0.72 1+,0

~0.0057
~0.0024

17
8.3
5.3

0.15
0.03
0.15
0.4
4.8

0.66
0.01
1.3
0.23
2.3

100

152
0.66
0.73
3.1
0.17
0.12
0.010
0.29

0.84
~0 48

0.048
0.040
0.018

0.035
0.0034
0.026
0.23
0.23

0.34

0.115
2X10-4
0.062
0.080
0.040
0.45
0.04
1.4
0.244
0.0176
0.47
0.0036
0.0015
1.2&10 4

0.0031

22Pf3$
22Pf3j
~2'L31]

"Dzz L42]
zzDzl 42]

(
"PL33]

or
zzP1321]

zzD [42]
or

»Pf33j
43j
3)
3j
3j
21]
31j
31]

11I

33]

22+f
22Pf4
22+f4
~vf4
~Pf4
8'Pf4
"Pf4
33Pf4
~Pf44
83Pf4

"Pf433j

22Pf3j
~Pf3j
»Sf4j
llaf4 j
»Sf4j
Ilaf4 j
zzSL42]
"DzL42]
»Sf42j
zsDz(42]
»5f42j
»BIf42j
»Sj 42j

22Pf43j
22Pj 43j
2'Df43 j
2'Df43 j
~Pf43j
»Sf44j
"Df44j

442(
2j
3j
3j
3j

»Df
»5f44
~Pf44
'2Pf44
~Pf44

0.80
0.59
0
0

0
1.32
0
0.57
0.019
or 0

0.032
or 0

0 or
0.019

0.13
0
2X10 4

0.0028
0.0079
0
0
0
0.40
0.028
0.035
0

(Pl)'
(Pj)
(Pl)'

(P~)'
(P))'
(P~)'
(P~)'
(Pg)4
(P~)'
(P))'
(P~)'
(pl)'
(P~)'P»
(P~)'

0.31
0.31
0.21
0

0.65
0.74

0.0080
or 1.00

(Ps)'P~ (P~)'

(P~)'P~
(P~)'P~
(P~)'P~
(P~)'P~
(P~)'P~
(P&)'Ps
(P~)'Ps
(Pr)'P&
(P )'(P&)'
(P~)'(P~)4

(P))'
(P~)'
(P~)'(P~)
(P~)'(P~)
(pk)7
(PI1)

8 0 59
(P~)'P~
(P~)'P~
(P~)8P) 0124
(P&)'
(P.~)'(P~)'
(Pg)'
(P&)'
(P~)'
(P))'

a References to the data used in the table are to be found in published compilations (Aj52, Aj55, Aj59, and especially Wi56b).
b The observed value quoted for I.i7 is a new one LC. P. Swann, V. K. Rasmussen, and F. R. Met&ger, phys» Rev. , ( )j.114 862 (T959)J.
& Only the total radiation width of the 18.14-Mev state in Be3 is lmown along with the fact that Z ~12 Mev.
d All uncertain spin assignments are bracketed ( ).
c The absence of an entry in the theoretical columns implies that the evaluation of the entry is too ambiguous.

when there are only a fevr "loose" nucleons outside the
core to absorb the recoil, such as in the mass 7 nuclei,
Values of the single-particle widths I'„ that are needed
in order to obtain values for A'=I'/I'~ are estimated as
explained in Sec. II.2(c).

The table shows that the theoretical prediction of A'

vary greatly from case to case, as do the experimental
values. Also, although neither I—5 nor j—j coupling
gives an adequa, te account of the observed values, there
is in several cases a correlation between the observed
values and the pairs of predicted values that is sug-
gestive of an intermediate-coupling situation. {See
especially the transitions in N".) In a few cases, namely,
tile tl'Rllsltlolls 111 Ll, Bc (LRSSR, B1156), N {LR53)~
Be' B" B" and C"(Ku57), calculations have been
done in intermediate coupling. The mass 1' results
cannot be taken too seriously in vievr of the previously
mentioned neglect of core motion and large experi-
mental uncert'ainties. The N" transition {Fig. 3) is
fitted in intermediate coupling with Rosenfeld forces
Rt R polllt, where )=SIC wlllcll ls thc expected collpllllg
mode for this nucleus (In53, Ku56).

There exists tvro Eo transitions in the mass range

A ~&i6. They are 0+ —0+ transitions between the 7.68
and ground state of C" and the 6.06 and ground state
of 0".These have been discussed in the literature (Sc55,
E156c, S1156R). They Rl'c botll qlll'tc stl'ong trans1tlons
(h.' 4) and are informative in revealing properties of
levels. The 0"transition is allowed for (1p)"2p —+ (ip)"

. but is forbidden for the two-particle transition {ip)"
(2s, l.d)2 —+ (ip)".The C~ transition is forbidden accord-
ing to the shell model because of an interesting selection
rule (Sh56a) arising from the nature of the BO operator:
g, (21 —13;)rP. This rule forbids all EO transitions be-
tween states of equivalent particles like (ip)8 —& (ip)s.
The nice thing about this rule is that it is quite inde-
pendent of the nature of the forces betvreen particles,
that is, it is purely a selection rule on orbital configura-
tions. The finiteness of the C" transition is thus direct
evidence for configuration impurity in the initial or final
states. The most likely impurity is (ip)z2p; it may be
that quite a small amount of impurity is sufBcient to
give an appreciable transition strength, but this specula-
tion should be checked by calculation.

There are a few suspected E2 transitions in the ip
shell, but the widths are generally not well knovrn. Four
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cases are:

0.72(1+)—&0(3+) in 8" F=10 ' ev, A'=0.9
(Th53, 8157, Se56),

4.44(2+) -+0(0+) in C",
F=0.025 ev, A'=25 (De56),
F=0.01 ev, h.'=1 (Sw57),

16.10(2+) —&0(0+) in C"
F=3 ev, A.'=0.4, (Wi56b),
F=7 ev) A'=1 (Ke59),

6.91(2+)~ 0(0+) in 0",
F)0.026 ev, A'&0.28 (De56).

I

0 R

(L;S)

I I I j I I
lO IR k4 IS l8 Ro

In extracting values of h.' we have used (83) along with
the entries of Table III and b=1.65X10 " cm. Some
predictions about A'(E2) for unmeasured transitions
have been made previously by Lane and Radicati
(La54). Note that (i) all theoretical values in Table III
of this reference should be divided by six because of an
error; (ii) A in this reference is equivalent to Am of the
present work in the case of E2 transitions.

(e) Concluding Remarks

In this section the shell model has been used to
predict about 30 or so experimental data involving
normal parity states in the 1p shell. Apart from the
question of agreement between experiment and theory,
an important feature of the predictions of h.' is that
this quantity may have values from zero (forbidden
transitions) up to unity (single particle transitions). In
fact, A.' can be larger than unity in certain cases. As an
example, the reduced width of C" in j—j coupling for
nucleon emission is eight times the single-particle value,
i.e., A.'=8.

The general conclusion from comparing all the experi-
mental values with the pairs of predicted values in the
two extreme coupling modes is that there is good evi-
dence in support of the shell model with the freedom
of intermediate coupling. In the cases where the data
has been investigated in intermediate coupling, agree-
men. t is obtained for $/X between three and 6ve with
the suggestion of an increase between these values with
increasing mass. Such values of $/E are in good agree-
ment with those used in nuclear-structure calculations
(In53, Ku56).

2. NONNORMAL PARITY STATES OF THE
MASS RANGE &&A& i6

In Sec. II.2 (b), we set up a simplified shell model of
nonnormal parity states. This model is used in the
present discussion as a guide in the analysis of the
experimental data on reduced widths. The model
predicts that the erst states of nonnormal parity of a
mass A nucleus in the 1p shell consist of an 2s or a 1d
particle coupled on to the ground state of the mass
(A —1) nucleus or, alternatively, a 1s nucleon hole

FIG. 3. The value of 4'=I'/F„ for the M1 radiation width in
I'3: 3.51(—,

' —) ~ 0(-',—). F„ is the single-particle width for a
proton as de6ned in Sec. II.2(c). The horizontal line (h2=0.244)
is the experimental value. Curve (g) is computed with the
Rosenfeld central force mixture and curve (b) with the Serber
mixture.

coupled on to the ground state of the mass (A+1)
nucleus. It is clear that, if states of the former structure
occur near the nucleon thresholds, they produce strong
efFects in the cross sections when the mass (A —1)
nucleus is bombarded with s- or d-wave incident par-
ticles. The nature of these eR'ects depends on just where
the states are located relative to the thresholds. There
are three possibilities. 4

(i) States occgr beloro the rtecleon thresholds, i e , they. .
are bound agairIst eucleoN emissioe. In this case, they
manifest themselves in the scattering cross sections
above the thresholds by producing strong deviations
from hard-sphere scattering. In particular, the thermal-
neutron scattering lengths are greater than the inter-
action radius. The last prediction is veri6ed in the
data presented in the Li'+rt, Be'+n, C"+e, and
N"+I scatterings.

(ii) States occur above the nmcleort thresholds and also
above the barriers As the egcleoe chaNNels. Single-particle
states are expected to be usually too broad to be ob-
served as isolated resonances when no barrier (Coulomb
or angular momentum) exists to sharpen up the widths.
Thus, if the 2s and id state occur above the barriers,
they are not distinguishable for the nonresonant back-
grounds in the bombardment of mass (A —1) nuclei by
nucleons. Nevertheless, they should produce anomalous
background sects, and the presence of the 2s state
again aGects the thermal-neutron scattering length
which should now be less than the interaction radius.
This latter situation is observed in the He'+n and
Lir+e scatterings.

(iii) States occgr above the egcleon thresholds bstt beiovo

the barriers ie the egcleon charjrIels. When the single-
particle levels occur in such energy regions, they appear

4 In all three situations, the single-particle states should
manifest themselves in stripping reactions by giving large yields;
(d,n) reactions leading to 6nal nuclei Be B'0 C'~ N'4 would be
especially interesting in this connection.
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as resonances in excitation curves and so can be very
conveniently investigated. It is a fortunate fact that
the 2s and id levels do seem to often occur like this
experimentally. For instance, single-particle resonances
for s and d' waves are found in mass 10, 12, 13, and 14
nuclei.

In contrast to the single-partic1. e states, states of the
is-hole type in the mass A nucleus are not expected to
inRuence the bombardment of the mass (A —1) nucleus
with nucleons. Consequently, the latter type of reaction
is not expected to reveal anything about the states of
is hole (unless, of course, one allows for some impurity
in their structure, i.e, , allows for interaction with the
particle states which would amount to deviations from
the simplified shell model). This may help to explain
why much less is known about states of the is-hole type
than about particle states. In most nuclei, no states
have been identiIIied as being of this type mainly
because one does not know for which properties to look.
In particular, it would be of great help in trying to
determine these states to have some idea of their ener-
gies. For this purpose, we can appeal to the simpli6ed
shell model which gives a method for predicting the
required energies. This method, which seems to work

in the few cases where it has been tested empirically

(for instance, see "Mass 5" in the following), is based
on the neglect of interaction between diGerent orbits.
(This is a rather stronger requirement than is strictly
necessary for the validity of the simpli6ed model, which

only requires that the polarisieg interaction between

different orbits be small. ) With this neglect, it follows

that the binding of a is-hole type state of the mass A

nucleus in the ground state ot the mass (A —1) nucleus

is equal to the binding of He' in He4. Thus one can
directly estimate the required positions of the states
of is hole.

In TaMe IX are listed the spins and energies of the
lowest states of nonnormal parity expected in nuclei
of the 1p shell on the basis ot the simplified shell model.
The energies ot' the lowest states of the ls-hole type (D)
are estimated as just described. The energies of the
2s1„id', and 1d~ particle states are estimated by as-
suming that their binding energies are always the same
and equal to the observed binding energies in C",
namely j..87, 1.06, and —j..92 Mev, respectively. This
method for the particle states is a semiempirical one,
since it is an experimental fact that the lowest-particle
states always have about the same binding, to within
a Mev or so. Almost independently of whether the
ground state of a given nucleus is loosely or tightly
bound, the particle states first seem to appear near the
nucleon dissociation energy. This fact indicates that
the positions of these states are determined mainly by
the mean potential well (which varies smoothly with

mass number) rather than the actual interaction with

other nucleons which eGectively can fluctuate con-

siderably with mass number. For instance, the sym-

metry eGect tends to make the binding in 4m-type

nuclei considerably larger than in the other nuclei.
This latter eGect is well known for states of normal

YhsLE IX. Spins and energies of the lowest states of nonnormaI parity expected in nuclei of the 1p shell. '

Nuclei

He', Li5
Ll

Li', Be7

Bes

Be~, B'

+10

Bll C11

Cl3 N13

N14

N15 015

Expected
positions
of lowest
states of
type (A)

3.6
6.1
5.4
7.6

17.0
17.5—0.2
1.8
6.6
9.0
9.6

10.3
16.8
18.8
3.1
7.5
8.7

12.4
8.9

11.2
13.7
20.0

Spins

12
0, 1
1 3
2) 2
5 7
2p 212
01

1
2

3 5

1,'2
?

3 5
27 21 3

?

3 a

12
1 3fl 2

1

0, 1
1', 2

Expected
positions
of lowest
states of
type (B)

4.4
6.9
6.2
8.8

17.8
18.3
0.6
2.6
74
98

10.4
11.1
17.8
19.8
3.9
8.3
9.5

13.2
9.7

12.0
14.5
20.7

Spins

1to4
23

tI'2't'o'ttp
1 t04
23

1/2 to 9/2
1 t04

?
1/2 to 11/2

3 5 7
2p 2) 2
1 to 4

?
5

1/2 to 9/2
23
1 to 4
3 5 7

23
1 to 4

Expected
positions
of lowest
states of
type (C)

7.4
12.9
9.2

11.4
20.8
21.0
3.6
5.6

10.4
12.4
13.4
14.1
20.8
22.8
6.9

11,3
12.5
16.2
12.7
15.0
17.5
23.8

Spins

Oto3
12

3/2 to 9/2
Ot03
12'3

72t02
0 to 3

?
3/2 to 9/2

1 3 5
27
Oto3

?
2

—to—1 7

12
Ot03
1 3 5
2p 27 2

3

1 2
0t03

Expected
positions
of lowest
states of
type (D)

15
13.3
13.8
1.7
3.7

18.9
21.2
12.1
12.8
9.1

11.1
1.9
6.3

15.6
19.3
10.0
12.3
9.7

16.0
5.0

Spins

1 3

0, 1
1

3 5

?
Sp

?
12

?

0, 1
12
2j 2

1

0, 1
1,'2

a We list the four types of states (A), (B), (C), and (D) as defined in the text, The positions of the 2sL 1d&, and ida particle states (A), (B),and (C)
are estimated by the condition that the binding of a neutron be the same as for the observed lowest states of these types in C'3, namely, 1.87, 1.06, and
—1.92 Mev, respectively. The positions of the first states of the 1s-hole type (D) are determined as described in the text; that is, essentially, using the
assumption that the binding of such a state in the ground state of the next heavier nucleus is equal to the binding of He3 in He4 (20.56 Mev). All energies
are expressed as excitation above the ground states in Mev.



%I D YHS OF NUCLEAR ENER. GY LEVELS

parity, but, for nonnormal parity states, any such
eGect is much less indicating that the odd nucleon
effectively couples weakly to other nucleons compared
to their coupling amongst themselves. This is just the
kind of evidence that supports the simplified shell
model for nonnormal parity states because, as discussed
in the last section, this model is based on the weakness
of interaction between diferent orbits. Thus the appli-
cation of the simpli6ed model has some self-consistency,
although it should be stressed again that its theoretical
basis is very uncertain.

Finally, Yoshida (Yo54) has interpreted the nucleon
widths of nonnormal parity states in terms of the
strong-coupling model. We do not discuss his work here,
but, in Sec. II.3, the connection between the simpli6ed
model and the strong-coupling model is mentioned.

(a) Nucleon Channels

There are some 20 or 30 unbound states of non-
normal parity for which nucleon reduced widths are
known. These are listed in Table X. We now discuss
this and other data according to the mass numbers of
the compound nuclei.

Mass 5

The s-wave phase shift up to 20 Mev in the scattering
of neutrons from He4 has roughly the energy de-
pendence expected from hard-sphere scattering: ho=
—k~ (Hu52). Since this holds down to thermal ener-

gies, the constant E defined by this equation can be
identified as the thermal scattering length. The value
of R is 2.4)&10 " cm, which is considerably less than
the interaction radius from the usual formula 1.45 (4'+ 1)
)(10 '3=3.71)&10 "cm. This implies, as we have seen,
the existence of an unbound broad s-wave level. It
must be centered at an excitation E &20 Mev, since
otherwise it would affect the observed energy depend-
ence of the phase shift. The s-wave phase shift for
proton scattering up to 18 Mev is consistent with
scattering from a hard sphere of radius 2.0&&10 " cm
(Mi58c).

There is evidence for anomalous d-wave phase shifts
and a 2+ resonance emitting d-wave neutrons is found
in the H'+d reaction at 16.69 Mev excitation in He'.
The reduced width is small, 8' 0.03, so this is clearly
not the single-particle 1dg level. The simplest explana-
tion of this state is that it arises from the configuration
(1s)s(1p)'; that is, a 1s hole in Li', presumably in its
ground state. On the simpli6ed shell model (see Table
IX), such a state is predicted at 15 Mev, which is
within 2 Mev of the observed position. The reduced
width of the pure state is zero, and the Gnite observed
value indicates the degree of impurity in the state. The
surprising fact is that the impurity is so small. The
broad 1d; single-particle state must occur somewhere

in the vicinity of the N.69-Mev state; yet, in spite of

that, there appears to be little interaction between the
two states.

A similar —,'+ state is found at 16.80 excitation in Li'
from the He'+d reaction. To some extent its detailed
properties con6rm that it is the mirror of the foregoing
state in He~. For instance, the nucleon reduced widths
are about the same. The deuteron reduced widths for
the two states, on the other hand, may diBer consider-
ably for certain choices of interaction radius (for
instance, they di8er by a factor of 10 if the radius
5X10 '3 cm is used). Since the values of the reduced
widths are very sensitive to choice of radius, such dif-
ferences cannot be taken as serious evidence against
the mirror nature of the two levels.

Recently there has been evidence for states above the
16.69 state in He' from the T(d,e) reaction (Ga56) and
from neutron scattering (Bo57).

Mass 7

A broad. level (or levels) of nonnormal parity is
found at about 6.5 Mev in both Li~ and Be'. The
breadth of the Li7 levels must be ascribed to breakup
into H'+He', since its position is below the neutron
threshold. The Be~ levels, on the other hand, can break
up by proton emission so that its breadth is composed
of a width for He'+He4 and a width for p+Li'. A rough
analysis (Ba51) of the latter level indicates the width
for He'+He' decay to 0.12 (if J=-',) or ~0.06 Mev
(if J= —,). The width for the mirror decay of Li into
H'+He' is greater than these values by a factor equal
to the ratio of the barrier penetrabilities (s wave if J=—,';
d wave if J'=-,'). The reduced proton width of the Be'
level is not very well determined but it is large, that is,
of the order of the single-particle value. Thus it seems
that at least one of the two single-particle 2s levels of
spins ~3 and —,

' occurs at 6.5 Mev. This surmise is
supported in. the case of Li' by the size of the Li'+e
coherent thermal-neutron scattering length (7&(10 "
cm), which far exceeds the interaction radius of 4.2
&10 " cm and therefore demands at least one strong
bound s-wave state. However, there is a possible error
of 50% in the thermal-neutron cross section (Sh51)
and also, at higher energies, the s-wave potential scat-
tering is anomalously small rather than large (Jo54b,
Wi56a). Thus the situation is not a simple one. From
a theoretical point of view one anticipates a complicated
situation involving many states. Besides expecting 2s
and 1d single-particle states (since the energy is near
the nucleon threshold where such levels are found to
occur empirically in other cases), we also expect a low-

lying 1s-hole (-,'+) state. By using the simple means of
estimating the positions of such a level, we fmd (Table
IX) that it is predicted at 1.5-Mev excitation. This
estimate can only be taken to suggest the fact that a
low-lying x~+ level of this type can be expected, but it
may be signi6cant that a similarly estimated position in
the mass 5 nuclei (see "Mass 5" above) was apparently
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TABLE X. Nllcleon widths of nonnormal parity states of the mass range 4(A ~&16.'

Compound
nucleus

He3
Li6
Be'
Bla

Cl)
12

C)2

C)3

N13

C)4
N)4

N)8

015

016

Excitation
in Mev

16.69
16.80
6.5
6.89
7.48
7.81

10.06
4.53

16.57
17.22
6.87
7.64"

~8 5b

2.37
3.56
6.38
6.60
6.85

7.42
8.15

~11.5
8.06
8.70
8.90
9 18c
9 39
9.49

10.43
12.69

11.43

11.61

11.77

12.14

12.32

8.00
8.33
8.79
9.77

12.43
12 51d
12.78
12.95
13.09
13.24

2+ 2

(2, 2

7

2 72—
2+73—

72—
1—
2+7 2

2

y) 10

0
1

(2)
1

27 2+7
1—1
0—,1
3—,(1)

(2—,1)
1—
2 7 1

(2—,1)
3—

— -+—1 3 1
27 2 7 2

(1—)2—
0—,1
2 —1
1 1
3-', 1

Spin and isotopic
spin

Channel: residual
nucleus+nucleon

+lc '

He4+n+2
He4+p+2
Li6+p+0
Bee+p+0
Beg+p+0
Be2+P+0
B)0+p+pB"+n+2
Bll+p+0
Bll+p+Q
C"+n+2
C"+n+2
C)2+n+2
C12+p+P
C"+p+2
C"+p+2
C"+p+0
C) +p+2
C~+p+0
C~+p+2
C~+p+2
C"+n+2
C13+p+P
C18+p+P
C"+p+2

(C +p+2)
C)3+p+P
C"+p+2
C13+p+2
N"+n+2
C"+p+2
C))3+p+3
C 13+p+2
C8)3+p+1
C"+p+Q
N14+n+0
C14+p+0
N'4+n+0
C14+p+2
N'4+n+0
C)4+p+2
N'4+n+2
C'4+p+2
N'4+n+0
N'4+p+0
N"+p+Q
N'4+p+0
N14+p+0
N"+p+0
N)8+p+2
N"+p+0
N"+p+2
N"+p+0
N"+p+2

Obs width (kev
in center of

mass)

~ ~ ~

57
260

160 or 90
120
140

~50
~ ~ ~

~90
1000

33
61
11
75
41
73
85

350
~1000

31
470

19
&0.4
18
37

~& 28
4.3
0.62
0.17
0.70
5.6

15
24

500
18
0.5

34.0
14
36
0.3
2.1

93
3

34
1180

~ ~ ~

0.033
40
1.2

112
4.7

Obs Ã&

0.03
0.03
0.75

0.02
0.15
0.20 or 0.09
0.42
0.21h

~0.03
0.008

~0.04
~p 4

0.81
0.32
0.005
0.022
0.02
0.5
0.03
0.17

~0.4
0.15
0.29h
0.18

&0.002
0.10
0.15

~& 0.03
0.0028
0.00018
0.0044
0.0046
0.0070
0.005
0.014
0.23
0.0014
0.003
0.01
0.04
0.008
0.006
0.007
0.36h
0.0045
0.024
0.33"
0.15h
0.13h
0.17"
0.15h
0.15h
0.11h

a References to data used in the table are given in the discussions in the text except where the data is cited in the well-known compilations (Aj52,
Aj55, Aj59).

b The neutron widths of the 7.64- and 8.5-Mev states in C'3 are taken from the data of C»+n scattering (Bu55). Rather larger values are indicated in
the C»(d, p) reaction (McG55).

o The spin of the 9.18-Mev level in N'4 has been recently reported as 2+, and the width as 70 ev LS. S. Hanna and L. Meyer-Schutzmeister, Phys. Rev.
115,986 (1959}j.

d The proton width of the 12.5-Mev level in 0" is the smaller of two possibilities (0.033 of 0.9) and is chosen because the larger value implies e2&».
e When an entry is bracketed ( ), there is some doubt about it.
& The residual nucleus of the fourth column is always in the ground state unless a subscript n indicates the mth excited state.I An interaction radius of 1.45(Ai»3+1) )&10» cm is used except the case of the levels in N'4, where published graphs of penetrabilities (Ch48) based

on a radius 1.41(A j»3+1) )&10» cm are used.
h The reduced width has not been corrected for the variation of the level shifts with energy.

verified to within a few Mev. Such a state would have
zero reduced width for nucleon emission, but it may
have a large one for alpha emission. By virtue of the
latter, it could be broad and overlap and interact with

the single-particle states to give rise to a complicated

type of situation such as seems to be observed (see
Ma57a).

Mass 8'

There are no known bound states of nonnormal
parity in the mass 8 nuclei. For that matter there are
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no free states either, at least none that appear as
discrete resonances. On the other hand, there are
several indications of strong s-wave eGects just above
the nucleon thresholds which suggest that the 2s single-
particle levels (four in all; 7= 1, 2; T= 1, 2) are located
a short way above the neutron thresholds. In particu-
lar, both thermal-neutron scattering lengths in Li'+e
are either very small or negative, and this indicates
strong free s-wave levels. The s-wave phase shifts near
E„=0.25 Mev are positive (Wi56a). An analysis of the
Li'(en')Lii* reaction reveals very strong s-wave effects
in the region about 1 Mev bombarding energy (Fr55).
Also, the reactions Li'(p, y)Be' show considerable
evidence for s-wave effects both in angular distributions
and excitation curves (Wi54).

Bless 0

No nonnormal parity states have been definitely
established as yet in Be', but we wish to point out that
there is evidence for the existence of low-lying single-
particle 2s and 1d states as one might expect from
analogy with C", another (4e+1) nucleus. As men-
tioned in discussing normal parity states, the breadth
of the 1.8-Mev anomaly, taken in conjunction with its
proximity to threshold, may establish it as the expected
2+ s-wave state. This anomaly is revealed in the
inelastic scattering of protons (Go55b, Bo56) deuterons,
and alphas (Ra55a) on Be'. In each case a broad
inelastic group (width 200 kev) is found correspond-
ing to an excess energy of the residual system of 1.8
Mev. LNotice that evidence for a similar anomaly in
B' is found from the Be'(p,e)B' reaction (Ma55).]The
shape of the anomaly can be 6tted with a Breit-signer
type resonance formula, and this may be taken to
suggest that the inelastic particles leave behind a
compound state of Be' with excitation 1.8 Mev. Vnfor-
tunately, the fittings do not really give separate values
of the two parameters (reduced width, resonance
energy). Nevertheless it is possible to conclude that the
reduced width is large, probably about the single-
particle value and certainly greater than one-fifth of it
(Go55b, Ra55a). Such a large reduced width for an
s-wave state implies that the neutron is released by the
inelastically scattered particles without much. appre-
ciable intrinsic time delay, so that the process may be
more realistically described as a three-body breakup
rather than two consecutive two-body ones. This makes
the analysis in terms of a Breit-Wigner formula some-
what artificial. An alternative analysis has been made
(Ra55a, Su58, Mi58a) in which one first attempts to
6t the shape of the anomaly in terms of phase-space
factors of the three particles alone. Then one improves
the fit by taking into account the Be'-neutron inter-
action (final state interaction). This fitting yields a
value of the scattering length for this interaction which
is large (13)&10 "cm). Such a large value implies the
presence of a strong (single particle) s-wave interaction

centered below the threshold, which is just the con-
clusion of the other analysis.

3fass 10

The scattering lengths of the Be'+e scattering are
large (7.8X10 " cm) compared with the interaction
radius (4.5&(10 "cm) and this indicates strong bound
s-wave levels of both spins 1—and 2—.These may
well be the two states at 5.96 and 6.26 Mev that are
established as s wave in the Be'(d, p)B" reaction
(Gr56a). One is tempted to associate the 5.96-Mev state
with the believed 2—state of T=1 near the analogous
energy in B".This is the 7.48-Mev level. On the other
hand, the reduced width of this state for s-wave
nucleon emission is only 8'=0.04 or less, and this means
that it is a "weak" state and hardly capable of pro-
ducing strong sects at the neutron threshold in Be".

As far as T=O states of nonnormal parity are con-
cerned, the first level is the one at 5.11 Mev in B',
which is believed to be 2—.The next one is the 6.89
Mev state. A recent analysis (Mo56) of the Be'(p,p),
Be'(p,n), and Be'(p,d) reactions indicates that the spins
that the spins of this state are 1—or 2—,and that the
ratio I'„/I' is 0.30 or 0.18, respectively, as 7= 1, 2. The
fact that the state radiates strongly to the 1.74-Mev
state of B" which has spin 0+ (Table XI) suggests
that the spin is J=1.Since the state is broad, and the
level shift varies significantly through the width of the
state (as does the proton penetration factor), one must
not fit the cross section through the state in terms of a
simple Breit-signer formula with constant widths.
Instead, one must use the general resonance formula
with the reduced widths as parameters. Such a 6tting
is not completely unambiguous, but there seems to be
no doubt (Mo56) that 0' for the proton channel is of
order unity, as expected for a single-particle state.

A special feature of the 6.89-Mev state as revealed by
study of the Be'(p,p) reaction is that it decays by the
emission of E1 radiation to both T=O and T=1 states
with fair probability (Ca54a, Ca55, Lo55, C156). This
may indicate a composite structure. Certainly there is
no lack of predicted levels in this energy region. The
coupling of 2s and 1d particles to the ground state of
the mass 9 system gives 20 states altogether. The
low excited states of the mass 9 system give rise to
similar numbers, and, in addition, states involving a 1s
hole are predicted to occur not far above the nucleon
thresholds.

A large number of possible structures could explain
the small s-wave reduced width of the 7.48 level we
have mentioned. It could have an excited state of the
mass 9 system as parent; it could involve a 1s hole
coupled to the mass 11 ground state; or it could be
mainly a 1d particle coupled to the mass 9 ground state.
The last possibility is given some credence by the
observed fact that, in spite of the high d-wave barrier,
an appreciable amount of d-wave admixture is needed
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to fit the angular distributions from this level (De49).
The proton width of the 7.48 level is only 65'Po of the
total width which is reported to be 88 kev from proton
capture work and 150(&50) kev from elastic scattering
(Mo56). Thus there appears to be a width of 35 kev for
alpha and deuteron decay in spite of the implied viola-
tion of the isotopic spin selection rule. In fact, the
Be'(p,a) and Be'(p,d) reactions show a resonance. of
about the right width (We56) but apparently centered
at a few tens of kilovolts below the Be'(p,y) resonance.
At present it is not quite certain that the resonances
are the same, although it seems very likely; the shift
in energy may be due (Mo56) to the interference with
the second 2—level at 7.81 Mev.

There is considerable interest in the results of a study
of the pair conversion electrons from the radiation
emitted near the 7.48 level (De54a). If one level is
assumed responsible, the radiation is reported to be
E3 or M2. Since a 2s —& ip transition is forbidden for
such radiation, this might be taken as support for the
suggestion that the 7.48 state has configuration (ip)'ld.
However, the value of A.' for the transition (10') is
much too large to permit such an interpretation. One
must conclude that either the pair conversion theory on
which the radiation assignment is based is at fault or
else at least two levels are involved. It has been shown
recently that the pair conversion data can be 6tted in
terms of two states, one emitting E1 radiation and the
other M1 (Mo56). The one emitting Mi radiation is
believed to have spin 2+ and to occur at 7.46 Mev; its
existence is independently suggested by the elastic
proton scattering data (Mo56).

Recent investigations have suggested a very tentative
correspondence between states in the range 5.7—7.6 Mev
in Be" and those in the corresponding range 7.4—9.3
Mev in B".In the energy range in Be', there are states
at 5.96, 6.18, 6.26, 7.37, and 7.54. As mentioned in
the discussion of normal parity states, the 6.18, 7.37,
and 7.54 states may be associated with the 7.56 and
8.89 states of B', the 8.89 state being interpreted as a
close doublet (Ma56c). There is some doubt about iden
tifying the 5.96 state with the 7.48 state in 8".Accept-
ing this assignment leaves only the 6.26 state which had
no apparent analog in B", until recently when two
investigations (De57, Mo56) revealed a broad s-wave
state (I' 0.5 Mev) in B'0 at an excitation energy of
7.81 Mev. The most disturbing feature of this corre-
spondence is that it involves alL the known states of B"
in the range 7.4-9.3 Mev, except the 7.46 state, thereby
implying that all except one are T=1. Since it is very
unlikely that there is only one T=O state in this range,
one must conclude that. either the correspondence is
incorrect or that there exist T=O states that have not
been found experimentally.

3fass 11

There is little evidence on any nonnormal parity free
states in the mass 11 nuclei. %e only mention them to

point out that the simple estimate (Table IX) for the
positions of the 1s-hole states indicates that the lowest
should occur about 2 Mev and have spin ~~+. This
raises the interesting question as to whether this state
is one of the established ones (at 2.1 or 4.4 MevP) or
whether it has not yet been observed. Such a state
should not be found in the B"(d,p)B"stripping reacti on
because it has zero nucleon reduced width.

An analysis of the B"(p,a)Li' reaction at the 10.06
Mev level in C" assigns nonnormal parity to this
state and an s-wave proton reduced width of either
0.20 or 0.09 (Cr56a).

Mass IZ

In C" we 6nd the erst clear demonstration of 2s
single-particle levels occurring as resonances. Alto-
gether, four states can be made by coupling a 2s
nucleon to the ground state of the mass 11 system J=2,
1—;T=O, 1. The 2—level at 16.57 may well be one
of these because it has an s-wave reduced width for
proton emission of about the value ~~0„'. Experimentally,
some doubt existed as to the spin, but the assignment
2—(T= 1) now appears as satisfactory as others (De57).
The parity assignment to the 16.57 state also has some
support from the believed negative parity of 1.67 state
in 8" which is the energy analogue. It was originally
thought that the 17.22 (1—,T=i) state was also a
single-particle level; recently, however, Dearnaley has
shown that the proton width of this state is the smaller
part ( 5/o) of the total widths, so the reduced width
is small (De57). The absence of the two T=O levels
need not be disturbing. Analogy with normal parity
states tells us that, other things being equal, T=O
states are more bound than T=1. This means that the
two states could occur below the nucleon threshold,
where several states with no spin and parity assign-
ments are, in fact, known to exist. Furthermore, the 1—
state can decay by alpha emission; if the reduced alpha
width were large, the state might be so broad as to be
indistinguishable from the background.

Another nonnormal parity state is found in B'~ at
4.53 Mev. This has spin 3—and is a d-wave state with
a large reduced width of 0.42, which makes it likely
that this is a 1d single-particle state. The angular dis-
tribution of the B"+e scattering (Wi55a) has been
fitted with a channel spin ratio (s= 2:s= 1) of 10,
assuming the potential s-wave scattering to contain a
statistical mixture of the two channel spins. The latter
assumption may be wrong and this may help to explain
the discrepancy between the ratio 10 and the ratio of
—', predicted by the simplified shell model in which the
B" state is considered to be a 1d~ nucleon coupled to
the ground state of the mass 11 nucleus.

Mass 13
The nuclei C" and N" manifest the success of the

simplified shell model in a striking way. Both the
reduced widths and the spectrum itself lend strong
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support to the model. According to the model, the
spectrum of states in C" should be reproduced in C'3

and N", with the addition of 2s~, 1d;, and 1d; particles.
Once we specify the relative spacings of these single-
particle levels, we can "predict" the spectrum of the
mass 13 nuclei by superposing the three families as in
Fig. 4(a). In addition, the spectrum of N" should be
reproduced in states containing a 1s hole, but the simple
estimate (Table IX) indicates that such a family only
begins at 10 Mev. If we take the observed 2s~„1d~,
1d~ ordering from 0", we obtain the spectrum shown
in Fig. 4(b). On comparing with the observed spectrum,
the most striking agreement is in the gap of 3 Mev above
the 6rst two states. The most obvious diGerences are:
(1) the inversion of the 2s~—id' order; (2) there are
too many predicted levels, especially as some of the
observed levels must have normal (—) parity.

The erst di8erence can be trivially attributed to a
change in well-shape between C" and 0".The second
diGerence is more illuminating. One should really
compare only experimental and theoretical spectra with
reference to the particular reactions used. Let us first
consider the scattering of nucleons by C". This reveals
only those compound states with nonzero reduced
nucleon widths. It so happens that, of all the states we

predict, only three have nonzero reduced widths,
namely, those states formed by adding a 2s;, 1' and

1' to C" in its ground state. These three should have
single-particle widths. This is completely borne out by
experiment. In the C"+p reaction, s- and d-wave

states are found at 2.37 and 3.56 Mev in N'3 with large
reduced widths. From phase-shift analyses of the C"+e
and C"+p scattering (Bu55, Sc56), a broad d~ level is
identi6ed at 8.5 Mev excitation in C' and a corre-
sponding one at 8.15 Mev in N' .

Now let us consider what is to be expected when we

relax the model somewhat, that is, we allow some
mixing interaction between states. Such mixing aGects
close neighbors 6rst and, amongst other things, leads
to a sharing of reduced width properties. Both the 2sg

8-
Ot

4 I 4.

g+& &++aa RR

c (exp)

I n. 4(a). The prediction of positive parity states in carbon-13
according to the simplihed shell model discussed in the text. The
6rst spectrum is the experimental one of carbon-12. The next four
are predicted spectra of carbon-13 of states of the types (A), (8),
(C), and (D).

and dg single-particle states are predicted to be sepa-
rated by 3 Mev or so from their nearest neighbors of the
same spin, and so these latter should have small 8'.
There are two states of spin rs+ and one state of spin

2+ reported at 6.38, 7.42, and 6.60 Mev in N" from
C"+P scattering and their reduced widths are 0.005,
0.03, and 0.022, respectively (Sc56, Li57, Re56b). The
—,'+ state of 6.87 Mev in C" found in C»+e scattering
may be the mirror of the 6.38 state in N". Its reduced
width is 0.008 (Bu55, Sc56, Wi56c, Co56). The dl state,
on the other hand, is predicted to occur close to two
other -', + states. Thus we expect these states to
acquire only small reduced widths when the mixing
interactions are introduced LFig. 4(b)g. This expectation
is con6rmed experimentally by the identi6cation of a
comparatively sharp ~~+ state at 'I.64 Mev in" C»
(Bu55) near the broad state is 8.5 Mev, and a similar
state at 6.90 in N"(Sc56, Re56b) near the bros, d N»

Pro. 4(b). The positive
parity states of the mass 13
systems. The spectrum on
the left is the expected one
and those on the right are
experimental. Reduced
widths for emission to the
ground state of C" are indi-
cated in brackets by each
state.
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~t~t~ at 8.15 Mev. (The reduced widths of these widths
of these states are 0.04 and 0.02, so they may be
mirror states. ) The two predicted —,

' states consist of an
sy and a d~ nucleon coupled to the 6rst excited state of
C'2 It is significant that the observed N" state at 6.90
has a large s-wave reduced width for emission to the
excited state of C" (Sc56, Re56b), vis. , 8' 0.5. It is
thus apparent that the simple model gives a surprisingly
good representation of the experimental situation.

The C"(d p)C" reaction is subject to the same selec-
tion rules in the observation of levels as the Ci2+e
scattering if it proceeds by stripping. This is because
the reduced width is a multiplying factor in the stripping
cross section. On the other hand, if the compound
nucleus mechanism is operative, there is no such
selection rules. The reaction proceeds by stripping to
the three single-particle levels and it also excites with
less intensity several other levels as well (McG55).

The interpretation of the lowest —,'+ state as a 2s
single-particle state has received further corroboration
from an analysis of the Cim+e scattering results at
energies &1 Mev (Th52). Not only is the scattering
length larger (6.11X10 '~ cm) than the interaction
radius (4.77X10 'I cm), indicating a strong bound
state, but also the precise numerical values of the
scattering length and "effective range" (3.3+0.3X10-"
crn) can be shown to be consistent with a single-particle
model of the 2i+ state. To be more specific, these two
quantities are related to the logarithmic derivative f
of the radial wave function and its energy derivative
evaluated at zero neutron energy:

1 p-'
f

2'y )df q 1—a +&a'—r,/2a

an) 1.re') t dE)

where 1/n is the scattering length, and ro is the e6'ective

range. These two quantities and the binding energy of
the 3.08state C" a e f r e pl, c '

te t 'th a
single-particle 2s state in a square well, depth 35.23
Mev, radius 4.062)&10-'~ cm (La52).

The sltuatlon ln N ls like that ln C inasmuch as
s-wave states with large reduced widths occur as reso-
nances. These are the 8.06 (1—,T=1) and 8.70
(0—,T=i) states. The latter has a proton reduced
width of the order of ~~8„' expected for a 2s single-par-
ticle state. Although the former has quite a large
reduced s width (0.15), it does not appear to be a single-

particle 2s state but rather (Br57) a mixture of 2s and
1d states. Further evidence for this comes from the fact
that the 9.39 Mev state (see below) has an equally
large reduced width. Both the 8.06 and 8.70 states may
have their analogs in C" amongst the four reported
states at 6.09, 6.59, 6.72, 6.89 Mev. One analysis of the
C"(d,p)C" stripping reaction assigns negative parity to

the' irst three of these (McG55). Another analysis
(E156a) conf'irms the first one to be s-wave capture.
The two expected T=O states of 2s single-particle
structure may well occur amongst the several unidenti-
fied states below the nucleon thresholds in N'4. (The
state at 4.91 is believed to have spin 0—.)

There is also a d-wave (3—) state at 8.90 which has
a large proton reduced width of the order ~8~', and so
presumably has the structure of a 1d particle coupled
to the ground state of the mass 13 system (Wa59).

At 9.18 there occurs a state of possible spin 2—
(Ma56d). Accepting this spin, the reduced width (for
d waves) is very small {0'&0.002), and this indicates
that the ground state of the mass 13 system is not the
main parent of this state. The isotopic spin of the state
is in doubt; the strong E1 radiation from it to the ground
state suggests T= 1;on the other hand, the observation
of the state in the N'4(n, n')Ni4* reaction suggests T=O
(Mi56).

A 1—state has been reported at 9.39 Mev (Zi57)
with a quite strong width (8' 0.10).

It has been suggested that the 9.49 state in N" is 2—
and formed by if waves (Wi56b, Zi57, Zi58, Wa59). If

. we attribute the observed width entirely to d-wave
formation, 9' 0.15 for this state.

The 10.43 state is reported to be 2—(Wi55b, Wi57).
The small observed (d wave) width of 28 kev implies a
small reduced width 0' 0.05, which in turn implies
that the main parentage of this state comes from excited
states in the mass 13 system. The observed channel
spin ratio for the s=0 to the s= 1 channel is ~3, and this
suggests that the amount of parentage from the mass
13 ground state is associated with a d; rather than a dg
nucleon. (These two single-particle states imply channel
spiil i'atios of 2» 4/9» iespectively. )

At higher energies, a (3—) state is found at 12.69
Mev. Like the 4+ state discussed in Sec. III.1(a), this
has very small reduced widths for nucleon emissions,
and its neutron and proton reduced widths also diGer
by a factor of Ave or so, indicating strong isotopic spin
impurity (Sh53, Sh55a).

The C"(d,p) C"reaction reveals a strong d-wave level
(or levels) centered at about 11.5 Mev in C" (McG55).
This may wel1. be the expected doublet of single-particle
levels J=1,2—;T=1 formed by coupling a 1d~ particle
on to the ground state of the mass 13 system.

This mass is of special interest. Experimentally,
several levels of positive parity have been found in the
N"(d,p)N" reaction (Sh55b, Gr56a) at 5.28, 5.31,
7.16, 7.32, 7.57, 8.32, and 8.57 Mev. Theoretically,
Halbert and French (Ha57b) have made an attempt to
predict the energies of the levels, together with their
spins and reduced widths, by diagonalizing interactions
within the configurations (is'ip"2s), (is4p"id) and
{is ip"). Amongst other reasons, this calculation is



interesting because it gives insight into the simpli6ed
shell model that vre have been using.

The comparison between experiment and theory is,
on the whole, very good. Experimental values of the
reduced vridths vary over nearly two orders of mag-
nitude, but they are reproduced satisfactorily by the
calculation.

Comparison with the simpli6ed model shovrs that the
model certainly cueeA be used reliably in the mass 15
systems. Although there is a tendency for each state
to have a pure configuration (i.e., one of the three
quoted above dominates) the assumption of unique
parentage" breaks down seriously for some states. As
Halbert and French point out, the four lovrest predicted
states have comparable amounts of parent states of
T=O and T=1. Furthermore, the two lowest states
(5.28 and 5.31) have small reduced widths instead of
the large ones predicted by the simplided model. The
suggested explanation for the 5,31 state —that it comes
from the (1s'1pl2) configuration (In55)—is not sup-
ported by the calculations or by recent experimental
data on C'' decay (A159). This fact means that the
simple recipe for predicting the position of hole-type
states also fails in mass 15 [from Table IV(b), the recipe
predicts 5 Mev, which is near the 5.31 state7.

The failure of the simplified model in mass 15 prob-
ably applies also to other (4n+3) type nuclei like
mass 11.However, in nuclei of other types, the model
must work rather better. Not only is this an experi-
mental fact (see Mass 12, 13, 14 above) but it is also
theoretically reasonable, since the amount of parentage
mixture must vary inversely as the energy spacing of
low-lying parent levels. In the (4++2) type parents
of (4m+3) type nuclei, this spacing is least.

In 0'', unbound states are reported at 8.00 (~~, 3+),
8.33 (-', +) (Ha56), 8.79 (-,'+) (Fe59b), 9.77 (-'„-',+).
The 8.00 and 8.33 states have large and small widths,
respectively, and are probably isobars of the 8.32 and
8.57 states in N". The former is found in calculation to
be mainly of the structure PP4(ground)+2s7 (i.e., the
simplified, model applies to this case). Presumably the
9.77 state, which also has a large reduced width,
accounts for most of the remainder of this parentage.

Higher in the spectrum of N'5, several positive parity
states are found in the reactions C'4+p (Ba54, Ba55b,
Fe59a), N"+e (Fo55) and B"+a (Sh55a). These have
uniformly small reduced widths except for the 11.57
state of spin ~~+, where the value is very large (Ba55,
Fe59a). This state probably has T=23 (it does not
decay by neutron emission to the ground state of N"),
and it is naturally identified at the 2s single-particle
state vrhose "core" or "parent" is the 6rst excited
(X=1, J=O) state of the mass 14 system.

The addition of 2s and 1d nucleons to the ground
state of the mass 15 system gives 6 states of spins 0,

1, 1, 2, 2, 3—for T=0 and another 6 for T=1. There
are several states below the proton threshold in 0"of
odd psrity, and these are presumably members of the
T=O,group. Above threshold are found a 0—,a 1—,
and two 2—states (at 12.78, 13.09, and 12.51, 12.95,
respectively) and also a possible 1—state at 12.43
(He58b) and a possible 3—state at 13.24 (Ha56). The
0—and 1—(s wave) and the two 2—(d wave) states
have reduced vridths rather less than but of the order
of —,'8„', and this suggests their interpretation as 2s and
1d single-particle states. The suspect 1—state would
have a fairly large reduced vridth although rather less
than the single-particle value. The suspect 3—state
emits alpha particles to the 2+ excited state of C" and
the vridth for this process is unknown so that the proton
vridth can only be given as an upper limit.

There is a certain center-of-mass effect to be taken
into account in constructing states of nonnormal parity
on the basis of the usual shell model (E155b). Besides
demanding a certain mixing of con6gurations, this
effect actually excludes some states being spurious ig
the sense that they are not new states of internal motion
but only of the center-of-mass motion. Some of the 12
states that vre mention above are excluded in this
interpretation.

(b) alpha Parti-cle and Deuteron Channels

These have been discussed generally for both normal
and nonnormal parity states in Secs. 111.1{b)and (c).
The experimental data is included in Tables VI and VII.

(c) Photon Channels

In Table XI we list the observed electric-dipole elec-
tromagnetic transitions of known width in the 1p shell
(Wi56b). In every case only one of the two states
involved is of nonnormal parity (usually the initial
state). In addition to these Ei transitions, an E3 tran-
sition is found in 0" (see below).

A very useful criterion for an initial analysis of the
strength of an E1 transition is provided by the vanishing
of the E1 matrix elements taken between states of the
same isotopic spin in self-conjugate nuclei [in other
words, the "isotopic spin selection rule" for E1 tran-
sitions (McD 55)7. This selection rule enables one to
extract information about the isotopic spin of the states
involved in an E1 transition from the transition width.
For instance, the extreme smallness of the E1 vridths
from the 5.11 state ln 8 of spin 2—establishes this
state as almost pure T=O. In contrast, the occurrence
of strong E1 transitions from the 6.89 state in the same
nucleus to states of 1'=0 and X=1 implies that this
state contains both T=0 and &=1 components
(Wi56d).

In order to discuss the observed E1 vridths further,
it is convenient to extract, for each width, the value of
the quantity A2. As discussed in Sec. II, this is defined,
for any transition, as the ratio of the transition width
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to that of a corresponding single-particle transition:
AP=I'/I"~. In the same discussion, a conventional defi-
nition of "single-particle transition" was made in which
the matrix elements (assuming an oscillator well) are
essentially given by the integrals I(2,1,1') of Table III.
The Gnal formula for A.' in terms of I' and these integrals
was given at the end of the section. The entries of
column 7 in Table XI are obtained from direct use of
this formula, assuming a value for the oscillator-well
size constant b of 1.65)&10 " (Ca54b, Ja54). Columns
10 and 13 of Table XI give the theoretical values of Am

based on the assumption of I.—S and j—j coupling,
respectively, and these are to be compared with column
7. For the states of nonnormal parity, i.e., those con-
taining an "odd" particle, the odd particle is always
assumed to be spin-orbit coupled before being coupled
on to the "core," irrespective of whether I=S and

j—j coupling applies inside the core.
The qualitative conclusions that we can draw in

comparing the observed and predicted- transitions are
much the same as for the M1 transitions in Table VIII.
The theoretical predictions vary greatly from case to
case to case as do the experimental values. Also in some
cases, there is a certain correlation between the ob-
served values and the pairs of predicted ones that may
be taken to corroborate our simpliled shell model for
nonnormal parity states. (Impurities in a wave function
of the simplided model type have a more serious eGect
on the prediction of E1 widths than on the prediction
of nucleon widths of nonnormal parity states, since
admixtures of other wave functions of the simpliled
model give rise to interference terms in the former case
but not in the latter case. Thus, we do not expect the
predictions of the model to be so good for E1 widths. )

The E3 transition in 0" that we mentioned pre-
viously is between the 6.14 (3—) state and the ground
state. The width of the transition is I'=0.7(+0.3)10 4

ev (De55, Ko58), which corresponds to A.'(E3)=6(&3)
(if the single-particle matrix element is evaluated for a
1d —& 1P transition using Table III with 5= 1.65)(10 ''
cm). In j—j coupling (1d~)(1P~)' —+ (1Pi)4, 4'=5/21;
in 1. Scoupling ("F~ "S—), i1'=5/7. Both theoretical
values are considerably less than the experimental ones.
In extracting the experimental values of h.~, the single-
particle matrix element may have been underestimated
but surely not so much as to account for the required
factor of 10 or so. Some suggestion has been made for
the occurrence of radiation from the neighborhood of
of the 7.48 state in 8"which would be E3 in nature if the
state were responsible (De54a). However, the 4' value
for the transition would be ))10, and so the suggestion
is probably incorrect.

Several thermal-neutron capture cross sections are
known (Table XII). If the s-wave levels responsible for
capture and their neutron reduced widths could be
established, these cross sections would yield many
radiation widths, mostly E1. However, an analysis of
the capture in Li'(Th51) and. C" (Th52, Wo54) indi-

TABLE XII. Thermal-neutron cross sections of
nuclei jn the 1p shell. ~

Compound
nucleus

Coherent
scattering

cross section
in barns

Total
scattering

cross section
in barns

Thermal
capture Final states and

cross section their percentage
in millibarns capture

Li7
Lis b

Qel0
0.80~0.05
6.04&0.03

~ ~ ~

1.5w0.4
6.04+0.03

28~8
33~5

9.0~0.5 0(0+):75
3.37(2+):25

Qll
Ql2
CI3

4.5a0.6
11.1+0.3

3.3&0.5 450&200
3.76 &2
4.70&0.05 4.7

5.5&1.0
11.4&0.5

0.9~0.2
80&20

0(~~ —):70
3.68(-;—):30
3.09(~s+):( 10
3.86('+):g6

0(!-):20
5.30(+):40
6.33 (-,' —):17
7.16(+):4
732(+):12
8.28(+):4
9.16:2

a References to the .data are to be found in the compilations (Aj59,
Aj55), except for the limit of 2 mb in the case of B» (Harwell, unpublished
work) and the thermal capture cross sections of Lie, Bto, N'4 (Ba57).

b In Lie the coherent scattering amplitude is observed to be negative.
In other cases the sign is not known.

cates that considerable E1 capture can occur outside the
interaction radius in these and probably other cases.
Such capture interferes with the usual internal con-
tribution and thereby makes the extraction of the latter
from the data uncertain. This may explain in apparent
paradox in the case of capture in C".If we assume that
the ~i+ (3.09) state is responsible for this capture (Ki54),
the ratio of the E1 widths for the ~2+-+-', —and
z+ —+ ss —transitions is 7:3 or, if we extract the E'
factor, 1:25.Now if there is no T&=1 parentage in the
1+ state (as would be implied by our simplified shell
model, which says that C" is its unique parent), we
expect this ratio to be the same in N". The two relevant
E1 widths in I" are known, and the ratio (when
corrected for the E' factor and the spin of the emitting
state in the i+ —+ ~3 —transition) is 1:1.Thus, there
is a discrepancy of 25 in the two ratios. A freak inter-
ference between the internal and external contributions
in either N" or C" may be responsible.

(d) Concluding Remarks

The present section has established that we can
usefully exploit the simplified shell model of nonnormal
parity states as, a guide for analyzing the data. Con-
sidering that the model has little theoretical foundation
as mentioned, its usefulness is somewhat surprising. It
is signi6cant that its best results are achieved for mass
13 for the states in which a single particle is coupled to
the states of the mass 12 "core" and the worst, for mass
15 with a mass 14 "core." Since the states of C' are
widely spaced ( 4 Mev or so), the core has a special
stability against being excited or polarized. This fact
certainly contributes strongly to the success of the
model in this case. We have seen that the triplet of 2+
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states near 7 Mev actually enables us to estimate the
power of the interactions between states. The mixing
of pure states within an Mev or so of each other is of
tlM order of 20/o which ls remarkably small. The
situation we are discussing here has some correspond-
ence with the fine structure interpretation of the
complex-potential model of heavy nuclei (La55b).
Accoi ding to this Dlodcl a zero-order slnglc-pR1 tlclc
level is mixed into the multitude of surrounding states
but only over a limited energy range. In light nuclei,
such as mass I3, there are very few states to do the
sharing or absorbing, so few in fact that we can study
levels and their sharing ability on an individual basis.
However, the mixing range is just about the same in

oth sltuatlons, namely, R Mcv or so
It is certainly very desirable that a theoretical

examination of the simplified shell model be undertaken
in some special cases in order to 6nd out whether the
model is implied by the usual shell-model assumptions
for normal parity states or whether some ncw assump-
tions are needed. Probably the nonnormal parity states
can be more informative about the nature of the forces
coupling nucleons to each other than the normal parity
states, In atoms, for instance, where forces are long
range, our model is a recognized one and can be shown
to be consistent with normal Coulomb forces, etc. In
the nucleus, forces are taken to be of short range in
discussing normal parity states. For nonnormal parity
states, it may be that forces have to be taken with
longer range to justify the simple model and so fit the
observed data. Such speculation can be checked only
by calculation, and calculations have been made so far
only for the mass 15 systems (Ha57b; see "Mass 15"
above).

3. NUCLEI IN THE MASS RANGE 16gA~&40

There is R growing amount of reaction data on nuclei
between oxygen and calcium, that is, nuclei of the
(2s, 1d) shell (En54, En57). The data on widths for
nucleon, alpha, and radiation processes are listed in
Tables XIII, XIV, and XV. On attempting any detailed
theoretical analysis of most of this data, one soon 6nds
this to be impracticable in view of the ambiguities in
the identi6cation of individual states. Because of this,
most of the ensuing discussion of the tables consists of
qualitative remarks. We first make some general ob-
servations about normal and nonnormal parity states,
and then we discuss some spcci6c entries in the tables
in the hght of these observations.

(a) Normal Parity States

The mass 17 nuclei, 0'~ and F'~, exhibit three states
corresponding to the expected id', 2sy, and id' single-
particle states. In 0", these are the ground, 0.87, and
5.08 states, respectively (Ad53). The identification of
these states as the single-particle states is supported by
their positions (Fo58), their spins, the~&1 and E2

moments of the ground state of (0'~), the strength (large
reduced width) of the 2s; state Las revealed by its
strong influence on the 0'6+p and 0'6+@ scattering at
low energy (La52, Th52) j, and the large reduced width
of the 1L,*state as measured in 0'~ by the 0"+e
resonance scattering. The only experimental fact in
apparent disagreement with the assignment of the
single-particle states is the width of the ~~+ -+ ~+Em
transition in 0'7. This transition is theoretically for-
bidden between the two single-neutron states pre-
scribed by the shell model (there is not even a con-
tribution from the recoiling 0" core provided that
properly antisymmetrized wave functions are used
(E155b)j; experimentally, the transition is allowed
(Th53). Recently, the observed width has been fitted
simultaneously with the observed E2 moment of the
ground state by modifying the shell-model picture to
include weak collective effects /weak excitation of a
quadrupole phonon oscillation in the 0" core (E155b,
Ba56a, Am57) j.

Rcccnt successful shell-model wolk on the mass 18
and mass 19 systems (Re55, EI55a) show that the
structures of low-lying individual states of even these
two- and three-particle nuclei are quite complicated in
a shell-model description. We may expect that, for
highly excited states and for heavier nuclei, the states
are even more complicated. Qualitatively this leads one
to expect small reduced widths for nucleon channels
since the most likely overlap between any given
compound and anal states is a small one. This expec-
tation is confirmed by the smallness of the s- and
d-wave reduced widths in Table XIII. In fact, the
smallness of 82 and the closeness of the spacing of many
levels in Table XIII means that one may begin to apply
statistical considerations. In several nuclei, one can
make order-of-magnitude estimates of y2/D, the strength
functions, and con6rm that the values are of the order
of the predicted value 10-' (La57).

The striking success of the strong-coupling model of
Bohr and Mottelson (Bo53) for the mass 25 system
(Li56, Li58) has lead to an examination of the low-lying
states of F"with the same model (Pa57). The simplest
considerations with the strong-coupling model already
give qualitative agreement with the observed spectrum.
More rc6ned considerations, which take into account
the j mixing of single-particle states due to the defor-
mation (Ni55) and I mixing due to the rotation-
particle coupling (Ke56), give very good agreement with
observed data Leven including the large width of the
E2 transition 0.197 (s+) —+0(~~+), which the shell-
model calculations fail to give unless supplemented by
collective effects (E155a, Ba56a)j.It is an impressive fact
that thc predictions with the strong-coupling model can
be made in a few hours, whereas the shell-model calcula-
tions take months to perform. In spite of the absence of
apparent similarity between the two models, they do
ultimately make nearly the same predictions. This fact
suggests an underlying similarity between the two; in
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other words) the con6guratlon mixing between the fE), k,*~

and s;orbits that results from the complicated shell-model
calculations is essentially the simple type of mixing
that is induced by deforming the spherical potential
well into a spheroidal shape. Recently, Elliott has
examined this situation (El58) and has exposed the
connection between the two models.

This discovery of the applicability of the strong-
coupling model does not imply any revision of the above
statement that little may be said of the individual
resonance (i.e., unbound) levels in nuclei like F".How-
ever, it does mean that one may now make predictions
about resonance levels of nuclei like Al' where these
levels occur at low excitations. From the shell-model
point of view, it is electively impossible to make pre-
dictions about AP' which has nine loose particles outside
the closed shell 0".Kith the strong-coupling model, in
contrast, predictions are immediate (see Sec. II.3). All
the lowest states are members of rotational bands, the
internal wave functions consist of the closed (sg) shell

Mg and a single particle.
So far we have mentioned only "single-particle"

states as opposed to "single-hole" states. Certain
evidence for the existence of the latter 'type states is
found in the nuclei 0'7 and FQ. The interpretation of
the 0.114 (-,' —) state in F"as a ip; —hole state leads
to the correct energy of this state vhen we make use
of the simplified model discussed previously. It has
been suggested (Ch54) that the odd-parity states in 0'7
should be regarded as states of three holes (1pi)-', but
one may also try a single hole, (1p~) ', interpretation.
The first four states of odd parity in 0'~ are at 3.06
(—,'—), 3.85 (-', —), 4.56 (-,' —), and 5.23. The last state
has been found recently as a weak group in the
0"(d,p)0" reaction with a stripping-type angular dis-
tribution best fitted with /„=3 (Pa55a). The ground
state of F' is 1+, T=O and, according to the shell-
model theory (El55a), there should be a state about
1 Mev higher with J=3+, T=O. If we consider making
a 1p~ hole in these two states, then we expect to produce'
four states of spins —,') —'„and ~, 2. If we identify the
above four states with these, then their energies are
only about 2 Mev below the predicted positions. In
addition, notice that. all four states have small reduced
widths as expected (Table XIII), according to the
present interpretation. (The 5.23 state is so sharp that
lt ls not found m the 0 +'N scattering. )

(b) Nonnormal Parity States

First we discuss the approach to these states jn terms
of the shell model; it is recalled that, in discussion of
nuclei in the mass-range 4&3 ~&16, it was found that
proper shell-model calculations for states of nonnormal
parity required prohibitive labor. In the case of the
mass range 16&3 &40, even most normal parity states
have not been treated because of the labor involved.
Consequent. ly, we are again forced to adopt the sim-

pE6ed shell model for discussion of low-lying non-
normal parity states. The only nuclei in which such
states are found are Na" Al" P" and Clm (see Table
XIII). The best example is A12', as investigated in the
proton bombardment of Mg'4 (Mo51, Ko52, I i56). In
this nucleus, the simphfied model seems to be readily
applicable. The levels at 3.08 (-,' —), 3.72 (2 —), and
3.85 (—,

' —) all have large widths and would appear to be
the expected 2pg, 1frg2, 2py single-particle states. (In
contrast with these levels, the normal parity levels at
3.88, 4.22, and 4.60 have very small widths; however,
the normal parity states at 2.51 and 2.70 probably have
larger ones. ) The nuclei Na", P", and CP' also exhibit
"strong" p-wave states.

We recall that the simpli6ed model of nonnormal
parity states was introduced because the usual shell-
model calculations are much too complicated to be of
practical use for such states. In contrast, the strong
coupling model deals with states of normal and non-
normal parity with equal facility; in particular, it
predicts that the lowest states of either parity in a
nucleus of A particles should have large reduced widths
for channels involving the ground state of the nucleus
of (A —1) particles. /Referring to Sec. II.3, the pre-
dicted values of 0'/8~' for the levels of a compound
nucleus consisting of a closed-shell nucleus plus one
particle are 2(27+1) ', where J is the spin of the
compound state. ]From this point of view, we may say
that the strong-coupling model provides an alternative
basis for the large reduced widths of nonnormal parity
states, a basis which has the merit of not requiring
special assumptions over and above those for normal
parity states. Furthermore, the observed widths, although
large, are usually rather less than 8'/0„'=1 or x2 which
is predicted by the simpli6ed shell model. This is in
qualitative accord with the extra factors like 2(21+1)-'
implied by the strong-coupling model. Yoshida (Yo54)
has reinterpreted the observed widths of nonnormal
parity states of nuclei with 2&16 in terms of the
strong-coupling model and found reasonable agreement.
In the following discussion, we describe a similar appli-
cation to nuclei in the mass range 16&3 ~&40.

(c) Nucleon Channels

From considerations of excitation energy and level
density, the. only widths in Table XIII about which
individual predictions can possibly be made are those
of 0'7 and F', Na" A12~ P", and CP', i.e., the (4n+1)-
type nuclei.

The nuclei 0' and F' presumably must be discussed
in terms of the shell model since it is unlikely that
nuclei so close to the closed shell 0'6 have a permanent
deformation. On this basis, the 5.08-Mev state of 0'~
is the expected d,* single-particle state (as is the 4.6
state of F'r). This assignment is supported by the large
widths. All the other states (which have small widths)
must be attributed to core excitation.
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TABLE XIII. Nucleon widths of states in the mass range 16&A &40.

Compound
nucleus

017

F17

018

Ne»

Na21

Excitation
in Mev

4.56
5.08
5.39
5.94
6.37
7.28
7.72
8.25

3.10
3.86
4.5
4.6

8.22
8.29

6.626
6.647
6.70

13.19

13.43

13.51

13.68

13.70

13.76

14.17

14.22

7.62
7.98
8.00
8.06
8.30
8.36
8.60
8.66

4.18
4.31
4.49
S.48

5.85

6.10

6.53

Spin and
parity

3
2

2+
3
2
1

3
2
1
2

2—
1—

(1—)

(2—)

0+

3
2
3
2
1
2

(2)+
3
23+
2+

3
2

3
~ 2

(2 2)-
(2 4)+

Channel: residual
nucleus+nucleon+I

0'6+n+1
0"+n+2
019+n+1
0'6+n+1
016+n+0
0'6+n+2
0'6+n+1
0"+n+1
0"+p+1
016+p+3
0"+p+1
0"+p+2
0"+n+0
0"+n+1
F'9+n+1
F"+n+1
F19+n+ (1)

F19+p+0
F1"+p+1
F2'9+p+2
F'9+p+1
F1'9+p+2
F2N+ p+1
as 13.19)

F19+p+0
F,19+.p+
F219+p+2
as 13.43)

(as 13.19)

(as 13.43)

(as 13.43)

(as 13.19)

Ne»+n+1
Ne»+n+1
Ne»+n+
Ne"+n+
Ne»+n+
Ne»+n+
Ne"+n+
Ne"+n+

Ne»+p+1
Ne»+ p+2
Ne»+p+2
Ne»+p+0
Ne"+p+2
Ne +p+1
Ne»+p+1(3)
Ne»+ p+3
Ne»+p+1(3)
Ne +p+2
Ne»+p+0

Obs channel
width (kev in

center of mass)

42
95
33
28

110
210
750
260

18.7
&3.3

~400
~350

0.014
0.83

0.3
1.42

(10)

0.045
&0.0005
&0.0001

0.043
&0.5
&0.5
7.3
0.046
0.0005
23
0.05

&0.01
1.1

&0.002
0.57
1.4
3.0

&0.020
0.3
0.3
0.6
2.5
0.7
1.4

12.4
2.2

&0.035

14
6

32
(9)
27
10
32
48

169
6

16
84
21
20
4
0.23
6

140
8

Obs value of 8»

0.057
0.39
0.014
0.0084
0.020
0.075
0.120
0.037

0.010
&0.018
~0.08~.16

9X10 '
0.0024

0.015
0.033

{0.085)

0.057
&0.21

& 103
0.0057

&0.45
&2,2

0.14
0.009
0.006
0.16

~0.0021
&0.014

0.022
&0.001

0.040
0.0066
0.075

&0.01
0.001
0.014
0.0037
0.0079
0.029
0.0084
0.014
0.0084

&0.0017

0.009
0.003
0.016
0.015
0.012
0.012
0.03
0.02

0.32
0.048
0.095
0.026
0.72
0.0083
0.0072(0.48)
0.0012
0.0072(0.36)
0.0835
0.0036

Reference

We58

Ne55
B156

BaSSa
Ba55c
We55

Co59
Si58

Ha55a
Ha55b

+ All uncertain entries are bracketed ( ).
b In extracting the dimensionless reduced widths, a radius of 1.45 (A.»3+1) )(10-» cm was used throughout.
'For a given nucleus the references usually apply to several levels. As.a rule, references are given only when they are not mentioned in the 'published

compilations (En54, En57).
Sixty-six levels are reported in the excitation energy range 7,7 to S,g Mev t.C. T. Hibdon, Phys. Rev. 114, 179 (1959)g.
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TAsLE XIII.—Conknled.

Compound
nucleus

Na24

Mg'4

AP5

AP8 &

Si22

P29

$82

$38

Excitation
in Mev

6.96
7.01
7.15

7.16
7.19
7.24
7.33
7.39
7.47

11.983
12.177
12.256
12.334
12.382
12.451
12.468
12.501
12.527
12.571
12.657

12.666
12.734

12.804

12.814
12.844
12.849
12.893

12.921
12.953
12.996
13.028

13.048
13.087

7.40
7.58
7.73

3.08
3.72
3.85
3.88
4.22

4.60

5.31
5.80

8.66
8.92

4.33

10.688
10.820
10.910

8.753
8.841
8.910
8.926

Spin and
parity

(2—)3—
1(—)

0(-)
1, 2(—)
1+
1(—)
1

(1+)

2—
1+
3—(2—)
3+
0—
1—
2+
4+
1+(2+)
2+
3+{2+)
2—
2+

1—(2+)

1+
(2—)

(3+)
1+

3+
0—
3+
4+
3—

(2 4+)

4+
(4 9)

(~,'4)-

Channel: residual
nucleus+nucleon+i

Na»+n+(0)
Na»+n+1
Na»+n+(1)

Na»+n+(1)
Na»+n+ (1)
Na28+n+0
Na»+n+(1)
Na»+n+(1, 2)
Na»+n+ (0)

Na»+p+1
Na»+p+0
Na»+p+1
Na»+p+2
Na»+p+1
Na»+p+1
Na»+p+0
Na»+p+2
Na»+p+0
Na2'+p+0
Na»+p+1
Na128+ p+1
Na»+p+1
Na»+ p+0
Na123+ p+0
Na'8+ p+0
Na128+p+0
Na23+p+0
Na'8+ p+1
Na23+ p+2

(
Na28+p+0
Na128+ p+0
Na»+p+1
Na»+p+2
Na»+p+1
Na28+p+2
Na128+ p+0
Na»+p+2
Na28+ p+ 1
Na128+ p+1
Mg24+n+1
Mg24+n+
Mg'4+n+1

Mg24+p+1
Mg +p+3
Mg24+p+1
Mg24+p+2
Mg24+p+2
Mg24+p+0
Mg24+p+2
Mg24+p+0
Mg24+p+1
Mg +p+(2)
N»+n+(1)
AP7+n+0
Al"+e+ (0)

Si'8+n+0
Si23+n+1

i28+p+1

p31+p+ 1
p31+p+ 1
p81+p+ 1

S"+n+0
S"+n+(1)
S~+n+(1)
S32+n+ (1)

Obs channel
width (kev in

center of mass)

0.40
0.78
5

14
7

22
0

37

&~ 0.8
&~Q.g

~&1
~7
~3
r g
~3
&0.8

0.02
6

&7.9
0.012

(1.2
0.06
1.6

&0.3
0.3
0.3
0.03
7

(2.1(1.2
0.35
0.021

&0.3
9
0.43

8
~80
~30

1.5
0.3

36
0.1

m. 17~.04
~0.21
~0.27

&200
&10

~80
~15

50

~&24
&~24

~&5

18
I2)

(3)

Obs value of Pb

0.0024
0.015
0.016
0.040
0.017

0.0022
0.030

(0.011,0.11)
0.015

~&250
~&0.4

(4
~1.2
~0.4
~0.06
&0.7
~0.12
~0.04

&0.02
0.026
0.24

&0.05
0.002

&0.015
0.009
0.007 .

&0.004
0.03
0.001
0.018
0.05

&0.1
&0.007

0.01
0.0003

&0.01
0.04
0.014

0.080
~0.17

0.038

0.19
0.23
0.16
0.004
0.002

~0.016
~0.002

0.004
&0.12
(0.011

0.058
0.014

0.45

« 0.16
« 0.12
&~ 0.02

0.018
0.006)
0.006)

(0.006)

Reference'

Ne55
3156

Ne54
St54a
St54b
Se53
Ba56b
Pr56
En57

NeSS
3156
Ta56

Cr56b
Ag56,
Li56

Ne56

Go54
Pa55b
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TABLE XIII.—Continled.

Compound
nucleus

S33

CP'

Excitation
in Mev

9.009
9.312
9.320
9.348
9.365

4.13
4.52
4.78
5.01

5.09
5.10

5.11

5.28

5.38

5.46

5.56

5.66

5.75

5.89

Spin and
parity

3

1
2
8 7
Y73'
2

(5 7 )

2+
7
2

3
2

Channel: residual
nucleus+nucleon+i

S32+n+0
S"+n+ (2)
S"+n+0
S"+n+1
S32+n+1

S082+p+ 1
S 32+p+1
So"+p+3

(
S 82+p+1
SI32+p+1
So"+p+1
So"+p+3
S 82+p+1

032+p+2
SI +p+0
So"+p+3
SI"+p+1
S 82+p+2
So"+p+0
S 32+p+P
S 82+p+2
S 32+p+3
SI32+p+1
So32+p+1

+p+1
S 32+p+0
S "+p+2
S032+p+3
SI32+p+1

Obs channel
width (kev in

center of mass)

'(1)
12

5

8
55
0.25
6
0.0015

360
&0.5
~0.001

1.5
~0.0018

0.29
0.05
0.43 .

0.01
32

&0.01
0.40
0.60

100
&0.08
40

&0.01
0.84
0.66

Obs value of 02b

0.006
(o.o11)
0.005
0.004
0.004

0.064
0.18
0.014
0.009

~07
0.51

&0.014
~0.014

0.006
~0.0024

0.006
0.15
0.0012
0.0035
0.020

&0.015
0.0045
0.15
0.082

&0.012
0.020

&0.0015
0.0063
0.028

Reference e

La56

Go55a

En57
0158

In Na' Al ~ P" and Cl', there is a ~
—state with

large width; this is interpreted on the shell model as
the single-particle 2pg state which is predicted to have
8'=8~'. On the strong-coupling model, the state is a
member of a E= 2

—band from the (2p, 1f) states and
8'=(u~ j)'-,'8~'. The factor (&v

~
j)' depends on the extent

of the deformation and the type (oblate or prolate) of
deformation. From consideration of level spectra, the
deformation in the case of AP' has been estimated as

P =0.25. This predicts that 0' 0.13 8~', which compares
favorably with the observed value 8'=0.19 (Li56, Li58).
In the case of AP', the ~3

—state (at 3.08 Mev) is a
member of a E=—,

' rotational band with other members
at 3.73 Mev (2 —) and 3.85 Mev (~r —). The observed
widths of these are 0'=0.23, 0.16, respectively, and the
predicted values are 0'=0.17 0„', 0.04 8„'.

Also in AP', there are states at 3.88 (-', +), 4.22 (-,'+),
and 4.60 (5~+). The 6rst has been assigned to a E= ~2+

particle band and the second and third to a X= ~3+

particle band. Theoretical widths for these levels are:
0'=0.05, 0.5, and 0.02, respectively. These are much
larger than the observed values. This suggests that the
intrinsic nature of the last two states is not simply a
closed shell (Mg") plus a &v= —,'+ particle, but rather it
involves excitation of the dosed shells. For example, the
least tightly bound state in Mg'4 is &o= a+; a nucleon

may be raised from this state to the co = ~~+ state making
a pair of ~=2+ particles and leaving a &v= ~3+ hole.
Rotational states based on such an intrinsic state have
zero reduced width. This agrees well with the very small

observed values and also with various branching ratios
(Li58). The strong coupling model gives good agreement
with the reduced widths of bound levels of Mg" (Li58)
and Si" (Br57) as obtained from stripping yields. Lither-
land also has found agreement with the widths of the
bound states of the odd-odd nucleus Al" (Sh56b).

(d) Alpha-Particle Channels

At present, the only alpha-particle widths reported
in nuclei of the mass range 16&3 ~&40 are of states in
the nuclei 0" F" Ne" Mg" These values, given in
Table XIV, are characterized by their extreme spread
from the largest value 0', 0.7, down to the smallest
value some 104 less. As we have seen in the earlier dis-
cussion of the theoretical prediction of alpha widths,
there is plenty of scope for such large variations arising
from the various factors that enter the theoretical
expression for 8'.

(e) Photon Channels

In Table XV we list the radiation widths that are
known at present. In estimating the dimensionless
ratios A', we have calculated the single-particle widths
from the formulas of Table III assuming 2p —& 1d for
E1 transitions, 1d ~ 1d for E2 transitions, and 6=1.90
X10 "cm (E155a). In several cases where both M1 and
E2 radiation is possible between the two given states,
we assume that M1 radiation dominates. For certain
transitions in AP', the ratio between the two types of
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TABLE XIV. Alpha-particle widths of states of nuclei in the mass range 16&A ~& 40.

Compound
nucleus

018

F18

Ne"

Mg24

Excitation
in Mev

8.05
8.22
8.29

6.26
6.27
6.58
6.66
6.83

6.738
7.182
7.218
7.450
7.854

13.18

13.43

13.51

13.68

13.70

13.76

14.148

14.173

14.221

12.256
12.451
12.468
12.571
12.657

12.734

12.777
12.804
12.893
12.921
13.028
13.087

Spin and
parity

1—
2+
3—

(2, 3, 4—).
(1+)
(3, 4, 5+)
1—
2—

0+
3—
0+
2+
2+
1+

(2—)

0+

3—(2—)1—
2+
2+
3—(2+)

0+
1—(2+)
1+

(1—)
3+
3—

Channel: residual
nucleus +l

C14+1
C14+2
C14+3

N"+ (3)
N'4+ (0)
N'4+ (4)
N'4+1
N'4+1

Q16+0
Q16+3
P16+0
Q16+2
Q16+2
0,16+3
Q 16+2
Q416+1
Q216+2
Q 16+1
Q416+2
p 216+3
Q 16+2
04'6+1
0"+0
P,16+0
P 16+2
Q 16+1
P416+2
02"+3
Q 16+2
04"+1
Q216+2
Q 16+1
0416+2
Q~16+2
Q 16+1
Q 16+2
P 16+3
P 16+2
04'6+1

¹"+3
Ne"+1

e2o+2
Ne'6+2
Ne126+1

Ne126+0

Ne"+0
Ne120+1
NeP+2
Ne120+1

e120+2
Ne120+1

Obs channel width
(kev in center of

mass)

&5
1.2
6.9

&1.9
(3
&0.8
93
85

24
10
5

10
3

2.8
0.016
0.075

37
&0.1
&0.1

0.11
0.0004
0.025
0.033
0.005
2.4
0.85
0.30
(2.8
l0.100
0.78
1.8
0.45
1.05
9.1
0.84
0.52

« 0.04

~0 2

2
0.011

0.006

30
0.053
0.027
0.021

&0.0006
0.007

Obs value
of Hrr2b

&0.04
0.014
0.30

&0.05(1
1.08
0.75

0.33
0.54
0.16
0.71
0.009
0.28
0.016
0.11
0.46

&0.008
&0.08

0.0038
7X10 '
0.0041
8.5X10 4

1.1X10 '
0.016
0.022
0.051
0.049
0.0051
0.036
0.0054
0.003
0.031
0.022
0.0044
0.011

0.0063
~0.0049

0.018
0.015
0.033

0.0056

0.055
0.036
0.0009

&0.0002
0.009

Reference e

We58

He58a

Ba55a
Ba55c
WeSS

Ne54
St54a
St54b
Ba56d
Pr56

a All uncertain entries are bracketed ( ).
b In extracting the dimensionless reduced widths, a radius of 1.45(21~1+1))(10 &3 cm was used throughout.
o For a given nucleus the references usually apply to several levels. As a rule, references are given only when they are not mentioned in the published

compilations (En54, En57).

radiation has been measured. In general, E2 radiation
is much less than M1 but, on occasion, it may compete
favorably with it. For each of the three types of radi-
ation Ei, 3f1, and E2, the values of A.' for the various
transitions in Ap' vary by at least a factor of 100.

We have already discussed the E2 transitions in 0"
and F" in Sec. III. 3 (a). The smallness of the E1 radia-
tion width in P' is somewhat surprising because the

interpretation of ~
~—state as a 1pi—holes (Ch54) would,

in general, allow the transition. Since the structure of
the ground states of Ne" and F" involve both 2s and
id particles, one explanation could be a cancellation
between the two contributions 2s —+ 1p, 1d -+ 1p.

One curious feature of the M1 radiation observed in
Ne" is that it prefers to go to the first excited state
rather than the ground state. The shell model could
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TABI,E XV. Radiation rvidths of states of nuclei in the mass range 16&3~&40.

Nucleus

017

F19

Ne"

Na"

Mg'4

AP'

Initial
state

0.872

0.110

0.197

1.63
13.19

13.43
13.50

13.70
13.76
14.15
14.17
14.23

0.44

1.37
12.000

12.197

12.271

12.354

12.829

12.935

13.043

13.102

2.51

2.70

3.09

3.44

3.72

3.85

Spin and
parity

1
2

(2—)'
1+
2—
1+
2—
2—
1+

(2+)

2+
2—

1-(2+)
(3—)

(3—)

2+

3
2

9/2+

Final
state

0
1.64

1.64
0
1.64
1.64
1.64
1.64
1.64
1.64

0
1.37
4.23
5.23
1.37
4.23
1.37
4.23
5.23
1.37
4.23
5.23
0
1.37
1.37
4.23
5.23
1.37
4.23
5.23
1.37

(4.23

0

~O.43
0.95
(1 81

0.95

0
1.61
1.81
0.45
0.95
2.51

Spin and
parity

0+
2+

2+
0+
2+
2+
2+
2+
2+
2+

2+

0+
2+
2+
2(—)
2+
2+
2+
2+
3(—)
2+
21
3(—)
0+
2+
2+
2+
3(—)
2+
2+
3(—)
2+
2+
3(—)

-+

-+
5+
5+5+

Type of
radiationb

E2
(ui)

{M'1)
{Mi)
Ei

(mi)
E1
E1
(ui)
E2
jI11

E2

E1
{Mi)
(ui)
(3I/1)

E1
(Mi)
{Mi)
{ui)
(E1)
E1
E1

(Ei)
(Ei)
{mi)
(jI11)
(mi)
(E1)
(E1)
(E1)
(mi)

E2
Mi

(Mi)

E2
(ui)
(mi)
(ui)
E1

E2
(111
E1
Ei
E1
E1

Obs width
in ev

2.6X10 6

7X10 '

8X10 '

0.87X10 '
&1.6

&15
2.2

&0.02

&2
~3

4.5

5.2X10 '

(
&7X10-3
&7X10 '

1.8X10 '
0.044
0.066
0.015
0.089
0.022
0.027
0.051
0.016
0.033
0.13
0.063
0.5
0.4
0.14
0.43
0.57
0.7
0.14
2.0

&0.0002
0.012

~0.0017
0.0037
8X10 '
0.004

&0.0002
0.0056
0.014
0.084
0.010
0.00045
0.0045
0.00013
0.0036

~&0.0001
0.0084
0.15
0.30
0.075

h&)(104 o

3000

~30

~15 000

45 000
&160

&1000
200
&1

r 50
~90
&70

~100
350

19 000
&12 000

&1200

22 000

9.3
4.9

11
6.7
1.4
6.5
7.1
3.8

37
15
16
17
6

43
1900
70
31
270

&1200
210

~71
~29

~350
~54

&6
1220

34
330

73
550
110

3700
5

&0.8
87

270
890

2200

Reference&

E155a
Ba55a

De56
Ba55a
Ba55c

Kr56

Co55
Ne54
Ba56b
Pr56

Cr56b
Ag56
Li56

& All uncertain entries are bracketed ( ).
hyphen both Mg and E2 radiation are possible and no measurement of the relative contributions has been made, we assume that Mi radiation pre-

dominates and enter Mi in brackets in column 6.
the dimensionless quantities A'( =P/I'2) of column 8, the single-particle widths I'2 were estimated as described in the te t.

~ For a given nucleus the references usually apply to several levels. As a rule, references are only given when they are not mentioned in t e p b
'

' nexrac ing e im
d

'
h ublished

compilations (En54, En5'I).
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TABLE XV—(Coltinued)

Nucleus

AP'

AP6

AP8
Sg28

p29
p30

p31

S32

Initial
state

3.88

4.22

4.60

6.96

7.00

7.06

7.21

7.23
0.031
1.78

4.30
5.88

5.96

6.23

6.27

7.78

7.90

7.94

8.03

8.04

8.10
9.65

9.94
10.06

10.69
10.78
10.82
10.91
11.10
11.12

Spin and
parity

5+

27 3

2p 3
2+
2+

(2 4+)
1

2(+)
1—
1

1—
1
1

Final
state

(0

, 0.45
0.95

t2.70
0

, 0.45

0.95

0.42
1.76
0.42
2.08
3.16
4.55
0.42
2.08
3.16
0.23
2.08
2.08
0
0

0
0
0.71
1.45
0
0.68
1.45
2.94
0
0.71
1.45
1.97
2.54
2.72
2.84
2.94
4.18
0
1.26
2.23
0
1.26
0
1.26
0
1.26
2.23
0
1.26
2.23
1.26
0

2.25
0
0
0
0
0
0

Spin and
parity

-+

v+-+
kg+
3+
2+
3+
2+
2 3+
2'+
3+
2+
2, 3+
0+
2+
2+
3+
0+

1+
1+
1+
2+
1+
0+
2+
2+
1+
1+
2+

2+
2+-+
$+
g+
-+
5+
4+

4+
4+
0+
0+
0+
2+
01
0+
0+
0+
0+
0+

Type of
radiationb

M1

E2
(Mi)

E2
(M1)
E1

Ei
E1
Ei
Ei
Ei
E1
E1
E1
Ei
E1
M1
E2

Zi
E1
E1
E1
E1
Ei
Ei
Ei
Ei
Ei
Ei
Ei
Ei
E1
Ei
E1
Ei

Mi, E2 '

M1, E2
M1, E2
Mi or Ei

M1, E2 or Ei
Mi, E2
Ml, E2
M1, E2
Mi, E2
Mi, E2
Ml, E2
Mi, E2
M1, E2
M1, E2
E1, Mi

E1, M1
E2

E2, M1
E1'
E1, M1
E1
Ei
Ei, Mi
E1, Mi

Obs width
in ev

0.0040
0.0013
0.0033
0.037
5.2X10 '
0.0058

« 0.01
0.18
0.0026
0.16
0.0004

&0.001
~0.02
~0.063

0.16
0.22
0.02
0.2

&0.02
0.14
0.012
0.15
0.24
0.35
0.17
0.48
0.2X10 6

&7.3X10 4

or
&2.2X10~

1.73

~0.0014
0.0007
0.0047
0.070
0.0008
0.0024
0.0012
0.0012
0.0012
0.021
0.012
0.019
0.0054
0.014
0.007
0.015
0.010
0.0015
0.9
0.015
0.004
0.004
0.0012
0.0066
0.0012
0.03
0.001
0.0005
0;03
0.12

0.63
0.048
0.92

12.0
4.4
8.7
1.3
6.7

21.0

fV)&104 ~

11
900

3700
230
140
60

~&20
520

1700
710
750

&10000
~200

40
100
3
100

&10
700

3
70

200
50
80

200
1200

&2.5X 104
or

&7.5X10'
1640

0.7
0.5
1.5

30
0.6
6
0.3
0.5

0.7
20
16
30
9

27
50

320

780

560
84

Reference&

Gr56b
Kn57

De56

Se56
Va58

En57

Pa55b
En57
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provide a ready explanation for this, namely, that the
ground state of Ne" is a closed (2s;)' sh~ll so that, from
the nature of the 3f1 operator, all Mi transitions to this
state are forbidden because a change in orbit must be
involved. The observed Ej I'adiations in Ne" are vreak
and this might be ascribed to operation of the isotopic
spin selection rule (Wi53b), assuming the emitting
states to be fairly pure T'=0 states. Such purity vmuld
be surprising considering that states of the same J, m

have spacings of the order of only hundx'eds of kev near
the emitting states.

ScvcI'al radiation widths ax'c lIIlpllcltly contained ln
measufcIncnts of thermal-neutron closs scctlons ln tlM

present mass region. These have been discussed ex-
haustively in the literature (Ki54).

The values of A.' for B2 transitions bctvreen low-lying
states may be analyzed. in terms of the strong-coupling
model. The observed transitions are:

F"' 0 197(-'1)-+ 0(-'+) I'=8 5X10 ' ev A'=2 0
Ne": 1.63 (2+) -+0(0+), I'=0.87)&10 ' ev, A.'=5.l,
Na": 0.44 (ae+) -+0(—,'+), I'=2.1X10 eev, xV=8.8,
Mg'4 137(2+)~O(O+) I'-18X10-4 ev A'-2 6
Si": 1.78 (2+) -+ 0(0+), I'&7.3X10 ' ev, A'&2.8.

The experimental values are all derived from lifetime
measurements or Coulomb excitation. It is signi6cant
that all the values of A' (except possibly Si'e) are &1
and therefore suggest the applicabihty of the strong-
coupling model. This is especially true of Na'3 vrhere A2

has the very large value of 8.8. (The values quoted for
A. dcpcnd some%'hat upon oux' coQvcntlonal cholcc of
single-particle transition, vis. , that for a j.d ~ id proton
transition. If 2s —+ Id or id —+2s had been used, the
values of A.' would be smaller by a factor 7j20 or greater
by a factor 7/4. ) From the formula of Sec. II. 3(b), we
may extract values of Qo' for the above transitions. In
(barns)', they are Qe' ——0.17, 0.45, 0.48, 0.23, &0.26,
xespectively. Sy taking the mean nuclear radius g as
1.3A'X10 " cm, the corresponding values of P are
—0.5, 0.7, 0.6, 0.4, and &0.3.
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