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1, INTRODUCTION, -

The statistical mndel »f nuclear reactions has been proved to be very
useful to interpret average values of the reaction cross section, as well as
their fluctuating behaviour as a function of the energy“’ 2). In the last few
years, cross section fluctuations have been extensively investigated, both
experimentally(o) and theoretically 2'9 i

The aim of this paper is to extend the theory of cross section fluctua-
tions to the "partially forbidden' reactions; a typical example of this kind
of reactions, though possibly not the only one, is supplied by transitions
which do not conserve isospin, In a previous note(log it was shown that an
anomalous behaviour of cross section fluctuations may be expected in this
case, with respect to the normal Ericson's theory(z). In the following sec-
tion 2 we give now a more complete report, while in section 3 the calcula-
tion is extended to take into account the influence of possible "coherent"
effects in the reaction mechanism, Finally in section 4 some possible expe
riments are proposed and discussed,

Before going into details, a preliminary discussion of the mechanism
of forbidden reactions is {Jerhaps worthwhile, The simple, time dependent
procedure by Morinaga(1 ) and Wilkinson(12) may be used for this purpose,

Suppose the initial channel has pure isospin T{ and a compound system
is formed that may (in principle) decay into a channel Cg of pure isospin
To # T1. If the interaction Hamiltonian were strictly charge independent,
the reaction Cy — Cy would be of course forbidden,

Obviously, the Hamiltonian contains a charge dependent term H® owing
to Coulomb forces, This in turn will induce transitions between states of

(+) - Now at Max Planck Institut flilr Kernphysik, Heidelberg,

(x) - This work has been performed in the frame of the EURATOM-CNEN
Contract for fundamental research in nuclear physics,

(o) - For a revue of the argument, see ref, (8),
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different isospin, during the time of interaction, If H® is small, this transi
tion rate can be evaluated by first order perturbation,

With some symplifying assumptions (see Appendix 1), we obtain for the
transition probability during time &t
20 <|(T1|HE| T2)| 2> 5t
h D

(1. 1) P(Ty, Ty) St =
2

where Dy is the mean spacing of compound levels of isospin T (and given
J™) and the angular brackets indicate the average value of the squared ele-

ment of H® between two states of different isospin‘*/,

The interaction time is h/";, (" being the mean level width (or "'co-
herence width'") for isospin T, states, The average cross section for a for-

bidden reaction is therefore reduced by approximately a factor of
hP(Ty,Tg) . 2wNT1HEI'T)IZY 1

let ¥ = = D B
14 2 1

with respect to the prediction of a purely statistical theory, Clearly, the fac
tor 1«12 may depend on quantum numbers J and w, so that the angular distri
bution may be different from that given by Hauser and Fesh&vash 3), The
energy dependence of | 112 has been discussed by Wilkinson is :

Since P(Ty, Ty) is finite, the isotopic spin cannot change abruptly: the
"forbidden" part of the state vector needs some time to grow up. As a con-
sequence, the time behaviour of the forbidden transition cannot be the same

as for allowed ones,

The outgoing flux u(t) following an instantaneous excitation of the com-
pound system by channel C; is shown schematically in fig, 1, for both allo-
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FIG. 1 - Time response fundtion u(t) for allowed channels (curve
a) and for a forbidden channel (curve b, for the case | =13,
unnormalized):

(x) - Here and in the following, the angular brackets ¢ 3 are reserwved to
average values(i, e, "expectation values'' of statistical quantities), and
round brackets will be used for state vectors | ) and matrix elements

T
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wed and forbidden channels, The decay is (approximately) exponential in the
allowed channel, It is the combination of two exponential functions, with
U(0) = 0, for the forbidden one,

Now, it has been shown by Brink(5) that the time response u(t) is just
the Fourier transform of the function C( &), occurring in the theory of cross
section fluctuations. This function(3) is defined by

KENE)HE+£) > =<sd C(g).

f(E) being the transition amplitude at energy E and (&> the average |
cross section; and the square modulus of C(&) is proportional to the cross
section correlation function

<[sm - <> |[sm+ey-<a>]>

For allowed (statistical) reaction u(t)=exp (-t ['/h) and C(g£)=(1-ig/P )-1_
In the case of forbidden transitions, y(t) is quite different; therefore a diffe
rent C(£) is expected, The width of u(t) being larger in this case with respect
to the allowed one (fig, 1), we may expect a smaller width of | C(£&) '2. More
detailed predictions could be made, However, in view of their ‘indirect cha-
racter we shall not insist on this approach further,

2, DETAILED CALCULATION WITH THE R-MATRIX THEORY, -
2.1, - Formal introduction of isobaric spin states, -

A good revue of the R-matrix formalism is given in a classic paper by
Lane and Thomas(14), We shall adopt the same notation used in that paper
whenever possible, and refer to it for any undefined symbol, We will need,
however, some more symbols, which we now define:

a) Total Hamiltonian, - We put H=HO+H®, where H° is the charge in-
dependent part, and H® is a (small) perturbation term.,

b) Eigenstates for the "internal' region, - With proper boundary condi-
tions, the complete orthonormal set of eigenstates |X,) of H may be defined
as in Lane and Thomas:

H|X,) = EplX,) .
In addition, we define the complete orthogonal set of eigenstates QX?IT‘) of
HO and T2, with the same boundary conditions:

0]+0 =m0 | ° % 2 = YT
R od = BN ) THNE ) = THT 1Y 1))

c¢) Channel region, - Channel wave functions are defined as in Lane and

Thomas paper . Throughout this paper, the symbols ¢, c', ..., are in-
tended to specify the channel state completely (i,e, ¢ = AJls....).

d) Surface region, - Surface functions \-{’C are defined as in Lane and
Thomas, so that reduced width amplitudes (r, w,a.) are
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= .ﬁx
(2.1) e g Y, X, ds

We also define the amplitudes

RN
(2. 2) A -__é(/anT' 45 .

Clearly, 'ygc is zero if the component of channel state ¢ with isospin T' va-
nishes, The width amplitudes v, _ are reall!?), when internal and channel
wave functions behave in the same way under time reversal, The same argu
ment also applies to 'Ync In addltmn, matrix elements (XD 2 o o ) are
real and symmetric in this case'¥

2.2, - Eigenvalue expansion of the scattering matrix, -
The collision matrix U is given in terms of R-matrix by the relations

U = AW
(2.3) i

W o, =9
cc ccC

1/2

F2i Pl/z[ LOR)'lﬁ]CC, P

(for open channels only),

Here <. represents the hard sphere scattering matrix, and P = ImL°
is the penetrability matrix. The matrices . and L° = S+iP are diagonal
in the channel representation, and their elements are slowly varying func-
tions of the energy. From now on, we assume that their change throughout
the energg region of interest be small, and treat the matrix elements of
O and L as strictly constant in our energy range. At high excitation ener
gy this approximation appears to be usually in order, in the spirit of the
statistical approach.

Now the energy dependent factor (1 - L°R)'1R in W may be expanded in
terms of r, w,a,, namely

! i |
- 10 = =
(2.4) ’(1 L R) R] A -¥ ' Y A'y' "

c!

31

Here #. is a one column matrix in the level space, and
A = [e -5 - El"l

(x) = In fact, HC is invariant under space rotation and reflections, so that
(X0 |HC I XG)F 0 only if J, =Ty, M= My, and n,= ny. In addition
HC is also invariant under the time reversal T, namely

c 0 — 71C. o) -
gy [ BEIER o =R s e S, )
2J-2M
=L~ (XmJ MlH anJ M)_(X MlH IXnJM)
We have so proved that HC = H°® - and therefore, H® being Hermitian,

it is also real in this representation.
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where e is the (diagonal) Hamiltonian matrix in the representation of basis
lX o 2 E is the actual energy(of the system)times the unit matrix, and ?nm

‘-c-'Ync Lc Yme. The invariant matrix product -ycA-yc.can be evaluated in the
more convenient representation with basis \XnT) in which HO reduces to its
diagonal form e°, We get

J ~O ,0 O
(2.5) [(I - L°R) 1R]cc' L A Ye!
2
$ = -1
A°=[e°+HC-EO-E].1 = [R'E-l
o c -0 v L2 ,°
with R e +H '? ; ‘gnm- Z'Ym': ¢ Tne

c

We may find a complex orthogonal transformation operating in the sub-
space with isospin T, which diagonalizes the submatrix (TIXIT) of % connec
ting states of equal isospin T

a(M(ri¥im) ¥ = ¢ (disgonal)
SUTIGTY o ATIUT) - 4
and define the transformation a as the direct product of transformation a(T)

for all possible values of T,

When the transformation a is applied to every factor of the invariant ma-
trix product -yOAO-y o' €q. (2.5) becomes

(2. 6) [(1-L°R)‘1R] D Y S
cec n—r-n nc nm mc
where ,
y = ay°
W=aka

and A' is the inverse matrix of KX'-E.

Non-diagonal elements of ]1’/ different from zero are now confined in the
submatrices (T |} lT ) (T 7‘ T') and are assumed to be small if the issbaric
spin has to be approximately conserved, As a consequence, A' may be expan
ded around its diagonal part, giving

-1 ‘YIIC TDC' - ‘Y;‘]c]c;qm?'
(2.7) (1-L°R)  R] . Z o me! ...
[ ]cc nfm (% h-EN & -E)

If the second and higher order terms may be negleéted with respect to the
first one, eq. (2.7) is equivalent to the complex eigenvalues expansion by Ka.

putlandPeierls, Isospin selection rule alsn follows, since the product I

('
A
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is zero when channels ¢ and c¢' have definite and different isospin, "Forbidden"
reactions may actually arise, though usually with a reduced rate, owing to
the second terms in the eq. (2, 7).

2,3. - Consequences for statistical reactions, -

Till now, no statistical assumptions have been introduced, We specialize
the calculation to the extreme case of many channels and overlapping levels,
namely we assume:

1) Levels with a definite sljm parity and isospin are nearly equally spaced, with
mean energy distance DT T

2) Their widths are approximately constant, with mean value [

3) Mean values of both D and ' are energy independent throughout the range of
interest, which is assumed to be large compared to !’

4) For all values of J, m, T of practical interest, D << [’

The above assumptions are very reasonable at high excitation energy, at
least if "intermediate structure' effects do not play an important role in the
mechanism of the reaction, Some more detailed hypoteses have now to be in-
troduced on the statistical distribution of amplitudes 'YI"IC and matrix elements

I o+ The simplest correspond to the extreme random phase assumption,
namely:

5) Quantities ~! may be considered as random variable and with zero

mean;
6) They are not correlated one to another("}.

|
nec’ Jvnm

Obviously the last point is the most questionable among the six, We will
drop it out in the nexi section, and substitute it with a less restrictive condi-
tion,

Let us accept, for the moment, the absolute validity of the six points a-
bove, The eq, (2,7) gives now a very useful, strongly convergent expansion
for the collision matrix, since the ratio of the root mean square value of the
second term to that of the first is of the order of | 27D/I” or less, and hi-
gher order terms decrease as the corresponding power of this expression,

Only the first non vanishing term has therefore to be taken into account, In
the case of the allowed reactions we obtain:
i S '
W = 9i }‘Pc .‘YncPc' e
co! i ¥ -E
n =1

cte'

which is the usual starting point for Ericson's theory of fluctuations, with-
out . direct interactions, For instance, d rect effects are automatically ex-
cluded as long as correlation between 'Yn ; -y et BYE neglected (see also

part 3), We quote here just the result of the statistical theory for the parti-
cular case of single initial and single final cha.mel(2 3), spinless particles

(x) - Apart from the obvious correlation among channels belonging to the
same isospin multiplet (Only minor changes in the formalism are suf-
ficient to take this effect into account),

) €) ¢

¥ koo



and s waves y
X £ R P
LE(B)E(E+E)> = {5 > =
1- 1+
2,8 2
L < 1P>rep <y 1)
8N =&Y = —;\2 2w c'
= N ™w ! D I,_’
(see ref, (2) for the angular momentum effects)
In the case of forbidden transitions, the first term of eq, (2.7) is zero
and we have
1/2 1/2
1 L | 1
(2.9) W= 21‘}'(T) 5 Pe_me¥iomYme! Pe! c e
PN ' LS /
cc! e T (E,-E)(E_-E)

From eq, (2, 9) we get, under the same assumptions (see Appendix 2)

(EE)FE+E) D = 0
(2.10) (fX(E) fHE+£)D = {6 i 4
(1-7:*)(1—*“‘)
Tl
2 (9 ¢ Tt 19, ))/‘.].: ]2 9 i ' kz P )
&> = 46> = o 32 (27)° LCMel D TP)l nm!™> (241 ¥me "> Fe!
DTD'I' i"T i-,T'

If the random variables 'Ync }{n are not correlated, values of the transi
tion amplitudes for different energy are distributed according to an approxi-
mately normal distribution, whose correlation functions are given by eq, (2, 10),
As a consequence, the expectation value for cross-section correlation function

F(E) =<{S(E)5(E+E) )Y - (&2

for single initial and final channel reaction(x), is given by

F(E) = oS
Alternatively eq.(2,11) can be derived directly from eq. (2, 9) without

explicit use of eq. (2, 10) and the result can be taken as a proof of the gaussian
at least to its fourth moment,

nature of the statistical distribution for f(E)
2.4, - The width at half maximum of the correlation curve, -
i i_'e of F( =) can be obtained from

In particular the expected half width
It comes out smaller than the smallest of the two widths | T and

eq, (2, 11),

The usual damping factor 1/N must be introduced when more than one

(x) -
channel contribute to the reaction

) €3
3 &
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i ,» approaching this value when they are very different in magnitude, For
the case i"T = PT' the expected value of 'y becomes [igy = 0. 64 o
The ratios \“‘ex/i“T and T"ex/(l/z)( Uy + T'T.), evaluated from eq. (2,11
for pure statistical reactions, are shown in fig. 2 as a function of PT'/ PT'

4

100| lex/l

Q801

0601
fl-;/.z‘l. (f'r +[r)
040

Q201
IR
000 1 1 g 1 ] N
100 150 200 250 300 350
FIG. 2 - Ratios [,/ PT and rlex/%( {'p+ ['p1) evaluated from

"%

eq. (2. 11) for pure statistical reactions, as a function of ‘T'/ T'T.

At least for FT'/ le ~ 2, the reduction in the w, h, m, appears to be large

enough to be detected by a proper experiment x),

3. INCLUSION OF DIRECT EFFECTS., -

3. 1. - Possible failure of the random phase assumption, -

Let us discuss,in some more detail,assumption n® 6 in section 2, 3, name
ly, that v}, are uncorrelated random variables with zero mean, As we shall
see the first implication of this statement is that direct effects are excluded in
this way, not only for the forbidden but also for the allowed reactions, In the
R - matrix formalism, in fact, direct reactions are (somewhat artificially) ac
counted for as the result of coherent contributions from many distant states(*),

To take direct effects into account, we must therefore assume long range

correlation among the r,w,a,, i,e, < 7;1 > # 0,in contrast with previous

c'Ync !

(x) - The statistical relative error(15) on the experimental value of 1 is of the
order of \ (m"/AE), so that an energy interval AE >> 1" is ne-
eded to obtain a sufficient statistical accuracy,

(+) - See section XI, 6 of ref, 14,



assumption 6, Clearly, this may happen only for allowed reactions, since
. 'Y;’lc' = 0 for the forbidden ones., But if we drop the random phase assump-
tion for the width amplitudes 'Y'c: it is hard to maintain it for the elements of
the matrix W', We are instead forced to admit that non diagonal elements of
W' are possibly correlated(¥) to the r,w.,a., and to substitute the condition
6 by a more reliable one,

Quite reasonably, ihe random variables v ' , I ' may still be assumed
to have zero mean, Moreover, they are actuaﬁ§ cor‘r%'ré]lated, but probably not
too much, We shall assume that the correlation coefficients of two random
variables is small, of the order of 't/D/'r‘ compared to the product of the
root mean square values of the two variables, That is

(3.1) ""\;’;lc 71'1c"> ]; < D
Al < v d®> r
-~ ! 2
(3 2) ‘(‘271"]0 nm>2l gl _"1-)_
' e el > & F
(3. 3) l{;;lc-x.{'l‘lmj}gc'.-\) | 2 < P1 Dy
' D <15 < %> Iy Ty

and so on, Under this condition, the series expansion (2, 7) of the scattering
matrix can still be used. We shall see (in the following section 3, 2) that con-
dition (3, 1) is compatible with a direct cross section having the same order .
of magnitude of the statistical one, It is therefore reasonable to expect that
assumptions as (3, 2) and (3, 3) also hold, when the statistical process acco-
unts for a substantial part of the reaction,

3.2, - Average cross section, -

We have now to evaluate the average cross section, starting from eq.
(2,7) of part 2, namely

fricromi il = F Ysohe! 5 Yhe ¥ hm Yme!
- dce -;1 .

“ + LN
oim Em B)(EE)

(x) - In fact, from (2. 5) and following equation we obtain
4 - o By ™t - ! . ! - b5 o
'Itl = a(e +H )a f with ?mn LC” 'Y;rlcu LC“ A‘Y]"]C" .
Since gtate jm) and |\n) have different isospin T and T',
only channels c" having both, isospin components T and T' can con-

tribute to ?'mn' Therefore (if'mn‘y 'mc> = 0, as long as the r. w. a. are
assumed uncorrelated, but it is no longer so if the channel ¢ is cou-
pled by a direct reaction to some channel c' having no pure isospin.
See also ref. (16) for possible correlation between r. w. a. and the

Coulomb term HC.

N’
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For instance, the average square modulus of the first term is

.1 1
L5 ‘))nc' I S g T = Yne Ync' b 7}nc Ymc! >
2 2 a8 i’n_E 7 fn{E
(3.4) 2 1
S Tnc nc w 1A% 'Ync'Vnc = ‘Ync 'Ync' |
(3| fpene ]>-~|< >\ ( 5|Mger i>-
) 1 {
n n & n

but for terms of the order of D/ (see ref, 2),

The second term at the right hand side of eq, (3,4) was already found in
section 2, 3 and corresponds therefore to the statistical process, The resul-
ting average cross section is (neglecting angular momentum effects)

; 2 i 2
2y ("> P ey [>P )
(3. 5) *’\EC> - wﬁz'—D- nc cr' nec c

The other term, i,e., the square modulus of the expectation value, is in
terpreted as a ''direct" contribution, The corresponding cross section may be
estimated, as for the order of magnitude only(x), to about

y M 2
\'Ync 'YHC' >

D

(3. 6) 59-n2%4p P l
c C 1

In this case, the ratio of the direct to the statistical cross section is
~d o &Y. ¥
.} A 17‘ \ nc 2
¢ T RANPS
= 2 . »
D Lyt >4

nc'>l

wotl >

i,e, of the order of one if the condition (3, 1) holds, Then this condition is com
patible with a direct cross section as large as the statistical one,

The square modulus of the second term in the serles espansion (2, 7) co-
mes out small (of the order of ,]ﬂ'n 5 /D2 9 compared to the first

(x) - In fact,
i 1
o< Tne "ne! St o f dE'/D =

y | et L
™ i -En -E ¢ T “Ype Tnev V E'-(1/2)if © D ~"ne"net’

This estimation however is not very satisfactory, since an important con
tribution to the integral comes from rather distant states, and the corre-
lation coefficient {yn WY > can in principle depend on the energy
B

n

y €
L ST



11

one(x)), and can therefore be neglected unless the first term is zero,

When this happens, that is for a forbidden reaction (¢ — c') the cross
section is

}'(T) Z(T') 71"1(: i nm'Y;nc'

(3.7 & =1r'-\24PP,
Lo o

and for its average value we obtain (as for eq. (3. 4))

s (T S (T e ®nmYme! | 2
D - "')'\2 4PCPC|{'\§ Z (Iéc _El'l)lﬁs-mf:E)>1 £d
L m n m
5 $(T) ‘<l'YI"IC 2> \ S(T')(ml"lm'ymt"> ‘ 15('11) iy;lcrlei'lm> ‘2 "
AN R P = R <
(3. 8) 2 'oa2 2
» ! 1 1 / 1 1 '\/ !
el ST ST < vhel > Rl > e >
m I.%n{'E i n m \Z_?m-Elz ‘(-en“Elz

If the conditions (3. 1) = (3. 3) hold, the four terms in eq, (3. 8) can reach
the same order of magnitude, smaller by a factor (|} ;nnlz)/(Dz I"y) with re-
spect to {& > of the allowed reactions, We can try to interpret the four terms
in eq. (3,7) as resulting from four different kind of reaction process,

The term dd is the modulus square of the average transition amplitude,
We can consider it as a contribution from directl process, just as we did for
the similar term in eq. (3. 4).

The structure of '?‘?dc and of its symmetric term ‘S‘Cd is not so simple, For
instance, § 9€ contains a statistical "sum over resonances' of isospin T', but
the coupling to ¢ is coherent, through the non vanishing average of Tﬁcm hm. In
this sense, the mechanism of isospin violation acts like an isospin impurity in
the channel ¢, and will combine coherently with it, if this impurity actually ex-
ists,

Finally, the term ©°©, already ‘obtained in section 2, is clearly the re-

sult of a purely statistical process,

(x) - Incidentally we observe that the second term in eq, (2, 7) vanishes when
channel ¢ and c' have pure and equal isospin, T,=T_,i. Interference be-
tween first and second term_can also appear, but the contribution to the

w13

! nm

cross section is small (as\i D

LA
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3. 3. - Cross section fluctuations, -

Now the average correlation function F(£) of the cross section can be
calculated, with the same procedure used for the average value of the cross
gsection, The cross section correlation function for allowed reactions, inthe
presence of direct effects, is given (e, g,) in ref, (2), For single initial and

single final channel, we have
. 1
F(s) = <& (B)S(E+E)D> - <52 = <& 263+ (5% g
14+(5)

In the case of forbidden ¢ —> ¢' reaction, we obtain from eq, (3. 7)

(& (B)s (E+E)> = (nX%4 P, Por )’
(3. 9) ’

]_.;(T)_{(T') ’Y1"1c ;n'n’Y;fnc'

(2,-BE-£ )(fk—E-é)

s 3('1”) 'Y;lc:‘c 1"1m'Y;nc'

(‘Zn—E)(Em-E)

s
501

1 k

f m

The average value can be obtained by standard, though tedious algebra,
as shown in Appendix 3. The assumption (3, 1) to (3, 3) can be used now, to
discord higher order terms in D/, The final result is (for single initial
and single final channel)

dc

Cce . cd -
Y g 2 L5 » 4k RLGT P

{B(E)S(E+2)> - <692 = (D<=

_dd ] 1 de |, _de-
e T [1+¢ i)z]tlﬂi_ T b il
L p Pp'” 3
+ 2 :;dd}——-———--—l +~:;G‘Cd >~=<€FCd> +2 f;dd}————l
1+(5-)? 3 1+(5)°
il ‘-;T

3.4, - The expected width of the correlation curve, -

Now we discuss how the conclusions of section 2 are modified by the ap-
pearence of direct contribution§in the eq. (3. 8) and (3, 10), Firstly, we obser
ve that the (presumably small) direct term ¢ dd goes not alter the shape of
the correlation curve, just as it happens in the usual fluctuation theory, The
shape of the curve changes, however, if terms (t;“Cd'” or Lemde S substan-
tially contribute to the total cross section, For comparison, the values of
Cex/ T'p, for F‘T = PT' and <5€4> = 0 are shown in table I as a function of
the cross sections 5dd {&5€CY zpnd <&dC, | The same comparison, but
with {sd¢> = {zcd>, has been done in table II, The change in ['g,/l'p is
not large, when<5¢d > and<s99" are smaller than <G¢¢, ranging from
0, 64 in the purely statistical case to 0,75 in the (rather improbable) case
5¢d = sdc = 5dd = CC [t ig however clear from eq. (3. 10) that Fex
should approach ['p, or T'pr when either L&ed> op <579 dominates over
the other cross sectiong.

Y \“ /
) Ae



TABLE I - Values of Fex/ 'I‘T as a function of G‘dd/<6‘cc> and
-(Gdc>/ <aCC>, for PT = PT' and <&%4> =0,

13.

dd
1 6
(s> EFEET; 0 0. 5 1 2
<;;CC> 2
0 0. 64 0. 64 0. 64 0. 64
0.5 0.67 0. 68 0. 68 0. 69
1 0. 71 0.72 0. 72 0.72
2 0. 717 0. 77 0.78 0.78

TABLE II - Values of Iy, /' as a function of rﬁdd/<€cc> -

<€dc>/<6‘cc>, for \ﬂT :PT' and {6 ¢dd = {gde)

dd
= dc &
oo et YL 0 0.5 1 2
Z5¢ES >
0 0. 64 0. 64 0. 64 0. 64
0.5 0. 68 0.170 0. 71 0. 72
1 0. 72 0. 74 0.75 0. 76
2 0. i 0.79 0. 80 0. 82
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4. CONCLUSION. -

We now discuss the results of the calculation, in connection with possi-
ble experiments.

From the comparison of experimental correlation function for allowed
and forbidden reactions, we could obtain either (a) a general check of the
theory or (b) informations on the amount of '"coherent'' contribution to the
isospin mixing process. For this purpose, experiments are most significant
in the following two cases:

a) I'px rT' (within a factor 2). The w.h. m. Pex of the experimental corre-
lation curve for the forbidden reaction will be smaller than both ' and ',
if the isospin mixing is mainly statistical. The shape of the correlation
curve is not significantly different from the usual Lorentzian shape. Small
amounts of coherent isospin mixing and/or isospin impurity in channels c
and c' do not alter significantly the theoretical estimates, and are therefore
hard to be detected. Measurements in the situation '™ " are therefore
suitable mainly as a global test of the theory.

b) p» FT' : in this case the expected [gx is very near to FT' but

another gtructure with width “T also exists, when the contribution from the
coherent mixing process in channel c¢ is large enough. Thig intermediate
structure can be made apparent by the procedure proposed by Pappalardo( 7),

For a test of the theory, the most favourable case is that of (d, <) or
(e{, d) reactions on light, selfconjugate nuclei, from Mg2? to Ca
All final nuclei from these reactions show a typical triplet of low lying levels,
including the ground state. One of them, is a O+, T=1 level. i. e. the isospin
analog of the g. s. of neighbour nuclei. Since the f1rst 0", T=0 state will
appear only at rather high excitation, the low lying ot state is expected to
have very pure isospin. Unfortunately, this state is very closed to the others
in the triplet, so that it may be difficult to distinguish in the energy spectrum
the small '"forbidden' peak from the tail of the large ''allowed' one. A broad
range magnetic spectrograph, or possibly an advanced solid-state counter
technique,can in prmmple allow this expemment to be done at least in the
easiest cases, (d £ )A1 and Ca*"(d, « )K . Additional troubles may
take place in the measurement ef (1 =1 since I’ T o can be obtained from
the analysis of allowed (d, ) reactions, but i'p-q; can not. We are there-
fore forced to use the (p,-{) reaction to the: T=1 state, i. e. an initial
channel having no pure isospin. The forbidden contribution from the T=0
part of the proton channel will therefore interfere with that from T=1. As a
consequence, the correlation function f(E) will contain not only a Lorentzian
term with P‘I‘-1° but also another §v1th r* T=0 (though the relative impor-
tance of the second term is v 2 1:%). If this fact is not carefully taken into
account, an erroneus 'T =1 is likely to come out, particularly if i T=0 <
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APPENDIX 1

We want to discuss the time evolution of a highly excited nuclear system,
that at time 0 has pure isospin T, following the procedure firstly proposed
by Morinaga(“). Suppose the total Hamiltonian is H=H%+ H®, with H° charge
independent and H® small, We may define eigenstates IX?IT) of H® and T2
in a closed region of nuclear dimensions, with proper boundary conditions,
For t=0, the state vector |\ (t) ) of the system is described by a proper su-
perposition of states IX%T). For symplicity sake, we assume |Y’(0) ) ac-
tually coincide with a particular ngTl) and neglect decay, This is indeed a
very crude assumplion, since isospin mixing may occur through the coupling
to the continuum, if some of the channels have not pure isospin,

0
)

The transition amplitude from state {X%. ) to a state 1X%p,) in the
: pT1 nTy
time interval 0+1 is, to the first order,

1 /’t
A 1) ¥ = (nTy [H®| pT ) exp
0

p,n ihy

exp \i(ES - EQt/h} -1

E° - E°
P n

(nT, [H® pT,)

Now we assume that the matrix elements (nT, | HEI pT¢) (for the given p
and all n) are random uncorrelated variables with zero mean and their va-
riance ig independent from E}OJ - EY within an energy interval of the order
of Hi/t.

Under these assumptions, the total transition probability to states of
isospin T2 is

= 2
Poy,® = 2 la,® 1" =
o 2 | sin(ES - EQ)t/2n |2
= 3 )T, 8% prp|? | —2—2 / |
n - (ED -ED) /2

Substituting the squared matrix elements by their expectation value
<|(T2 | 1€ | T,) 12> and the sum on n by an integral, we get
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APPENDIX 2

For the forbidden transitions (without coherent effects) the transition am
plitude is

(T) S (T2) The % hm Vinc!

gL R
- (€ -E) (€_-E)

m

where A is a kinematic constant. We have therefore

E(E) H(E+E)> = |A|2 S 1 Z(T') <he Yhier Bt Kol vhnet vidier O

' mm' (L E)(BX-E)('E -E-£)(E_-E-&)

But the average value at the right hand side is zero unless n=n', m=m';
therefore

LEm ameg)> = |al? E(T) 1 .
n (g -E)(€ -E-&)

(T") 1 | " ’ "

2 ot 15 Bt 12

k1
(€_-E) (*Em-E- £)

If the level spacing is small compared to the level width, we may treat each
sum as an integral and extend the integration on the real axis from - o to
+ 106 .

(T)
n_ [N * B n l 1.~ )
(fn- E)(}fn-E-ﬁ) (En+ziT'T- E)(E_-71 [ -E- €)
] /.«\ dE'/DT i 9 wi 1 ; g o |
- (E'+%i TT) (E'- & -%i ) Dy E+ilp ['pPp 1-1€/p
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Finally

LB HE+E)Y = _!A‘!.Z( h;cﬁ)({']q' 12y e 2D

nm | mc!

2m 2 m 1
Dp Up Doy Uy g0 LBy J 1€
I Do

The same procedure shows that <f(E)f(E+ £)> = 0, since in this case both po
les are on the same side of the real axis.

APPENDIX 3

We want to evaluate the average value of the cross section correlation
function, in the case of forbidden reaction. From eq. (3. 9) we get

¥
"Z(T) \"‘(T') Trlw.c 'lel}fc'ullrnn?‘g-lﬁm’?'rnc T 'c!

nn'1l'  mm'kk! (‘EnwE)(E:'-E)(ém;E)(ffn'-E)

(8 (B)S(E+EP= ]A}4

(A.3.1.)

' % 5.3 1 o ¥
Te Tifcl}tjékr}tilkl Tke Tk'e!
(-E-£)(E,-E-&E)(E -E- £)¥ ,-E-€)

2

For the moment we only consider these terms in the sum for which none
of the indices n, m, n', m' coincides. with one among k, 1, k', 1.

The two fractions at the right hand side of eq. (A, 3. 1) are statistically
independent in this case, and the result is therefore

> S X 1 32
{\Al 2/ "{(T) T:(T') Tne n'c ann}fmi ?;’ncl 'Yn];'c' > !Z = <& 2
sS4 L (2 B)EN-BE, TIEE,-B) | g

nn' mm'

Additional terms of the same order of magnitude come from the cases
we neglected till now, that is

1) n =1 or n'=1
or m = k' or mb =k ;

2) two of the above equalities hold simultaneously;

3) three of themhold:;

4) all four hold at the time.
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The terms with n=1, or m=k, ....... have zero mean (within the limits
of D/I" ).

Case 1 - For n=1' and (m,n',m') # (L k, k') we get
1 1 ¥ 1 1 ) ¥
Yne Yne ‘5- r“’nrn Yme! $ 'lvrnkt Ykic!

E) “~

2/
A€ B s E)
\ % (8 -E)(€ -E- s €_-E) ) o (B -E-&)

i LI X 1oNgt '
> Tn'c Bntm! Ym'e! < Te “’lk Yke!
rd

(en-EN®X1E) 1 (¢,-E-E)(€_-E-&)

n'm!

Apart from higher order terms in D/V", the average of the product is equal

to the product of the average values of each sum, Moreover, the average va-
lues of the 379 and 4th sums are equal to the complex conjugate of the 21

and 5th respectively. Taking into account the results of appendix 2, we obtain

1 1 ' 2
gy <l Y ‘) ' A S"ﬂ/' '}!. 1 % A 'Y'g 'Imi Wit !
> ncx - < > ___nm mci > < > n'c n m >
= (E_-E)E -E-£) ) = ‘Em-E) oy gn,-E)(&m,-E)
- ¢g%d> g9 X with C_(£) = (1 -i—{'—)'l
1 1 i1

If n'=1 instead of n=1', we obtain the complex conjugate of this expression.
But

X NS . & =1 21-1 _ 2
cy*C] - ()T e - - 2[1+(g/m)?*] ™ = 2|

The contribution of case 1 coming from the two terms (ng =k', k=m'") add two
similar terms, but with <wde>, T‘z instead of <& ¢d>, \‘1, is therefore

2':)_dd(< cd IC\Z ,_, >1C2\2

Case 2a - For m=1' and n'=1; (m,m!') # (k, k') we get

1 H V X " !
1Al 7 nc 7;10 '>" 1¢ 'Yic = E’C;’lmymc'
L ~ (€ -E)(€F-E-€) T (RE)¥-E-%) & (€ _-E)
'-x- r 1 !
Z Mm' Ym'c! '}" le ch" E Hakr Ykre > i}
o e -B) [ (€ -E-8) , (€,-E-€)

J o
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1 2 I
N el D
=|Aa \\»-? E)('ﬁ" B-£) | ‘&2 -E)

4
5 oo e

A term with -li.ttw“dc}, 1_’2 instead of 4€Ved>, \"1 comes from m=k', m'=k,

Case 2b - For n=1', m=k" (n',m") # (1, k)

2 ¥ ! L'
7 3 i 15(;mn‘ ‘Tmc’\ " ﬁ:\ Tr}_‘c h}'irn;[ Ym'e!
L. I 4 ey = T = - r
- (En-&)(fg-E ENE - E)E -B-£) o, (€0, -ENE ,-E)

1 1 1
5 Te ¥k Yke

- : > = <{_;_CC> l)ﬁdd Cl{ CK
T (€1~E_&)(‘£k-E_£) 1 72

Taking also into account the three possible choices (n=1', m'=k); (n'=
m=k') and (n'=1, m'=k) we obtain for the case 2°

® = k.
o + C =
g +C1Cy #CCy +CICYH)

s £§%°0 gt (c, +C )(C +C ) - 4 <& e e ¢ |?

Case 3 - For n=1', n'=1, m=k' and m'#k

| v 2R 12 by 12 7, |2
{7 e ENE, NENTEE) L e e
nm n n m m 1 1
2 Kik ’}’1'{0 5 ?fi'xk' 'Yl':'f:' - ¢gcC X X cd ™,
?_—E s) i (z FEnE ) ) > €1 G L Cy

Taking into account the terms (m#k'), (n51') and (n'#1) we finally obtain

” . CC s ~cd 'r_' 2 | 2 —‘_
<5 >[_x6’ >{\,1\ (c;+cz)+<t?d°>!cz\ (ci+Cy |-

= 2<% L<®Cd>+<6‘dc>] }CIC

39



20,

Case 4 - For n=1', n'=1, m=k', m'=k we obtain

5 Teed - 82,0 '
? 'Tnclz m{nm\ !')’mc'!2 R :
— (E n-E)(fn-E- £)(£m-E)(Em‘-E- £)

nm
i g A2 2
_ I"'lc)zh\’/ik] "V;’;cj

e (21"- E)(E -E-£)(&} -E)('Ek-E-é)

2 2
= Lg% \C1C2\

Combining the results for cases 1 to 4, we finally obtain (for the single
¢ —» c' transition)

(om emee)y - <8 8| %> 12 ¢e% 5k 200>

44 % J }clcztz " -(’B“Cdj>\-<6‘°d>+26‘dd] lcl\z +

e ' 2
. <6__dc>¥ <gdes  ,qdd chz\ _
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