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Isospin mixing in the decay of the T, giant dipole state
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The magnitude of the isospin mixing in the decay of the T, giant dipole resonance has been es-
timated, using the (y, n) and (y,p) cross sections available for the medium-weight nuclei *Ni, S,
8y, 9Zr, and **Mo. The deduced values show a fair correspondence with the existing data for mix-
ing between compound states. From these results the mean mixing Coulomb matrix elements be-

tween compound states could also be derived.

I. INTRODUCTION

Isospin symmetry breaking in nuclei, generated by the
Coulomb interaction, may cause decay of excited states
into channels that are otherwise closed. The resulting iso-
spin mixing can then be studied from a comparison of an
isospin allowed with an isospin forbidden channel. As far
as photonuclear reactions are concerned, isospin mixing in
the giant dipole resonance (GDR) can be determined, for
self-conjugate nuclei, by means of the Barker and Mann
formalism,! or from (y,a) reaction results. However, for
non-self-conjugate nuclei (with ground state isospin T),
both T . =T and T, =T+ 1 coherent dipole states are
excited. The decay of the coherent T, dipole state
(whose existence is at present firmly established’>—*) into
T— + neutron channels is forbidden by the isospin selec-
tion rules. Unlike the T +3 proton channels, the
isospin-allowed T + 3 neutron channels are located at
high excitation energies due to the large Coulomb dis-
placement energy for medium-heavy nuclei, so that the
T decay in the neutron channel is much reduced. Con-
sequently, as far as the decay of the T', resonance is con-
cerned, proton and neutron channels can be considered as
the isospin allowed and forbidden channels, respectively.

Starting from this point of view we have further
analyzed® our existing *°Y(y,p)®*Sr data, the results of
which are being used in this paper in order to deduce an
estimate for the isospin mixing parameter and to study
the role and nature of the isospin mixing mechanism in
the decay of the T, GDR. Simultaneously, we have
made an analysis of (be they less accurate) photonuclear
data directly available in the literature for the nuclei ®Ni
(Ref. 4), 88Sr, 99Zr (Refs. 6 and 7), and **Mo (Refs. 8 and
7), for which both total (y,n) and (y,p) cross sections
have been measured (or, for °°Ni, could be estimated?).

II. DETERMINATION OF THE
ISOSPIN MIXING

The isospin mixing parameter € in the T, GDR can
be defined as

€= lim |b(1)|?,
t—> o0

wherein | b()|? represents the probability for a nucleus,

describedby
|W()=a(t)|T,)+b()|T_),

to be found in a T _ state or channel at a time ¢, when it
was initially (#=0) in a pure T, doorway state
| D(T,)). The time evolution of the nuclear system,
starting from | D(T.)), leads to the decay in either a
T, ora T, channel when isospin symmetry breaking in-
teractions are present. The defined mixing then represents
the probability that the nucleus decays in a T _ channel.
As such the isospin mixing is generated by all the cou-
pling mechanisms between T, and T _ states that may
play a role during the decay of the T, doorway state.
This doorway state is the coherent T, dipole state gen-
erated by means of the isovector E1 excitation. Since this
simple T, coherent state decays partly by the direct es-
cape of nucleons and partly by the spreading of its
strength and dissipation of its energy over the many more
complicated degrees of freedom, some assumptions con-
cerning the isospin mixing mechanism have to be made in
order to allow the extraction of €* from the experimental
data. These are the following:

(a) Mixing is negligible in the direct decay process.

(b) Preequilibrium decay is not important.

(c) After spreading, mixing essentially occurs between
compound states.

These assumptions can be made plausible by the following
arguments. The magnitude of the isospin mixing is main-
ly determined by the ratio of the lifetime of the state
(~1/T) to the time needed for mixing. The latter one is
caused by the weak Coulomb interaction such that mixing
takes a long time in comparison to the short lifetime of
the coherent T, state. Thus the T, doorway is damped
before appreciable mixing can occur. This argument is
confirmed by the results of a (y,ny) experiment on ®Ni
(Ref. 4). The second assumption concerns the emission of
nucleons after the spreading of the initial T, dipole state
has taken place. During the evolution towards statistical
equilibrium, at each stage of increasing complexity nu-
cleons may escape to the continuum. However, for the
energies (=20 MeV) and the masses (4 =60—90) under.
consideration, the spreading widths of the intermediate
complicated states are much larger than their escape
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widths.” This means that preequilibrium decay is small,
and consequently the nucleus will mainly decay by eva-
poration of nucleons once statistical equilibrium is
reached. The third assumption states that isospin mixing
is small in the evolution process towards equilibrium.
This is because the density of T _ levels in which an inter-
mediate T',, state can be damped is increasing rapidly as a
function of the complexity of the intermediate states.” As
a result, isospin mixing will be generated most likely in
the equilibrium stage where the involved compound states
do possess a high density.

However, the isospin mixing €* as defined above
represents the total mixing generated in the decay of the
T, dipole state and can be written in terms of the isospin
mixing u? produced after spreading alone [when assump-
tion (a) holds] as

E=pX1—a?),

where a*=T"/T is the probability for direct decay of the
T state (I'" is the escape width). This relation expresses
the fact that the isospin mixing can be approximated by
the mixing of the underlying states, only when spreading
dominates. The parameter u? may well be taken as the
isospin mixing between compound states.

If the conditions mentioned above are fulfilled, it is
possible to determine the mixing parameter u? by means
of a Hauser-Feshbach calculation!®~!? (which takes into
account isospin mixing) provided that the statistical part
of both the (y,p) and the (y,n) cross section is known.
The statistical cross section o;(E) for decay of the T
and T, dipole doorway states to a specific residual state
(channel i) is then given as a function of the statistical
parts of both the T and the T, photoabsorption cross
sections, oy(T _ ) and oy(T . ), respectively, by

0','=0','(T<)+0','(T>), (1)
ol(T V=0T )[n’g(T,)+(1—1")g(T )], )
(T3 ) =0 T5 (1 —p2g( T ) +p’g(T )] , 3
(Titi;Tyitsi | TT3 ) 3, Ty 8am,
L.S;

(T)= — . 4)

& 2 <T]t];T3]t3j l TT3 >2 2 TIjS,,.,,j )
g 45

The quantity with brackets in expression (4) denotes the
isospin vector coupling coefficient for the specific channel
i, while T;, S;, and m; represent the isospin independent
transmission coefficient, the channel spin, and parity,
respectively. The quantity n* can be defined for T _ com-
pound states in the same way as u? for T states, and
represents the isospin mixing of 7' compound states into
T, ones. Their relation can be expressed as

2__ 22 5
N =W N’ (5)
in which N,, represents the effective number of decay
channels for levels with isospin 7. (m=1) or T,
(m=2) and is given by the denominator of Eq. (4). For

the energy and mass region under study, the number of

decay channels for T_ states is much larger than the
number of channels for T, states (N; >>N,), and conse-
quently, the T_ to T, mixing %? is negligible. This
means that the statistical decay of the T _ dipole state can
be described without taking mixing into account.

As a consequence of relation (3), a good estimate for the
isospin mixing parameter u? can already be obtained from

2 Ust(T> ’n)
o,
ou(T5)

in which oy(T', ,n) denotes the statistical part of the T,
(7,n) cross section. This is based on the fact that, for the
nuclei considered here, the statistical decay of a T or a
T, compound state nearly exclusively populates neutron
or proton channels, respectively,

2 gi(T )~ 2 gi(T, )=1
n )

and

S 8T, )~ 3 g(T )=~0.
n p

Nevertheless, the mixing u? can more correctly be deter-
mined from a fit of Eq. (3) to both the experimentally
measured statistical parts of the (y,p) and (y,n) cross sec-
tions. However, in general, these statistical parts are not
known since the direct decay mechanism also contributes
to the observed cross section.

In the case of the *Y(y,p)®®Sr reaction we have mea-
sured the total cross section as well as the cross sections
for various reaction channels.’ The total (y,p) cross sec-
tion, depicted in Fig. 1, definitely shows the existence of
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FIG. 1. The data points show the experimentally determined
total #*Y(y,p)®Sr cross section while the full line represents the
sum of the two Lorentzians (shown as dashed lines) that were
fitted to the T and T, coherent dipole states, respectively
(Ref. 5). The dot-dashed line is the result of a statistical calcula-
tion using a Hauser-Feshbach formalism, representing the con-
tribution to the statistical cross section of low-energy photopro-
tons ( T, <4 MeV) that are lost in the background region.
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the T, resonance in %Y, located at 21.8 MeV; a T, to
T _ strength ratio S, /S ~0.13—0.14 was deduced.
From the results of this same measurement, the proton
decay leading to simple proton-hole states in 8Sr could be
separated from the decay leaving the residual nucleus in
more complicated states above 4.5 MeV. Because the first
process originates predominantly from a direct decay
mechanism and the second one from a nondirect (mostly
statistical) mechanism, the separation of direct and statis-
tical parts could be made for the (y,p) cross sections of
8Y; both are shown in Fig. 2. It is clear that the statisti-
cal part has its maximum around Ez~21.8 MeV, where
the T, GDR in %Y is located, while the direct part peaks
around 16.8 MeV, i.e., at the position of the T_ reso-
nance. Since the existence of the T, state at 21.8 MeV is
also reflected in the direct decay cross section, we have
fitted a sum of two Lorentz lines to this cross section in

89
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FIG. 2. The (y,p) cross sections for the statistical and the
direct decay of the GDR in %Y are shown in the upper and the
lower part, respectively, of the figure. To the direct decay cross
section a sum of two Lorentzians (shown as dashed lines, while
the sum is depicted as a full line) was fitted to the experimental
data, using the parameters (energy, width) from Ref. 5. The full
line in the statistical cross section represents the result of a
Hauser-Feshbach statistical calculation, using expression (1),
and taking into account an isospin mixing u?=0.63; the dashed
line shows the T, part only of this statistical cross section.

order to determine the respective strengths of the T _ and
T, components in the direct proton channel.® For the
lower-energy Lorentz line, the well-known parameters®!?
of the T GDR were taken, while for the high-energy
one, its width was determined® to be 4 MeV.

On the other hand, due to the high separation energy
Sp(T +5)=~19.5 MeV for the T +5 neutron channels,
with respect to the position Ex of the T, resonance,
direct neutron decay will be strongly suppressed (see Fig.
3). This means that neutron decay of the T, resonance
will originate from a statistical mechanism via isospin
mixing.

In the case of ®Y this statistical neutron T, part can
be deduced from the (y,xn) measurements of Refs. 6 and
13 by a subtraction of the T, Lorentz line which fits the
lower part of the cross section very well. In order to ex-
tract the T, neutron strength explicitly, a Lorentz line
possessing a width of 4 MeV [derived from our (y,p) ex-
periments’] is fitted to the excess (¥,xn) cross section.
Unfortunately, the discrepancy in magnitude between the
data of Refs. 6 and 13 is responsible for the major source
of uncertainty on the total T, strength. However, using
the (y,n) data of Ref. 13 and our (y,p) cross sections, we
could extract® all parameters of the Lorentzians describ-
ing both the T_ and T, giant dipole resonances; these
are summarized in Table I, together with the deduced’
values of the decay widths. From these data one can
derive the peak values of the statistical T, and T, reso-
nances in %°Y:

0(T . )=14T mb, 0(T,)=30mb .

Taking into account the direct decay cross section
op(T, )=6.3 mb (see Fig. 2 and Table I), the direct decay
probability @>=0.17+0.03 was derived for the T, reso-
nance. Furthermore, we can now deduce both (y,n) and
(7,p) components to (T ., ):

oi(T,,n)=18 mb, 04T, ,p)=12mb.
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FIG. 3. Decay scheme of the T, GDR, including the
squared isospin vector coupling coefficients.
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TABLE I. Parameters of the T, and T, coherent dipole states in Y.

Resonance Peak Peak Escape Spreading Total
_energy cross section cross section width width width
Resonance Er (MeV) Oo,n (mb) Oo,p (mb) " (MeV) 't (MeV) ' MeV)
T. 16.8 1855 20.8+1.5 1.15 2.85 4.0
T, 21.8 18+2 18.3+1.5 0.70 3.30 4.0

To illustrate the procedure for extracting u?, the calculat-
ed [using relation (1)] statistical cross section in the pho-
toproton channel of 3°Y is shown in the upper part of Fig.
2. For the evaluation of expression (4), the known low-
lying residual states in %3Y and ®¥Sr are summed, while the
higher-lying states are taken into account by an integra-
tion using a level density formula.!®!” The transmission
coefficients were calculated using the optical potential pa-
rameters of Rosen et al.'* Note that in this derivation of
u? allowance was made for those photoprotons with a ki-
netic energy T, smaller than 4 MeV that not could be
detected due to the presence of the background in the
measured proton spectra.'’

A constant (as a function of excitation energy) isospin
mixing parameter u?=0.63 describes the (y,p) cross sec-
tion fairly well. However, a much better fit to each data
point could be obtained by letting ? be energy dependent;
however, the limited statistical accuracy of both the T,
(7,p) and (y,n) cross sections may not lead to a meaning-
ful energy dependence for u2.

Led by the rather small value of a® for %Y, it is as-
sumed that spreading of the T, strength dominates as
well for the other spherical nuclei around 4=90 under
study. The T, cross sections for these nuclei, taken from
Refs. 4 and 6—8, are then considered as being solely due
to the statistical process (a?=0 and €?=p?); this assump-
tion, however, may lead to an underestimation of the iso-
spin mixing parameter p>.

Because of the rather large uncertainties on the absolute
values of the T, strengths and due to our approxima-
tions, the obtained mixing parameters, though energy
dependent, have only been derived at the T, resonance
energy Er. They are shown in Table II, where the rela-
tive uncertainties are estimated to be no larger than 30%.

Although our values for u? are somewhat higher [which
may well be due to the limited accuracy of the T, (y,n)
cross sections®!313], they show a fair correspondence with
the existing mixing data for overlapping T, and T _
compound states. Most of these have been deduced by

means of other probes such as (p,p’), (p,a), (a,p), and
(a,a') reactions.!” From these experiments a rather con-
stant mixing with a mean value of about 45% in the
neighborhood of 20 MeV was derived.!® However, this re-
sult concerns the mixing between compound states of
various angular momenta and parities, whereas our u?
represents mixing between 1~ states (+  and 27 states
for 3°Y) only. This correspondence between our u? values
and the existing mixing data justifies assumptions (b) and
(c), and consequently, the isospin mixing mechanism in
the T, resonance essentially consists in the coupling of
overlapping T, and T _ compound states. This mecha-
nism leads to large values of p* and thus to a large isospin
forbidden cross section in the neutron channel. However,
such high p? values still imply that isospin remains a
meaningful quantum number, even for the statistical de-
cay of the T, resonance, since the mixing is not complete
[see further, expression (9)]. As a consequence, the isospin
selection rules hold to some extent and favor the proton
channel for the observation of the T, resonance.

Finally, using this mixing mechanism, and since exter-
nal isospin mixing seems to be small for compound
states,? it is possible to relate the observed p? to the mean
isospin breaking Coulomb matrix element between T
and T . compound states, i.e.,

Hc:|<T< lHCoul,T>>' .

The mean mixing width T';, of a T_ or T, compound
level (expressed as a function of H,) and the mean escape
width I'}, are given by

r, =272 22
Prm

©)
1
2P,

F'fn Nm ’

wherein p,, is the density of levels of isospin T (m=1)

TABLE II. Mixing coefficients u? and € and the mean Coulomb matrix elements H,, calculated using the level densities of Ref.

16.
Nucleus ST +1) MeV) Eg (MeV) JT o? u? (%) € (%) H_ (eV)
0N 19.7 21.0 1- 86 1000
88Sr 22.8 21.6 1~ 73 134
' 19.5 21.8 14,37 0.174+0.03 63+10° 5248 21
07y 21.1 20.4 1= 62 123
%Mo 20.8 20.5 1- 48 75

?An experimentally determined level density parameter was used, taken from Ref. 17.
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or T, (m=2). The relation between the isospin mixing
u? and the mean escape and mixing widths is given by
N w2 |7

.
N T )

r; 1—u?

Combining (6) and (7) leads to the relation from which H,
can be calculated'®:

2 g
R - N 2
H2= L2z (8)
N2 2m P1
1—p? |1+ —
u N,

For the system containing the two classes of compound
states only (T or T,), u? can be defined in the same
way as €%; this means that the occupation probability for
the T, compound state can be set equal to 1 at t=t¢;.
Expression (7) and also (5) can then easily be obtained us-
ing a master equation’’ which governs the occupation
probability flow in time. This equation is represented by
a set of two coupled differential equations from which the
occupation probabilities for both the T'. and T, com-
pound states can be calculated. The transition probabili-
ties per unit time, entering in this equation, are given by
I';, /% and T}, /% when external isospin mixing is negligi-
ble. From relation (8) the maximum or complete isospin
mixing is given by

2 N,

_ )
He=NIN,

and is generated by an infinitely large mean Coulomb ma-
trix element H,. For the nuclei under study this complete
mixing p? is about equal to 1, since Ny >>N,.

The mean mixing Coulomb matrix elements calculated
using (8) are also shown in Table II. While u? is nearly
independent of the level density, H, does strongly depend
on it, so it is difficult to estimate uncertainties on the de-
rived H, values (in general, level densities are not very
well known). In Fig. 4 the matrix elements, calculated
with the level density of Ref. 16, are plotted vs VaU,
where a and U stand for the level density parameter and
the effective excitation energy, respectively. On the same
figure the straight line represents a fit to the known
data.?? Our values show the same exponential depen-
dence, H, ~ exp(—VaU ), which means that relation (8)
is dominated by the T _ level density This behavior of
H_ and the near constancy of u?, regardless of the nu-
cleus, has been interpreted®? as being due to the fact that
an analog T, state can only couple to its respective antia-
nalog T _. The deviation by a factor of about 5 between
our matrlx elements and the straight line may well be ex-
plained by the use of different level densities in the
analysis (which, unfortunately, are not always specified),
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FIG. 4. Mean isospin mixing Coulomb matrix elements be-
tween the underlying T, and T. compound states of the T,
GDR. The full line is a fit through the previously published
data (Ref. 22). The *Y point denoted by an open square
(H,=67 eV) was obtained using the same level density parame-
ters (Ref. 16) as for the other nuclei.

and by the fact that i in ouﬁg case the compound states are
restricted tobe 1~ (5,5 for ¥Y) states.

III. CONCLUSIONS

. The main result of this paper consists in the determina-
tion, for medium-heavy nuclei, of the amount of isospin
mixing generated during the decay of the T, coherent di-
pole state using both (y,n) and (y,p) cross sections. It can
be concluded that this mixing is large (since the spreading
of the T, state dominates) but otherwise not complete,
i.e, u><N;/(N,+N,), and that it may be attributed to
the coupling of overlapping T, and T_ compound
states. Mean mixing Coulomb matrix elements for com-
pound states could be derived, although the absolute
values must be regarded with some caution since they are
strongly dependent on the specific level density used in
the analysis.
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