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Exclusive measurement of isospin (I) mixing in 32S at high temperature (T) has been performed utilizing
the y-decay of isovector giant dipole resonance (IVGDR). The degree of isospin mixing was deduced
from the ratio of high energy y-ray cross-sections of 32S and 3'P populated at the same temperature
and angular momentum (J). Precise temperature was determined by simultaneous measurement of
nuclear level density (NLD) parameter and angular momentum. The measured Coulomb spreading width
(I'Y) seems to be independent of temperature and angular momentum. The isospin becomes a good
quantum number with increase in temperature. However, when compared with the calculation at high
temperature, measured isospin mixing is underpredicted by the calculations.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The concept of charge symmetry and charge independence is
formalized via the concept of isospin quantum number I [1,2]. It
is fully preserved by the charge independent part of nuclear in-
teraction. However, the presence of electromagnetic interactions
and the charge dependent short range potential break the isospin
symmetry in nuclei; the most important part being the isovector
Coulomb interaction which mixes states separated by Al = 1 [3].
Despite being a small effect, isospin mixing is important in connec-
tion with two basic phenomena in physics, namely, the spreading
width of isobaric analog states (IAS) [4-6] and the superallowed
Fermi B-decay [7-10]. The spreading width of the IAS is directly
related to the isospin mixing in the parent nuclei [5,6]. While, in
case of superallowed Fermi B-decay, the measured lifetime is re-
lated to the vector coupling constant Gy which in turn is crucial in
determining the u-quark to d-quark transition matrix element V4
in the Cabibbo-Kobayashi-Maskawa (CKM) matrix. However, the
measured ft value needs several corrections [7]; one of them be-
ing &, which is related to the isospin mixing [9]. In recent years,
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experimental advances have put the theoretically calculated cor-
rections under intense scrutiny.

In general, isospin mixing can be studied by utilizing the transi-
tions which would have been forbidden if isospin mixing does not
take place. For example, a) electric dipole transition in self conju-
gate nuclei [11], b) Fermi B-decay [12,13], c¢) splitting of the IAS
studied by B delayed y-rays [14] and d) evaporated E1 y-rays
from the decay of IVGDR [15].

At moderate excitation energies the y-rays associated with the
decay of IVGDR are emitted mostly from the first stage of the com-
pound nuclear decay. It is, therefore, an ideal tool to study the
isospin mixing in self conjugate (N = Z) nuclei in the excitation
energy range where the statistical model of nuclei can be ap-
plied. Owing to the isovector nature of the decay, the y-transitions
between the states of same I are forbidden in N = Z nuclei.
Consequently, if a self-conjugate nucleus is populated by bom-
barding a self-conjugate projectile on a self-conjugate target, only
[ = 0 states are populated in the compound nucleus (CN) with
the assumption that the isospin is fully conserved. Due to the
above mentioned isospin selection rule y -transitions only between
states I = 0 to I = 1 are allowed. But, at moderate excitation
energies there are not many I = 1 final states to be populated
by IVGDR y-decay. This results in the suppression of the yield
of y-rays decaying from self-conjugate nuclei populated through
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I =0 entrance channel as compared to I # 0 nuclei for which all
y -transitions are allowed. However, in presence of an admixture
of [ = 1 states in the initial compound nucleus, the IVGDR y -yield
is enhanced as these I = 1 states can decay to I = O states.

The above technique was first proposed by Harakeh et al. [15]
and was later modified by Behr et al. [16] who formalized the
isospin mixing as prescribed in Ref. [17]. It was shown, by inclusive
high energy y-ray measurement, that for 28Si isospin gradually
becomes a good quantum number as excitation energy increases.
Recently, isospin mixing has been measured for 89Zr [18,19]. They
concluded that the Coulomb spreading width (I'V), in fact, remains
constant with temperature and isospin mixing decreases with the
increase in temperature. The result was compared with the calcu-
lation of Sagawa et al. [6] who proposed that the spreading width
of the IAS arises due to the coupling of isovector monopole (IVM)
states and they connected the isospin mixing in the parent nucleus
to the spreading width of the IAS. Interestingly, the result matches
well with the calculation; also when extrapolated to zero temper-
ature, the result agrees quite well with the recent calculation of
Satula et al. [20]. However, at lower mass regions the measured
isospin mixing values seem to be a bit higher at higher tempera-
tures [21]. It could also be mentioned here that in all the measure-
ments which applied the formalism of Ref. [16] to extract isospin
mixing, heavy ion fusion reaction was used to ensure the statis-
tical nature of the evaporated y-rays. However, in such reactions
the compound nuclei are populated at higher angular momenta
which in turn affect the high energy y-ray spectrum [22], partic-
ularly at lower mass regions [23]. It should also be pointed out
that in all the previous measurements in lower mass regions the
nuclear level density (NLD) parameter, which is vital for statistical
model calculations as well as for precise determination of nuclear
temperature, was not measured.

In this letter, we report on the measurement of isospin mix-
ing in 32S for which only one measurement exists at 58.3 MeV
[24]. Our primal objectives were to a) populate the compound nu-
cleus with light ion (o) induced fusion reaction to minimize the
angular momentum effect; these reactions have been extensively
used to study the low temperature properties of IVGDR [25-27],
b) precisely measure the angular momentum populated by mea-
suring the low energy y-ray multiplicity, c¢) measure the crucial
NLD parameter, for the first time in this context, by measuring
the evaporated neutron energy spectrum, d) determine the exact
temperature by simultaneous measurement of angular momentum
and NLD parameter, e) compare our result with the calculations of
Ref. [6] and attempt to extrapolate the result towards zero temper-
ature.

The experiments were performed at the Variable Energy Cy-
clotron Centre (VECC), Kolkata. The compound nuclei 3P and 32§
were populated at the same excitation energy (E* = 40.2 MeV) and
angular momentum (< J >= 12h) through 1=1/2 and I = 0 en-
trance channels by bombarding self-supporting 2’Al (I = 1/2) and
285j (1 =0) target nuclei with a-beam (I = 0) of energies 35 MeV
and 38 MeV, respectively from K-130 Cyclotron. The target thick-
nesses were 7.1 and 10.8 mg/cm? for 27Al and 28Si, respectively.
Here 3P was populated as a reference nucleus (populated through
different entrance channel isospin but at same E* and <] >) to
find the IVGDR parameters (energy, width and strength) to be used
for the analysis of 32S. As the masses of the two compound nuclei
are nearly same and they are populated at the same excitation en-
ergy and angular momentum, IVGDR parameters are expected to
be same for both the nuclei. It should also be mentioned that the
critical angular momentum (J.) [28], above which noticeable ef-
fect on IVGDR width is observed, is 11k for 32S. Consequently, the
high energy y-ray spectra are expected to be sensitive to temper-
ature only.
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Fig. 1. (Color online.) (a) Experimental fold distributions along with the simulated
one. (b) The total fusion cross-section (arb. unit) (green solid triangles with red
dot-dashed line) and the selected angular momentum distribution (solid blue line)
for CASCADE calculations.

The high energy y-ray spectra from the decay of IVGDR were
measured using a part of the LAMBDA spectrometer [29]. A total of
49 BaF, detectors, each having dimension of 3.5 x 3.5 x 35 cm?,
were arranged in a 7 x 7 matrix. The detector system was placed
at a distance of 50 cm from the target and at an angle of 90° with
respect to the beam axis. The geometrical efficiency of the sys-
tem was 1.8%. It was surrounded by a 10 cm thick passive lead
shield to block the y-ray backgrounds. A 50 element multiplicity
filter (BaF, detector each having dimension of 3.5 x 3.5 x 5.0 cm?)
was also utilized for precise measurement of angular momentum
populated as well as to take start trigger for time of flight (TOF)
measurements. The multiplicity filter was divided into two parts
of 25 elements each and they were placed on top and bottom of
the target chamber in 5 x 5 matrix at a distance of 5 cm from the
target. To ensure equal solid angle for each detector, each matrix
was configured in a staggered castle type geometry. The data were
acquired using a VME based data acquisition system. Only those
events for which at least one detector from both the top and bot-
tom multiplicity filters fired in coincidence with one of the BaF,
detectors of LAMBDA spectrometer above a threshold of 4.0 MeV
were recorded. This coincidence technique, despite selecting the
higher angular momentum phase space (Fig. 1b), guarantees the
selection of statistical events as well as a significant reduction in
background events. The neutron events were rejected by using TOF
technique and the pulse shape discrimination (PSD) technique was
utilized to get rid of the pile-up events in each detector by mea-
suring the charge deposition over two integrating time intervals of
50 ns and 2 ps. The time spectrum of the cyclotron radio frequency
(RF) was also recorded with respect to the multiplicity filter to fur-
ther ensure the selection of beam related events. The high energy
y -ray spectra were reconstructed using cluster summing technique
[29] in which each detector was required to satisfy the prompt
time gate and PSD gate. The events were so selected that they
should lie within the prompt gate of RF time spectrum.

The evaporated neutron energy spectra were measured, in co-
incidence with the multiplicity y-rays, using a liquid scintillator
based neutron TOF detector [30]. It was placed at an angle of 150°
with respect to the beam axis and at a distance of 150 cm from
the target. The n — y discrimination was done using PSD technique
comprising of TOF and zero crossover time (ZCT). The TOF spec-
tra were converted to neutron energy spectra using the prompt
y-peaks in the TOF as time reference. The energy spectra were
converted from laboratory frame to center of mass (CM) frame. The
energy resolution of the present set-up is ~17% at 1 MeV. The de-
tailed energy dependent neutron detection efficiency can be found
in Ref. [30]
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The angular momenta populated in the reactions studied do
not affect the IVGDR parameters considerably. However, to deter-
mine the temperature of the compound nuclei, it is important to
determine the angular momentum accurately; also the selection
of proper angular momentum phase space (as we have selected
only those events for which both of the top and bottom multi-
plicity filters fired in coincidence) is crucial for statistical model
calculations. Thus the experimentally measured fold distribution
was mapped into angular momentum space with Monte Carlo
GEANT3 simulations [31]. The detailed procedure can be obtained
in Ref. [32]. The experimental fold distributions for 3'P and 32§
along with the simulated one are shown in Fig. 1a, while the
selected angular momentum phase space is shown in Fig. 1b. It
should be mentioned here that the selected angular momentum
distributions were properly normalized with the input channel fu-
sion cross-section obtained from the PACE4 code for 3'P and 32s.
It is interesting to note from Fig. 1a that fold distributions for 3P
and 325 were the same asserting the fact that the angular momen-
tum populations for both the nuclei were the same.

The experimental spectra were analyzed with a modified ver-
sion of CASCADE code [33] in which isospin was properly taken
care of [16]. Two types of pure isospin states . =1, and I. =1;41
were considered. The fraction of 2 states that mixes with < states
was defined as [17]

Lpt
re/rl
Vet 2ol ot
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(1)

2
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2

where I'" is the statistical decay width of the CN. The mixed pop-
ulations of the compound nuclear states were defined as

6.=01-a)o-+ao- (2)
6-=(1—-0a?)o. +a’o. (3)

where o and o. are the population of the pure isospin states.
The level density of each type of isospin states was accounted for
and the transmission coefficient was divided into isospin depen-
dent and independent parts. The calculation contains only Fi as
the free parameter (to be derived from the experimental data). The
details of the calculation can be obtained in Ref. [16,34].

The statistical model analysis for 3'P was performed with the
assumption that the isospin is fully conserved (Fi =0). The CAS-
CADE neutron spectrum (after correcting for detector efficiency)
was compared with the experimental spectrum and X2 mini-
mization was done in the energy range 4.0-10.0 MeV. The Reis-
dorf level density prescription [35] was used and the best fit
was obtained for @ = 4.2 4+ 0.3 MeV. Similar analysis resulted in
d=3.940.1 for 32S. The evaporated neutron energy spectra along
with the CASCADE fit are shown in Fig. 2. In the next step,
the IVGDR parameters were extracted by comparing the high en-
ergy y-ray spectrum of 3'P with the CASCADE calculations along
with a small bremsstrahlung component parametrized as o =
o (0)eEv/Eo_ The slope parameter Eq = 4.9 MeV which is consis-
tent with the parametrization Eg = 1.1[(Ejqp — Vc)/A1%72 [36]. The
deduced parameters were Egpr = 17.8 £ 0.2 MeV, I'cpr = 8.0 &
0.4 MeV and Scpr = 1.00 = 0.03. The uncertainties were obtained
by x2 minimization procedure in the energy range 14-21 MeV.
The experimental high energy y-ray spectrum for 3'P along with
the CASCADE spectra, properly folded with the detector response
function, are shown in Fig. 3a. In order to emphasize on the GDR
region the corresponding linearized spectra are shown in Fig. 3b,
using the quantity F(Ey)Y"’"p(Ey)/Ym’(EJ,), where Y*P(E,) and
Yca’(Ey) are the experimental and the CASCADE spectra, while
F(Ey) is the Lorentzian having the above mentioned parameters.
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Fig. 2. (Color online.) Experimental neutron spectra (green filled circles) along with
the CASCADE predictions (red solid lines) for (a) 3'P and (b) 32S.
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Fig. 3. (Color online.) Experimental high energy y-ray spectra (green filled cir-
cles) along with CASCADE calculations for It =0kev (blue dashed line) and
'Y =24 keV (red solid line) for 3P (a) and 32S (c). The corresponding linearized
plots are also shown for 3!P (b) and 325 (d).

Finally, the isospin mixing parameters were deduced utilizing
the IVGDR parameters extracted from 3'P. In order to increase the
sensitivity of isospin mixing and minimize the effects of statisti-
cal model parameters, isospin mixing was deduced from the ratio
of y-ray cross-sections of 325 and 3'P in the GDR region (Fig. 4b).
We remark here that though we could simulate the response func-
tion of LAMBDA spectrometer, the absolute efficiency (e€j,) of the
array is not known. So, we have taken the ratio of [0}, X €j4] for
both the nuclei and compared with the ratio of CASCADE cross-
sections properly folded with the detector response function. It
should be highlighted here that I‘i was the only parameter that
was varied to match the experimental ratio with the CASCADE pre-
diction. As Fi remains nearly temperature independent [17,37],
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Fig. 4. (Color online.) (a) Experimental o}, x €, for 3'P (green open circles) and 32$
(blue filled circles). (b) Experimental ratio (pink filled circles) of the high energy
y-ray cross-sections of 32S and 3'P along with the CASCADE predictions for differ-
ent I“i. Fi =0 keV for blue dashed line (zero mixing), Fi =24 keV for red dashed
line and Fi =10 MeV for black dashed line (full mixing). x2 as a function of I'%
(inset Fig. b).

same Fi was used for all the decay steps. The best value for Fi
was obtained by x? minimization technique in the energy range
14-21 MeV and was found to be 24 + 13 keV corresponding to

2< =3.54+1.8% at T= 2.7 MeV. The experimental high energy

y-ray spectrum for 325 along with the CASCADE fit for 'Y, = 0 keV

and I‘i =24 keV are shown in Fig. 3c and the corresponding lin-
earized plots are shown in Fig. 3d. We emphasize here that the
presentations (Fig. 3¢ and 3d) depend on the normalization point;
however, the extracted I‘i from the ratio of the cross sections of
325 and 3'P is completely independent of the normalization point.
It should be mentioned that a2 depends on ] and our quoted value
corresponds to ] = 11h, the peak of the ] distribution. The temper-
ature was calculated using the relation T = /(E* — E;or — Ap)/d,
where E;y is the rotational energy and Ap is the pairing energy.
We remark here that the quoted errors correspond to the statisti-
cal errors as well as the systematic errors owing to the presence
of isotopic impurity in the 28Si target and the uncertainty in the
determination of bremsstrahlung component.

It is interesting to compare our result with the only reported
measurement for 32S [24] for which I'Y. was 20 = 25 keV and o2
was 1.3 &+ 1.5% at T = 2.85 MeV [21]. It emphasizes the fact that
Fi indeed remains constant with temperature. It is also fascinating
to note from Fig. 5a that 2 decreases with the increase in tem-
perature. This is owing to the fact that the competition between
the time scales associated with the Coulomb spreading width (I'V)
and the compound nuclear decay width (I'T) leads towards the
restoration of isospin symmetry [38,39]. The intrinsic decay width
of the compound nuclear state becomes so large as compared to
the Coulomb spreading width that the state does not get sufficient
time to mix. However in both the cases angular momenta were
different and it would be interesting to disentangle the effects of ]
and T on ai. It could also be conjectured that Fi does not change
much with angular momentum.

It would be appealing to compare our measured ai at mini-
mum angular momentum (1) with the calculation of Sagawa et
al. [6]. According to the formalism

1 Cias
al = (4)
I;+1 Ten+Tivm
where T'jas is the spreading width of IAS, which is equivalent

to Fi, I'cy is the compound nuclear decay width and Tjyy is
the width of the isovector monopole (IVM) state at the energy

] ®

0.0 1.0 2.0 3.0 4.0
Temperature (MeV)

Fig. 5. (Color online.) (a) Measured 2 for 32S at different temperatures. The blue
solid circle is the present measurement and the red filled circle is adopted from
Ref. [24]. (b) Comparison of our measured ozi at ] = 1h with the calculation of Oli
with T [6]. o2 at T=0 imposed from Ref. [20] (red dot dashed line), &2 at T=0
calculated using the formalism of Ref. [9] by imposing . value from Ref. [7] (green
solid line).

of IAS. a2 was set at 0.7% at T =0 from the recent calculation
of Satula et al. [20]. This results in T'jypy = 3.4 MeV as 'cy =0
at T=0. Next, 'cy was calculated using the CASCADE code at
different temperatures using our best fit parameters. The result-
ing calculation is shown in Fig. 5b (red dot dashed line). It should
be mentioned here that I'jyp; was assumed temperature indepen-
dent and Fi was given a weak linear dependence [6] on T as
l‘i(T) = Fi (0)(1+4cT) where ¢ =0.2 MeV~!. The parameter ¢ was
calculated by assuming that Fi(T = 2.7 MeV) =37 keV i.e. Fi re-
mained within the experimental error bar. As can be seen from
Fig. 5b that our measured a2 = 3.5 + 1.9% remains well above the
calculated value.

The value of @2 at T=0 has also been extracted using the cal-
culated value of 8. = 0.65% in 34Cl which reproduces the corrected
ft value [7]. o is extracted utilizing the formalism of Ref. [9]
with the assumption that & is same for 3#Cl and 32S. According to
this formalism o2 is defined as

P L,
EEINE

where Vi =100 MeV, & =3 [9]. Equation (5) yields a? = 2.0%
which in turn yields I'jyy = 1.2 MeV. ai was extrapolated to
higher temperatures using the same procedure described before.
As can be seen from Fig. 5b the calculation (solid green line),
though underpredicts, better explains our measured data. It should
be highlighted in this context that Melconian et al. [40] have found
8¢ to be as high as 5.3 +£0.9% which was attributed to the presence
of close lying [ =0 and I =1 states near 7.0 MeV excitation energy
n 325 and it was corroborated by the shell model calculations. So,
it would be interesting to perform the statistical model analysis
with the local effects but is beyond the scope of the present work.
It should also be highlighted here that, as mentioned therein, the
formalism of Sagawa et al. [6] may be valid in medium-heavy and
heavy nuclei. However, more data are required at still lower tem-
peratures to understand the systematic behavior of isospin mixing
in lower mass region.

In summary, we have measured the isospin mixing in 32S by
utilizing «-induced fusion reactions. Precise temperature was de-
termined by simultaneous measurement of NLD parameter and

angular momentum. Coulomb spreading width Fi was found to be

8¢ (5)
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nearly independent of temperature and angular momentum. More-
over, isospin becomes a good quantum number with the increase
in temperature. However, ai, when extrapolated to higher temper-
atures, by imposing its value at zero temperature, underpredicts
our measured value.
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