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Electric and magnetic dipole transitions from broad s-wave neutron resonance
in even-even sd-shell nuclei
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Observations have been performed for electromagnetic transitions from the broad s-wave neutron res-
onances at 658 keV in Mg, at 180 keV in 'Si, and at 103 keV in ' S. Capture gamma rays were mea-
sured with an anti-Compton NaI(Tl) detector, using a neutron time-of-flight technique. E1 and M1
transitions from those resonances to low-lying states with a strong single-particle character were found.
The deduced partial radiative widths for E1 transition are in excellent agreement with the Lane-
Mughabghab valence-capture model calculations taking the neutron effective charge, —Ze/A. More-
over, it is shown that essential features of the observed E1 and M1 transitions can be well explained by
assuming a configuration-mixing wave function, %';(~+)=a(0+(3) 2+)+b(1+ 2+)+c(1+ 2+), for
each resonance. The M1 transition strengths are compared also with more detailed shell model calcula-
tions in the model space of full (sd) configurations, using the Wildenthal effective interaction.

PACS number(s): 25.40.Lw, 23.20.Lv, 27.30.+ t

I. INTRODUCTION

A lot of experimental data on radiative widths of neu-
tron resonance levels have been reported. However, radi-
ative widths of broad s-wave resonances were frequently
found to include systematic error [l]. This problem is, in
particular, serious for the data measured with neutron-
sensitive total energy detectors in time-of-Aight experi-
ments. In the experiments, it is intrinsically difficult to
distinguish between capture gamma-ray events and the
background due to the neutrons strongly scattered in a
capture sample. Therefore, a detailed discussion was
scarcely given on the structure of broad s-wave reso-
nances and on the neutron resonance-capture mecha-
nism.

In the neutron capture on broad s-wave resonances in
sd-shell nuclei, furthermore, strong M1 transitions from
those resonances to low-lying states with positive parity
are predicted, as mentioned below. It seems to be in
marked contrast with primary electromagnetic transi-
tions from broad p-wave resonance capture, in which pri-
mary M l transitions are greatly suppressed [2—4].

So far, it is well known that the M1 strength observed
with neutron resonance-capture reactions reaches a peak
in the vicinity of closed-shell nuclei [5]. For double mag-
ic nuclei, the strong M1 strength was ascribed to the ex-
citation of collective isovector M 1 states, which is
aroused by coherent nucleon transitions between the
filled and empty members of spin-orbit partners [6]. In
this physical picture, the l.s particle-hole pairs in the sd-
shell, 1d5y2-ld3y2 are expected to produce M1 states a
few MeV above the 1.s splitting energy (-7.0 MeV), on
account of a repulsive nature of the spin-dependent
particle-hole interaction. Consequently, in electromag-
netic transitions from broad s-wave resonances in sd-shell
nuclei, M 1 transitions would be enhanced by coupling be-

II. EXPERIMENTS

Using a neutron time-of-flight (TOF) technique we
have measured gamma-ray spectra from neutron capture
on the s-wave resonances at 658 keV in Mg, at 180 keV
in Si, and at 103 keV in S. Figure 1 shows the experi-
mental arrangement.
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FIG. 1. Experimental arrangement.

tween the s-wave neutron single-particle state and those
collective M1 states.

From such a viewpoint, the present study was devoted
to investigating electromagnetic transitions from the
broad s-wave resonances at 658 keV in Mg, at 180 keV
in Si, and at 103 keV in S.
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FIG. 2. Background gamma-ray pulse-height spectra.

Pulsed neutrons were produced from the Li(p, n) Be
reaction by bombarding a Li-evaporated copper disk with
the 1.5-ns bunched proton beam from the 3.2-MV Pellet-
ron Accelerator of the Research Laboratory for Nuclear
Reactors in the Tokyo Institute of Technology. The typi-
cal proton beam current was 10 pA at 2-MHz pulse re-
petition rate. The neutron source target was cooled by
spraying water on the target from outside to prevent
lithium from being scattered and lost. Capture samples
were disks of natural magnesium, silicon, and sulfur,
which were placed 156 mm away from the neutron source
at right angles to the proton-beam direction. The sample
thickness was determined so as to give a neutron
transmission of about 70% at each resonance peak, in or-
der to diminish the correction factor for neutron multiple
scattering and self-shielding described in Sec. III B.

Capture gamma rays were detected with a 76-mm di-
ameter by 152-mm NaI(T1) detector, which was centered
in a 254-mm diameter by 280-mm NaI(T1) hollow anti-
Coinpton detector surrounded by a heavy shield [7]. The
gamma-ray detector was located at a distance of 80 cm
from the sample, with its axis at an angle of 125' to the
proton-beam direction.

In the present experiments a special consideration was
also given to observing capture gamma rays from strong
s-wave resonances. The 500-g LiH powder (95% en-
riched lithium-6), which was packed in a 63-mm diameter
by 300-mm metallic aluminum case lined with acrylic
resin to protect against corrosion, was inserted into the
collimator of the gamma-ray detector, in order to remove
the neutrons strongly scattered into the detector by the
sample [8].

Figure 2 shows the background gamma-ray pulse-
height spectrum in the experiments, in comparison to the
spectrum without LiH. In the figure, the peak (a) is as-
cribed to gamma rays from the thermal neutron capture
by iodine in the NaI(T1) detector. The neutron capture
gamma rays originally exhibit a soft spectrum. However,
since those reactions are generated in the interior of the
detector, cascade gamma rays are almost detected with
high possibility, and therefore the peak appears at the
neutron binding energy (6.8 MeV) of ' I. Part (b) in the

TABLE I. Resonance parameters Refs. [10,11].

Mg

28S

32S

ER (keV)

641.9+0.6
658.5+0.7

180.0'
102.71+0.03

1—
2
I +
2
I +
2
I +
2

I „(keV) gI „I /I (eV)

0.9+0.2
21+2
31'

15.0+0. 1

1.2+0.2
7.7+0.9
5.6+2.2

7.79+0.17

'Reference [11].

spectrum was produced by P decays of the ' I nucleus
(ti&2=25 min). It is found that the LiH powder dimin-
ishes the neutrons scattered into the detector, and conse-
quently brings an extreme decrease of the background
produced by the ' I(n, y)' I reaction. Since the neu-
trons scattered by the sample into the collimator arouse
70—80% of the gamma-ray background, LiH is very
efficient to increase the signal to background (S/N) ra-
tio.

However, a gamma-ray peak at 7.6 MeV, which is due
to the thermal neutron capture by the Fe nucleus in-
cluded in the structural material of the heavy shield, and
a gamma-ray peak at 2.2 MeV, which is due to the
thermal neutron capture by hydrogen included in the
neutron shielding material, are hardly depressed even in
the use of LiH. While, the gamma-ray detection
efficiencies at 2.0 and 6.0 MeV decrease by 50% and
30%%uo, respectively, because of the gamma-ray absorption
in the LiH and aluminum case.

The response matrix of the gamma-ray detector, which
includes information on the detection eSciency and the
gamma-ray shielding effects of LiH, was determined
with the aid of gamma rays from calibrated radioactive
sources, an Am-Be neutron source, and the ' F(p, ay )

' 0
and Al(p, y ) Si reactions [9].

Incident neutron spectra were measured by means of a
TOF method without the sample, employing a 102-mm
diameter by 6.4-mm Li-glass scintillation detector. The
detector was placed at an angle of 7' to the photon-beam
direction, 1-5 m away from the neutron source. The
measurement at this angle gave approximately an aver-
aged incident neutron spectrum on the sample. Figure 3
shows the neutron fiux distributions used for the experi-
ments on magnesium, silicon, and sulfur. Those spectra
were normalized to one neutron. However, the spectra
for the 180-keV resonance experiment on Si and for the
103-keV resonance experiment on S were obtained by
normalizing the neutron energy spectrum within a TOF
gate width, because monoenergetic neutrons were una-
vailable at those resonance energies. In the 658-keV reso-
nance experiment on Mg, we took measurements for
three kinds of neutron-flux distributions, (A), (B), and (C),
with different average energies, in order to separate a
contribution of the 642-keV p&&2-wave narrow resonance
overlapping with the 658-keV resonance. Those reso-
nance parameters [10,11]are given in Table I.

Capture events detected by the gamma-ray detector
were stored in a minicomputer as two-dimensional data
on TOF and pulse height. Figure 4 shows the TOF spec-
tra measured for magnesium, silicon, and sulfur samples.
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The overall time resolution was 3.8 ns (FWHM) for gam-
ma rays above 0.5 MeV. In order to illustrate the S/N
ratio, as an example, we show in Fig. 5(a) the normalized
foreground and background gamma-ray pulse-height
spectra obtained from the 180-keV resonance experiment
on Si. The foreground spectrum was measured by set-
ting a suitable gate (DWf ) at the position of the capture
gamma-ray peak in the TOF spectrum. The background
spectrum was taken as being time independent, and mea-
sured similarly by setting a gate (DWb ) about three times
wider than the foreground gate (DWf ). The net gamma-

ray pulse height spectrum in Fig. 5(b) was obtained by
subtracting the background from the foreground.

The capture cross sections of Mg, Si, and S were
determined by normalizing the capture gamma-ray yield
of each nucleus to that of ' Au. The yield of ' Au was
related to the ENDF/B-V neutron capture cross section
[12] of ' Au by means of a pulse-height weighting tech-
nique I 13]. Therefore, measurements were performed al-
ternately between the sample and gold runs. Both data
were normalized by neutron counts of another Li-glass
scintillation detector installed at an angle of 45' to the
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FIG. 3. Neutron flux energy distributions normalized to one
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height spectra in the 180-keV resonance experiment on Si. (b)

Net capture gamma-ray pulse-height spectrum in the 180-keV
resonance experiment on Si.
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proton-beam direction so as to view directly the neutron
source.

III. EXPERIMENTAL RESULTS

A. Resonance capture gamma-ray spectra

Figures 6, 7, and 8 show the capture gamma-ray spec-
tra. Those spectra were obtained from unfolding the net
gamma-ray pulse-height spectra in Sec. II, using the com-
puter program FERDQR [14] and the matrix represented
by a product of the gamma-ray response matrix and a
correction matrix. The correction matrix was generated
by a Monte Carlo method to take into account the pho-
toelectric absorption, Compton scattering, and pair
creation of capture gamma rays in the sample. For refer-
ence we show the gamma-ray attenuation factors C~ of
the sample in Table II, which are diagonal elements of
the correction matrix. The correction was found to be
10' at most.

1. 180-keV resonance in Si

As shown in Fig. 6, primary gamma rays have been ob-
served for the Ml transitions to the ground ( —,

'+) and

1273-keV ( —,
'+) states in Si and for the E 1 transition to

the 4934-keV ( —', ) state. Those transitions are to the

states with a large spectroscopic factor. The 1273-keV
( —,'+ ) state transition is also conceivable to be of electric
quadrupole. However, such a strong primary E2 transi-
tion has never been observed in neutron resonance-
capture reactions. Furthermore, a core-particle coupling
model calculation [15] shows that the collective E2
transitions, [(0+s, /2 )~(2+ s, /2 ) ] and [(2+ d 3/2 )

~(0+d3/p)], account for only 9 meV of the radiative
width; the observed E2 transition strength [16] between
the ground state (0+) and first excited state (2+) in Si
was taken as the E2 core transition strength. Therefore,
it is most probable that the 1273-keV state transition is
assumed to be of magnetic dipole. Here, in particular we
note that the primary M 1 transitions to the ground ( —,

'+)
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and 1273-keV ( —', +) states are barely observed in the
thermal neutron capture [17]. The remarkable difference
between resonance and thermal neutron capture may
characterize the reaction mechanism of each process.

A gamma-ray peak at 4.9 MeV is due to the cascade
transition from the 4934-keV ( —,

' } state to the ground
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FIG. 8. Capture gamma-ray energy spectra in the 658-keV
resonance experiment on Mg obtained (a) for the neutron flux

A, (b) for the neutron flux B, and (c) for the neutron flux C.
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TABLE II. Correction factors for neutron multiple scatter-
ing (C„), for neutron self-shielding (C„,), and for gamma-ray
attenuation (C~ ) in the sample.

Mg

28S1

328

Resonance
energy
(keV)

658
642
180
103

Cnm

1.13
1.13
1.28
1.66

Cns

0.87
0.88
0.88
0.74

0.90—0.95
0.90—0.95
0.90—0.96
0.90-0.95

state. The observed strength ratio of the cascade transi-
tion to the primary 4934-keV state transition is
0.86+0.32, which is in substantial agreement with the
branching ratio, 0.94+0.01 [18], for the cascade transi-
tion. Also, a gamma-ray peak at 2.3 MeV may be due to
the primary transition to the 6381-keV ( —,

'
) state. How-

ever, this peak seems to include a large contribution of
the transition from the 2236-keV (2+ ) state to the ground
(0+) state in Si, produced by neutron capture on Si.
The reason is that the primary gamma rays to the ground
state in Si are found at 10.7 MeV, and that a gamma-
ray peak at 6.4 MeV is imperceptible, in spite of the large
branching ratio, 0.63+0.13 [18], for the transition from
the 6381-keV state to the ground state [see Fig. 5(b)].

2. 103-keV resonance in S

The primary Ml transitions to the ground ( —', ) and
840-keV ( —,

'+
) states and the primary E 1 transition to the

3220-keV ( —', ) state have been identified, as shown in

Fig. 7. Those transitions are of strong single-particle
character. As in the case of Si, the primary transitions
to the —,

'+ and —,
'+ states, which are extremely weak in the

thermal neutron capture [19],are enhanced.
The gamma-ray peaks at 3.2 and 2.4 MeV may be due

to the cascade transitions from the 3220-keV state to the
ground and 840-keV states, respectively. The observed
strength ratio of the cascade transition [3220 keV~840
keV] to the primary 3220-keV state transition is
0.69+0.07, which is in good agreement with the branch-
ing ratio, 0.64+0.02 [19], for the cascade transition.
However, the strength ratio of the cascade transition
[3220 keV~O keV] to the primary 3220-keV state transi-
tion is 0.78+0.09, which is much larger than the branch-
ing ratio, 0.35+0.02 [19], for the cascade transition.
Probably, this is because the gamma-ray peak at 3.2 MeV
includes the primary transition to the 5715-keV ( —, )

state with a strong single-particle character and the cas-
cade transition, [4210 keV~840 keV], with the large
branching ratio, 0.93+0.04 [19]. It is also supposed from
spreading of the bottom of the gamma-ray peak.

A gamma-ray peak at 4.9 MeV is due to the cascade
transition [5717 keV~840 keV] with the large branching
ratio, 0.76+0.02 [19]. Also, a broad gamma-ray peak
around 4.5 MeV may include the primary transitions to
the 4055-keV ( —,'+), 4210-keV ( —', ), and 4425-keV ( —,'+)
states.

B. Partial radiative widths

The partial capture cross section of a sample averaged
with a neutron-flux distribution, (o~f(S)), is related to
the average total capture cross section of ' Au,
(o (Au) ), as follows:

(o f(S))=CR (o (Au))y(Au) &,f(S)
S Y (Au

(la)

with

(c„c„,)~"
C=

(c„c„,)s
and

(r2 )AuR=
(r n)s

(lb}

(lc)

3. 658-keV resonance in Mg

As mentioned in Sec. II, there exists the 642-keV p, &~-

wave narrow resonance in the vicinity of the 658-keV s-
wave resonance in Mg. In order to separate the contri-
butions of both resonances, the experiment was per-
formed for three kinds of neutron-Aux distributions given
in Fig. 3. Figure 8(a) shows a gamma-ray spectrum mea-
sured using the neutron flux, (A), with an average neu-
tron energy close to the 658-keV resonance. The
gamma-ray spectra in Figs. 8(b) and 8(c) were measured
using the neutron fluxs, (B) and (C), with an average neu-
tron energy close to the 642-keV resonance, respectively.

As seen from Fig. 8(a},gamma-ray peaks were obtained
for the primary Ml transitions to the 585-keV ( —,

' ),
975-keV ( —,'+), and 2801-keV ( —', +) states in Mg and for
the primary El transition to the 3414-keV ( —,

'
) state.

Those transitions are to the states with a large spectro-
scopic factor. A gamma-ray peak at 2.8 MeV is due to
the cascade transition [3414 keV~585 keV], with the
large branching ratio, 0.76+0.01 [18]. However, the
peak may include a small contribution of the cascade
transition, [2801 keV~O keV], because the observed
strength ratio of the cascade transition [3414 keV~585
keV] to the primary 3414-keV state transition is
0.94+0. 14. Also, a gamma-ray peak at 3.4 MeV is due to
the cascade transition [3414 keV~O keV].

A gamma-ray peak at 2.5 MeV is due to the primary
transition to the 5474-keV ( —,'+) state. We note that in

Fig. 8(c) this peak is in particular enhanced in compar-
ison to the other gamma-ray peaks. Probably, the pri-
mary 5474-keV state transition is mainly from the 642-
keV resonance.

The gamma-ray peaks at 8.0 and 6.0 MeV, if those
gamma rays were produced by the Mg(n, y) Mg reac-
tion, would be ascribed to the primary E2 transitions to
the ground ( —,

'+) and 1965-keV ( —,
'+) states. Therefore,

both gamma-ray peaks would have been produced by the
primary transitions to the 3941-keV (3+ ) and 5715-keV
(4+) states in Mg. A strong gamma-ray peak at 1.8
MeV due to the transition from the 1809-keV (2+) state
to the ground state (0+) in Mg may also support this
statement.
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(o' r(S)) = f cr (E)g(E)dE, (2)

where g (E) is the normalized neutron flux distribution
given in Fig. 3. The average capture cross section of

Au was calculated using the evaluated value of the
ENDF/B-V data file [12].

Since the interference between resonance and off-
resonance capture is neglected to a good approximation,
the average partial capture cross section ( o ~f(S) ) is con-
nected to the partial radiative width, I

yf.
r„I yf(o f(S))=ag +o f(off) (3a)

with

a—= f nK (E) dE,
(E E„) +(I /2—)'

(3b)

where g is a statistical factor and K (E) is the de Broglie
wavelength of an incident neutron with energy E. The
resonance parameters Ez, I, and I „are the resonance
energy, total width, and neutron width, respectively.

The partial off-resonance capture cross sections
0 rf (offl were calculated on the basis of the potential-
capture theory [20], using the computer program HIKARI

[21]. The calculations include the systematic error of
20—30%, which results from the ambiguity in a choice of
the optical potential parameters used in the calculation.
However, those cross sections account for at most 15%
of the average partial capture cross sections (o'yf(S)).
Therefore, the error of partial radiative widths due to this
ambiguity is only a few percent, and it is not so serious as
compared with the statistical error. The error of partial
radiative widths was calculated, including the statistical

TABLE III. Thickness of the capture samples.

where r and n are the radius and thickness (atoms/b) of
the sample, respectively; N f(S) is the partial capture
yield for the transition to the state, f, in a residual nu-
cleus, which was obtained by summing up the counts on
a corresponding gamma-ray peak in the unfolded spec-
trum; Y~(Au) is the total capture yield of ' Au, which
was obtained from the capture gamma-ray spectrum, us-

ing a pulse-height weighting technique [13]. The quanti-
ty P is the total neutron counts measured at an angle of
45' to the proton-beam direction; C„ is the correction
factor for neutron multiple scattering, which was calcu-
lated by a Monte Carlo method, taking account of neu-
tron scattering and capture in the sample; C„, is the
correction factor for neutron self-shielding in the sample,
which was calculated by means of an analytical method.
Tables II and III show the correction factors and the
thickness of the samples used in experiment, respectively.
The average capture cross section ( cr ~(S) ) was calculat-
ed as

a'=2~'K'(EI't )rl(Eg ) (4)

Thus, instead of Eq. (3a) the average capture cross sec-
tion is expressed by the sum of the contributions of both
resonances as

. r rf ., r'r'f
(o' f($)) =a'g +a'g' +orf(off),r r' (5)

where the superscript i distinguishes three experiments
using the neutron-flux distributions (A}, (B}, and (C}
shown in Fig. 3, and the primed resonance parameters
denote those of the 642-keV resonance. From Eq. (5) we
have

error (10—30%), the error of the detection efficiency of
gamma rays (3—7 % ), the error of the total capture yield
of gold (5%), and the error of the capture cross section of
gold (5%).

Table IV shows the observed partial radiative widths of
the 180-keV s-wave resonance in Si. Those values are
about half of our previous ones [22]. Since a fault in data
processing was found for the previous experiment on Si,
we have remeasured the radiative width. As a result, the
sum of the observed partial radiative widths for the
ground, 1273-keV, 4934-keV, and 6381-keV state transi-
tions was obtained to be 4.33+0.59 eV, which is in agree-
ment with the evaluated total radiative width, 5.6+2.2
eV, of Mughabghab et al. [10], within error. However,
as mentioned in Sec. III A 1, the primary transition to the
6381-keV state includes a large contribution of the

Si(n, y) Si reaction. Therefore, the evaluated value of
Mughabghab et al. seems to be a little too large.

Table V shows the observed radiative widths of the
103-keV s-wave resonance in S. Since the primary tran-
sitions to the 4055-keV ( —,'+), 4210-keV ( —', ), and 4425-
keV ( —,

'+
) states could not be separated, the total width of

those transitions is given in the table. The partial radia-
tive width for the 5715-keV ( —, ) state transition was de-

rived from the strength of the cascade transition from the
5715-keV ( —,

'
) state to the 840-keV ( —,

'+) state, using the
branching ratio, 0.76+0.02, observed by Raman et al.
[19]in the thermal neutron capture by 32S.

The sum of the observed partial radiative widths is
4.29+0.32 eV, which is about half of the total radiative
width, 7.79+0.17 eV, evaluated by Mughabghab et al.
[10]. In the present experiment, there would be no possi-
bility of missing such a strong primary transition which
removes the large discrepancy between both values.
Probably, the evaluated value of Mughabghab et al. is
too large.

As for Mg, in order to obtain partial radiative widths
of the 658-keV s-wave resonance, Eq. (3a) must be
modified to include a contribution of the 642-keV p, &2-

wave resonance. The total width of the 642-keV reso-
nance is very narrow ( ( 1 keV), and therefore the reso-
nance integral in Eq. (3b) is approximated by

Mg

6.80 x 10

Sample thickness (atoms/b)
Si

4.61x 10-' 3.63 x 10-'
with

(6a)
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TABLE IV. Partial radiative widths of the 180-keV s-wave resonance in "Si.

E (keV)

0(-'+)
2

1273(—+
)

4934( — )

6381(—' )

g2

0.55

1.00
0.59
0.52

Present

1.53+0.31
1.45+0.33
0.90+0.33
0.45+0. 19'

Partial radiative widths (eV)

Valence

1.15

0.18

(1.53)

(1.45)

(0.90)
0.18

'The value shows the upper limit of the partial radiative width (see text).

CXX=
CX

(6b)

and

(oyf(S) ) oyf(off)—
(6c)

Three different experiments generate three independent
data sets of x and y, and consequently the partial reso-
nance kernels, g I „I f /I and g I"„I"f /I", in Eq. (6a).

Using the observed data, we obtained the values of x
and y for the transitions to low-lying states in Mg, as
shown by the solid circles in Fig. 9. The least-square
fitting of a straight line to those points generates partial
resonance kernels: the gradient of the straight line and
its intercept on the y axis represent the partial resonance
kernels of the 658- and 642-keV resonances, respectively.
The results are given in Table VI. From those resonance
kernels, the partial radiative widths of the 658-keV s-
wave resonance in "Mg are derived, as given in Table
VII.

The sum of the observed partial resonance kernels of
the 658-keV broad resonance is 1.25+0.50 eV, which is

much smaller than the evaluated resonance kernel,
7.7+0.9 eV, of Mughabghab et al. [10]. However, it is
unlikely that some strong transitions to compensate this
discrepancy are missed in the present experiment. The
sum for the 642-keV narrow resonance is 1.71+0.31 eV,
being in substantial agreement with the evaluated reso-
nance kernel, 1.2+0.2 eV, of Mughabghab et al. [10].
Moreover, as expected in Sec. III A 3, the 5474-keV ( —,

'+
)

state transition has a dominant kernel for the 642-keV
resonance.

IV. MODEL CALCULATIONS AND DISCUSSION

A. Electric dipole transitions

As seen from Tables IV, V, and VII, the primary tran-
sitions from the broad s-wave resonances are to the final
states with a strong single-particle character. Therefore,
the observed radiative widths for E1 transition were
compared with the calculations using the computer pro-
gram VALENCE [23], which was programmed on the basis
of the valence-capture model of Lane and Mughabghab
[24]. The model produces the partial radiative width,

ry f for the F. 1 transition to a final state, f:

I f =I „k3e 9f Im J "Uf(r)rU;(r)dr
9A' y f Im tan5 opt o

2

X (2Jf+1)(2j,+1)(2jf+1)(21,+1)[(1010~1f0)W(lj lfjf, —,'1)W(j JjfJf Il)]
4m

(7)

TABLE V. Partial radiative widths of the 103-keV s-wave resonance in ' S.

E (keV)

0(-'+)
2

840(-,'+)
3220( — )

4210( — )

5715(—' )

g2

0.70
0.40
0.48
0.08
0.55'

Present

0.99+0.15

1.01+0.16
1.36+0.15

0.66+0.15

0.27+0.09

Partial radiative widths (eV)
Valence

1.40
0.15

0.22

CM

(0.99)
(1.01)
(1.36)
0.13

0.26

'Reference [28].
The value shows the upper limit of the partial radiative width (see text).
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TABLE VI. Partialartial resonance kernels of the 642-keV
wave resonance and the 658-ke

I 1/2

e - e s-wave resonance in Mg.
0—

5.4? MeV(1/2+)
E (keV)

Partial resonance kernels (eV)
642-keV resonance 658-k- eV resonance

0—

0—

4.28MeV(1/2 )

3.41 MeV(3/2 )

585( —'+ )2

975( —+)

2564( —'+ )

2801( 23+)

3414( — )

4277( 1
)

5474( ] +
)

0.60+0.26
0.19+0.10

0.23+0.08
0.13+0.07
0.18+0.05
0.38+0.09

0.59+0.42

0.45+0. 15

0.23+0. 13

0.17+0.11
—0.08+0. 14
—0.11+0.13

0-

0-

2.80M eV(3/2+)

0.98MeV(3/2+)

is an optical-model solution, which h h
form

ic as t e asymptotic

1
U, r —,[sin(kr —

—,'l;n. )

+tan5(opt )cos(kr —
—,
' I;n )],

0-

0.0

0.59 Me V(1/2+)

0.4 0.6 0.8 1.0

oreover, the real central potential de th in
ot tial s ad' st d hjus e so t at the real part of the in' '

state wave function with a 2s
o e initial-

wi a s»2 character resonated in
e nuc ear internal region:

FIG. 9. Plottin for
'

g a deduction of the 642- and 658-k V
onance kernels. Xand Yand Y are given by Eqs. 6(b) and 6(c), respec-

d Re[U;(r)]
dr r=R

=0,

where I „ is the neutron width, k is the

p roscopic factor of a final state. The
quantity I is the target s in J iu pin, is the spin of a residual nu-
c eus, g is t e total spin of a neutron sin le-n sing e-particle state,

or i a angular momentum. Th
, f) and Racahsc - or on coefficient (abcd~e

a c;e, are produced b a v
1 of nd b' 1 g omentum. The sub-or ita an ular m

'p s i an denote the initial (resonance
states, respectivel . The

' ' ' - c ion, ry. e mitial-state wave function U, (r )

where R is the nuclear radius. The fi

tion U r

'
s. e nal-state wave func-

f (r) was obtained using a Wood -Soo s- axon potential
rc e so as to reproduce the observed neutron binding

potential parameters were taken from
wave unctions other

owever, it is well known that the valence
model calculations scarc 1 d d ptical poten-

g y o po-

Table IV shows the calculated ar
'

of the 180-keV
u a e partial radiative widths

e - e s-wave resonance in Si. The n
width was taken to be 31 k V.

df B ' W'
e . This value

rei - igner multi-level fittin
resonances in Si [11 as it

ting for neutron
in i ', as it was found that the evaluated

TABLE VII. Partiaartial radiative widths of the 658-kee - e s-wave resonance in Mg.

E (keV)

s8s(-,'+)
975( 3 +)

2

2564( —'+ )

2801( 23+)

3414(—' )

4277( —' )-( )

g2

0.51
0.35
0.13
0.36
0.26
0.19
0.17'

Present

0.59+0.42
0.45+0. 15

0.23+0. 13

0.17+0.11
—0.08+0.14
—0.11+0.13

Partial radiative widths (eV)
Valence

0.22

0.05

(0.59)
(0.45)
0.06
0.19

(0.17)
0.06
0.01

'Reference [28].
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neutron width, 60 keV, of Mughabghab et al. [10] is mis-
taken. The spectroscopic factors for low-lying states in

Si were taken from the evaluated values of Endt [27].
In the table, the observed partial radiative width for the
4934-keV ( —, ) state transition is in substantial agreement
with the calculated value. As for the 6381-keV ( —,

'
)

state transition, the calculated value is much smaller than
the observed one. As mentioned in Sec. IIIA1, this is
because the observed width includes a large contribution
of the cascade transition between the ground (0+) and
2236-keV (2+ ) states in Si.

Table V shows the calculated partial widths of the
103-keV s-wave resonance in S. For the neutron width,
the evaluated value, 15 keV, of Mughabghab et al. [10]
was used, and the spectroscopic factors were taken from
the work of Endt [27] and Mermaz et al. [28]. A good
agreement between the calculated and measured values is
found for the 3220-keV ( —', ) and 5715-keV ( —,

'
) state

transitions. However, the calculated value for the 4210-
keV ( —,

'
) state transition is much smaller than the ob-

served one. As mentioned in Sec. III A2, the reason is
that the primary transition to this state is not dis-
tinguished from the primary M1 transitions to the 4055-
keV ( —,

'+
) and 4425-keV ( —,

'+
) states.

Table VII shows the calculated partial widths of the
658-keV s-wave resonance in Mg. The neutron width,
21 keV, was taken from an evaluation of Mughabghab
et al. [10] and the spectroscopic factors from the work of
Endt [27]. Then, it is found that the calculations repro-
duce the observed radiative widths for the 3414-keV ( —,')
and 4277-keV ( —, ) state transitions within the error.

Moreover, we show in Figs. 10(a) and 10(b) the wave

function for the 658-keV s-wave resonance in Mg and
the radial part of the transition matrix element for
valence-neutron capture to the 3414-keV ( —', ) state in

Mg. As seen from the figures, a great success of the
valence-capture model would be due to an extensive tail
of the s-wave neutron resonance wave function and to a
strong cancellation of the E1 transition matrix element in
the nuclear internal region, resulting in a decoupling be-
tween the s-wave neutron single-particle transition and
the giant dipole resonance (GDR) excitation in the target
nucleus [29].

B. Magnetic dipole transitions

In electromagnetic transitions from the broad s-wave
neutron resonances in the sd-shell nuclei, Mg, Si, and

S, enhanced M1 transitions to low-lying states with a
strong single-particle character have been observed,
which make a sharp contrast with those from broad p-
wave neutron resonances. The enhancement could be
closely related to a core excitation of isovector 1+ states
which is aroused by coherent spin-flip transitions of filled
1d5i2-shell nucleons into the vacant 1d3/2 shell orbit.
The excitation of isoscalar 1+ states would be strongly
suppressed in electromagnetic transitions. Thus, it is
easily supposed from a weak-coupling model that the
core-excitation configurations, (1+I33s,/2) and (1 Cg d3/p),
produced by coupling between isovector 1+ states in the
target nucleus and a sd-shell nucleon, are mixed into
those resonance states.

On this viewpoint, we assume a configuration-mixing
wave function for each resonance with the mixing ampli-
tudes a, b, and c:

'P, ( —,'+)=a(0+s&/2)+b(1+as&/2)+c(1+d3 p)/,
1 1

I2

R

i
I

I I i i I I

(a)
(10)

where a, b, and c are determined from observed radiative
widths. And the wave functions for low-lying states with

O
I—

CL

LLI) —1
I—

LU
CC R

~ I j I I

Imaginary

~ s I

I
I

I I I ~
I

I I I I

integrand (b)

and

%~( —,
'

) =a, (0+s, /2)+

0 ~( —', +
) =a2(0+d, /2)+

4'~( —,
'

) =a3(0+C31p, /~ )+

%~( —', ) =a~(0+p3/~)+

(12)

(13)

(14)

--—Integral where a, is the spectroscopic factor of a final bound state,
which is obtained from neutron-transfer reactions. Then,
the partial radiative widths for primary M1 transitions to
those states with J ( = —,

'+, —', +
) are written as

I g g ~ ~ I I ~ I s I ~ i I I I ~ I I

5 10 15 20

r (fm)

25

9 y 1

(15)

(16)

FIG. 10. (a) Wave function for the 658-keV s-wave resonance
in Mg. (b) Radial part of the transition matrix element for
valence-neutron capture to the 3414-keV ( — ) state in Mg. ( —'+)= —"~k a c g (~1)pf 2 9 (17)
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a +b +c ——1 0 (18)

In Sec. IVA, it was shown that the primary E1 transi-
tions are successfully explained by the valence-capture
model. Therefore, the partial radiative widths for the
primary E 1 transitions to those states with J ( = —,', —,

'
)

may be described as

where m &„ is the isovector magnetic-dipole operator on
the sd-space of core-nucleus coordinates, and 8 &(M 1 ) is

the reduced isovector M1 strength of the core nucleus in
the resonance state. Moreover, the mixing amplitudes, a,
b, and c, satisfy the relation

1/2+ 1020

function given in Eq. (10).
Here, it is worthwhile to mention large-scale shell-

model calculations with a universal effective interaction.
For the even-even sd-shell nuclei, Mg, Mg 28Si, and

S, the experimentally deduced B (o ) values by inelastic
proton scattering were compared with theoretical calcu-
lations and other experimental B(M1) values obtained
from (e,e') and (y, y') reactions [30]. Consequently, it
was found that the wave functions in the model space of a

and

I f ( —,
'

) = ", n k —a3a 8 l (E 1 )

1 rf( —,
' )= mk a4a 8 l(E1),2 9

(19)

(20)

1/2+

C)

C9
(0D
O

8742

D
CU

O

where the reduced El strength, Bl(E1), is taken to be
the Weisskopf unit (W.u. ) of 8.63 X 10 eV fm .

Using Eqs. (16)—(20) and the observed widths in
parentheses in Tables IV, V, and VII, the mixing ampli-
tudes are determined, except for the phase factor:

4;( 9Si)=V'0.047(0+Igis)~2)+&0. 519(1+Ss,g~)

1/2+

3/2+

Exp.

840 1/2+

3/2+

(c ) 33S
Cai.

780
0

+&0.434(1+d3~2), (21)

and

4;( Mg)=&0. 011(0+s)q~)+&0. 428(1+s, ~~)

+&0.56 1( 1
+8d 3 yp ) (23)

ql;( S)=&0.027(0+s, ~~ )+&0.696(1+s)~2 )

+&0.277(1+Sd3~~), (22)

1/2+

3/2+

3/2+

o04~
0 0

V

+
8648 1/2 ik iE )L

O
0 0
O 0 0

2425 3/2

1273 3/2+

8880

2630

1390

The 8&(M1) values are obtained to be 0.708p2 for Si,
0.651p~ for S, and 0.572p„ for Mg with the square of
a nuclear magneton, p„. Those quantities are connected
to the reduced Ml strengths, 8 &(M 1):

1/2+

Exp.

0 1/2+

(b) "Si
Cal.

2I2+ 18 t (M 1;I(~I2 ) = 8 l (M 1;I2~I) ),2I)+1 (24) 8360

where I, and I2 are the spins of the ground and excited
states in the core nucleus, respectively. As a conse-
quence, we find that the 8t(M1) values are 2. 124p„ for

Si, 1.953p„ for S, and 1.716p„ for Mg. The values
seem to be consistent with the summed reduced isovector
M 1 strengths, 8 &(M 1),below the excitation energy of 11
MeV [30], obtained using (p,p'), (y, y'), and (e,e') reac-
tions on Mg, Si, and S.

From the above wave functions, we can derive the par-
tial radiative widths [configuration mixing (CM)] for pri-
mary E1 and M1 transitions to all the final states, as
shown in Tables IV, V, and VII. The partial radiative
widths in parentheses were used to determine the mixing
amplitudes for the wave function of each resonance state.
As seen from the tables, the electric and magnetic dipole
transitions from those s-wave resonances would be
reasonably understood by the configuration-mixing wave

LA

0 00 Q 0
e s
(Q

0 0 0

3/2+
1/2+

3/2+
1/2+
5/2+

Exp.

2801 3/2+
2564 1/2+

975 3/2+
585 1/2+

5/2+

(a) "Mg
Cai.

2750
2361

1040
585
0

FIG. 11. Observed and calculated strengths for s-wave neu-
tron resonance M1 transitions. The strengths are shown in
units of the square of a nuclear magneton, p„. The experimen-
tally deduced B~(M1) values are transformed to the B~(M1)
values on the final states. The calculated energy levels and
Bt(M1) values are obtained by the full-space sd-shell model
with the effective interaction of Wildenthal [31].
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full (sd)" configurations with the effective interation of
Wildenthal [31] are able to reproduce the observed exci-
tation energies of 1+ states and the observed reduced ma-
trix elements of M1 transitions from the ground states in
those nuclei.

In the present study, we also try to calculate Bt(MI)
values, using the large-scale shell model with the univer-
sal eftective interaction in the sd shell, and to compare
those values with the observed Bt(MI) values in the odd
3 nuclei deduced from s-wave neutron resonance capture
by the even-even target nuclei. The results for Mg, Si,
and S are shown in Figs. 11(a)—(c). Only the relevant
levels and Bt(MI) values are presented in the figures.
One can easily see that the model reproduces the ob-
served M1 transitions fairly well with no specific assump-
tion. The reduced matrix elements for M1 transition are
then evaluated with the free-nucleon g factor.

V. SUMMARY

We have observed electromagnetic transitions from the
broad s-wave neutron resonances at 658 keV in Mg, at
180 keV in Si, and at 103 keV in S. As a result,
enhanced E 1 and M 1 transitions were found to low-lying
states with a strong single-particle character. The E1
transitions are well explained by the valence-capture
model. The great success of this model would be due to
the fact that the valence-transition matrix elements can-
cel out in the nuclear internal region, and therefore those
transitions decouple from GDR. Moreover, we conclude
that the enhancement of M1 transitions would result
from the excitation of isovector M1 states in the core nu-
cleus.
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