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Resonance structure in the Si+n system has been investigated by performing neutron total cross
section and capture y-ray measurements. A detailed analysis of resonance parameters was carried
out up to a neutron energy of 2.75 MeV. Level densities were determined for s and -p-wave reso-

nances, as well as neutron strength functions and partial radiative widths. The neutron strengths are
compared with existing model calculations. The neutron width of at least one T= —,

' level has been

determined, providing a measure of isobaric spin mixing. Whereas other workers previously reported
a strong correlation between the reduced neutron widths (I '„) and total radiative widths, we observe
no significant correlation between I „and the partial radiative widths for ground state transitions.
We conclude that radiative capture in Si+n does not proceed via a simple valence mechanism, but
must involve several competing doorway states. The observed M1 strength in ' Si is lower than that
reported for "Si from inelastic electron scattering, suggesting either a considerable fragmentation or a
significant reduction due to the presence of the additional neutron.

I. INTRODUCTION

Neutron resonances in Si+ n have been studied by
Newson et a/. ' in 1977, and apparent doorway structures
in their data described by Halderson et al. in a core-
particle coupling model. The encouraging success of this
description suggests the improvement of the experimental
data base on Si + n resonances; improved resolution
should make spin assignments more certain and allow one
to extend detailed R-matrix analysis to higher energies,
and the inclusion of data on partial radiative widths
should help in further understanding the resonance struc-
ture.

A T= —,
' level is expected to be found as an s-wave reso-

nance at about 1.2 MeV neutron energy which would al-
low the determination of its isospin impurity, thereby in-
creasing the systematic knowledge on isospin mixing in
light nuclei. Cierjacks et al. have analyzed data on

Si + n obtained at Karlsruhe with this aim.
It has been pointed out by several authors that be-

cause the proton and neutron d5~2 subshells in Si are
closed in an extreme shell model, the Si+ n system
should provide an ideal case for the study of valence
effects in the neutron capture process. Indeed, Boldeman
et aI. reported evidence for valence capture by noting a
strong positive correlation between the reduced neutron
and total radiative widths for p-wave resonances. Partial
radiative widths for the two strongest p3~2 resonances
have been measured by several authors, and it was
found that the Lane-Mughabghab formulation of the
valence model accounts well for the ground state and
second excited state transitions, although it fails to explain
most of the weaker transitions to other excited states. A
quantitative analysis of these Si + n resonances was used
by Castel and Mahaux to demonstrate that the success of

the valence model is due to the dominance of the external
contribution to the valence capture integral.

In the higher neutron energy range from 3 to 14 MeV,
Lindholm et al. ' found that for transitions to the first
and second excited state of Si, while a combination of
compound nucleus and direct-semidirect processes could
account for the nonresonant part of the cross section, the
microscopic model of Micklinghoff and Castel"' was re-
quired to describe the resonance structure.

Of additional interest is the need to provide data on the
magnitude and distribution of the magnetic dipole
strength in nuclei. As a sensitive test of shell model cal-
culations, such information may help to elucidate several
aspects of the model, including the spin-dependent part of
the residual interaction and the role of effective operators.
Magnetic dipole strength in even-even s-d shell nuclei has
been found to be in accord with open shell model calcula-
tions. ' In particular, since the d5~2 subshell is closed in

Si, one expects the largest M1 strength in this nucleus,
in agreement with observation. ' ' This strength is con-
centrated around 11.5 MeV excitation energy. It is in-
teresting to see whether a corresponding strength can be
found also in Si, as might be expected in an extreme
weak coupling model.

In order to resolve some of these questions, we have
undertaken a comprehensive investigation of the Si + n
system by performing time-of-flight measuremests with
improved energy resolution for both the total and partial
radiative capture cross sections.

II. EXPERIMENTAL DETAILS

The measurements were performed at the neutron
time-of-flight spectrometer of the 150 MeV electron linear
accelerator of CBNM, Geel. A mercury-cooled uranium
target was used to produce a pulsed beam of neutrons
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with a repetition rate of 800 Hz and burst widths between
0.7 and 5 ns. Time-of-Aight measurement was used to
determine the neutron energy with flight paths varying be-
tween 130 and 400 m. 2,

A. Total cross section measurements

A standard setup has been used with the transmission
sample placed in a sample changer at a distance of 100 m
from the neutron source. We used a metallic silicon sam-

ple of natural isotopic composition and thickness of
0.07356 atoms/b.

The experiments were carried out with an unmoderated
neutron beam, i.e., detecting the neutrons from the urani-
um target directly. A 2 cm thick uranium filter provided
a significant reduction of the y-flash effect in the detector.

Two series of transmission experiments, both with a
400 m flight path, have been made. In the first run we
used as a neutron detector a 15)& 15)&2 cm NE 110 scin-
tillator. Four small photomultipliers, type RCA 4516,
were mounted side-on the scintillator, out of the neutron
beam. The construction of the detector was such as to
keep capture of the incident neutrons by the construction
materials very low. In order to optimize the signal-to-
background ratio, we divided the pulse-height range into
three windows and stored only those time-of-flight events
for which the pulse height was within the required win-
dow. In this way, the only background component of im-
portance was a nearly constant one due to cosmic radia-
tion and natural radioactivity and to long-lived radiations
from the neutron source. This background was deter-
mined at long Aight times, shortly before the arrival of the
next neutron burst. The ratio background-to-signal was
minimum in the region of 2 MeV (less than O. l%%uo), but in-
creased with decreasing neutron Aux to a value of 2% at
19 MeV and 10% at 250 keV.

The energy range covered in this run was between 250
keV and 19 MeV. The detector had a timing resolution of
1 ns, the linac burst width was 5 ns, and the time-digitizer
channel width was 4 ns.

In the second Ineasurement we used a smaller NE 110
detector with dimensions 5 cm diam&2. 5 cm thickness,
coupled directly to a RCA 8850 photomultiplier. This
detector had a timing resolution of 260 ps. The linac
burst width was 700 ps, and the time-digitizer channel
width was 312 ps. Data were taken in the energy range
from 1.6 up to 6 MeV. The background was less than
0.1% throughout the energy range studied.

B. Capture y-ray measurements

A neutron Aight path of 130 m was used for the cap-
ture y-ray measurements. Direct neutrons from the U
target as well as neutrons from two Be-canned water
moderators placed below and above the U target were
used in these measurements which covered the neutron
energy range from 1 keV to 5 MeV. A combination of
uranium, lead and 84C filters was inserted in the neutron
beam to reduce the effect of the y flash and to prevent
overlap of low energy neutrons. an ionization chamber
containing a thin uranium sample was placed at 30 m
from the neutron source to monitor the neutron flux

BE
Si

FIG. 1. Experimental layout of the neutron capture y-ray
measurements.

III. RESONANCE ANALYSIS

The resonance analysis serves to determine neutron and
partial radiative widths as well as spins and parities of the
resonances observed in the experimental data.

A. Analysis of the total cross section data

The resonance parameter analysis of the total cross sec-
tion data has been carried through up to 2.75 MeV neu-
tron energy. Above that energy the resonance structure
becomes too complex for a further analysis due to an in-
creased density of observed resonances and growing un-
certainty with respect to the inelastic widths.

After correction of the time-of-fight spectra for instru-
mental dead time and for backgrounds, the neutron ener-

gy corresponding to each time-of-flight channel, the total
cross section and its statistical error are calculated from

shape by detecting fission fragments from the U(n, f) re-
action.

Four 7.5 cm diam and 7.5 cm thick bismuth germanate
(BGO) detectors were used in these measurements,
mounted as shown in Fig. 1 at angles of 39', 90', 125',
and 141' with respect to the neutron beam direction (cor-
responding to zeros of the Legendre polynomials P3, P&,
and P2, respectively). The samples took the form of
compressed discs of natural silicon, each 8 cm in diame-
ter, and of thicknesses g mm (0.04 atoms/b) and 16 mm
(0.07 atoms/b).

The time-of-flight information, together with the y-ray
energy and neutron monitor spectra, were collected in list
mode on a Nuclear Data 6600 data acquisition computer.
The overall timing resolution of the system was approxi-
mately 4 ns.

In order to determine absolute capture yields, some
measurements were performed simultaneously with a 2
mm thick iron sample inserted directly in front of the sil-
icon sample, the well-known 1.15 keV resonance in Fe
(Ref. 15) serving as a reference for normalization of the
flux including factors determining the efficiencies and
solid angles of the detectors.
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TABLE I. Resonance parameters of Si. A denotes J and I obtained from Brookhaven National Laboratory (BNL) Report No.
BNL-325 (Ref. 29). B denotes gI „obtained from BNL Report No. BNL-325 (Ref. 29). C, D, and E are explained in the text.

E„
(keV)

E,„
(keV)

gr„
(keV)

gr„
(keV)

gr„r,f/I (eV)
f= 1273 (keV) f= 2200 (keV) Remarks

31.74
55.00
67.73
86.97

188.00
298.70
354.10
399.50
532.72
566.23
587.20
590.36
602.54
771.63
786.20
804.00
813.38
845.20
872.25
910.13
966.06
974.70

1017.7
1042.8
1085.3
1148.9
1162.6
1201 ~ 1

1201.7
1257.0
1264.3
1380.6
1408.7
1474.6
1479.7
1512.2
1528.5
1580.2
1595.7
1596.5
1639.4
1650.7
1658.7
1664.9
1785.1

1805.9
1848.2
1855.6
1857.7
1918.8
1928.1

1973.3
1989.2
2041.6

8504.5
8527.0
8539.3
8557.8
8655.4
8762.2
8815.7
8859.5
8988.1

9020.4
9040.7
9043.7
9055.5
9218.7
9232.8
9249.9
9259.0
9289.7
9315.8
9352.4
9406.4
9414.7
9456.2
9480.4
9521.4
9582.8
9596.1

9633.2
9633.8
9687.2
9694.2
9806.5
9833.6
9897.2
9902.1

9933.5
9949.2
9999.1

10014.1
10014.9
10056.3
10067.2
10074.9
10080.9
10196.9
10217.0
10257.8
10265.0
10267.0
10326.0
10334.9
10378.6
10393.9
10444.5

(S/2)
1/2
3/2

1/2

(1/2)
3/2
5/2
3/2
3/2
1/2

3/2

3/2
& 3/2

3/2
1/2
3/2

& 3/2
5/2

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

3/2
& 3/2
3/2

5/2
5/2
1/2

& 3/2
5/2
5/2

3/2
3/2

& 3/2
3/2

& 3/2
1/2

(2)
0

(1)
(2)
2
1

2
0

&1
&1

(2)
(& 2)

1

2

& 1

1

1

(2)
&1

2
(&2)
(&2)

0
0
1

0
2

(2)
1

(&2)
2

&1
2

&2
1

&2
2
2
1

&2
&2

2
2

&2
1

1

&2
2

&2
0

1.50+0.30

60.0+7.0

0. 10+0.01

1.65+0.06
21.8+1.0
0.55+0.06
0.55+0.05
0. 12+0.02
0. 17+0.02

59.4+2.0
1.06+0.06
0. 12+0.02
6.80+0.40
81.2+4.0

0.24+0.02
2.70+0.15

0.02+0.01
2.60+0.30
3.60+0.40
18.2+0.5
15.6+1.4
3.00+0.24
0.06+0.02
10.6+0.6

7.20+0.40
0.36+0.06
5.60+0.40
1.80+0.15
19.0+ 1.0
0.09+0.06
51.3+6.0
71.7+6.0
1.30+0.30
0.60+0.10
0.50+0.04
1.86+0.12
67.2+3.0
2.64+ 1.20
89.6+8.0
38.4+4.0
1.23+0.12
35.4+4.0
0.81+0.06
1.80+0.20

0.50+0.50

0.52+0.52

0.01+0.01

0.60+0.06

2.20+0.80

0.50+0.06

1.71+0.65
0.89+0.11

0. 12+0.07

0.36+0.16

3.1+0.9

0.78+0.22

1.26+0.18

0.31+0.15

3.5+0.3

0.74+0.24
1.19+0.25
2.74+0.64

7.4+ 1.6
10.2+ 1.5

0.011+0.006

0.81+0.09
0.05+0.02

0.32+0.08
1.64+0.24

1.05+0.28

0.56+0.33
1.04+0.32

1.07+0.60
1.27+0.53

1.42+0.92

1.16+0.86

3.8+2.S

12.3+5.7

3.7+2.7

0.30+0.06
0.42+0.05

0.22+0.12

0.58+0.45

0.66+0.36

4.2+0.5

2.40+0.40
2.70+ 1.80
0.52+0.40
1.07+0.45

1.88+0.46
0.88+0.68

1.15+0.36

6.0+ 1.0

1.00+0.70

1.30+ 1.02

17.9+6.6

C,D
A,B
C,E

A,B

C,D

C,E

C,D
D

C,D

D
D

C,D

D
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TABLE I. (Continued. )

E,
(keV)

2060.0
2062.4
2084.2
2089.7
2090.5
2116.7
2171.0
2227.6
2281.4
2282.0
2373.7
2445.3
2459.7
2496.9
2534.0
2600.7
2660.7
2695.8
2730.7
3134.6
4638.0

E,
(keV)

10462.2
10464.6
10485.6
10490.9
10491.7
10517.0
10569.4
10624.0
10675.9
10676.5
10765.0
10834.1

10848.0
10884.0
10919.8
10984.1

11042.1
11075.9
11109.6
11499.5
12950.6

(3/2)
& 5/2
1/2
3/2
5/2

& 3/2

3/2
& 3/2
1/2

(3/2)
5/2
3/2

& 5/2
1/2
1/2
3/2
3/2

&2
&1
&2

1

1

2
1

2
&2

1

2
0
2
2
1

&1
&2

1

0

gIn
(keV)

2.40+0.60
2.00+0.30
1.80+0.15
2. 10+0.50
55.2+4.0
13.8+0.6
7.80+ 1.00
15.6+ 1.0
0.27+0.06
48.0+4.0
14. 1+0.6
10.6+ 1.0
54.0+6.0
37.5+ 1.5

100.0+20.0
2.40+0.60
7. 12+0.40
5.40+0.40
2.00+0.30

gr„
(keV)

0. 13+0.13
3.80+2.00
3.51+0.45

17.2+2.0

0.75+0.20
17.0+4.0
5.70+0.90

134.0+20.0

2.80+ 1.30

3.90+0.70
3.20+0.40

6.9+1.9
25.6+9.2

0.02+0.02 2.45+0.63

g I „I f/I (eV)
f= 1273 (keV) f=2200 (keV) Remarks

C,E
C,E

the measured spectra. These data are then analyzed with
a modified version of the multi-channel multi-level R-
matrix code MULTI.

The R-matrix boundary condition B& ——SI is used in
the code. Since the shift function SI is slightly energy
dependent, this boundary condition can be strictly
fulfilled only at one energy. However, in the analysis we
have assumed B~ ——St to be valid at all energies which
amounts to the use of a slightly energy dependent
boundary condition. This has the advantage that the in-
troduction of additional arbitrary parameters is avoided.

Often in R-matrix fits an external R function is intro-
duced in order to account for the inhuence of unspecified
levels outside the energy range analyzed. In the present
analysis this was not done, but instead the analysis of any
specific energy interval always included the effect of all
resonances of Table I. For the same purpose in a survey
run the analyzed energy range was extended to 3.3 MeV
in order to get rough parameter values of the two broadest
resonances (a 3/2 resonance at E„=3004 keV with
gl „=38keV and gI „=17keV and a 1/2 resonance at
E„=3100keV with gI „=22 keV and gI „=0) between
2.75 and 3.3 MeV to be included in the resonance data
set; the parameters of these two resonances should be re-
garded as tentative only. Of course, a corresponding pro-
cedure can not be followed for bound states possibly
inAuencing the cross section in the lower energy region.
This may be the reason why in order to get an optimal fit
below 1.1 MeV neutron energy we needed slightly
different channel radii (4.5 and 5.0 fm, respectively) for
the 1/2 and 3/2 channels rather than the 4.2 fm
which were used above that energy as well as at all ener-
gies for all other channels.

Examples of fits for four selected energy regions are
shown in Figs. 2, 3, 5, and 8. For Figs. 3 and 5, in ener-

z 6-
D
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t/l

D

c

D

2 .

1.55
1

' ' ' ' I

1.60 1.65
NEUTRON ENERGY (Me&)

1.70

FIG. 2. Example of total cross section data with R-matrix
fit, showing the two strong 5/2+ resonances at 1.639 and 1.651
MeV neutron energy.

gy regions where little structure is observed in the cross
section, every two or four original channels have been
added.

For many resonances the spin and neutron orbital an-
gular momentum can immediately be read from the peak
value and the interference pattern of the total cross sec-
tion. In other cases, however, in particular when several
resonances overlap, a number of different spin-parity com-
binations had to be tried. Above the threshold for inelas-
tic scattering at 1.78 MeV neutron energy, the analysis is
complicated by the fact that a resonance can often be
equally well fitted assuming two different spin values
(I+—,) with different inelastic widths.
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y rays. The yield data were then analyzed with the area
analysis code TAcASI. In this fitting routine, initial
guesses are supplied for the resonance neutron (I „) and
partial radiative (r~f) widths, and the best fits to the cap-
ture areas are obtained by adjustment of any one of these
quantities. Corrections for multiple scattering and self-
shielding are determined in the course of the fitting pro-
cedure.

IV. RESULTS AND DISCUSSION

A. Resonance parameters

2.4
[

2.5 2.6
NEUTRON ENERGY (MeV)

2.7

B. Analysis of the radiative capture data

A sample of the radiative capture data, transformed to
a linear energy scale, is shown together with the corre-
sponding total cross section in Fig. 4. Three digital win-
dows were set on the y-ray energy spectra, corresponding
to transitions from the resonance to the ground state (0
keV, 1/2+), first excited state (1273 keV, 3/2+) and the
unresolved combination (not shown in Fig. 4) of the
second (2028 keV, 5/2+) and third (2426 keV, 3/2+) ex-
cited states of Si. An additional window was set at en-
ergies above the ground state transition in Si. It serves
to obtain an estimate of the background due to scattered
neutrons which interact in the BGO detectors mainly
through the Ge(n, y) reaction.

Using the Aux monitor data and the normalization pro-
vided by the Fe 1.15 keV resonance, capture yields were
determined for each resonance within each of the desig-
nated pulse height windows. Care was taken to correct
the yield in each window for the scattered neutron back-
ground and the Compton contribution from higher energy

100—
80
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o 40
O 20-

01.1

140—
120
l00

80
e0
40
20

01.1

1.2

1.2

1.3

1.3

1.4

1.4

I

1.5

1.5

O

di
Vl

4 w

1.2 1.3

NEUTRON ENERGY (MeV)

1.4 1.5

FICi. 4. Example of capture y-ray data (top two curves) to-
gether with total cross section (lower curve).

FIG. 3. Example of total cross section data with R-matrix fit

between 2.2 and 2.8 MeV neutron energy.

In Table I the resonances observed in the present
Si + n measurements are described. Columns 1 and 2

of the table list the resonance neutron energy E„(f roreso-
nances observed in the total cross section the 8-matrix
eigen-energy is given) and the excitation energy of the
compound nuclear level. In columns 3 and 4 the reso-
nance spin and the neutron orbital angular momentum
are indicated. In column 5 the quantity gl"„as obtained
from the analysis of the total cross section is given. For
resonances above the threshold for inelastic scattering,
column 6 indicates the value of gt „used in the total
cross section analysis; it is valid only for the resonance
spin of column 3. In columns 7 to 9 the quantities
gr„I.yf/I obtained from the analysis of the radiative cap-
ture data are given. They refer to radiative transitions to
the ground state (column 7), the first excited state (column
8) and the unresolved transitions to the second and third
excited states (column 9). As long as the total width is
given by the neutron width, these quantities are equal to
gI"~f; and in the following we shall assume that this is
true for all resonances of interest in the present study.
Errors indicated in columns 7 to 9 include statistical un-
certainties, an 8% normalization error, as well as the un-
certainty due to the correction for scattered neutrons dis-
cussed above. The latter component is particularly large
for resonances with large neutron widths. Due to this
reason and to the fact that the relatively small y-ray yield
is distributed over a large energy range, we were unable to
extract a radiative width for the very broad 1/2 reso-
nance at 966 keV. Finally, the remarks indicated in
column 10 refer to the discussion which follows below.

The assignment of resonance spin J and neutron orbital
angular momentum I are usually based on the shape of
the resonance in the total cross section, i.e., on the peak
value of the cross section and on the interference with the
potential scattering. Resonances where J and l are as-
signed on this basis carry no label in column 10. For a
number of resonances the spin has been obtained from the
angular distribution of the capture y rays, mostly for —,

' to
(ground state) transitions. These resonances are labeled

C in column 10 of Table I.
Label D refers to the assignment of the orbital angular

momentum on the basis of the neutron width, i.e., either
the measured gI „or its upper limit in cases where no gI „
value is given in column 5. The upper limit which is the
detection limit in the total cross section measurement, is
taken to be
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where E„ is the neutron energy of the resonance. The de-
tailed procedure has been the following. From the mea-
sured resonances for each J value we determine an aver-
age reduced neutron width (I „') (see Sec. IVC below).
Then, assuming a Porter-Thomas distribution for the re-
duced neutron widths within each J ' group, the probabili-
ty is calculated for the occurrence of a neutron width as
small or smaller than the one measured for the resonance
in question. If the resulting probability is smaller than
5%, we assume the next higher orbital angular momen-
tum for this resonance. Since with this statistical argu-
ment the l assignment is in error with a probability of up
to 5%, the I value indicated in column 4 of Table I has
been put in brackets.

Boldeman et al. have made additional l assignments
which we have not adopted in Table I, and some of our l
values are in disagreement with theirs. Their assignments
are based on the ratio of high- to low-bias yield in total
capture data, i.e., they test the relative strength of transi-
tions to the ground and first excited states. However,
since we may expect a large magnetic dipole strength in

Si, we do not consider this ratio to be a safe basis for J'

assignments.
Resonances labeled E in column 10 of Table I deserve a

special comment. They are discussed individually below.
We first examine the 67.73 keV resonance. This reso-
nance is not covered by our total cross section data, but a
rough estimate of its neutron width on the basis of ORNL
data' yields gI „=5 eV; with this value the probability
for it to be a p wave, calculated as described above, is
about 6%. We have thus not indicated any I value for
this resonance in Table I. However, we want to point out
that there is no good reason for an l=1 assignment as
proposed in Refs. 4 and 7, but that l =2 is indeed much
more probable.

Next we look at the 587.20 keV resonance. This reso-
nance is assigned J=—', from the angular distribution of
the ground state transition. The absence of an interfer-
ence with the broad 566.23 keV resonance in the total
cross section then leaves only the choice J =3/2+ ~

We now examine the 845.20 keV resonance. The peak
total cross section of this resonance indicates that J)—',
Again, the absence of an interference with the 813.38 keV
resonance then excludes 3/2

Next we examine the 2062.4 keV resonance. This reso-
nance is part of a hardly resolved doublet (2060.0/2062. 4
keV). Regarding the additional uncertainty with respect
to the width for inelastic scattering, the total cross section
can be reasonably well fitted with four different spin-
parity combinations: two of the fits are shown in Fig. 5.
Equally acceptable fits are also obtained with the spin-
parity combinations 5/2+ —3/2 and 3/2+ —5/2+ .
However, the latter combination is excluded because of
the large ground state radiative width of the 2062.4 keV
resonance which would mean an extremely strong E2
transition. The other cases will be further discussed in
Sec. IV E below.

Now we look at the 2459.7 keV resonance. Only a res-
onance sequence which includes I =2 for this resonance
together with a very broad 3/2 state at 2534.0 keV pro-
duces an acceptable fit to the total cross section in this en-

ergy region (Fig. 3). Due to the uncertainty in the inelas-
tic width, the spin can not be determined from the total
cross section. But again the large ground state radiative
width suggests J=—', .

Finally, we examine the "resonances" at 3134.6 and
4638.0 keV. As explained above, the detailed resonance
analysis has only been performed up to 2750 keV neutron
energy. However, the two "resonances" in question have
been included in Table I because they represent prom-
inent peaks in the partial capture cross section feeding the
ground state of Si. These peaks could quite possibly
resemble multiplets rather than single resonances. Ac-
cording to the angular distributions of the ground state y
rays, the major components are J= —,

' in both cases, and
because of the large partial width the 4638 keV level is
more probably J=3/2

B. Comparison to earlier data

Levels above neutron separation energy have been in-
vestigated by charged particle induced transfer reac-
tions, ' ' including a study of their y decay by Betz
et al. ' A comparison seems to show considerable
disagreement for a number of levels. It must be observed,
however, that the charged particle data often show only

D

(f)

D
CL

2.05 2.06 2.07
NEUTRON ENERGY (MeV)

3/2

3/2

2.05
I

2.06
NEU TRON ENERGY ~ Me&)

2.07

FICs. 5. Two R-matrix fits of the resonance doublet at 2.06
MeV neutron energy with different spin-parity combinations.
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one level where we observe several close lying resonances.
On the other hand, transfer reactions are more sensitive to
higher angular momentum states than are neutron capture
measurements, at least at low energies; especially the data
of Betz et al. preferentially show high angular momen-
tum states. Thus, the apparent discrepancies will often
simply result from the observation of different levels.

C. Level density

The spin dependence of the average level spacing is ex-
pressed by

D (J)=Dol(2J + 1) exp[ —J(J + 1)/2o. ],
where we have taken the spin cutoff parameter o. to be
(with a =0.1273)

o =0.146''aU 3 =7.36 .

20-

w 16—

C3~12—
C?

D 8—
CL
LLJ

CD

Z 4

0—

30-

l

1 10 100

REDUCED NEUTRON WIDTH g I„(eV)

For the determination of the level density from the ob-
served resonances we limit ourselves to s and p waves, be-
cause we have to assume that a number of d-wave reso-
nances have been missed. In the case of p-wave reso-
nances we check for missed levels by fitting a Porter-
Thomas distribution to the reduced neutron widths. Fig-
ure 6 shows as a function of gI „' the number of reso-
nances with a gI"„' value larger than the value on the
abscissa, together with the fit based on the Porter-Thomas
distribution. In Fig. 6(a) only resonances assigned I =1
are shown, whereas Fig. 6(b) also includes all resonances
for which I =1 could not be excluded. In both cases, the
larger resonances (gI „'~ 10 eV) are well fitted with essen-
tially the same average spacing, D(l = 1)=145 keV.

Table II summarizes the results for l=0, 1. The errors
shown are due to the statistical uncertainty of the ortho-
ganal ensemble distribution for a limited sample, and have
been determined according to the prescription of Liou and
Rainwater.

As a weighted average for Do we obtain

Do ——(700+40) keV .

It is observed that the values obtained for l =0 and l =1
agree with that average within the statistical uncertainty.

D. Neutron strength functions

Figure 7 shows the cumulative sums of reduced neu-
tron widths separately for J'=1/2+, 1/2, and 3/2
In addition to the experimental data also the neutron
widths of doorway states calculated by Halderson et ah.
are included in the figure. In each of the first two cases,
one very strong level is recognized which accounts for
more than 80% of the strength observed up to 2.75 MeV
neutron energy. For J =3/2, several comparatively
strong resonances are observed.

Table III summarizes the parameters obtained for these
levels, also including the strongest 3/2+ and 5/2+ reso-
nances. Besides gI"„, the table gives the reduces widths

(f)
IJJ

Dv)20-
LLI

LLI

CCI 10-

0.01 0.1 1 10 100

RFDUCED NEUTRON WIDTH g l„(eV)

FIG. 6. Integral distributions of reduced neutron widths for
p-wave resonances and fits with Porter-Thomas distributions: (a)
including identified l =1 resonances only; the fit curve is for
D(1=1)=143 keV; (b) including all resonances for which l =1
could not be excluded; the fit curve is for D(l = 1)= 147 keV.

signer limit is calculated as

f2
y2g —— ——2. 1 MeV .

R

TABLE II. Observed average level spacings.

D(l) (keV) Dp (keV)

R =4.5 fm is used to calculate y„and y ~.
It is seen that the strong resonances present in Fig. 7 as

well as the three strong 5/2+ levels represent indeed con-
siderable fractions of the Wigner 1imit and thus will
reflect fairly simple configurations.

The 1/2+ doorway state is proposed by Halderson
et al. to be a 2p-lh state (with respect to a Si core) of
configuration (f7/2 ) (d qq2 ) '. It is hardly conceivable

y„=l „/2kRv

also shown in Figs. 7, and the ratios y„/y~, where the

332+-"
145+9

631+F2
725+45
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that this configuration could contribute to the relatively
large ground state y ray width observed for the 188 keV
resonance. In fact, the M1 strength is expected to be
mainly connected to spin-flip transitions, i.e., to states
with either a neutron or a proton (d3/p) (d5/p) ' particle
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FIG. 7. Cumulative sums of reduced neutron widths y„ for
J"=1/2+, 1/2, and 3/2 resonances. Solid lines, present ex-
perimental data; dashed lines, model calculations of Halderson
et al. (Ref. 2).

hole pair plus an s~/q neutron. We thus assume that a
sizeable fraction of such configurations is admixed in the
188 keV resonance. It is interesting to note that the other
1/2+ resonance carrying a large ground state y-ray
strength has only a very small neutron width.

In the case of 1/2 resonances, the doorway state cal-
culations of Halderson et al. reproduce fairly well the
strong resonance at 966 keV neutron energy. However,
we do not observe the second strong state predicted at
2.75 MeV (and seen by Newson et al. ' at about 2.6 MeV).
Also in the higher neutron energy range not analyzed in
detail, the measured cross section does not show evidence
for such a state.

Halderson et al. predict a 3/2 doorway state at 640
keV neutron energy with main wave function components
[p 3/p X 0 ] and [d3/z X 3 ] which should correspond to
the two strong resonances observed at 566 and 813 keV,
although the calculated strength is only about 60% of the
experimental one. Additional strength is found experi-
mentally at 1.9 MeV and again around 2.5 MeV. It
might correspond to the very strong doorway state pre-
dicted by Halderson et al. at 2.27 MeV. It is interesting
to note that the resonances observed at 2.282 and 2.534
MeV show a very large strength in the inelastic channel to
the 2+ first excited state of Si, corresponding to reduced
widths of 24 and 109 keV, respectively. A candidate for
this strength might be the configuration [p3/Q X 2+] which
according to Halderson et al. also contributes mainly to
the strong 1/2 doorway at 966 keV.

Finally, Table IV lists the overall neutron strength
functions

XI „'

S(J;1)=; 1 '„=I „/U~(1 eV/E„)'
+max

E,„=2.75 MeV,

as obtained from the parameters of the definitely assigned
resonances. The correction factor of Liou and Rainwa-
ter to be applied for a limited sample of Porter-Thomas
distributed widths has been included, and again the error
has been calculated according to the prescription of Ref.
22.

TABLE III ~ Parameters of the strongest resonances.

E„(keV) gI n (keV) yn (keV) yn/y w (%)

1/2~
1/2

188.0
966.1

60
81.2

72.5
92.5

3.44
4.38

566.23
813.38

1857.7
2534.0

3/2
3/2
3/2
3/2

21.78
59.4
89.6

100.0

22.3
40.6
27.4
23.6

1.06
1.92
1.30
1.12

1973.3
2459.7

35.4
54.0

3/2+
3/2+

36.0
37.3

1.71
1.77

51.3
71.7
67.2

5/2+
5/2+
5/2+

1639.4
1650.7
1848.2

49.3
68.0
51.5

2.34
3.22
2.44
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J77

1/2+

1/2

3/2

3/2+

5/2+

S(J1) (10 )

0.69+

0.88+0' 38

1.25+ o'44

0.77 0'28

lo68 o 59

TABLE IV. Neutron strength functions. the 2060.0 keV resonance as 3/2+ [Fig. 5(b)] requires a
large inelastic neutron width of 3.1 keV which is very im-
probable for a T=—,

' level. However, the spin-parity com-
bination of Fig. 5(a) leads to parameters for the 2062.4
keV 3/2+ resonance consistent with a T= —,

' assignment:
using the parameters of 3/2+ resonances of Table I, a
perturbation treatment like the one mentioned above
yields for the average isospin mixing matrix element a
"zero order" estimate Mo and a lower limit M;„of

Mo ——19 keV; M;„=13keV .

E. Isobaric analogue states

Figure 8(a) shows the fit to the measured total cross
section in the region of the expected (J;T)=(1/2+;3/2)
level, the isobaric analog to the first excited state in Al.
We identify the resonance at 1201 keV as the T= —,

' level

which yields an excitation energy of E,„(T=—,')=9633.6
keV, in excellent agreement with the Si( He, a) Si mea-
surement of Detraz and Richter. This is in contrast to
an earlier analysis of Si neutron cross sections by Cier-
jacks et al. who did not observe the 1201 keV s-wave
resonance and identified the 1163 keV resonance with the
expected T= —,

' level. The cross section calculated from

the resonance parameters of Cierjacks et al. is compared
to the present experimental data in Fig. 8(b).

Using the equations given, e.g. , in Ref. 24 and the pa-
rameters of s-wave resonances of Table I, we calculate a
"zero order" estimate Mo and a lower limit M;„of the
average isospin mixing matrix element as

(a}

O 6-
U
LaJ

tf)

O
C3

1/2+ 1/2' 1/2 1/2+ l

We have not been able to identify the isobaric analogue
to the 3/2+ fourth excited state of Al, although this
state has been observed in the Si( He,a) work of Detraz
an Richter, and thus its energy is known to correspond
to 2710 keV neutron energy. The 2695.8 keV resonance
is excluded as a candidate for two reasons. The fit of that
resonance with a 3/2+ assignment is worse than the one
for the 1/2 assignment shown in Fig. 3, and again a
3/2+ assignment would require an overly large inelastic

Mo ——(T= —,
'

~

V ~i )O=22. 2 KeV,

M; =(T=—',
~

V
(
i);„=14.1 keV .

These two figures are not very dift'erent because a single
T= —,

' level, namely the one at 1257 keV neutron energy,
predominates the isospin admixture in the T= —,

' level.

On the other hand a mixing matrix element of 22 keV is
suSciently large compared to the energy diA'erence be-
tween the 1257 keV and the 1201 keV (T=—,') levels that
first order perturbation may no longer be justified. There-
fore, we have also dealt with the mixing between these
two levels in an "exact" two-level treatment: Using again
the formulas given in Ref. 24 (Eq. 6 of that reference), we
arrive at a mixing matrix element of

M=(T= —,
'

~

V
~

T= —,
' (1257 keV)) =21.2 keV

2-0

1,16
I

1,20 1.24
NEUTRON ENERGY (Me'I/)

l

1.28

thus very close to the above "zero order" estimate. The
observed value compares reasonably well with those of
neighboring nuclei (see, e.g., Ref. 25).

The isobaric analogue to the 3/2+ third excited state of
Al may be expected between 2.0 and 2. 1 MeV neutron

energy. Possible candidates are the two close-lying reso-
nances at 2060.0 and 2062.4 keV shown in Fig. 5. To fit

1.16
I

1.20 1.2r

NEUTRON ENERGY (MeV)
1.28

FICx. 8. R-matrix 6t of total cross section data around the
lowest T=

2
level with J"=2: {a) fit with present resonance pa-

rameters; (b) curve calculated with parameters of Ref. 3 .
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neutron width. We have thus to conclude that the neu-
tron width of the state seen by Detraz and Richter is
below the detection limit of the present experiment. The
fact that the Si( He, a) reaction strongly populates a
T= —,

' state not populated in Si+ n, and vice versa for
the possible isobaric analogue of the third excited state of

Al discussed above, should not be looked at as a con-
tradiction, but rather as suggestive with respect to the nu-
clear structure of these states.

F. Radiative strengths

Tables V—VII summarize measured partial radiative
widths gI zo for ground state transitions from resonances
with J=3/2, 1/2+, 3/2+, and the corresponding re-
duced transition strengths. In Table V electric dipole
transitions from 3/2 resonances are shown. It includes
the two high energy "resonances" at 3.1 and 4.6 MeV
neutron energy. The sum of measured reduced transition
probabilities is 4.03)& 10 e fm . However, the strengths
of the 3.1 and 4.6 MeV states could actually be larger
than indicated in the table: the widths of these resonances
for inelastic neutron emission may be significant and
hence the measured quantities gI „I ~o/I smaller than

A correlation analysis of the 3/2 resonances below
2.75 MeV neutron energy was performed in order to
check for the influence of valence transitions. Apart from
those of Table V, four additional 3/2 resonances (at
1596, 2090, 2282, and 2534 keV) were considered. Since
no ground state transitions had been observed for these
resonances, a transition strength of half the detection lim-
it, which is estimated as

B (E 1 )h = exp[1. 1E„(MeV)—9.4]e fm

was used in the correlation analysis. The calculated
correlation coemcient was

p[y„,B (El)]=0.25 (0.30),
where the value in brackets arises when we limit ourselves
to the seven resonances below 2 MeV (if the 2062.4 keV
resonance is assigned 3/2 and is included in the com-
plete set, no change occurs). The probabilities for ac-
cidental occurrence of these correlation coefficients on the
basis of Porter-Thomas fluctuations of the partial widths,
are P=0.23 and 0.24, respectively. Thus, there is no
clear evidence for a simple valence mechanism in the
3/2 resonance capture. This is in contrast to the results

TABLE VI. Magnetic dipole transitions from 1/2+ resonances.

E„(kev)

188.0
1162.6

gI lp (eV)

2.2
3.5

8 (M1) y(pp)

0.293
0.342

obtained by Boldeman et al. and Jackson and Toohey.
However, Boldeman et al. have treated all p-wave reso-
nances together, and the extremely strong 1/2 resonance
at 966 keV neutron energy contributed significantly to the
overall correlation. For the reasons mentioned in Sec.
IV A we were unable to extract a radiation width for this
resonance. Furthermore, in both, the work of Boldeman
et al. and Jackson and Toohey, a number of resonances
were included in the correlation analysis which according
to our analysis are probably d wave. It is obvious that the
inclusion of d-wave resonances will produce spurious
correlations because both neutron widths and radiative
widths which then are Ml or (in the case of 5/2+ reso-
nances) E2 in character, will tend to be small.

The fact that we do not observe a strong correlation in-
dicates that the capture mechanism in Si is more com-
plex than envisaged by the simple valence model. For ex-
ample, a suppression of [y„,B(E1)] correlations would
arise if besides the [p 3/2 X 0+ ] state other simple
configurations like the [d3/2X3 ] suggested by Halder-
son et al. , would contribute significantly to the neutron
or radiative widths. Indeed, recently Kitazawa et al.
succeeded in reproducing the partial radiative widths of
the 566 keV 3/2 resonance in a particle-vibration cou-
pling model which includes besides the [d3/2X3 ] also
the [f7/p X 2 ] doorway configurations.

It is interesting to note that two dominant peaks at 9.2
and 10.3 MeV excitation energy were observed by Pywell
et al. in the Si(y, n) cross section. According to our
data, the 3/2 resonances which we resolve at 566 and
813 keV neutron energy are the main components of the
former peak, whereas the latter one will mainly be due to
the resonances at 1858 and 1919 keV, also with spin
3/2

A strong fairly isolated peak in the Si(n, yo) cross sec-
tion at 4.6 MeV neutron energy was also observed by Lin-
dholm et al. ' Our resonance at 4.638 MeV (the last en-
try in Table I) agrees with their spin assignment of J=—,',
but our partial width is only about 64%%uo of their estimate.

Tables VI and VII give details for the magnetic dipole

TABLE V. Electric dipole transitions from 3/2 resonances. TABLE VII. Magnetic dipole transitions from 3/2+ resonances.

E„(keV)

566.23
813.38
910.13

1408.7
1857.7
1918.8
3134.6
4638.0

gI ~p (eV)

1.71
3.11
0.78
2.74
7.4

10.2
6.9

25.6

g (E 1 ) (e fm )

0.22)& 10
0.37 && 10
0.09 X 10—'
0.27 && 10
0.65 &&

10-'
0.88 X 10—'
0.43 && 10—'
1 ~ 12~ 10

E„(keV)

67.73
399.5
587.2
786.2
974.7

1380.6
(2062.4)
2459.7

gr,. (eV)

0.60
0.50
0.89
0.36
1.26
1.19

(2.45)
3.70

B(M1))(pp2)

0.083
0.062
0.104
0.039
0.130
0.109

(0.185)
0.250
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transitions from 1/2+ and 3/2+ resonances. With
respect to Table VI, it is interesting to note that compara-
tively strong ground state transitions are observed for two
of the 1/2+ resonances, but none for the others, including
the T= —,

' level at 1201.1 eV neutron energy. The latter
case may be understood in the following way, again based
on a Si core: As mentioned earlier, the M1 strength is
expected to be mainly connected to spin-Hip transitions,
i.e., to configurations of the type (d3/2)(d5/2) '(vs)/2). In
contrast, the analogue to the 1/2+ first excited state of

Al would mainly consist of configurations

( mrs ~ /2 ) ( hard 5 /2 ) ( vs ~ /2 )

or

(ns)/2)(md5/2) '(vs)/2) (vdg/p)

which with respect to the Si ground state are 2p-2h exci-
tation s.

In Table VII the resonance at 67.7 keV neutron energy
has been included because the parity is more likely to be
positive as discussed in Sec. IV A; on the other hand, the
resonance at 2062.4 keV is put in brackets owing to the
uncertainty of the parity assignment.

The total Ml strength detected is 0.64po for the 1/2+
resonances plus 0.78po or 0.96po for the 3/2+ resonances
without or with the doubtful 2062.4 keV level ~ This is in
contrast to the value of B(MI)&=5.9po reported by Berg
et al. ' and Schneider et al. ' for Si. However, most of
the strength found by these authors is concentrated in a
state at 11.445 MeV excitation energy. It is not excluded
from our analysis that the strongly radiating resonance at
3134.6 keV (E,„=11.499 MeV) is 3/2+, too. If so, and if
its measured strength is not reduced by a sizeable inelastic
scattering contribution, it would contribute another

0.39po to the total B (M 1 ) t in Si. Additional M 1

strength may be hidden in a number of weak levels in the
excitation energy region from 11 to 13 MeV, where our
detection sensitivity is decreasing. We estimate this
missed strength to be less than about 0.2po per level.
Thus, if the total M1 strength in Si were comparable to
that in Si, a considerable fragmentation (into roughly 20
levels) would be implied. It is also conceivable, however,
that the additional neutron in Si could occupy a d3/p
state with a non-negligible probability, thus blocking
spin-Hip transitions into this state. Indeed, a sizeable
[d 3/p X 2+ ] admixture in the Si ground state was as-
sumed by Kitazawa et al. in their particle-vibration cal-
culation.

V. CONCLUSION

The unbound states in Si studied in the present work
provide a number of interesting features: doorway type
structures are seen in several neutron channels, including
the Si(5/2+ )~ Si(g.s.) +n and the Si(3/2 )

Si(2+)+n channels. The measured neutron widths
of one and a possible second T= —,

' isobaric analog states
allow the investigation of isospin mixing. The detected
M1 strength is considerably weaker than in Si, suggest-
ing either strong fragmentation or a true reduction. It
would be interesting to see to what degree these features
can be reproduced by extended nuclear structure calcula-
tions.
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