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Resonance spectroscopy of Si nucleus in the excitation energy range 14.22 to 15.02 MeV~

L. V. Namjoshi, S. K. Gupta, M. K. Mehta, and S. S. Kerekatte
Van de Graaff Laboratory, Nuclear Physics Division, Bhabha Atomic Research Centre, Bombay 400 085, India

(Received 22 July 1975)

Absolute differential cross sections for the elastic scattering of a particles from ' Mg have been measured as a
function of bombarding energy between 4.18 and 5.14 MeV at angles corresponding to the c.m. angles 90',

125; 141, and 16T. The data have been analyzed using the multilevel multichannel expression of R
matrix theory modified to replace the background hard sphere phase shifits by complex optical model phase

shifts. These phase shifts have been obtained by fitting the averaged cross section with the optical model. This

modification has resulted in reasonably good fits to excitation functions both in magnitude and shape. Twelve

levels in the compound nucleus ~Si have been identified and their spins, parities, and widths have been

determined. The possibility of the 0+ levels being fragmented components of a quartet parent state has been

discussed.

NUCLEAR REACTIONS Mg(e, n) E =4.18-5.14 MeV; measured o'(8, E), 8c ~
= 90', 125', 141', 167'; Si levels, deduced I'~, y~,J~; modified two channel-

multilevel R matrix analysis.

I. INTRODUCTION

In low energy nuclear reactions, the study of
elastic scattering has proved to be an important
tool to get information about the spectroscopy of
the compound nucleus. a particle scattering from
even-even nuclei offers additional simplicity be-
cause of the zero channel spin and because only
natural parity levels having large a widths con-
tribute to cross sections. The study of the reac-
tion "Mg(a, n)"Mg was undertaken to study the
details of the reaction mechanism and to obtain
information about the levels in "Si in the excita-
tion energy range of 14-15 MeV.

Russell et a/. ' have studied the (a, o.), (a,y), and

(n, n) reactions on 2 Mg from 2.5 to 4.3 MeV bom-
barding energy and have analyzed the elastic scat-
tering data to yield spins, parities, and other
parameters for a number of levels in 3 Si in the
excitation energy range 12.8 to 14.4 MeV. We have
measured the absolute differential elastic scat-
tering cross section on "Mg at four angles from
4.18 to 5.14 MeV n particle bombarding energy.
This has yielded information about levels in the
compound nucleus "Si in the excitation energy
range 14.3 to 15.0 MeV. Hair and Willard' have
studied the levels of "Si through the reaction
2 Mg(o. , n) 'Si in the excitation energy range 13.3
to 15.3 MeV and have found a large number of
close lying resonances.

Section II of this paper describes the details of
the experimental arrangement and procedure. The
data and data analysis using the multilevel multi-
channel expression of the A matrix theory, ' modi-
fied to incorporate optical model phase shifts as
background phase shifts, is described in Sec. III.

The modification was necessary to get the fits to
the magnitude of the cross section. In Sec. IV, the
implications of the modification have been dis-
cussed and a possible explanation of the origin of
0' levels is considered.

II. EXPERIMENTAL PROCEDURE

The experiment was performed with a 'He' beam
obtained from the 5.5 MV Van de Graaff accel-
erator at Trombay. The energy analyzed beam
was collimated to 2 mm diameter using a three
element tantalum collimator placed at the entrance
of the scattering chamber and mas focused on the
target situated at the centre of the chamber by
means of a pair of quadrupole lenses. Surface bar-
rier detectors mere used to detect the scattered
particles at laboratory angles 80', 118', 135', and
165'. Preamplifiers and active filter amplifiers
(model HA502A and model PA563, respectively)
made by Electronics Corporation of India, Ltd.
mere used to amplify and shape the signals from
the detectors. The amplified pulses mere then
fed to a 4096 channel PHA (Nuclear Data Inc. )
through a homemade multiplexing unit enabling
the spectra from different detectors to be stored
in different parts of the memory of the analyzer.
The incident beam was collected by means of a
Faraday cup and was measured using a current
integrator. 4

Targets of about 5 keV thickness for 4 MeV a
particles were prepared by vacuum evaporation
of MgO (99% enriched in "Mg) on thin (-10
pg/cm') self-supporting carbon foils, in a silicon-
free vacuum system. Special care was taken to
avoid deposition of silicon on the target during the
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experiment as the elastic peak from the silicon
contaminant would interfere with that from Mg
at the forward angle and mould introduce large
errors in the yield measurement. The observed
pulse height spectrum of scattered n particles at
81' is shown in Fig. 1.

The analyzing magnet was calibrated using the
3.612 MeV resonance in 28Mg(n, aP Mg reaction
observed by Russell et al. ' At higher energies,
the observed energies were corrected to account
for the nonlinearity in the analyzing magnet aris-
ing because of the saturation of the magnetic
core. ' The absolute error in the z particle ener-
gy is estimated to be +15 to +20 keV in the ener-
gy range studied. The relative error from reso-
nance to resonance is, however, less than 5 keV.

Excitation functions were measured at the lab-
oratory angles mentioned above from 4.18 to 5.14
MeV in steps of 5 keV. Two runs were made for
the excitation functions utilizing two separate tar-
gets. Reproducibility of the data at all angles was
very good as indicated in Fig. 2, for two angles.
To convert the yields to absolute cross sections,
excitation functions at the same four angles were
measured from 2.9 to 3.2 MeV in 5 keV steps,
without disturbing the geometry. In this range
the excitation functions were structureless and
followed the 1/E' dependence expected for the

Rutherford scattering. The angular distribution
at 3 MeV was also found to follow the cosec4-,' 6I

dependence. Thus assuming all the yield in this
range to be due to Rutherford scattering, the
normalizing factors (target thicknessxsolid angle
for each detector) for the present measurement
were determined and were utilized to convert the
yields between 4.18 and 5.14 MeV to absolute
cross sections. The error in the normalizing
factors consisting of the target thickness, the
solid angle, and the number of e particles inci-
dent, has been estimated from the departure of
the measured cross sections in the range 2.95 to
3.2 MeV from Rutherford cross sections and is
about +5%%uo. The error due to counting statistics
is around +5fp on the average, going to %0% at
the minima in the excitation functions. The error
on the measured absolute cross sections, there-
fore, is +7' except at the minima in the excita-
tion functions where it mould go up to +20% .

III. DATA AND ANALYSIS

Figure 3 shoms the measured absolute differen-
tial cross sections in the center of mass system
as a function of energy at the laboratory angles
81', 118', 135', and 165'. These angles corre-
spond to 90', 125', 141' and 167', respectively,
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FIG. 1. Observed pulse height spectrum of scattered & particles at E~= 5.130 MeV. The straight line is drawn ac-
cording to the reaction kinematics to identify various peaks.
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in the center of mass system. The first three of
these are zeros of the Legendre polynomials of
order 1, 2, and 3, respectively, and the last one
is the backward-most angle possible in the scat-
tering chamber. As is well known, this particular
selection helps in assigning spin and parity values
to the compound nuclear levels by mere inspection
of the data from the vanishing of an anomaly at a
particular angle. ' All the anomalies will be clear-
ly observed at 165' as interference due to the
Rutherford scattering will be negligible at such a
backward angle. This simple criterion is very
useful in making the first guesses for the J values
of the levels. It is evident from the data, however,
that such single level interpretation of the observed
anomalies would not be suitable and it would be
necessary to carry out a multilevel multichannel
R matrix calculation to extract the level parame-
ters. The multilevel multichannel expression of
the R matrix theory as given by Lane and Thomas'
(expression No. 2.6 on page 292) has been coded
in a computer program MULTI by Sellin. ' This
program was adapted to the computer BESM-6 at
Bhabha Atomic Research Centre. To obtain ini-
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tial values for input to MULTI, the shapes of the
anomalies at the above angles due to various l val-
ues were worked out using a single level single
channel R matrix program RMATR& .' These
shapes are shown in Fig. 4. The values of the lev-
el parameters were adjusted by comparing the
output from MULTI with the measured excitation
functions till the shapes of all anomalies were re-
produced. In our calculation only two channels,
namely, (a, n) and (n, n) with zero channel spin
for the neutron channel have been included. Hence
the values of neutron widths would not be mean-
ingful. The value of r0 used in the calculation is
1.45 fm.

With this procedure it was possible to extract
spin values and parity values and determine widths
for 12 levels corresponding to the major observed
anomalies in the excitation function. No effort was
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FIG. 2. Reproducibility of excitation functions in the
reaction Mg(n, o,) using two different targets is shown
at 8,~ =141' and 167'.

FIG. 3. Differential cross-sections in c.m. system
for the reaction Mg(a, o.) from E~=4.185 to 5.145 MeV
at four laboratory angles. Dots are the experimental
points. Solid lines are the fits to the experimental data
with the multilevel two-channel calculation of the R
matrix theory modified to incorporate optical model
phase shifts in place of hard sphere phase shifts.
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RESONANCE SHAPES FOR SINGLE LEVELS FOR VARIOUS
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FIG. 4. Typical shapes of anomalies for 6Mg(G. , ~) Mg with l =0, 1,2, 3, and 4 at angles 0, =90', 125', 141, and
167' calculated using the single level single-single channel R matrix formula.

expanded in fitting minor deviations in shapes
which may be due to the presence of a number of
weak levels. Though the shapes of the major
anomalies were well reproduced by MULTI, the
magnitude of the cross sections was considerably
different from the measured values especially at
backward angles as illustrated in Fig. 5. It was
realized that the discrepancy in the magnitude of
cross section arises because of the unrealistic
hard sphere phase shifts which appear as back-
ground phase shifts in the R matrix formalism.
The formalism of the R matrix theory is rigorous,
but the R matrix which connects the internal and
the external region of configuration space involves
an infinite summation over levels given by
R =g„y~xy~/(E~ —E). However, for its applica-
tion to the experimentally observed data, the R
matrix has to be approximated to contain only a
finite number of terms. In the vicinity of a single
isolated level, only one term of the series is sup-
posed to dominate and the effect of all other levels
is lumped into a constant term Ro. However, when
a large number of levels are explicitly included,
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FIG. 5. Differential cross sections for 6Mg(a, n)
from 4.185 to 5.145 MeV at 8&,b=135'. Dots are the ex-
perimental points. The upper continuous curve is a cal-
culation using the conventional R matrix theory. The
lower continuous curve is a calculation using R matrix
theory modified to incorporate optical model phase shifts
in place of hard sphere phase shifts. The upper and
lower dot-dashed curves are the cross sections obtained
in the absence of resonances in both the conventional R
matrix theory and the modified R matrix theory, re-
spectively. The latter is conventional optical model cal-
culation.
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Ro should become redundant. In the present work
as many as 19 levels were explicitly included (12
in the present excitation range and 7 from the work
of Ref. 1 in the lower excitation range}, and it was
expected that these would be sufficient to account
for the magnitude of the cross section also. The
fact that this was not so, led us to conclude that
all the nuclear scattering was not accounted for
in terms of the large number of levels or in other
words the R matrix does not converge fast enough.

To resolve the discrepancy, the scattering ma-
trix expression was modified as follows: In the
conventional R matrix theory the scattering ma-
trix is given by

Ucc' =~c~cc 'c '

where Oc= e' c ~c', soc being the Coulomb Phase
shift for the channel C andric is the hard sphere
phase shift. The matrix W is given by

W ceo= 1 + 2zPc [(1 —RL ) ]co Pc

The external wave functions involved in this ex-
pression are Coulomb wave functions.

In the modified form, U is given by
t

Ucc' =Ac Scc'Qc'
where Oc= e' c' c' and |)c is the oPtical model
phase shift for the channel C as defined in Ref. 9,
all other quantities being the same. The external
wave functions involved in 5'«are still Coulomb
wave functions.

To determine the correct complex phase shifts,
the measured cross sections at all angles were
averaged over 100 keV intervals and were fitted
with the optical model using the computer program
OpTIM 1.3 . A search was performed over the real
and imaginary potentials starting with the values
given by So, Mayer-Boricke, and Davis' for the
'4Mg(n, n)'4Mg reaction. The program MULTI was
then modified to replace the hard sphere phase
shifts by complex phase shifts determined by
OPTIM 13 using the potential parameters obtained
from the best fits to the averaged measured excita-
tion functions. Introduction of these phase shifts
did not alter much the calculated shapes of the
anomalies, but the magnitudes of the anomalies
were affected by this modification and required
readjustment of the partial widths for the levels.
The difference between the use of the hard sphere
or optical model for background phase shifts is
quite striking as illustrated in Fig. 5 where the
upper and lower dot-dashed curves show the cross
section as given by the background phase shifts
only. With this modification it was possible to get
absolute fits to the experimental data as shown in
Fig. 3. Again no effort was made to account for the
small deviations which may be due to the presence

of many weak levels. The level parameters ex-
tracted from this analysis and the optical model
parameters used are given in Tables I and II, re-
spectively. As can be seen from Table II, the
real potential depth was increased by 12 MeV over
the value used by So et al."and a surface imagi-
nary potential has been used in place of the volume
imaginary potential as has been done in Ref. 10.

IV. DISCUSSION

A. Comparison with previous work

Comparison of our results with those of Russell
et al. ' brings out two discrepancies. In Ref. 1
authors have reported only relative excitation
functions and no absolute cross section is quoted.
However, by normalizing their data at 3.2 MeV
(their lowest energy} to Rutherford cross sections
at all the four angles their excitation functions can
be converted to cross sections and compared with
our results in the region of overlap. However,
this normalization yielded values of cross section
at 4.2 MeV for all the four angles much larger
than those measured in the present work. The
authors' themselves have pointed out that their
81' data are expected to have very large errors
due to the silicon contamination in the target. But
the reason for the discrepancy at other angles can-
not be understood. As described earlier, the pres-
ent data were normalized to the Rutherford cross
section between 2.9 and 3.1 MeV after establishing
the fact that the cross sections in that range
showed Rutherford behavior. Moreover, at
81' an extrapolation of the excitation functions
beyond 3.1 MeV according to 1/E' law is complete-
ly consistent with the averaged cross section at
that angle between 4.2 and 5.2 MeV of the present
work, implying that the 81' data are primarily
given by the Rutherford cross section. The data
between 3.1 and 4.2 MeV were not measured in
this work because of the existence of the measure-
ment of Russell et al. ' The discrepancy brought
out in the present work and its consistency with
the data between 2.9 to 3.1 MeV points out the need
for remeasurement of the differential cross sec-
tions between 3.1 to 4.2 MeV. Only when these are
remeasured an absolute cross-section analysis
similar to the one done in the present work would
be possible for the lower region of excitation func-
tion.

Another discrepancy between our data and the
data of Russell et al.' is in the assignment of the
spin to the level observed at 4.235 MeV. This
level has been observed by them in both the re-
actions 2~Mg(n, n)"Mg and "Mg(a, y)'OSi and has
been assigned the spin 1 . This assignment ap-
pears reasonable from their (a, y) data, but their
(a, a) data at 81' are not in good agreement with
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TABLE I. Resonance parameters for the levels in @Si observed in the present work through
the reaction 6Ng(&, &) Mg. These values are determined through two-channel-multilevel
analysis as discussed in the text. The values for I'„would not be accurate because only one
ch~»el spin for the neutron che~~el was included in the calculation. Levels observed by Bair
and %illard (Ref. 2) in the reaction SMg(u, n) ~Si are marked by asterisks.

Resonance
number E~ (MeV) E» (MeV) I' (keV) I'„(keV) yf„2 (MeV)

1+

3
4
5+

9
10*
11*
12*

4.235
4.300
4.450
4.555
4.590
4.645
4.695
4.900
4.925
4.990
5.030
5.100

14.320
14.376
14.506
14.597
14.627
14.675
14.718
14.895
14.917
14.973
15.008
15.069

0+
p+
0+
p+
2'
1
3
0+

3
2+
p+
4+

5
12

6
30
1.8

12
15
40

3
4

20
5

12
8

24
5
8.2

28
30
20
17
11
10
45

4.61x10 3

9.93 x 10
3.96 x10 3

1.73 x10
2.38x10 3

7.91x10 3

2.22 x10
1.55 x10
4.60 x10 3

2.74 x10 3

6.85x10 3

1.58 x10

the above assignment. Our data favor the assign-
ment of 0' to the above level in contradiction to
the (o, y} data of Russell et a/. It is likely that
there are two close lying levels, one 0' and an-
other 1 with the 1 having a large y width and a
small n width thus not appearing in the (o, n)
data, while the 0' level has a large e width and a
small y width which makes it prominent in the
elastic scattering data only.

B. 0'levels

spin and parity 0' makes such a level a good can-
didate to be classified as a level due to "quartet"
excitationz~. z2 as a strong four particle correla-
tion is indicated. Satpathy, Schmid, and Faess-
ler" have carried out calculations for intrashell
quartet excitation in s-d shell for 4n nuclides, but
no such calculations are available for a 4n+2
nuclide like ' Si. However, if it is assumed that

25

An interesting finding of the present investigation
is the presence of many 0 levels in ' Si within
14-15 MeV excitation region. Reduced a widths
of these levels show a distribution peaked around
14.7 MeV excitation as shown in Fig. 6, suggest-
ing that these levels may be fragmented compo-
nents of a strong 0' level. An estimate of the to-
tal strength can be obtained by taking the ratio of
the reduced widths to the "Wigner limit" assuming
the n particle to be a single entity. The sum of
such strengths for all the 0' levels is 14@of the
Wigner limit indicating a fairly large e particle
strength. The large e particle strength and the

20—

~15-
O

CV

CS

10-

DISTRIBUTION OF REDUCED '0/IDTHS

OF 0+ LEVELS

in Si

Vp ——122.2 MeV

R, =1.8 fm
w =0.0 NeV
RI=1.8 fm

Rc =1.33 fm
A~ =0.48 fm
wz ——4.0 NeV
AI ——0.48 fm

TABLE Q. Optical model parameters used in the
analysis of 26Mg(o', o.')2~Mg data:

V(r') —Vpf (r) + i [w fr (r) + w& dfr (r)/dr),

where

f,=(1+exp((r r„)/+]} '. -
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FIG. 6. Distribution of reduced u widths of the 0
levels in Si as a function of excitation energy. The
distribution is peaked around 14.7 NeV excitation.
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the extra two neutrons do not play a significant
role in the quartet excitation and only affect the
fragmentation of the total strength, the excitation
energy of 14.7 MeV in ' Si of such a state would

be consistent qualitatively with the calculations of
Ref. 12 which predict the presence of intrashell
quartet states at 11.4, 13.4, and 18.1 MeV. Rigor-
ous calculations are, however, necessary before
making any more comparison; e.g. an explicit
calculation of reduced widths based on the quartet
model would be very useful.

C. Modification of the R matrix theory

The investigation of the reaction "Mg(a, a)"Mg
has clearly brought out the well known drawbacks
of the conventional R matrix theory from the point
of view of its application. The fact that convention-
al R matrix theory using the hard sphere phase
shifts as background was not successful in predict-
ing the absolute value of the cross sections under-
scores the already known unphysical role of the
hard sphere phase shifts. The modification of
the conventional R matrix analysis brought about
by substituting optical model phase shifts for the
hard sphere phase shifts has been successful in
predicting the absolute magnitude of the cross sec-
tions correctly. This modification may appear to
be ad hoc. However, it can be justified on the
basis of the K matrix theory based on the shell
model approach to nuclear reactions. " It has been
shown by Mahaux and Weidenmuller"~' that the
scattering matrix expressions arrived at in both
the theories are analogous in form; the difference
being that the expression involving K matrix in-
volves only a finite number of terms and optical
model phase shifts appear naturally in the K ma-
trix expression in place of hard sphere phase

shifts in the R matrix expression. The analogous
quantities in the two expressions have similar en-
ergy dependence in the absence of a single particle
resonance in the continuum. Thus the present
analysis using the modified R matrix expression
is effectively the K matrix analysis. The param-
eters obtained by such an analysis can be inter-
preted using either of the two theories. Recently,
Cugnon" has also come to a conclusion similar to
ours on the basis of a theoretical analysis of the
R matrix theory using the projection operator for-
malism. He finds that hard sphere phase shifts
are just mathematical in nature and can be re-
placed by any other type of phase shifts. Gupta"
has further shown that the results obtained by
Cugnon can also be derived within the standard
R matrix theory. He has also given an expression
for the collision matrix U on the basis of the stan-
dard R matrix theory similar to the modified ex-
pression given above.
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