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Lifetimes, Energies, and Branching Ratios of "Si Excited. States
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The y decay of "Si energy levels excited in the '"Al(p, y)28Si reaction has been investigated with a 20-cm'
Ge(Li) detector. Energies of levels be1ow 7 MeV have been measured to an accuracy of &1 keV by com-
parison with the "Co spectrum. The 6878-keV 3 and 6889-keV 4+ doublet is found to be split by 10.9&0.5
keV; decay of the 6878-keV state to the 4617-keV level has been definitely established. Several branching
ratios have been measured for the ftrst time, or with improved accuracy. Mean lifetimes of excited states
have been derived from observed y-ray Doppler shifts, with the following results: 4617 keV {0.061&0.004
psec), 7380 keV (0.013+0.003 psec), 7416 keV (0.040+0.003 psec), 8260 keV (0.014&0.006 psec), 8588 keV
(0.025&0.005 psec), 9163 keV (0.039&0.005 psec), 9316 keV ((0.01 psec), and 10 213 keV (0.015&0.007
psec); previously published lifetimes have been conirmed for levels at 1779, 6276, 6878, 7798, and 8413 keV.
A probable spin-parity assignment of 2 is made for the 9163-keV state. The small E2 transition strengths
from the level at 7416 keV to the ground and 6rst excited states are consistent with Hartree-Fock predictions
that this is the 2+ member of a rotational band whose ground state is the 6.68 (0+) level.

I. INTRODUCTION

ECEXT theoretical work on the "Si level scheme
has included particle-hole calculations, ' an ap-

proach based on the 5U3 classification scheme, ' and
Hartree-Fock calculations. '4 Results do not agree well
with existing experimental information. The need for
additional, accurate measureIQents is apparent, so that
future refined calculations can be tested. The experi-
mental situation up to 1967 is summarized by Endt
and Van der i,eun. '

The present work was undertaken to establish "Si
level energies with improved accuracy, to determine
branching ratios and decay modes, and, in particular,
to investigate electromagnetic decay rates of states up
to 10 MeV. Large-volume Ge(Li) detectors now make
possible the study of p-ray spectra from (p,p) resonances
at high resolution. The accuracy of energy measure-
ments often makes it possible to establish decay schemes
from singles spectra, relying on energy sums rather than
coincidence measurements. we have measured y-ray
spectra for six strongly excited resonances from j.262 to
2319 keV in the 'rA1(P y)"Si reaction, all of which

populate a large number of '8Si levels.
The lifetimes of excited states were determined using

the Doppler-shift attenuation method (DSAM). ' r The
relatively small nuclear recoil velocity in this reaction
results in nuclear scattering having a greater eftect on
the y-ray Doppler shift than atomic scattering. Energy
loss and mean multiple scattering angle due to nuclear
collisions were calculated on the basis of the work of

*Work supported in part by the U. S. Atomic Energy
Commission.
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Ep= 1451 and 1589 keV were chosen for the Doppler-
shift measurements in order to strongly populate a
large number of levels.

II. EXPERIMENTAL PROCEDURE

A. General

The proton beam from the University of Oregon
4-MCV Van de Graaff is analyzed by a homogeneous-
field dcQcctlng mRgnct Rnd defined Rt thc magnet exit
by adjustable, water-cooled slits. Stability at resonance
is usually better than 1 part in 2000. Quadrupole
doublets are located both at the entrance to the mag-
net and after the exit slits to permit tight focusing
of the beam onto the target. The proton beam passes
through collimating apertures and an S-in. -long liquid-
nitrogen coM trap before it strikes the target. The
number of protons hitting the target is measured with a
beam-current integrator. The target area is shielded on
the top and all sides by 16-in.-thick walls of sohd con-
crete blocks. Furthermore, the main experimental area
is separated from the accelerator and analyzing magnet
by a 24-in. concrete wall.

Thin aluminum targets were prepared by evaporation
onto 0.04-cm-thick gold backings. The use of high-

purity gold backings instead of tantalum backings
employed previously reduced the 6129.3&0.4 keV
"F(p,ny)"0 7 ray" to the point where it usually was
not observed. Direct water cooling of the targets
permitted currents of greater than 10 pA for periods of
24 h or longer without noticeable target deterioration.
The liquid-nitrogen cold trap located directly in front
of the target has helped considerably in reducing
background due to buildup of contaminants. No

J. Lindhard, M. Scharff, and H. E. Schiott, Kgl. Danske
Videnskab. Selskab, Mat. Fys. Medd. 33, No. 14 (1963).

9 A. E. Blaugrund, Nucl. Phys. 88, 501 (1966).
~0 C. Chasman, K. %.Jones, R. A. Ristinen, and D. E.Alburger,

Phys. Rev. 159, 830 (1967); R. C. Greenwood, Phys. Letters 23,
482 (1966).
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evidence of the 2367-keV "C(p,p) "N y ray has ever
been found in our Ge(Li) spectra.

B. y-ray Syectra

A 20-cm' Ge(Li) detector, "reverse-biased at —2450
V, was used to detect y rays for the resonance spectra
and Doppler-shift measurements. The electronics con-
sisted of a Tennelec TC-130 PET preamplifier, TC-200
main amplifier, TC-250 postamplifier, and a Nuclear
Data ND-16I 4096-channel analog-to-digital converter.
Data were collected with the aid of a PDP-7 computer.
The resolution of the detector was 3.4 keV for the "Co
y rays and rose to about 13 keV for 10 000-keV y rays.
The peak-to-Compton ratio for the 6 Co y rays is 12:1,
and the double-to-single escape ratio is (3.2~0.1):1.

To determine 7-ray energies below 5 MeV, the spec-
trum from a "Co radioactive source was measured
simultaneously with the resonance spectra. Most of the
"Co lines are known to +0.3 keV." Including errors
associated with the determination of peak centroids,
over-all errors in measured line energies could therefore
be kept to &(&1 keV). Whenever possible, single-
escape and full-energy peaks were used along with the
double-escape peaks in energy calibrations. Corrections
were made for recoil effects and Doppler shifts. To
determine 7-ray energies above 5 MeV, an internal
calibration scheme utilizing the known Q value of the
reaction was used. In the energy range from the
(4497.1&0.5)-keV line to the line which links the reso-
nance state with the 1778.9-keV 6rst excited state, the
energy-versus-channel relation was approximated by a
linear function with a quadratic correction. The cor-
rection was determined by comparison of cascade sums
with the resonance —to—1778.9-keV transition energy. "
An estimated over-all accuracy of better than ~4 keV
was attained in this range.

The relative-efficiency curve for the 20-cm' Ge(Li)
detector was established up to 3500 keV on the basis
of the known "Co intensities. "At higher energies, the
double-escape efficiency was determined using data from
levels which are populated and decay by single tran-
sitions. The relative number of counts directly yields
the relative efficiency. The efficiency curve found in this
manner agrees mell with that obtained by a Monte
Carlo calculation for a 20-cm' detector. '4

In the analysis of spectra, a peak-search routine
written for the IBM 360/50 computer was employed.
This program automatically locates all peaks in a
spectrum, least-squares 6ts a Gaussian plus background
to each peak, and computes centroids, peak widths, and
peak areas after background subtraction.

"Nuclear Diodes, Inc. , Prairie View, Ill."J.B. Marion, University of Maryland Report No. ORO-
2098-58, 1967 (unpublished); K. W. Dolan, D. K. McDaniels,
and D. O. Wells, Phys. Rev. 148, 1151 (1966).

13D. K. McDaniels, K. W. Dolan, and C. J. Piluso, Nucl.
Instr. Methods 54, 317 (1967).

~4%. J. Snow, Argonne National Laboratory Report No.
ANL-7314, 1967 (unpublished).

C. Lifetime Measurements

The DSAM lifetime measurements were made with
the 20-cm' Ge(Li) detector located at 0' and 120'
relative to the incident-beam direction. A 7-keV-thick
water-cooled target was used; this was more than suffi-
cient to stop all "Si recoils. Typical measurements
lasted I6—24 h at an average beam current of j.0 pA.
Data were recorded with the 4096-channel analyzer, at
a conversion gain of i keV per channel. In many cases,
the double-escape, single-escape, and Ml-energy peaks
were used in determining the Doppler shifts. Lifetimes
were then determined from the ratio F(r) of observed
Doppler shifts to the fuH shift which would be obtained
for very short lifetimes or for recoil into a vacuum.
Knowledge of the recoil velocity as a function of time
in the slowing-down medium permits F(r) to be calcu-
lated from the theoretical expression

T " —8 V
P( )=— exp( ) (

—)(coal)d9.
r 0 — r/T Vo

Here, 8 and V are dimensionless variables corresponding
to time and velocity, T is a constant for each stopping
medium, and (cosg) is the mean recoil multiple scatter-
ing angle. All quantities are as de6ned by Blaugrund. '
In the numerical evaluation of E(r) the energy-loss
curve due to nuclear collisions as given by Lindhard
et ul. was approximated by seven straight lines.

Errors in the analysis are caused by the uncertainty
in peak centroid determinations and by the uncertainty
in the determination of zero and gain shifts between
measurexnents at two diGerent angles. The centroid
error was identi6ed with the standard deviation of the
corresponding parameter in the least-squares fitting of
the y-ray peak. The zero and gain shift corrections were
found from the measured apparent shifts of y rays that
are known to be unshifted in energy (such as "Co
peaks), and from shifts of peaks whose hfetime is so
short as to give a full Doppler shift (e.g., resonance
transitions). The error was then associated with the
average deviation of these points from the least-squares-
fitted correction curve.

Ill. RESULTS

Resonance y-ray spectra were obtained for the
'"Al(P, y)28Si reaction at the 1262-, 1451-, 1589-, 19/g-,
22i2-, and 2319-keV resonances. "For preliminary in-
formation about the decay scheme at each resonance,
a complete spectrum up to j.2 MeV was recorded. Most
spectra were measured with the Ge(Li) detector at 55'
to the incident beam, 1.5 in. from the target. For precise
energy measurements and better branching-ratio de-
terminations, smaller portions of the spectra were ex-
panded and accumulated. Data obtained during the

I' Y. P. Antoufiev, L. M. El-Nadi, D. A. E. Darwish, O. E.
Badawy, and P. V. Sorokin, Nucl. Phys. 46, 1 (1963),
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TABLE I. Relative intensity of p-rays in the
decay of resonant states. '

Transition from
the resonant st:ate
to the final state

(keV)

1778.9
4617
6276
6878
6889
7380
7416
7798
7935
8260
8413
8588
9163
9316
9382
9415
9482

10 213
10 541
10 914
11 076

0.5

3
12

1.3 49
0.7

&0.5

2.9

7
1.7
1.0

1.6
2.4
08 6
3.4 4
09 &3

14 27
1.9

&0.9 2.6
0.4

5

5.0 3.4
33 8

&2.0 3.0
4.0

Resonant-state energy (keV)
1262 1451 1589 1978 2212 2319

43 15 45 41 75 20
6 11 22 7 10
1.6 2 3.2 21 3.0 17

32 6 14
1.8

doublet" ' and the 1658.9-keV transition between the
states at 6276 and 4617 keV. The 1368-keV y ray from
the 2'Al(p, ny)"Mg reaction confirms the well-estab-
lished 3 character of this Ep=1262-keV resonance
level. ""The decay scheme for this resonance, shown
in Fig. 2, includes the y-ray energies and excited-state
branching ratios found in the present work.

The Ep=1451-keV resonance is interesting since it
decays strongly to the lowest T= 1 state' at 9316 keV.
Figure 3 shows a spectrum covering the energy interval
from 2500 to 8000 keV. This spectrum clearly shows the
strong 3040- and 7537-keV transitions. Of special im-
portance is the absence of a ground-state transition,
which is crucial in establishing the spin of the 9316-keV
state as 3+; the 2+ '1= 1 state then is at 9382 keV."The
inset illustrating the region where the double-escape
peak for a 9316-keV y ray would lie shows no evidence
of a peak. We place an upper limit of 0.1% on this pos-
sible branching. The strong 3040-keV branching to the

TAm, z III. Energy of 'gSi levels.

Estimated over-all accuracy on resonant transitions is +15 jp.
Previous results~ Present vrork Previous results Present vvork

(keV) (keV) (keV}

TAN&,z D. Resonance yields measured in the 'VAl(p, y)'SSi
reaction betvreen 1262 and 2319 keV.

+pa
(keV)

1262.2
1276
1316.88
1328.1
1363.72
1381.3
1388.4
1451
1499
1514
1568
1571
1589

(m+1)I „r,/rb Ep
(eV) (keV)

1647
1.7 1669

20 1680
4.0 1726

21 1746
57 1797
39 1917

4,3 1978
2.5 2054

17 2161
0.7 2195
2.4 2212

15 2319

(27+1)r„r,/rb
(eV)

1.1
20
3.0

27
2.5
9.5
6.6

11
33
6.2
3.6

15

a Energies listed for the first seven resonances are from the tabulation of
Endt and Van der Leun (see Ref. 5); the others are from Antoufiev et cl.
(see Ref. 15).

b Errors associated with the resonance yields are estimated as +30%.

Doppler-shift measurements were also utilized in the
Anal intensity estimates. Measured decay modes and
branching ratios for the six resonance levels are sum-
marized in Table I. Vields for most resonances between
1262 and 2319 keV are summarized in Table II. Values
were normalized to (2J'+1)1'~1"~/1'=40 eV for the
991.82-keV resonance, '

A typical expanded y-ray spectrum is shown in Fig. 1.
The gain was set at 1 keV per channel in order to take
full advantage of the detector resolution and to bring
out the oner details of the lower-energy y rays. The
resolution is about 8 keV at 4100 keV, as can be seen
from the inset of the 5099- and 5110-keV double-
escape peaks. The insets show the interesting 5100-keV

1778.7~0.2
4614 &6
6272 &6
6878 a3
6887 &4
7382 &8
7415 &8
7/98 +8
7932 ~8
8260 ~8
8411 ~8

1778.9+0.2
4617.1&0.5
6276.1a0.8
6878.3&1.0
6889.2&1.0
7380 &2
7416 +2
7798 &2
7935 +3
8260 &2
8413.4&1.0

8587& 8
9167aao
9319& 7
9379aio
9410+14
9491&10

~ ~ ~

10 909+10
11089+10

8588+2
9163&3
9316&3
9382&4
9415+4
9482&4

10 213+4
10 541&6
10 914a3
11 076&3

& Reference 5.

6276-keV state has not previously been noted. The weak
peak at 8762 keV in Fig. 3 was seen only at this reso-
nance and may be due to a transition from a state at
10 541 keV to the 1779-keV level. However, this con-
clusion is tentative. A careful search for the correspond-
ing 2445-keV primary y ray was unsuccessful within
statistics.

The existence of the level at 10 213 keV, which has
not previously been reported, is condrmed by the pres-
ence of transitions into and out of it at two separate
resonances.

A, summary of the energy-level determinations from
the present investigation is presented in Table III. The
over-all agreement with previous results' is always
within the stated errors. The error in the energy of the
8413-keV state is particularly small, because of the
presence of the accurately determined 1535-keV branch-

'6 R. Nordhagen, Nucl. Phys. 44, 130 (1963).
'~ R. Nordhagen and A. Tveter, Nucl. Phys. 56, 337 (1964}.
's G.IKendt, Soc. Sci. Fennica, Commentationes Phys. -Math.

28, 8 (1963).
&9 P. M. Kndt and A. Heyligexs, Physica 26, 230 (1960).
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I280I 43 6 Io6 32 Io8 7 0 5 Io8 IP 07 I 4

I I 022 6525 59I2 4867 3485 I887
8I84 5923 5385 4387 34I9 I 725

I I076
I09I4

SI35

9297

9382
93I6

84I3

7935

74I8

6889
6878
6276

46I7

92 8

69, I \~t 28
'I

!5

4497.I 6878 226 I.2, 74I6 7935
l659 5099.4 5I I0.3 5637

6Q 3l 5 95
7 I

3040 7603

20 80
7537 9382

«2~3+

2+

2+

3
3+

I'EG. 2. 7-ray decay
scheme for the levels pop-
ulated in "Si at the
EP = j.262-keV resonance
in the "Al{p,y)"Si re-
action. Indicated energies
and branching ratios are
best values obtained from
studies of all resonances
investigated.

28382

I778.9 2+

l77&9

28
Si

0+

ing to the 6878-keV state. The accuracy of the remaining
levels above the 6878-keV state is smaller, because the
calibration procedure vt'as based on the (11 582.8&3.0)-
keU Q value of the reaction. "

Table IV summarizes the branching ratios determined
as the average of intensity results obtained from spectra
taken at all six resonances plus the Doppler-shift
spectra.

Lifetime measurements utilizing the DSAM were
made at the EP= 1451- and 1589-keU resonances. The
latter resonance was particularly useful, as is apparent
from the decay scheme in Fig. 4. T'hirteen lifetimes were
measured at this resonance. Only the 6889-keV level
could not be measured, because of the weakness of the

20T. H. E. Mattauch, W. Thiele, and A. H. Kapstra, Nucl.
Phys. 67, 32 (1965).

5110-keV transition. It was assumed throughout the
analysis that the resonance-level lifetimes are short
compared with those being measured, and the reso-
nance transitions were used to correct for zero and
gain shifts as noted in Sec. II C. In Fig. 5 typical data
are shown for the Doppler shifts of the 6809-, 6843-, and
6878-keV 7 rays; the relevant portion of the decay
scheme is also indicated.

Lifetime results are summarized in Table V; they
agree within error with earlier results tabulated by Endt
and Van der Leun' for the levels at 1779, 6276, 6878,
7798, and 8413 keV. The present measurement of 0.061
+0.004 psec for the 4617-keV second excited 4+ level
is in strong disagreement with the earlier value. A
possible source of error in our measurement is the
population of the 4617-keV state from states other than
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TABLE IV. Branching-ratio determinations for Si levels.

Initial
state
(keV)

6276

6878

6889
7380

7416

7798

7935

8260

8413

Final
state
( ev)

1779
4617
G,S.
1779
4617
1779
G.S.
1779
G.S.
1779
1779
6276
G.S.
1779
G.S.
1779
G.S.
1779
4617
6276
6878

Previous
results'

(%)
90
10
67
33

(2)b
100
45
55
90
10

67c 75
33',25

80
20
20
80

~ ~ ~

8

2
86

Present
work
('Fo)

85& 5
15& 5
69& 4
28& 4
3& 1
100

45% 4
55& 4
92 0+8

&8
79%10
21&10

100
&25
&15
100

20&10
&5
&5

80a10

Initial
state
(keV)

9316

9382

9415

9482

10 213

Final
state
(keV)

G.S.
1779
4617
62/6
6878
G.S.
1779
4617
G.S.
1779
4617
6276
G.S,
1779
G.S.
1779
4617
G.S.
1779
G.S.
1779

Previous
results~

(/o)

(80)

(10)
(10)

&2
100

100c

Present
work
('Po)

100
(5
(5
&5

23&12
48&14
29&10
&0.1

69& 5
&1

31& 5
&7

&93
&10

37&10
63&10

100

&15
100

' Reference 5.
b R. Nordhagen and A. Tveter, Nucl. Phys. 63, 529 (1965).' R. E. Azuma, L. E, Carlson, A. M. Charlesworth, K. P. Lachson, N. Anyas-Weiss, and B. Lalonie, Can. J. Phys. 44, 3075 (1966).

the resonance level, with correspondingly longer mean
lives. In the case of the Ep= 1589-keV resonance, for
example, this wouM not have affected the present result
since only about 7% of the transitions to the 461'I-kev
level do not originate at the resonance level. Further-
more, the effect of these other transitions is to increase
the observed lifetime rather than to decrease it.

TABLE V. Lifetimes of 'SSi levels excited in
the "Al{p y)'"Si reaction.

Level
(keV)

F(7)a F(~)a Lifetimes (psec)J (ZP =1451 keV) (Zp =1589 keV) Presentb Other'

1?79
4617
6276
6878
7380
7416
7798
8260
8413
8588
9163
9316

10 213

2+
4+ O.61 +0.15
3+ 0.066 +0.009
3
1+
2+
3+ 0.25 &0.02
1

(3+)
3+ 0.89 ~0.01
(2)
3+ )0.95

0.16 +0.02
0.74 &0.02
0.070 +0.030
0.042 &0.008
0.95 &0.01
0.84 &0.01
0.16 &0.06
0.94 &0.02
0.29 +0.07
0,91 &0.02
0.84 &0.02

0.94 &0.01

0,58 p po+o

0.061 ~0.004
35 p 17+0 '2R

2.3 o.4+P.o

0,013%0.003
0.040 &0.003
0.31 &0.03
0.014&0.006
0.28 o.oo+o

0.025 &0.002
0.039 %0.005

&0.01
0.015&0.007

0.63 +0.03
0.175+0.035
1.0 &0.1
2.0 &0.3

&0.3
&0.01

0,30 &0.09
&0.01

0.23 %0.05
&0.01

& Errors associated with F(~) measurements are due to uncertainties in
centroid determinations and the correction for gain and zero shifts.

b Errors associated with the lifetime results are based on an assumed
15% uncertainty in the nuclear specific-energy-loss curve as well as the
uncertainty in F (~).' Reference 5.

IV. DISCUSSION

The accurate energy measurements of the 5099.4-
and 5110.3-keV p rays, coupled with the known decay
mode of the 6878-keV level to the ground and first

excited state confirm that the 6889-keV 4+ level lies
above the 6878 3 level. ""The doublet separation is
found to be 10.9&0.5 keV. The weak decay of the 6878-
keV state to the level at 4617 keV is definitely estab-
lished by the presence of the 2261.2-keV p ray in the
spectrum shown in Fig. 1. The sum of the 2261.2- and
2838.2-keV y rays is also 5099.4~0.5 keV.

The 7 decay of most of the states of "Sibelow 9 MeV
has been reasonably well established. ' Our results
essentially con6rm the earlier work, with improved
estimates and limits given in some cases. New decay
modes are presented for states at 9163, 9316, 9415,
9482, and 10 213 keV.

An interesting feature of the decay scheme for the
Ep = 1262-keV resonance is the population of four T= 1

states. The states at 9316 and 9382 keV have been
established" as the analogs of the ground and 6rst
excited states of "Al. The low-energy 1725- and 1887-
keV p rays most likely constitute transitions to the T= 1

states at 11076 and 10914 keV. ' To confirm this, a
careful search was made for 9297- and 9135-keV y rays
which correspond to transitions from the two T=1
excited states to the 1778.9-keV first excited state;
both were found.

The y decay of the level at 9163keV leads with almost
equal intensities to the 0+ ground state, the 2+ first
excited state, and the 4+ second excited state. The
measured lifetime of 0.039 psec and observed relative
transition intensities imply that the spin of the 9163-

'A. E. Litherland, T. K. Alexander, and P. J. M. Smulders,
Bull. Am. Phys. Soc. 11, 65 {1966).

2~ S. Gorodetzky, J. P. CofIin, G. Frick, A. Gallmann, F.
Jundt, and E. Aslanides, Nucl. Phys. A97, 475 (1967).
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FIG. 4. Decay scheme for states excited in the "Al(p, y) "Si reaction at the Ep= 1589-keV resonance. Indicated energies and branching
ratios are best values obtained from studies at all resonances investigated. Lifetimes were measured for all but the 6889-keV level.

keV level must be 2: a higher spin would require an
excessive strength for the transition to the ground state
[40 Weisskopf units (WU) for E3 and 1.2)& 10' WU for
M3], and a lower spin would require too great a strength
for the transition to the 4+ state (7)&10' WU for E3
and 2.1&&10' WU for 3f3). lt appears likely that the
parity of the 9163-keV level is even; in this case, the
character of the transition to the 4617-keV 4+ state is
E2, with a strength of 0.61 WU (see Table VI), right
in the average range of 0.1—1.0 WV for transitions in
nuclei in the A =20—40 range"; an 352 transition would
have to have a strength of 18 WU, which is incon-
sistent with the average of about 0.1 WV.

Previous measurements have shown the parity of
the 8413-keV level to be (—)~+', ' where J is the level

"D. H. Wilkinson, in Nuclear Spectroscopy, Part 8, edited by F.
Ajzenberg-Selove (Academic Press Inc. , New York, 1960), p.
852; C. Van der Leun, in Structure of Low-Jl'edium Amass nuclei,
edited by L. W. Seagondollar (University of Kansas Press,
Lawrence, Kansas, 1964), p. 109.

spin. The presence of transitions to the 1779-keV 2+
first excited state and to the 6878-keV 3 state indicates
that 0, 1+, 2, 3+, 4, and 5+ are possible J values.
However, only J =2, 3+, or 4 are likely choices if
transition strengths are considered. This is consistent
with the tentative assignment of J=3 for this level
from the '"Al(t, d) 'Si reaction. ~

The transitions from the first and second excited
states of "Si are of considerable importance in testing
the validity of various nuclear models. In Table VII,
we summarize the theoretical results predicted by
Hartree-Fock, ' particle-hole, ' and Davydov-Chaban'
calculations. It is apparent that particle-hole calcula-
tions do not produce sufhcient transition strength, as
already noted by Farris and Eisenberg, ' and a deformed
Hartree-Fock potential is needed. The Davydov-
Chaban model, included for comparison, yields ap-

'4A. S. Davydov and A. A. Chaban, Xucl. Phys. 20, 449
(i960).
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FIG. 5. Typical Doppler-shift data for
the 6809-, 6843-, and 6878-keV y rays.
The Ge(Li) detector was located 2 in.
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vant portion of the decay scheme is
indicated.

E~(keV) Attenuated Doppler Full Doppler
Shif t ( keV) Shif t (keV)

f (t') Mean Lifetime
(ps)

68tl l9.52 x.55 21.4 I .9l %.02 .025 k .005

2I.86 a .I7 2 l.sl I.OI R.OI

6878 09I k .22 2 I.62 .042 1.0IO 20

TABLE VL Transition strengths for "Si in Weisskopf units.

Level
(MeV)

1.779
4.617
6.276

6.878

7.380

7.416

7.798

8.260
8.413

8.588
9.163

9.316

10.213

(JX) .

2+
4+
3+

1
(3+)

3+
(2+)

(J )~

0+
2+
2+
4+
0+
2+
4+
0+
2+
0+
2+
2+
3+
2+
2+
3
2+
0+
2+
4+
2+
3+
2+

jV

(MeV)

1.779
2.838
4.497
1.659
6.878
5.099
2.261
7.380
5.601
7.416
5.637
6.019
1.522
6.481
6.634
1.535
6.809
9.163
7.384
4.546
7.537
3.040
8.434

Lifetime
(psec)

0.58
0.061
1..35

2.3

0.013

0.040

0.31

0.014
0.28

0.025
0.039

&0.01

0.015

~ ~ ~

83= 15.0
9.6X10 ~

1.2X10 '
~ ~ ~

~ ~ ~

2.8X10 4

2.6X10 s

8.3X10 4

~ ~ ~

8.0X10 '
3.2X10 '
8.3 X10—e

~ ~ ~

1.2X10 '

15.3
14.1
0.05
1.4

~ ~ ~

2.2X10-4
7.6X10 4

~ ~ ~

1.2
0.16
0.05
0.05

13
0.99

8.8X10-3
53
0.43
0.014
0.09
0.61

&0.45
&19

0.25

~ ~ ~

2.7X10 '
7.5X10 '

~ ~ ~

3.3X10-4
3.7X10-4
6.0X10 '

~ ~ ~

7.7X1o '
2.5X10-&
4.0X10-3
2.4X10-4
9.6X0-4
2.5X10 '

&5.0X10-
&3.5X10 '

3.5X10 '

Transition strength
E2 M1

~ ~ ~

0.17
1.0

~ ~ ~

30
0.26

1600
~ ~ ~

0.43
2,7

18

7.4

TABLE VII. Comparison of measured strengths of transitions from erst two excited states of ~'Si with theoretical predictions.

Initial state
Energy
(Mev) J.
1.779
4.617

Final state
Energy
(Mev)

0.0
1.779

jV

(MeV)

1.779
2.838

1.64
0.24

15.8
8.6

9.9
14.1

15.3
14.1

E2 transition strength in Weisskopf units
Farris and Davydov- Das Gupta Experi-
Eisenberg' Chabanb and Harvey' mental

& Reference 1.
b Parameters used were p =0.54, y =15,5'. Theoretical lifetime was normalized to the experimental value for the 1779-keV transition.' Based on solution b of Ref. 3 with p = -0.2, C =3.2, b =1.83.
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proximately the proper strength for the 2838-keV
transition, but only under the unrealistic assumption of
axial symmetry characterized by p= 15.5'.

Perhaps the type of calculation with the greatest
chance for success in this region is typified by the work
of Das Gupta and Harvey. ' These authors have com-
puted rotation bands based on the two Hartree-Pock
minima and performed one-particle —one-hole calcula-
tions in the Tamm-Banco' approximation on these. It
is apparent from Table VII that the Grst two transition
strengths are in quite satisfactory agreement with
experiment. An important prediction of these calcu-
lations is that transitions from the 7416-keV 2+ state,
which is the 2+ member of the IF=0 band (prolate

solution), to the members of the E=0 band (oblate
solution) should be greatly inhibited. The small E2
transition strengths of 0.16 and 0.05 for the ground-
and first-excited-state transitions, respectively, support
the validity of this conclusion.
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The phenomenological Hamada-Johnston nucleon-nucleon potential is modi6ed by replacing the singular
hard core with a soft core of the centrifugal type (r '). It is shown that the 6ts to experimentally determined
elastic scattering phase shifts and deuteron data are little affected by such a modification.

' ~N this paper we present a phenomenological soft-core
~ - potential which is fitted to the nucleon-nucleon

phase shifts up to pion threshold and reproduces the
deuteron data fairly well. Using the Hamada-Johnston'
potential (HJP) we have replaced the hard core by a
soft core. For convenience in the computation of scat-
tering data a soft core of centrifugal type was chosen

acting in each JJS state up to a separation radius d:

V,.=6/mr . (I)

m=938.2 MeV is the nucleon mass. Similar work has

been reported previously, especially by Bressel, ' who

used static square cores in the Hamada- Johnston
potential. Kerman' and Levy have used a nonlocal

separable core instead. The outer region (r) d) of our

potential is represented by the unchanged HJ ex-

pression

YHI Yc+YTS12+YLB~S+YLLL12 y

' T. Hamada and I. D. Johnston, Nucl. Phys. 34, 382 (1962).
' C. Bressel, A. K. Kerman, and E. L. Lomon, Bull. Am. Phys.

Soc. 10, 584 (1965).' A. K. Kerman, J. P. Svenne, and F. M. H. Villars, Phys. Rev.
147, 710 (1966); and MIT Technical Report No. 2098-201,
available from Laboratory for Nuclear Science, MIT (un-
published).

where

c=o og(~/ )(121 122)(~1'2)Y[&+a.Y+b.Y g

YT=O Ogb/3)(~1'2)ZL&+~TY+bTY2j,
&Ls=IIGLsY2$1+bLsY),

YLL=IIGLLS ZL~+IILLY+bLLY2)

(3)

Z= (I+3/&+3/&') Y, with x=pr
(21=0.7067 fm '). The operators (er g,) (g, g2)
and I5 are dined in the usual way, while Li2= o i e21,'—L2(L S)'+L S—L2$. In Zqs. (3) the spin-parity-
dependent coefficients a, b, and G given by HJ' have
been applied without any alteration (Table I).

The only free parameter we have introduced„'is the
state- and momentum-independent separation radius
d de6ned in the following way:

V= P„,
= ~HJ, r)d,

and determined by 6tting the scattering and deuteron
data:

d=0.675 fm.

Note that this modification introduces a discontinu-


