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Differential cross sections were measured for the (*He, d) reaction on ?*Si and ¥’Si at Ej
=25 MeV by use of an Enge split-pole spectrometer. Up to 19 point angular distributions
for transitions to 12 states in **P below 6.4 MeV excitation energy and to 66 states in *P
below 8.7 MeV were analyzed in the distorted-wave Born approximation. The optical model
parameters required for the distorted-wave Born approximation analysis were obtained
from elastic He scattering data which were taken on 8Si, 2Si, and 3Si. A number of 3P
levels were found to have large components of simple two-particle structure, with one
particle in the 2s, /, shell and the other either in the 2s, /5, 1d3/,, 1f /5, Oor 2p;/, shells.
Specifically, the states at 6092 and 7048 keV were assigned J"=3"7, T=1and J"=4",

T =1, respectively, because they were found to carry a significant fraction of the
(251 /5) (Lf 7/,) strength. However, the T =0 components of the (25 /9)%+, (25 79) (1d 3/5)3+,
and (1dj/,) -1 2sy /2)33+ configurations were found to be distributed among a large number
of states. Spin assignments were made based on shapes of the angular distributions and
analog relations to 3Si states. An estimate of the extent to which the 1d;, proton shell

is filled in %8Si and %°Si was extracted.

NUCLEAR REACTIONS 28295i(He, d), %29 30si(CHe, *He), E =25 MeV; measured
G(E,, 6), * 3P deduced levels, ¢, J, m, T, spectroscopic factors; measured
o (0), deduced optical model parameters, enriched target.

I. INTRODUCTION

Nuclei with two particles or two holes or a
particle and a hole added to closed shells have
been the subject of many investigations (e.g.,
Refs. 1-4). Many excited states of such nuclei
have been interpreted successfully in terms of a
simple two-particle model and information on the
effective interaction in nuclei has been extracted.
We have studied the structure of states of 3°P by
stripping a proton onto **Si using the (*He, d) reac-
tion. This reaction is expected to yield informa-
tion on states which could be interpreted to arise
from coupling a neutron and a proton to a *%Si
core. Such a simple model might not be applicable
to 3°P because it is a nucleus in the transition re-
gion between rotational and vibrational nuclei. It
is, however, possible that °P states could be in-
terpreted as simple two-particle Nilsson states,

a problem that has attracted much attention.® In
any case, it is clearly of interest to obtain the
single-particle transfer strength for proton trans-
fer to 3°P states for a comparison with calculated
values based on simple and more complex models.
In fact, in a study of the °Si(d, p)*°Si reaction® an
interpretation of many *°Si states was suggested
in terms of a simple weak coupling of a 2s,,
nucleon to mass 29 states which are known to
carry a significant fraction of the single-particle
strength. The same interpretation should hold for
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T=1 states in **P. However, as we shall see, the
T=0 states appear to be more complex. Thus *°P
seems to pose the interesting problem of a simple
T =1 spectrum coexisting with a complicated T=0
spectrum which might be described best in a de-
formed shell model.

We have also studied the *®Si(*He, d)*°P reaction
to confirm the previously observed strong 2s, ,,,
1d,,,, 1f;;,, and 2p,,, transitions’ and to measure
the extent to which the 1d; ,, shell is closed in ?*Si
in comparison with 298i.

Because *°P and 3°P are proton unbound above
2748 and 5600 keV, respectively, the standard
(bound state) distorted-wave Born approximation
(DWBA) approach cannot be used. However, a
comparison of the ?Si( *He, d) reaction with the
(d,p) reaction®® to the mirror nucleus *°Si, where
the neutron is bound up to 8474 keV, can yield in-
formation on the applicability of the modified"
DWBA which we used for the unbound states.

II. EXPERIMENT

A. Experimental setup

A 25 MeV °He beam from the Minnesota MP
Tandem Van de Graaff accelerator was used.
Self-supporting silicon oxide targets of typically
50—-100 pg/cm? thickness were made by the
evaporation technique. These targets were of
natural isotopic composition or of “mixed” com-
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13 SINGLE PROTON TRANSFER TO 2°'3°P STATES 81

position (approximately equal amounts of the three
isotopes) or enriched in 28Si (99.58%), 2°Si (92.0%),
and %°Si (95.55%).

Two surface barrier detectors were mounted at
6,.,=130° on either side of the beam to monitor
target thickness, current integration, and beam
stability. These monitors were also used to
normalize the yield for the measurements at
0,.,=0° discussed later.

Reaction products were momentum analyzed by
use of an Enge split-pole spectrometer.!! The
deuterons and the 3He particles were detected
either by photoemulsions (50 im thick) or by an
array of six position-sensitive solid state detec-
tors, each 30 mm long, placed along the focal
surface of the spectrometer. Beam defining slits,
2 mm high, limited the height of the beam spot on
the target to assure an image height at the focal
surface of the spectrometer of safely less than 10

mm, the height of the position-sensitive detectors.

The slit width of 1 mm assured that the contribu-
tion from the object size to the over-all resolu-
tion width was small. For most of the deuteron
runs with photoemulsions, absorber foils were
used to stop the tritons and ®He particles.

When position-sensitive solid state detectors

are used, usually no absorber foils are needed
because the energy loss signal from the detector
allows an identification of the particles of interest.
For most runs the spectrometer entrance aperture
widths were set to 2° for the reaction data and to
1° for the elastic scattering experiments.

B. Reaction spectra

Photographic plates were exposed to deuterons
from the ?8Si(3He, d)*°P reaction at 18 angles and
from the ?°Si(®He, d)3°P reaction at 10 angles. Not
counting overlap runs, an additional nine angles
were taken for the 2°Si target and one angle for
the ?88i target with solid state position detectors.

A good resolution spectrum [ 14 keV full width
at half maximum (FWHM)] for the *Si(He, d)*°P
reaction taken with the array of position-sensitive
solid state detectors is shown in Fig. 1. Most
data for this reaction were taken with photographic
plates and by use of a thick target resulting in an
over-all resolution of 40 keV (FWHM), by far
sufficient to resolve the widely spaced levels of
29p.

The ?°P spectrum (Fig. 1) shows that the 4341
keV state is very wide due to its large natural
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FIG. 1. Spectrum of the 28Si(*He, d)**P reaction at ,,,=20° taken with an array of six position solid state detectors.
Two overlapping runs are represented and regions with very low background counts are omitted.
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FIG. 2. Spectrum of the 2°Si(*He, d)*'P reaction at 6,.,b=23° taken with photographic plates. Absorber foils were not used for this exposure, hence, triton groups

are seen, such as the two between the g.s. and the first excitated state of ®P. The peaks were fitted by the computer code AUTOFIT.
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TABLE 1. Spectroscopic strength G;=(2J;+1)S for single-particle stripping to 29p and %si states.

G; for p G; for 29gi
(*He,d) * (*He,d) © d,n)© E.(¥si)® d,p)¢ @p*°
E (*%p) 2 N . at at at at at at
(keV) JT nlj 25 MeV 35.3 MeV 13.48 MeV (keV) 18 MeV 10 MeV
0 L 254/ 1.3 1.0 1.0 0 1.05 1.05
1382% 5 =y 1d,,, 3.5 2.0 2.2 1273 2.95 2.66
1952+ 5 & 1dy, 0.74 0.42 0.54 2028 0.73 1.02
2421+ 5 -y 1dy, 0.14 2426 <0.05
3103 5 3 1dg, 0.36 0.06 3067 0.35 0.42
3445+ 5 1 12/ 3.7 1.6 2.7 3624 3.0 3.44
4075+ 5 y 181/ (0.15) 4080
4341+ 5 3 23/ 1.7 0.64 0.76 4934 2.25 1.39
4754% 5 L 28,/ 0.06 0.02 4840 0.05
(5530) ° 1 201 /2 £ 6381 1.05 0.52
5738+ 10 4 1f5s 1.3 0.66 6191 1.20 1.48
5967+ 10 & 1dy), 0.2 0.04 5949 0.25 0.08
631710 E9* gy (0.42) 6770 0.60

* This experiment.
b Reference 12.
¢ Reference 7.

width, T, = (T2 - Tyel)' /2 was extracted from
the data, where I' ., is the FWHM of the 4341 keV
peak and I'y . is the FWHM of neighboring narrow
peaks whose widths were determined by target
thickness, beam spot size, spread in the energy
of the *He beam, and spectrometer focal condi-
tions. The resulting I' ,, =56 £4 keV is in good
agreement with 53 +3 keV as listed in Ref. 12,
which was obtained from elastic proton scattering
on 288i,

The plates from the *°Si(*He, d)*°P reaction were
exposed when irradiating a very thin 2°Si target.
Then a resolution of 15 to 20 keV (FWHM), in
best cases of 10 keV, was obtained.

The photoplates for *°P were scanned in 0.25 mm
strips and for **P in 0.5 mm strips, either by eye
or by use of the Argonne automatic plate scanning
facility. Comparison of results obtained by use
of both techniques showed satisfactory agreement.
The spectra were analyzed with the computer pro-
gram AUTOFIT,'® which automatically locates
peaks and yields peak positions and integrated
counts in the individual peaks. Figure 2 shows
a typical spectrum from a photoemulsion experi-
ment on the **Si(*He, d)*°P reaction at 6,,,=23°.

It is to be noted that the ordinate of Fig. 2 uses
a “universal” scale where 0 to 10 counts are
plotted on a linear scale and counts = 10 are
plotted on a log scale. This was done to reduce

4 Reference 8.
¢ Reference 9.
f State has very large width.

the background emphasis characteristic of a pure
log scale, yet retain the range of amplitudes that
may be shown on a single graph. Excitation en-
ergies E_=17.1 MeV were determined to an ac-
curacy of =+5 keV by using accurately known
values of E, (Refs. 12, 14, and 15) and by inter-
polating and extrapolating a smooth correction
curve to a coarse magnet calibration. This cor-
rection is not included in the horizontal scales of
Fig. 1 and varied from about -5 keV at 1 MeV
excitation energy to about — 30 keV at 7 MeV.
The self-consistent set of excitation energies
arrived at is given in Table I for the *°P states
and in Tables II and III along with energies'?
previously measured for the *P states. The
procedure to fit standard peak shapes to the
experimental spectra with the code AUTOFIT works
well for 3°P states up to about 7 MeV. Above 7
MeV a few unresolved groups of states were de-
composed by this method. The cross sections
derived this way are thus quite uncertain for the
decomposed groups of states at 7.2, 7.3, and 7.8
MeV. For example, the group near 7.3 MeV may
be essentially a single state of large (20-30 keV)
natural width.

For most angles the different kinematics allowed
3°P peaks to be distinguished from 2P peaks which
resulted from the 7.7% of 2®Si in the enriched 2°Si
target. At a few angles 2°P contaminant peaks
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TABLE II. Spectroscopic strengths G;=(2J;+1)(2J; +1)"‘czs, for proton stripping to 0p states below 7.1 MeV.
G;
(He,d)®  (He,d)¢  ,m°
E? E>® at at at Shell ©
(keV) (keV) JT; T 20 nij 25 MeV 15 MeV 8 MeV model
0.0 0.0 1* 284/ 0.74 0.72 0.71 0.92
677.2 0.4 677 051 251/ 0.23 0.25 }0 23 0.31
709.01%0.15 709 mixed 25172 0.09 0.09 : 0.01
1d3/, 0.45 0.35 0.6 0.57
1454.0 0.5 1454 2t 1dyy, 0.81 0.81 0.84 0.80
or 1dy, (0.61) oo 0.08
1973.0 0.9 1973 3* . 1ds/, 0.12 0.07 0.21 0.26
mixed
1g7/2 0'21 s o0 ... LY
2538.0 +0.7 2538 3* . 1dgy 0.09 0.11 0.18 0.04
mixed
1g7/2 0'23 eoo o Y
2723.2 £0.5 2723 2t 1dy, 0.10 0.10 0.15 0.13
or 1d;, (0.08) oee 0.03
2838.8 1.0 2838 1* 1d 3/, 0.04 0.01
251/ ~0 ce o 0.00
2937.8 0.9 2939 2*;1 1dy/ 0.80 0.83 0.70 0.73
or 1d;, (0.60) 0.08
3018.6 +0.9 3018 1* 251/ 0.08 0.12 0.10 0.00
mixed
1d3/, 0.11 0.05 0.068 0.05
3304 a*n* if 25y 0.01 cee oo
3731 %3 3731 1+* mixed 2512 0.03 0.06 0.03
1dy/, 0.08 0.02 0.11 e
3834.3 £1.3 3834 (1,2%),(3")* cvod 1d5/2 0.11 0.14 0.19(2%) 0.05 (if 3*)
mixed
1g7/2 0‘11 ce e e ce e
3927.3 1.3 3927 1~ 2b3/s 0.005 0.12) f
(if 25,/ 0.01) ..
4143.6 1.1 4142 2~ mixed 222 0.14 0.26 0.13 0.15
(1f5/2 0'11) DY s Y
4182.7 +1.3 4182 2%;1 1dy, 0.20 0.15 . 0.13
or 1d;, (0.16) 0.01
+
2222:2 N i; 4232 4~ 1f2/ 1.10 1.35 0.97 o
4298 %5 4298 (if 25,/ 0.005)
4342.8 1.0 4343 g
4425 £3 4423 2+ 1dsy/, 0.01 0.13)f 0.01
or 1ds/, 0.01 0.01
(lf 2P3/2 0.01) . P cee
4468 £3 4468 0*;1 254/ 0.11 0.19 0.058 0.005"
4501 *3 4501 151 1d3/ 0.47 0.40 0.32 0.53
28y/9 ~0 oo cee 0.00
4624.6 +1.2 4625 3~ 1f5/2 (0.80)
or 1f/, 0.54 0.65 0.56 1.26
4734 %10 4739 (r,2%,3%)* 1dg/, 0.01
4921 +£3 4933 3" 1f1/2 e 0.04 0.28
or (0,1,2)"* 203/ 0.02 oo
5024 £10 5028 (if 2p3/, 0.002) e e
5233 £10 5233 (2,3,4)7* 1f1/ 0.01 oo oo
5412 +10 5416 0,1,2)” 2p3/5 0.07 (0.45) f 0.063 0.08
5504 £10 5505 1+t* mixed 25172 0.03 o see
1d 3/, 0.05 0.08 0.19'
5598 £10 5574 (2%, 3*; 1)* . 1ds/p 0.07 0.11
mixed
1g1/ 0.09 e
5700 £10 5711 weak
5790 10 5808 ar, 25,35 1)* (if 1d;/, 0.03) . -
5916 5905 (1,2)” 2p3/2 0.35 0.50 =1
6002 5993 17d 2ho 0.33 0.29 (Z=1)
6092 37;1* 1fs, 0.90 (2=2)
or 1f7 0.59
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TABLE II (Continued)
Gj
(3He,d)® (*He, d) © d,n)¢
E.? E>® at at at Shell ©
(keV) (keV) JT, TP nlj 25 MeV 15 MeV 8 MeV model
so e 6179 . g
6231 (if 25, 0.03)
6275 6270 2= 203/ 0.06
6307 6301 3t j
6486 6478 1(+)* 254/ 0.05
6526 6518 (1,2,3)** 1d3/, 0.04
6599 (if 284/ 0.05)
(if 1dy/ 0.03)
6648 (27,37,47)* (1fs5/ 0.05)
(or 1fy/ 0.04)
6684 6674 cee (if 2p3/ 0.02)
(if 25,/ 0.04)
cee 6789 . (if 28,/ 0.04)
6859 6851 1 (if 1dg/ 0.05)
(if 2p3/ 0.03)
6883 6877 2” 203/ 0.34 (1=1)
6927 6921 1~ 2p3/ 0.23 cee (=1
7023 7013 2~ 2p3/ 0.05 (1=1)
7056 7048 47;1% 11/ 0.95 (1=2) 1.62

4 Reference 12.

® This work. New spin, parity, and isospin assignments are indicated by an asterisk. Errors in excitation energies

are 5 keV.
€ Reference 21.
d Reference 22.

¢ Reference 23 for positive parity states, Ref. 22 for negative parity states.

f Order of magnitude discrepancies in Ref. 21 are apparently due to typing errors.

& Structureless angular distribution. do/dw =<0.05 mb/sr.

" The theoretical prediction (Ref. 23) for the third 0%, T=1 state is G=0.04.

LA pure 1 =2 is assumed in Ref. 22.

j Incomplete angular distribution because of contaminations.

superimposed on *P groups were subtracted out
using the data on the enriched 2®Si target.

C. Measurements at 0°

In transfer reactions on odd-A the nuclear states
may be excited through a mixture of orbital angu-
lar momentum transfer. The resulting angular
distributions are the sums of those that result
from single [ transfers. Analysis of these com-
ponents into constituent angular distributions can
be facilitated considerably by finding the cross
section at 0° scattering angle if one of the com-
ponents is /=0, because in this case the cross
section rises sharply at far forward angles. This
forward angle rise distinguishes an /=0 com-
ponent clearly from an /=2 component. To take
spectra at 0° scattering angle the Faraday cup
which is situated in the scattering chamber was
moved out of the way automatically as the spec-
trometer was rotated to angles smaller than 6°.
The primary beam would then pass into the

spectrometer. This beam was caught in another
Faraday cup which could be moved along the focal
surface of the spectrometer to accommodate a range
of magnetic field settings. The spectrometer
entrance aperture width was set to 0.5°. Both a
position solid state detector and photoemulsions
were used for the 0° measurements. The detec-
tor was protected from neutrons produced in the
Faraday cup with lead shielding, and foils covered
both the detector and the photoemulsions to elimi-
nate tritons, ®He, and a particles.

D. Elastic *He scattering on 28:2°:30§j

The elastic scattering data were taken with
solid state position-sensitive detectors in the
spectrometer for about 30 angles for each of
the three stable Si isotopes. At forward angles
the enriched targets were used. For 6z30°,
where the three 3He groups scattered off each
of the isotopes are resolved, the “mixed” target
of approximately equal quantities of each Si iso-
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TABLE III. Spectroscopic strength G;=(2J;+1)
X (J;+1)71C2S; for *Si(*He, d) at 25 MeV to P states
above 7.1 MeV. (A continuation of Table II. No previ-
ous proton transfer data are available for E, >7.1
MeV.)

E,? E/°
(keV)  (keV) JT, T30 nlj G;
7186 7176 1- 2p3y  0.17
7206 7199 cee if 1dg;,  0.18
if 2p35  0.12
7230 7224 2” 2p3  0.15
7288 3 (if 1dg/;  0.06)
7201 281 2+ (if 2p5,  0.05)
7314 7308 (32,3, 4)7* 115/ 0.30
7316 or 1fy,  0.21
7331 17328 1- 2p3y  0.12
7391 17380 cee (if 2pg,  0.05)
e 7472 e if 1dg;,  0.33
if 2pg/y  0.22
7503 cee 1+ e o
7572 7559 (1,2,3)* 1dy,  0.04
7591 7582  (2,3,4)7,(27)* 2p3,  0.21
7615 7606 3 oo c
7654 7643 (1,2,3)* e c
e 7690 cee (if 2pg  0.05)
7755 1- (if 2ps3,  0.06)
60 1oL 0* (if 251;2 0.10)

(if 1dy;,  0.09)

7888 oo 2 2pa;n  0.10

7932 1,2,3)* or 1dys,  0.16
8109 ‘e (f 1fyp  0.07)
o 8202 oo (if 293,  0.05)
e 8282 (if 2p3,  0.06)
8353 (if 2p3,  0.06)

(if 1y  0.09)
oee 8628 (27,387,47)* 1fs,  0.30

or1fy,  0.22

2 Reference 12.

b This experiment. New spin, parity assignment indi-
cated by an asterisk. Errors in excitation energies are
+10 keV.

¢ Incomplete angular distributions because of contami-
nations.

tope was used. This allowed all three angular
distributions to be taken simultaneously. Figure
3 shows the experimental data together with the
optical model fit (see below). An over-all nor-
malization of the cross sections to an accuracy
of about 15% was obtained from the minimum in
the X2 of the optical model fit as a function of the
normalization constant.

III. ANALYSIS OF DATA

A. Optical model analysis

The optical model fit to the elastic scattering
data was optimized using the computer code
RAROMP.'® Potentials of standard Wood-Saxon geo-

metry with volume absorption were used. A spin-
orbit term was not included. Several different
starting potential parameters (V,= 80, 140, 180
MeV) which we tried yielded fits of very similar
quality. The optical model fits with the V, =140
MeV set (Table IV), which gave the best fit to

the transfer data, are shown in Fig. 3 for the
three stable Si isotopes.

B. DWBA-Analysis of the 2%'2° Si(*He, d)**'3°P reactions

Distorted-wave Born approximation (DWBA)
calculations have been performed using the com-
puter code DWUCK.!® Finite range and nonlocality
corrections were not included. Bound state pa-
rameters are given in Table IV. First calcula-
tions were performed using the three different
3He optical model parameter sets which we
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FIG. 3. Angular distributions from elastic scattering
of ®He at 25 MeV on the three Si isotopes. Solid lines
are the optical model fits.
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TABLE IV. Optical model parameters used in DWBA calculations.

E lab v, 7, a, w, 4W, 7; a; Voo ¥
Set Channel (MeV) (MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) (MeV) (fm)
A? 28Gi +d 34.4 94.3 1.046 0.807 e 44.0 1.357 0.733 7.0 1.3
BP 28gi + SHe 25.0 148.7 1.098 0.762 15.32 1.755 0.754 1.4
cb 2954 + He 25.0 142.0 1.101 0.762 16.46 1.723 0.755 . 1.4
Db 30si +3He 25.0 140.5 1.101 0.768 16.17 1.742 0.728 cee 1.4
E 28.29gj + p cee Adjusted 1.25 0.65 cee oo A=25° 1.25

2 Reference 17.
b This work.

¢ Spin-orbit potential of 25 times the Thomas-Fermi term.

derived from a fit to the elastic scattering on
2%Si. These three *He parameter sets are drawn
into Fig. 4. A single deuteron optical model set'’
(Table IV) was used to study the effect of the dif-
ferent *He potentials on /=0 and /=2 transitions.
Clearly, the V, =142 MeV set gives the best fit
to the (°*He, d) proton transfer data (Fig. 4).
Therefore, we used the 140 MeV sets which

are listed in Table IV for the final DWBA cal-
culations to extract spectroscopic factors. The
results of the DWBA calculations are shown to-
gether with the experimental angular distributions
in Fig. 5 for *®Si(*He, d) and in Figs. 6-8 for the
2%Si(*He, d). The latter three figures were drawn

in part with the aid of the computer code AUTOFIT,!3

The angular distributions are labeled by the =, [, j

values which we assumed for the orbit to which
the particle is transferred.

The proton becomes unbound in ?°P at E_=2744
keV, i.e., only the ground state and first three
excited states are bound. In 3P, states above
5600 keV are proton unbound. For these states
a special adaption to DWUCK was used.!® This
code uses the outgoing Coulomb wave function
for points at »=R_,, instead of the usual zero
boundary condition for the wave function at R ,,.
Satisfactory fits were obtained for a number of
unbound levels. However, for highly excited
states (=7 MeV) the modified DWBA produced
very oscillatory curves, especially for 2s,,,
and 1p,,, transfer, which do not {it the data as
well as the shapes calculated for lower excita-

2 2
107 10 £
295i (*He,dPP g.5.,1% 252 E 1 25iCHe P E,=1454 MeV,2%1d5,, |
1 3He Potential Parameters r
] Ve Ty Qar Wy 4] aj F
(Mev) (fm) (fm) (mev) (fm) (fm)
\ —— 1420 110l 0762 1646 1723 0775 I
: \\ ————— 1804 0947 0821 1475 1779 0762
10 “j \‘ -— 852 1144 0827 1367 1806 075! E_
] F g
10 - 10Y -
z 1 - i
AQ T i
T L L
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tion energies. We have therefore used the 2p,,,
curve calculated for the %°P (6674 keV) state for
all 7=1 candidates above that energy. We also
used the **P(g.s.) 2s,,, calculation to fit the *P
(4754 keV) state angular distribution. Further-
more, the search for the proton potential did not
converge for the 1g,,, (and 1g,,,) transitions above
4.5 MeV in *P. Therefore, the 4075 keV 1g;,,,
curve was used for the 6317 keV state. We tenta-
tively assign J"= 3* to this latter state because it
is probably the analog of the £* state seen at 6779
keV in the 28Si(d, p)*°Si reaction.®®

30p states populated by mixed I transfer (most
importantly, mixed /=0 and /=2) were decomposed

with the aid of the computer code CURVEFIT,'®

In general the fits to the low lying states are ex-
cellent. The shapes of the angular distribution
for the 3* states at 1973 and 2538 keV show a
shape distinctly different from that for the I=2
(1d,,, or 1d;,,) transition to the 2* states. The
3* may be reached either by 1d; ,, or 1g,,, trans-
fer. In fact, very good fits are easily obtained
by a mixture of 1d;,, and 1g,,, curves. However,
the shape difference may be the result of a j
dependence'® or of two-step processes which can
be very important for weakly excited states. The
extracted /=4 strength should be taken merely as
indicative of the shortcomings of the standard
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single-step DWBA. They do not decrease the ex-
tracted 1d;,, strengths by more than 5-10% be-
cause the calculated /=4 cross sections are very
small at the forward maxima of the [=2. The
shape of the =2 angular distribution to the 3834
keV state is similar to those for the known 3*
states. We therefore tentatively assign J"=3*

to this state.

IV. RESULTS
A. Spectroscopic strengths for 28Si(*He, d)**P

Absolute spectroscopic strengths G, = [2 s+ 1)/
(2J;+1)] C?S,; were extracted by normalizing the
experimental angular distributions 0,,,(6) to the
DWBA calculations opy(6). J; and J; are the
spins of the target and residual nuclei, respective-
ly. C2=1 for 22Si(*He, d)°P and C?%=1} for 2°Si-
(*He, d)*°P. S, are the spectroscopic factors. Bas-
sel’s?® normalization constant N=4.43 was used to
derive the values of

G.= 2j+1 04,,(0) ’
TN opul8)

where j is the total angular momentum of the
transferred particle. The results for the proton
transfer to ?*P states are given in Table I. The
factor of 2 discrepancy between the G; values of
this work and Ref. 7 for a number of states may
be due to the extrapolation procedure used’ to
extract spectroscopic factors for transitions to
unbound levels. Also given are the strengths
derived from 28Si(d, p)*°Si reactions.®® The rea-
sonable agreement between the *®Si(He, d)*°P
strength to the proton unbound levels, e.g., the
2" state at 4341 keV and the **Si(d, p) strength
for the neutron bound 3" state in the mirror
nucleus *°Si (4934 keV), indicates the usefulness
of the modified'® DWBA to calculate transitions
to unbound states. It should be noted that both
(°*He, d) and (d,p) to the 2~ mirror states at
3445 and 3624 keV appear to contain only about
one-half of the total 1f,,, strength of 8.

B. Spectroscopic strengths for 2°Si(°*He, d)*°P

The spectroscopic strengths for the ?°Si(*He, d)-
30P reaction are given in Tables II and III. Here,
for mixed transitions of the same I, differing only
in transferred j, the strengths are given for both
possible j values. These I=2 (or !=3) strengths
are not the result of a superposition of 1d;,, and
1dy,, (or 1f,, and 1f, ,,) DWBA curves which
differ only very little in shape. Whenever these
two values are given, the one expected to be the
principal component in the transition is under-
lined and used later in the application of the sum

rules. In contrast, the mixed /=0, /=2 transi-
tion to 1* states has been fitted by a superposition
of theoretical curves and thus the two spectro-
scopic strengths are those of the contributing
2s,/, and 1d;,, components. It is worth men-
tioning that the only observed J"=1*, T=1 state
at 4.5 MeV appears to be excited by a pure /=2
transition while the many J"=1*, T=0 states are
excited by mixed /=0, /=2 transitions.

Also shown in Table II are G; values from pre-
vious (°He, d) 2! and (d, n) 22 experiments and from
theoretical predictions.? In general, good agree-
ment between the various experiments is found
with a number of notable exceptions. A number of
weak transitions, in particular 1d;,, hole transi-
tions, vary by factors of 2 to 3 for the three ex-
periments. This could be due to two-step excita-
tions in weak transitions which have a different
energy and projectile dependence. In a few cases
there appear to be typographical errors in the
absolute strengths of Ref. 21. There, G; values
for the 3927, 4423, and 5416 keV states are given
which are an order of magnitude larger than our
values or than indicated by the differential cross
sections of Ref. 21. We agree in all / assign-
ments for the transitions to states up to 4625 keV.
We assign tentatively J"=(1*,2*%,3*) to the 4739
keV state based on an /=2 shape.

A state at 4921 keV was given®' a J"=3" assign-
ment based on an /=3 shape of the angular dis-
tribution. Our differential cross sections for this
state which we locate at 4933 keV show a good
l=1 shape. Thus, we assign J"=(0,1,2)". That
the wrong 7 value was assumed in the (*He, d)?!
and also in the (d,n) experiment® is also indicated
by the factor of 7 discrepancy between the (®He, d)
and (d, n) reactions when an /=3 is fitted to the
data. There are no such discrepancies between
(®*He, d) and (d, n) for well established /=3 transi-
tions. J"=(2, 3,4)" may be assigned to the 5233
keV state, also based on the shape of the angular
distribution. For the 5505 keV state we find a
mixed [=0, /=2 angular distribution from which
we derive J"=1*, (T=0). The /=0 component
was not seen before.?»22 Qur T'=0 assignment
is based on the fact that there is no J" =1* state
known in 3°Si at the corresponding energy. We
reject the tentative J*=(2*,3*), T=1 assign-
ment?*22 for this state.

To facilitate a comparison of 3°Si states with
T =1 states in °P, excitation energies are shown
in Fig. 9 together with spectroscopic strengths
G, for the reactions of interest: 2°Si(*He, d)*°P
and 2°Si(d, p)*°Si.® Also included are the results
of the (*He, d) and (d, p) reactions® on 22Si for
later use. We see all the known T =1 states in
3°P up to 4.5 MeV. We consider the peak at 5574
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FIG. 9. Energy levels of 2°Si, 2P, ¥p, and 3Si and spectroscopic strengths for single-particle stripping reactions.
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keV a candidate for the analog of one or both
states of the 2*, 3* doublet at 4.8 MeV in %°Si. The
5230 keV, 3* state in 3°Si may have its analog at
5808 in %°P to which we assign J 7= (1*,2*, 3*;
=1). The 5230 keV state of °Si is very strongly
excited® in %'P(d, *He) indicating a principal
(1d; ;,)™(2s, /,)® component. A transition of similar
strength in 3'P(d, t) or (p, d) would identify the
analog 3*, T=1 state in *°P unambiguously.
Rather clear are the analog relationships be-
tween the 3~ and 4~ states in 3°Si at 5487 and 6503
keV, respectively, and the 6092 and 7048 keV
states in *°P. Both of these states are excited by
very strong /=3 transitions. Thus, these states
carry the bulk of the (1f;,,2s, /5)5-,4-;r -, Strength.
We assign J"=3", T=1 to the 6092 keV state and
J"=4", T=1 to the 7048 keV state, because the 4-,
T =1 state of the (2s,,,)(1f,,,) configuration is ex-
pected®® to lie above the 37, T=1 state in contrast
to the 47, T =0 state which is expected and ob-
served below the 37, T=0 state. This 4~ assign-

ment supports the spin given by Ref. 26.
Reference 22 assigned /=2 to the transitions to
both of these states based on the shape of the (d, n)

angular distributions. It is likely that the pro-
cedure they used for the DWBA calculations for
the unbound states does not predict the shapes of
the (d,n) angular distributions correctly.

For the other states above 5 MeV it is very
difficult to deduce information on analog relations
because of the high density of states. However,
the strong I=1 transitions seen in (d, p) appear to
be matched by a number of /=1 transitions seen
in (®He, d).

New spin assignments for .other states are tenta-
tive (see Tables II and III) and based mostly on
shapes of angular distributions. Unfortunately,
1=1 and =2 shapes are not sufficiently different
for the states above 6 MeV excitation. For this
reason, two G; values (for 2p,,, and 1d, ,, trans-
fer) are frequently given unless the parity of the
state was known from previous experiments.
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C. Sum rules

In the following paragraphs we will frequently
make use of the well known sum rule?’: The num-
ber of proton holes in the shell model orbit of
quantum numbers #, 1, j, is given by EG, where
the sum is to be extended over all states which
are reached by transfer of a certain n,7,j. For
stripping to empty orbits of angular momentllm
j we have S;=1 for each of m states of spin J;
=j+J; (where J; is the target spin, 3 in our case)
so that the total strength G; is divided between
the m states simply according to their statistical
weights (27 (™ +1)/25,(2J (™ +1). These weights
also apply for partially filled orbits if the trans-
ferred nucleon is weakly coupled to the target
ground state. In practice, the partial strengths
for each of—in our case—two states of J@=j+3}
and J {2’ =j - 3 will be shared by a number k of
states for which we expect the following sum
rules to hold under either of the above men-
tioned conditions:

(m)
ZG,(k) =(number of proton holes),-iI'L(%l— .
3 2in 2™ +1

In the sums for individual orbits we will include
only those transitions for which the j transfer is
reasonably well known. Not included will be all
those G; values of Tables II and III which have an
“if” placed in front of the #n,,j values. Whenever
an “or” is placed in front of one of the n,1,j values,
the one underlined will be used.

D. (2s,/2)(1f;/2)5" 4- configuration

As noted above, the J"=3" and 47, T=1 states
were identified by the /=3 shape of the angular
distribution, their large strength in the 2°Si(®*He,d)-
3°P reaction, and their energies. They were not
seen in the 3'P(d, *He)*°P reaction®* which supports
the assignment of a (2s,,,)(1f,,,) configuration for
these states. The /=3 strengths which we derive
for these transitions are in fact very close to
those for the well known 4232 keV (4-, T=0) and
4625 keV (37, T=0) states. Apparently, these
latter states are the antianalog states of the just
mentioned 37,47; T=1 states.

The shell model limit for the transition strength
to the (2s, /5)(1f; /5)s-,4- cOnfiguration is 2JG, =8,
half of which should be found in transitions to T
=0, the other half in transitions to T=1 states.
For each isospin the strength would be divided
between the J;, J ; =37, 47 pair of states according
to a ratio . Thus, we expect G;=1.75 for the
transitions to each of the (2s, ,,)(1f,,,);. states
(T=0and T=1) and G,;=2.25 in the transitions

to each of the 4~ states. Experimentally we find
G;=0.5 and G;=1.0 for the 3" and 4~ states, re-
spectively (both for T=0 and T=1), i.e., some-
what less than half of the total strength for the 4~
state and only about 3 for the 3~ state. Similarly,
the 28Si(d, p) and (*He, d) reactions to the lowest
1° state also showed only about one-half of the
total 1f,,, strength (Table I). This may be either
due to an insufficiency of the DWBA or more than
one-half of the total 1f,,, strength is still to be
found at higher excitation energies both in mass
29 and 30 nuclei. In any case, both 37,4~ doublets
appear to be quite nice examples of weak coupling
doublet states, i.e., coupling of a 2s,,, particle to
the %' state of mass 29. This is indicated in Fig.
9 by the thin lines that connect the **P spectrum
with that of 3°P. There are two other /=3 transi-
tions to the states at 7308 and 8353 keV of non-
negligible strength (Table III). They could be 3~
states and account for the fact that the 3~ states
at 4625 and 6092 keV have only 3 of the strength
compared to 3 in the 4" states in 3°P and the %"
state in **P. However, they could also be states
of the (2s,/,)(1f;/5)s-,5- configuration.

E. (25,/2)% .1+ and (25,/,)(1d3/5),* »* configurations

The surprising purity of the 3" and 47, T=0 and
T =1 states in terms of a weak coupling model is
in marked contrast to the splitting of the (2s,,,)?
and (2s, ;,)(1d, ,,) strengths between a large num-
ber of 1*, T=0 states. We see six 1", T =0 states
of which four are excited by mixed /=0 and /=2
transitions, but only one 1", T'=1 state excited by
a pure /=2 transition. However, of the many 1%,
T =0 states only the g.s. is very strongly excited
by 2s,,, transfer and the five other 1* states
together have only 3 of the g.s. strength. Similar-
ly, the 1* state at 709 keV contains twice the /=2
strength of all other 1 states together. That
means even in the complex spectrum of 1*, T=0
states only one state each has a large fraction of
the (2s,,,)? or the (2s,,,)(1d,,,) strength. We ob-
serve a total of El+G3 /2=0.73 for all 1*, T=0
states close to the limit of § for stripping to an
empty 1d, ,, shell, but only 0.47 out of % in the
only 1*, T=1 state.

The combined /=0 strength to all 1*, T=0 states
is 0.97 out of a maximum El+Gl,2=% for all 1*
states that could be reached by stripping into an
empty 2s, ;, proton shell. The observed two 0*,
T=1 states, with about 5 of the combined strength
in the 677 keV state exhaust 0.34 out of a maxi-
mum 25+G, ,=%. The two 2*, T=0 and the two
2*, T =1 states show most of the strength in the
lower lying of the two states and a summed
strength each for T=0 and T =1 of about 1, which
is close to the (2s,,,)(1d;,,),+ limit value of 2.
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However, a small part of the transition strength
to the 2* states would be due to a small
(1dy ,,)™(2s, ;,)° admixture in the 2* states as
discussed in the next section. Such a small
1d;,, component in the presence of a strong
1d,,, component has recently been determined for
the 1454 keV state in 3°P from a comparison of
light and heavy ion induced proton transfer reac-
tions.®

In Fig. 9 we have again connected the 3°P states
having strong two-particle components with the
corresponding one-particle states in **P. Only
the states with the strongest transitions to a
certain shell model orbit were connected. In this
context, it is interesting to note that a determina-
tion of centroids of excitation energies of states
which have fractions of the two-particle state con-
figurations gives very encouraging results®® in
comparison with effective interaction matrix
elements,?%:30

F. (1ds/;)"(25,/2)%.5* configuration

Excitation of 3* states in ?°Si(*He, d)*°P by direct
single-step proton transfer is evidence for a
(1d;;5)™(2s, ;,)® component in the ground state
wave function of 2°Si, because the 3* states can
be excited only by 14, ,, transfer if we restrict
our configuration space to the 2sld shell. We
see a number of weakly excited 3*, T =0 states
and a candidate for a 3*, T=1 assignment at 5574
keV.

The (1d;,,)™(2s,,,)%+ configuration is expected
to mix with the (2s, ;,)(1d, /,),+ configuration. Its
strength may be estimated as 2 of that to the 3*
states. We have therefore subtracted 2 of the
transition strengths to the 3* states from that to
the 2* states and included the result in the 2JG, /2
We arrive at Ez*mGs /2=0.7 for the number of
1d; ,, proton holes in *°Si.

G. (2s,/2)(2p3/2)-.2- configurations

We observe a total of nine /=1 transitions with
G;> 0.1 to known negative parity states, indicating
a considerable splitting of the (2s, ;,)(2p;,,)
strength. The transitions to the 7199 and 7472
keV states also have G; values larger than 0.1;
however, the parities of these states are not
known and the experimental angular distribu-
tions do not allow discrimination between /=1
and /=2 transfer. It is also possible that the
unresolved group of states around 7.2 MeV is
due to essentially two strong /=1 transitions to
two broad states.

The lower lying 27, (1,2)", and 1° states at
4142, 5905, and 5993 keV respectively are most
likely T =0 states. The other strong /=1 transi-
tions to states above 6.8 MeV probably go in part

to T=1 states since a number of strong /=1
transitions are seen® in 2°Si(d, p) to 3°Si states
of the corresponding energies. The negative
parity spectrum is further complicated since
at these energies the (1p,,,)™(2s,,,)®,
(2s,,,)'(2p, ;,)", etc., configurations are ex-
pected to mix with the (2s, ;,)(2p,,,) configura-
tion.

H. Comparison with shell model predictions and total 2s1d,
2p3/,, and 1f,/, strengths

Spectroscopic strengths for positive parity
states have been calculated® for proton stripping
to 3°P states in a truncated d; ,-s, ,,-d,,, basis
space. The results are listed in Table II. In
general there is good agreement between experi-
mental values and theoretical predictions, in
particular for the strongly excited states. How-
ever, there are a number of significant dis-
crepancies in the 2s,,, strength to the J"=1%,

T =0 states. This may be due to truncating the
full 2s1d shell model space. Untruncated 2s1d
shell model calculations have also been per-
formed®; however, spectroscopic factors have
not yet been calculated and the agreement with
the experimental excitation energies is only fair.
Not all experimentally observed 1* states were
reproduced in these calculations. The 3834 keV
which we tentatively assign J " =3* is perhaps the
third 3* level predicted® at about 3 MeV. Further,
the 4343 keV level, which is weakly excited in
(3He, d) and shows a structureless angular dis-
tribution, is possibly one of the predicted J" > 4*
states around 4 MeV.

Spectroscopic strengths for the transitions to
negative parity states (27, 37, 4”) have also been
calculated®? by extending the calculations of Ref.
23 to include one particle in the 2p1f shell. The
results are in good agreement for the lowest two
2" states, but about a factor of 2 too large for the
3™ and 4~ states.

A deformed shell model with two particles
distributed over the empty Nilsson orbits of a
deformed mass 28 core has so far been used
only to calculate energy levels and B(E2) transi-
tion strength.’ Further, a prolate deformation
was assumed in these calculations and recent
resuits on the quadrupole moment of 28Si (2*)
suggest an oblate shape.®?

The results of summing up all the G, values
with the restrictions discussed in Sec. IIIC are
summarized in Table V. We find about the same
number of 1d;,, proton holes in the *Si and ?°Si
targets. Because of the uncertainty in the absolute
spectroscopic factors no significance can be at-
tached to the small differences between the two
sets of values. However, it appears quite clear
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TABLE V. Summed proton transfer strengths for
transitions to 2s1d and 1f2p orbitals.

276Gj
Sum rule
nlj 85i(°He,d)®*P  2%Si(*He,d)¥P  1limit?

1ds/, 1.0 0.7 0
28172 1.3 1.4 2
1d3/, 3.7 2.8 4
1f1/0 3.7 3.7 8
23/ 1.7 2.3 4
Total 2s1d 6.0 4.9 6

* Assuming a filled 1d;/; and empty 2s/5, 1dgs, 1f1/2
and 2p,/, proton orbitals.

from Table V that the addition of the extra neu-
tron to 28Si does not alter the proton core sig-
nificantly.

The total 2s1d strength is in good agreement
with the shell model limit for both nuclei, but
for the 1f,,, and 2p, ,, orbits only half of the
limit has been observed as we have mentioned
already for the 1f,,, orbit. It is quite possible,
that the usual DWBA procedure needs to be modi-
fied for stripping to the next major shell (2p1f)
beyond the valence nucleon shell (2s1d). How-
ever, it cannot be excluded that the missing
2p,,, and 1f, ,, strength is contained in transi-
tions to many higher lying states.

V. CONCLUSION

Simple two-particle features were observed for
certain %°P states. They were used to identify a

number of states as isobaric analogs of 3°Si levels
which are known from the ?°Si(d, p)*Si reaction to
have two-particle structure. Particularly striking
examples are the J"=3" and 47, T=1 states of

the (2s,,,)(1f,,,) configuration. The summed
transition strength of all observed /=1 and /=3
transitions was found to be only one-half of the
shell model limit for the 2p,,, and 1f, ,, shells.

A large number of transitions to positive parity
T=0 and T =1 states does exhaust almost all of
the total 2s1d shell strength. The agreement be-
tween experimental G; values and shell model
predictions® is quite good for most positive
parity states; however, the distribution of the
(2s, /,)? strength among the many 1*, T=0 states
is not reproduced by the shell model. The effects
of truncating the full 2s1d shell model space are
expected to be severe for the deformed nuclei in
the middle of the 2s1d shell. However, the un-
truncated 2s1d shell model calculations®' gave
only fair agreement with experimental energy
levels. This might point toward the need for a
different effective interaction. It might also be
necessary to consider explicitly excitations in-
volving the 1p and 2p1f shells. In that case a
description in a deformed shell model is perhaps
more appropriate and a calculation of spectro-
scopic factors within the framework of that
model would be of interest.
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