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by D. H. Wilkinson (North-Holland Publishing Company,
Amsterdam, The Netherlands, 1969). Making the usual
assumptions of the statistical model that the formation
and decay of the compound system are independent and
uncorrelated except for conservation of energy and angu-
lar momentum gives the necessary equations. The com-
pound-nucleus-formation cross section in the incident
channel ¢ is

0, (B) =5 L ET 1 r,). (a)
Jmij

The transmission coefficient is
Tgw=1-Zl)|sg;;, 12, (b)
o

where S, is the S matrix element calculated from Egs.
(15) and (16). The compound cross section to another
channel ¢’ is then
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where the summation in the denominator extends over
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all possible open channels, ¢’’. The total (p,n) cross
section results from summing over all open neutron
channels ¢’ in the numerator. The particular channels
which were considered here are given in the text. The
corresponding transmission coefficients T/, were cal-
culated using the same potential wells as used to derive
the results shown in Figs. 2 and 3. Below E, =5.6 MeV,
the total neutron cross section oy of Fig. 4 was deduced
using Eq. (c); above this energy o, was greater than 90%
of o, as calculated with Eq. (a) and so, for the purposes
of generating the curve of Fig. 4, the two were consid-
ered equal,
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The (d, He®) reaction on Ti%® and Ti*® was studied at 19.5 MeV using a magnetic spectrome-
ter. Results were analyzed in terms of distorted-wave Born-approximation theory from
which transferred ! values and spectroscopic factors were obtained. Transitions with I=1
to the 0.808-MeV state in Sc*’ and to three states in Sc*® were observed, indicating the pres-
ence of 2p protons in the ground state of Ti. The single-particle strength appears concentra-
ted in one level in Sc??, but considerable fragmentation of the strength is seen in Sc%. It was
found that most of the dy/, strength is carried by the 0.763-MeV state of Sc'’, and that the
spectroscopic factor for the first 3* level in Sc%, at 12 keV, is 2.8, or 70% of the sum-rule
limit. Three more states with I=2 were found in Sc%, one of them known to have JT=5".
Assuming that the other two (1.304 and 1.799 MeV) levels have J ”=%+, the sum of the spec-
troscopic factors for them is 1.07, or about 25% of the sum-rule limit,

I. INTRODUCTION

Proton pickup from Ti*® has been studied by
Yntema and Satchler,! Hinterberger et al.,? and
Newman and Hiebert® using the Ti*®(d, He®)Sc*” re-
action, and by Schwartz* using the Ti*(¢, @)Sc*’
reaction. These authors established that the
ground state, the 0.765-MeV state, and the 1.297-
MeV state in Sc?” are strongly excited in proton
pickup reactions by =3, /=2, and / =0, respec-
tively. No other state was reported as being ex-
cited in those studies. However, all of them used
counter-telescope particle-detection systems lim-

iting resolution, In the high-resolution work of
Lewis on the Ti*"(d, He®)Sc* reaction® three =1
transitions were observed and attributed to 2p-
proton pickup. It would be rather surprising if 2p
protons are present in the ground state of Ti*’
only and not in the other Ti isotopes.

It should be noted that the 2p-neutron admixture
in the ground state of Ti isotopes observed in the
(p,d) reaction® does not necessarily lead to the
presence of 20 protons. The converse, however,
is true: If there is 2p-proton mixture, there also
must be 2p-neutron mixture to make the wave func-
tion a good eigenfunction of isospin.
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FIG. 1. He® spectrum from the Ti'®(d, He®)sc!’
reaction. Energies in keV.

During the study of the Ti**(d, He®)Sc*® reaction’
with a magnetic spectrometer we saw the three
states in Sc*” mentioned above due to the Ti* im-
purity in the target. In addition to these, the
0.808-MeV level in Sc*” was identified in the spec-
tra. In order to confirm this information, the
Ti*(d, He®)Sc*” reaction was studied with a mag-
netic spectrometer, and angular distributions
were taken, The state in question is established®®
to be &~ from the study of the B decay of Ca%’. The
Ca*(He?®, d)Sc*” angular distribution to this state
shows!® a characteristic / =1 pattern, thus support-
ing the assignment. A fairly large (He®, d) spec-
troscopic factor [(2J+1)c2S=0.57]1° indicates that
this state has a large portion of single-particle
Dg/, Strength. Therefore if the Ti*(d, He®)Sc*”
angular distribution to the 0.808-MeV level shows
a direct-reaction pattern, it would suggest a p;,,-
proton admixture in the ground state of Ti*. In-
deed the experimental angular distribution showed
a forward peak, and the first maximum could be
fitted by a calculated /=1 curve from distorted-
wave Born-approximation (DWBA) theory.

At this stage the Ti%*(d, He®)Sc* reaction was in-
vestigated. This reaction has a less negative @
value than the Ti*(d, He®)Sc*” reaction, so higher
states are more easily excited. From the study
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of the Ca*‘(He?, d)Sc* reaction!! three states below
2 MeV are known to be excited by /=1. The Ti%-

(d, He®)Sc* reaction has previously been studied
only by Yntema and Satchler,® with a resolution of

about 350 keV. Three states were excited in their
work: the unresolved ground-state doublet (1 =3
+1=2) and the 0.92-MeV state ( =0). The spin
and parity of the first excited state at 0.0124 MeV
is established to be 3* from later experiments.?
The appearance of very low-lying d,,,~hole states
in Sc isotopes, and their hindered M2 transition
rates have been explained by Lawson and Macfar-
lane'® and by Bansal and French.!* These calcula-
tions suggested that a significant fraction of the
d,,,-hole strength may be shared with higher ex-
cited states in the Sc isotopes. Such splittings of
the hole strength would be easier to see in the

(d, He®) reaction on Ti* because of its favorable

® value.

II. EXPERIMENTAL PROCEDURES

The experiment was done with the 19.5-MeV deu-
teron beam from the University of Minnesota J. H.
Williams Laboratory tandem Van de Graaff. Self-
supporting metallic targets 50-100 pg/cm? thick
were used. Enrichment was 99% for Ti*® and
83.8% for Ti%. The Ti* target contained 5% Ti*’
and 9.8% Ti*®. The reaction products were anal-
ysed by a split-pole magnetic spectrometer.'®. An
array of three position-sensitive detectors of 700-
u effective thickness was placed in the focal plane
of the spectrometer to detect and identify particles.
Over-all resolution was about 20 keV for Ti*® and
12 keV for Ti*¢, the major contribution coming
from target thickness.

The Ti*(d, He®)Sc*” reaction was also studied at
19 MeV with a different target. This additional in-
formation, combined with the kinematic shift and
data from the previous Ti*®(d, He®) experiment,”
eliminated the possibility that the 0.81-MeV peak
seen in this experiment was due to a target im-
purity.
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FIG. 2. He® spectrum from the Ti*(d, He®)Sc%reaction. Energies in keV.
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III. EXPERIMENTAL RESULTS
AND ANALYSIS

Typical He® spectra from the Ti*(d, He®) and
Ti%*(d, He®) reactions obtained at 20° (lab) are
shown in Fig. 1 and Fig. 2, respectively. These
spectra were reduced from several runs with posi-
tion-sensitive detectors. The insert of Fig. 2,
showing the ground-state doublet of Sc*®, is a part
of the original spectrum.

In addition to levels which are known to have
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FIG. 3. Angular distributions obtained for the Ti46+48-
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curves show the DWBA calculations.
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are DWBA calculations.
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large proton pickup strength a number of other
states are also seen. Among them are the 0.81-
MeV state of Sc*” and the 0.38-, 1.07-, and 1.56-
MeV states of Sc*, all of which are excited by 7=1
in the (He®, d) reaction,'®!!

Angular distributions obtained are shown in Figs.
3, 4, and 5, together with DWBA fits made using
the code DWUCK.!® The method of analysis and
the optical-model parameters used (listed in Ta-
ble I) are the same as those for the previous Ti**-
(d, He®)Sc*® experiment”; the zero-range nonlocal
approximation without a cutoff was employed and
a normalization factor of 3.0 was used to extract
spectroscopic factors. In other words, spectro-
scopic factors obtained here for the Ti*®(d, He®)Sc*’
and Ti*(d, He®)Sc* reactions, and those obtained
previously” for Ti*®(d, He®)Sc*® are directly com-
parable with each other.

In Table II spectroscopic factors thus obtained
are listed, For the levels shown there, all /=1
transitions are assumed to be due to pg,, pickup
except for the 1,556-MeV state in Sc*, for which
the 3~ assignment suggested by Peterson and Perl-
man'? would require a p,,, transition.

Among the I =2 levels the 763-keV state of Sc*’
and the 12-keV state in Sc*® are well established
to be 3. For the 543-keV level in Sc*®, for which
recent experiments!®~2° favor a 3* assignment,
dg,, pickup is assumed.

The 726- and 1417-keV states in Sc*®, although
weak, can be fitted by /=3. Chasman, Jones, and
Ristinen assigned® (37) to the 1410-keV level and
(37,%,%) to the 725-keV state of Sc* from their
(p,p'y) experiment. The latter was recently as-
signed to be %' from Coulomb-excitation and in-
ternal-conversion measurements.?»2! Therefore
fss2 Pickup is assumed in order to extract spectro-
scopic factors for these states.

A level at 1156 keV in Sc*” is very weakly ex-
cited in the present (d, He®) reaction. No positive
assignment of an / value can be made, because of
poor statistics. This state was not reported in the
Ca*(He®, d) experiment,'® but is seen in the Ti*-
(d, @)Sc*” reaction with the 3—4.3-MeV incident
beam energy,?? and also in the same reaction at
19 MeV.?® Therefore this state is probably a hole
state.

TABLE I. Optical-model parameters used for DWBA analysis.

Vo 79 a w Wp r! a’ Vo rc
Particle (MeV) (F) (F) (MeV) (MeV) (F) (F) (MeV) (F)
d 105 1.02 0.86 ces 15 1.42 0.65 6 1.3
He® 173 1.14 0.723 18 1.65 0.8 oo 14

P adj. 1.25 0.65 A=25 1.25
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IV. DISCUSSION

As shown in Table III the sum of the spectro-
scopic factors for valence orbits (f,/s,P3/25 fs/e) 1S
2.18 for Ti* and 2.19 for Ti*®. The sums seem
to be in reasonable agreement with the simple
shell-model picture where we have two valence
protons. The p,,, strength alone is 0.35 (0.32 if
the 1.556-MeV state is 37) for Ti* and 0.24 for
Ti*®, However, one must be careful to take these
numbers at their face value. It is well known?*
that spectroscopic factors for weak transitions,
especially those in a pickup (stripping) reaction
for higher (lower) orbits, which would be empty
(filled) without configuration mixing, are unreli-
able because of various difficulties, one being cal-
culation of reliable form factors.

As to the 7 =1 transitions observed here, a
DWBA curve fits the first maximum, but is out

OHNUMA 3

of phase for the second maximum. The fit is

poor for the 0.808-MeV state of Sc*’, which

has the most negative @ value. Several different
sets of deuteron, bound-state, and He® parame-
ters were tried, but fits were not significantly im-
proved. Lower cutoff and finite range do not im-
prove the fit either. Especially interesting is the
insensitivity to bound-state parameters. Consider-
able change in form factors, especially the slope
of the tail, is seen for different bound-state pa-
rameters, but resultant (d, He®) angular-distribu-
tion shapes are very much alike except for abso-
lute values.

In short, no satisfactory fits seem to be obtained
for 7 =1 within the framework of ordinary DWBA
theory. There is a possibility that other reaction
processes such as two step are involved in these
transitions.

For both Sc*” and Sc** most of the f,,, strength

TABLE II. Summary of present results. Spectroscopic factors from previous work are also shown.

Present results

E c?s
Nucleus (keV) 1 JT c’s (Ref. 1) (Ref. 3) (Ref. 2)
Set' 0 3 r 1.95 2 1.93 1.8
763+5 2 & 3.93 2.8 3.63 3.4
8087 1 & 0.24
1156 +10 (2) 3 0.15
3 0.21
(3) N £
3+ 0.35
138445 0 I 1.90 @) 2.12 14
Sct® 0 3 T 1.43 2
123 2 ¥ 2.80 4
3815 1 3 o023
543+ 7 2 2 0.08
726+ 10 3 ¥ 0.15
9435 0 ol 1.55 2
10677 1 ) 0.09
1235+ 10
13045 2 3 0.51
& 0.35
141710 @) (§) 0.25
1556+ 7 1 & 0.03
i 0.04
1799+7 2 3 0.56
& 0.39
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TABLE III. Sums of spectroscopic factors for proton pickup from Ti isotopes.

c’s
Ti46 Ti47 Ti48 Tidﬁ) Ti50
Orbit (present) (Ref. 5) (present) (Ref. 7) (Ref. 2) (Ref. 3)
Fue 1.43 2.35 1.95 2.34 1.8 1.92
e 0.40 oo ‘e eee oo e
Py 0.352 0.18 0.24
sum 2.18 2.53 2.19 2.34 1.8 1.92
dyy 3.87° 2.82 3.93 2.08 3.4 3.39
Sy/9 1.55 1.57 1.90 1.68 1.4 2.14
d5/2 0.15 oo e . ce e cee

a3~ i assumed for the 1.06- and 1.556-MeV levels in Sc*.
b 4 is assumed for the 1.304- and 1.799-MeV levels in Sc®,

is concentrated in the ground state as expected
from the pure-f,,,-model calculation,?® However,
the spectroscopic factor for the ground state of
Sc* is only 70% of the sum-rule limit, while that
for Sc*" is close to 2.0, Furthermore, in the case
of Sc*” the 0.763- and 1.384-MeV levels carry al-
most all the d;,, and s,,, strength. The 12-keV
state and the 0.943-MeV level of Sc* have only
70~-80% of the total strength.

The 1.304- and 1.799-MeV states of Sc* have a
¢%S of 0,51 and 0.56, respectively, for d;,, pickup.

3 3

MeV  Q(He,d) MeV  Q(d,He’)
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FIG. 6. Comparison of levels in Sc® with previous
results (Refs. 8 and 18).

The possibility that they are 3* cannot be excluded,
but relatively large spectroscopic factors make
them more likely $*: The d,,, single-hole state is
more than 5 MeV above the d,,,; thus low-lying 5"
states would have only a small fraction of the d;,,
strength., The first known 3* level in Sc* at 0.543
MeV has, indeed, a very small spectroscopic fac-
tor. It can thus be reasoned that a considerable
amount of d,,, strength is shared with the two
states at 1.304 and 1.799 MeV, as predicted by
Lawson and Macfarlane,'®* Within the framework
of their calculation there is only one such state,
while here at least two levels are found which have
relatively large d,,, spectroscopic factors. This
is not unexcepted, as higher states probably have
more complicated structure than that assumed in
the calculation. The sum of the d,,, spectroscopic
factors for Sc% is 3.87, very close to ¢3S for the
0.763-MeV state in Sc*".

It is difficult to obtain accurate spectroscopic-
factor sums for the (d, He®) reaction on Ti*’ and
Ti*® because final nuclei are odd-odd and the sin-
gle-particle strength is distributed among many
levels. The other available proton pickup reaction
which leads to an odd-A Sc isotope, the Ti*°(d, He®)
reaction, was not studied here; it has a very nega-
tive @ value and the first 3~ state in Sc% is high
(at 3.08 MeV). Thus the mass dependence of the
spectroscopic factors is still ambiguous. However,
there seems to be an effect of the neutron shell
closure at 28 on the proton configuration.

According to Bansal and French,?® centroids of
hole states in f,,, nuclei can be calculated in a
simple way if one assumes Ca*® is a good core
and all valence particles are in the f;,, orbit. Us-
ing the formulas and parameters given in their
paper, one gets 0.9 and 0.08 MeV for the centroid
energies of the d, ,,-hole states, and 1.3 and 1.0
MeV for those of the s,,,-hole states, in Sc*’ and
Sc*, respectively. Calculated positions of the d,,,-
and s, ,,-hole states in Sc*” agree well with the ex-
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perimental energies of 0.763 and 1.384 MeV; quali-
tative agreement is seen for Sc%. In fact, the
agreement is surprisingly good despite a signifi-
cant fraction of valence protons being excited into
higher orbits.

The level scheme of Sc*® deduced from the pres-
ent experiment is compared with the previous
one® ! in Fig. 6. All recent experiments agree!®™2!
that the 541-keV state is 3 * and the 725-keV level
is 3°. Observed (d, He®) angular distributions are
in agreement with those spin-parity assignments.
Among three possibilities (37, 3*, ") given by Chas-
man et al.'® for the 973-keV state, 7 is favored
by the experiment of Rogers, Beghian, and Clike-
man.'® This explains why the 973-keV state was
not excited at all in the (d, He®) reaction. An as-
signment of (37) is given by Chasman et al.!8 to a
state at 1409 keV, while Rogers et al.'® prefer
(£7) to the 1412-keV level they saw. If this state
is the same as the 1417-keV level seen in this ex-
periment, the former assignment is favored be-

HAJIME OHNUMA 3

cause & would not be excited in the (d, He®) reac-
tion.

Eastham and Phillips?® also made a Nilsson-mod-
el calculation for the even-parity states in Sc* and
placed a §* state about 1.3 MeV. The 1.304-MeV
level is excited by /=2 in the present experiment,
and a relatively large spectroscopic factor favors
adt assignment. The calculation also indicates a
presence of 3* and £* states near 1.5 and 1.8 MeV,
respectively. Since the 1.799-MeV state is strong-
ly excited and the angular distribution is fitted by
1=2, it cannot be a candidate for the calculated §-*
level. It may correspond to the calculated 3* state,
but a large spectroscopic factor makes it more
likely 3* as discussed earlier.

Because of the large negative @ value of the re-
action, states in Sc* only up to 1,8 MeV were
studied in the present experiment. It would be
very interesting to look at higher states with
greater incident beam energy.
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