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The energy levels of Cl 4 have been studied with the H(He, d)C13 reaction induced by the
14-MeV He3 beam of the Argonne tandem Van de Graaff accelerator. An Enge split-pole
magnetic spectrograph was used to record the deuteron spectra at scattering angles of 10-
65 in 5' steps. An over-all energy resolution width of 17 keV was achieved. 26 levels up to
an excitation energy of 4.6 MeV were observed and their spectroscopic factors were ex-
tracted. The results, when combined with previously known spin information, enable us to
locate the major components of (d3~2) and d3yg&i& configurations. The two-body matrix el-
ements obtained here are compared with other two-body data in nearby nuclei and with cal-
culated matrix elements.

I. INTRODUCTION

The nucleus C134 can be described as a proton
and a neutron coupled to the core of S". Its spec-
trum should be comparatively simple and easy to
interpret; it certainly merits careful experimental
study.

Cl" is not an easy nucleus to study experimental-
ly, and only recently have the spins and parities of
more than just a few states been measured. Inves-
tigations of the S"(P, y)CI3' reaction" made con-
siderable headway in identifying the spins and par-
ities of states in C134. Additional information on

spins and configurations in Cl" has been gained in
several very recent studies with the (He', py), '
(a, ay), ' (d, o.), ' and (P, d) ' reactions.

The properties of the (He', d) reaction in this
region of nuclei have been well studied. In partic-
ular, a study' of the reaction S"(He', d)C1" showed
that the -', ground state and a+ excited state in
Cl" were good single-particle states; other levels
were much weaker.

In the present S"(He', d)CP experiment, a. mag-
netic spectrograph was used to give good particle
identification and energy resolution, and the bom-
barding energy was close to that used in the pre-
vious study on the S"(He', d)C1" reaction. The
only major problem was in the acquisition of a
suitable S" target.

II. EXPERIMENTAL PROCEDURE

An Enge split-pole magnetic spectrograph' was

used in conjunction with the beam from the Argonne
FN tandem Van de Graaff accelerator. Nuclear
track emulsions, covered with enough cellulose
triacetate foil to stop all a particles, were used in
the focal plane of the spectrograph. The emulsion
was scanned with the Argonne automatic plate scan-
ner. '

12 exposures were made at scattering angles from
10 to 65'in 5 steps. The data had an energy res-
olution width of about 17 keV. The resulting spec-
tra were fitted with the program AUTOFIT. '

Sulfur is not an easy target material to work with.
The elemental form of sulfur is difficult to use as
a target because the material quickly evaporates
when struck by the beam. One needs to bind the
sulfur by combining it with some other material
which will not interfere with the experiment. We
chose cadmium since its atomic number is high
enough that the yield of the (He', d) reaction would
not be significant at the bombarding energy needed
to study the S'~(He~, d)C1'4 reaction. Furthermore
CdS is a fairly stable material. For the present
experiment, 10 mg of sulfur enriched to 88% in
S"was obtained from the Isotopes Division of Oak
Ridge National Laboratory. To make efft. cient use
of this small sample, the CdS targets were pre-
pared by a modification of the method described by
Morrison. ' A tubular tantalum boat was divided
into two sections by a pinch. About 0.8 mg of S"
was loaded into one section and about 2.5 mg of
cadmium metal was loaded into the other. A hole
1 mm in diameter was drilled into the section can-
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taining the sulfur. Several targets about 50-pg/cm'
thick were prepared as follows. First the sulfur
was evaporated onto a carbon backing which had
not been removed from a glass slide. Immediately
thereafter, and without opening the evaporator to
the atmosphere, the cadmium metal was evaporated
on top of the sulfur. While still in the vacuum, the
glass slide was heated to 400-500 C for 15-20 min
to convert the material to CdS. A change in color
and texture indicated that the conversion was com-
plete. The CdS layer was nonuniform; the resolu-
tion width in the (He', d) data was much larger than
would be expected with a uniform layer of CdS
50-pg/cm' thick.

A solid-state detector was used to monitor the
target during each of the exposures, with a single-
channel analyzer set to count the He' particles
elastically scattered from the cadmium in the tar-
get. Several targets were tested with the spectro-
graph by recording deuterons elastically scattered
from the sulfur and the cadmium. These tests es-
tablished that the ratio of sulfur to cadmium was
the same for all targets tested. Consequently we
assumed that the target was indeed CdS and thus
that the number of sulfur atoms on the target w'as

exactly equal to the number of cadmium atoms.

Absolute differential cross sections were mea-
sured through the use of the He' particles elastical-
ly scattered from the cadmium in the target and
recorded by the monitor counter. On the basis of
optical-model calculations with several sets of
potential parameters, the elastic scattering cross
section was assumed to be 0.83 +0.08 times Cou-
lomb scattering. The best positions of the ob-
served peaks along the focal plane were determined
by the program AVTOFIT. Since the ground-state
transitions were weak in most of the spectra the
excitation energies at each angle were computed
with reference to the 147-keV state. The energy
of this state was determined by Graber and Harris'
as 146.8+ 1.0 keV. The energies of the next two
states were determined with considerably better
accuracy as 461.5+0.3 and 664.6+0.3 keV. The
averaged excitation energies were therefore ad-
justed to best fit those values. The spectrograph
had previously been calibrated with a particles
from Po'" with an assumed energy of 5304.5 keV.

III. EXPERIMENTAL RESULTS

The spectrum of deuterons recorded at 20' is
shown in Fig. 1. A few contaminant groups from
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FIG. 1. Spectrum for the split-pole spectrograph. The peaks with lines drawn through them have been identified as
indicated by the labels. The spins are those of the present work, from Table II. The weak peaks with no lines through
them do riot correspond to states in C134. The unlabeled peak at about 4.2 MeV is from the C~2(Hes, p) I~4 reaction.
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the carbon and oxygen in the target can be seen in
the spectrum. The Cl" ground-state group is also
present due to the 16/z abundance of S" in the tar-
get material. In Figs. 2-6 are collected the angu-
lar distributions measured in the present study.
As can be seen, it is not difQcult to distinguish
between the different possibilities when the transi-
tion is not of mixed l. The agreement between the
measured and calculated angular distributions is
quite good for the l= i and l=3 cases. For 3=0
and l= 2 the positions of the maxima are in excel-
lent agreement but the measured minima, as is
usual, are not as deep as the distorted-wave (DW)
calculation predicts. Table I lists the optical-
model parameters used in the DW calculations,
which were done with program JULIE

The excitation energies derived from our (He', d)
data are presented in Table O. The errors listed
are rms averages of the sets of energies given by
the spectrum-fitting program. A slightly different
set of excitation energies are given in Table III and
throughout the rest of this paper. These are the

TABLE I. Optical-model parameters {from Ref. 7)
used in the DWBA calculations.

Incident P' W R p

particle (MeV) {MeV) (F)
a Rp a' R

(F) (F) (F)

He3

d
173 18.6 1.07 0.795 1.657 0.762 1.40
179,7 26.3 0.656 1.086 1,488 0.535 1.30

~Volume absorption was used in the He3 potential,
surface absorption in the deuteron potential.

IV. SPIN ASSIGNMENTS

adopted best energies in our opinion, based on our
(He', d) results together with other measure-
ments. ' ' Spectroscopic factors for the levels in
Cl'4 measured in this study are presented in Table
III. The last column in the table shows our assign-
ment of spins and parities for the levels. Some of
these spins have been taken from work cited above.
Where necessary for spin assignments, the y-decay
properties are also included. An energy-level dia-
gram of Cl3' is given in Fig. 7.
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First of all we examine the spectroscopic infor-
mation that can be deduced from the (He', d) exper-
iment. Values of G =[(2j&+ 1)/(2Z, + 1)]C~S, where
C' = —, is the isospin coefficient, J& and J, are the
final and initial spins, respectively, and S is the
spectroscopic factor, were extracted from the data
by our distorted-wave Born-approximation analysis
and are listed in Table III. One simple test we can
immediately apply is to sum the values of G for
each l value and compare the summed values with
the results Morrison' obtained in his S "(He', d)C13'

experiment. This is done in Table IV. If the cou-
pling of the single-proton states as seen in CV' to
the —', ground state of S" is indeed simple, and if
the resultant splitting is within the range of exci-
tation of the present experiment, further analysis
is meaningful. Figure 8 is an energy-level diagram
for Cl '. In Cl'~ both T= 0 and T= 1 states can be

t.o
TABLE II. Excitation energies in keV based on the

(He3, d) data.
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FIG. 2. Angular distributions identified as l =0.
The lines are DWBA calculations.

145.5
461.0 + 1.2
665.1 + 1.4

1229.4 + 1.6
1885.1+2.9
1923.3+1.7
2157.5 + 1.5
2579.1 + 1.6
2608.5+ 1.3
2720.7 + 2.5
3128.0 + 2.2
3333.0 + 2.4
3382.7+ 2.0

3544.9+2.5
3631.4+ 2.5
3773.0 + 2.4
3983.4+ 2.5
4076.1 + 3.2
4145.8 + 2.7
4353.0 + 3.0
4418.1 + 2.8
4460.9+3.4
4516.3+2.2
4607.9 ~ 2.1
4638.7+ 2.1
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populated in the He', d reaction. For /=2 transi-
tions it is clear that most of the T = 0 and 1
strengths are observed. For /=0, 1, and 3 transi-
tions, the summed strengths are close to those
expected for the T =0 states alone. With the iso-
spin splitting about 2.5 MeV, this seems to be rea-
sonable.

Having established that the sums are indeed com-
parable, we can examine the spectroscopic factors
in more detail. The absolute values of 6 are, of
course, somewhat uncertain and depend on details
of the DW analysis. We choose to renormalize the
spectroscopic factors in such a way that their sums
are equal to the sum-rule limit, which is nearly
equivalent to renormalizing it to the S"(He', d)CI"
cross sections. In other words, we wish to study
the coupling of the d3/2 neutron in 8" to the vari-
ous single-particle states in CP3. To the extent
that these states are not single-particle states, we
are studying the coupling of the more complex con-
figurations which are the best candidates for single-
particle states, and arguments on whether these
are the "true" single-particle states in some ideal-

ized shell-model representation are largely irrel-
evant to our analysis. The renormalized G' values
are listed in Table V. The total strength for each
final spin within each multiplet must then be in
proportion to (2J'z+ I}. The expected strengths
are listed in Table VI.

We consider first the l=2 transitions. The values
of O', T are known to be 0', 1 for the ground state
and 3+, 0 for the 147-keV first excited state. They
approximately exhaust the sum rule for these tran-
sitions. The known 1' states at 461 and 666 keV
have nearly the full 1' strength given in Table VI.
The 2157- and 3381-keV states were both assigned
as 2', T=1 analogs of states in 8'4. Their summe@
strength comes to about 90% of the expected 2+

strength. Of the remaining states that show weak
1=2 transitions, we can put no restrictions on the
1924-keV state; the 2608-keV state is observed to
have a 40/~ decay branch to the 3' state and hence
is not 0' but could be 1', 2' or 3' the 3126-keV
state was observed to decay entirely to the 0'
ground state, so it should be 1' or 2', and no re-
striction can be put on the 3332-keV state. It
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FIG. 3. Angular distribu-
tions identified as E =2 tran-
sitions. The lines are
DWBA calculations.
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should be remarked that since none of these states
appear to have analogs in S'4, they are presumably
T =0 and thus are more likely to admix with the
7=0(d, ~,)' states which are, of course, l' and 3'.
Isospin-violating matrix elements are generally no

greater than 100 keV; thus admixtures for 2' states
are possible, but for 0' states they are very un-
likely. We indicate this in Table III by omitting
the possibility of J'=0' and writing the J values
for T=0 configurations first. The summed
strengths for l=2 transitions are displayed graph-
ically in Fig. 9.

For the states to which l=0 transitions are seen,
we have already mentioned the two 1' states that
show mixed l=2 and l=0 transitions. Since the
1229-keV state was previously assigned as J=2,
and the l=0 angular distribution establishes the
parity as even, it follows that J'=2'. The 1886-
keV state has previously been assigned 2'; and the
2579-keV state, previously assigned J= 1, is now

shown to be J"=1'.
For the l=3 transitions, we observe first of all

in Table III that the sum of spectroscopic strengths
is 3.54 as compared to the expected 3.60 from
S"(He', d)Cl". Thus it seems unlikely that we

would have missed an appreciable fraction of the
T = 0 l = 3 transition strength. The 2720-keV state
has been previously assigned J=2. We can say that
it is J'=2 and that it exhausts the sum-rule limit.
The 3630-keV state is too strong to be anything but
the J'=5 state. The 3982- and 4075-keV states
are about equal in strength and about right for
J"=3 and 4 . The former decays to the 2' and
3' states and therefore is most likely the 3 mem-
ber, so the 4075-keV state is left as 4 . The
4143-keV state appears to be reached by a mixed
l=1 and l=3 transition. This restricts the spin
to 2 or 3 . The i=3 strength of this state favors
a 3 assignment. The y decay of Ref. 1 appears to
be entirely to the ground state which is rather
strange. Perhaps, since this was a NaI experi-
ment, the possibility of decay to the 147-keV 3'
state should not have been ruled out. The strengths
for l=3 transitions are plotted in Fig. 10.

For the l,= 1 states the strength is fragmented,
so it is not possible to assign any spins. The
3544-keV state is observed to decay entirely to
the 3' state and hence is likely to be 2 or 3 . The
3771-keV state decaying to the 0' ground state
must be 1 . The 4352-, 4416-, and 4460-keV
states are all too strong to be 0, but otherwise
no restrictions can be put on their spins. The y
decay from the 4514- and 4605-keV states to the
3' states restricts them to 2 or 3 . Finally, we
assign 0 to the 4636-keV state. We feel reason-
ably confident in this assignment since: (a) The
summed /= l strength is close to the expected value
and (b) the 0 state is rather unique and it is dif-
ficult to make up additional 0 states in this energy
vicinity into which the strength could be fragment-
ed. Thus, since the 4636-keV state is the only
l=1 state with a weak enough spectroscopic
strength to be 0 it has a reasonably high probabil-
ity of being correctly assigned.

V. TWO-BODY MATRIX ELEMENTS
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FIG. 4. Angular distributions identified as l = 3 tran-
sitions. The lines are DWBA calculations.

Since we identify the major components of the

(d~~, )2 and d~~2 f,~, spectra, it is of interest to ob-
tain the matrix elements of this interaction from
our data. When the strength to a state of given J
is fragmented, the matrix elements can be obtained
by computing the centroid of all these states in a
multiplet and estimating the uncertainties caused
by the weak unassigned states of each l. To quote
the matrix elements of the residual interaction,
we must measure them with respect to the energy
at which a two-body multiplet would occur if there
were no residual interaction. For the (d, ~,)' multi-
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piet we obtain this from the binding energies of the
ground states in S" and Cl" by writing

E„=M(S"}+M(P) +M(n) +Q[S "(P,y, )Cl"]

+ Q[S '2(n, yo)S "]—(MC1' )

=2.867MeV excitation in Cl' .
For the (d, i~f7~2) multiplet, the excitation energy
1S

Ez=M(S )+M(p)+M(n)+ ~[Q(S (p, yo)C1 ]

+ Q[S "(,y.)S "1+Q[S "(p,y~)1

+ Q[S "(n, yz)] —M(CIs') = 5.681 MeV,

where Q(P, yz) refers to the Q value for the capture
reaction leading to the~2 state in mass 33, and

M( ) is the mass in MeV of the indicated entity.
The matrix elements for (d, &,)' may be compared

with the data&2 on Ks8 This is done in Fig. 11. A

comparison with other (d, ~,}' matrix elements in
the literature is made in Table VII. The hole-hole
interaction in K" should be identical to the parti-
cle-particle interaction in Cl'4, other things being

equal. The uncertainty in K" arises from the fact
that in the K "(d, t)K" reaction one cannot distin-
guish between l = 2 pickup of d, ~, and d, ~, neutrons;
so admixtures in these states cannot be ruled out.
This difficulty does not enter into our C13' experi-
ment.

Considerable data exist on the d, i,f,&, inter-
action. Pandya" and Goldstein and Talmi" showed
15 years ago that the low-lying spectra of Cl" and
K' were related by a simple Racah transformation
which one would expect to hold in the simplest
jj -coupling shell model. This is called the Pandya
transformation and may be written" as

Here p -h (p -p) is used to indicate particle-hole
(or pa.rticle-particle) matrix elements, and (n -P)
refers to the neutron-proton, mixed isospin case.
The E~ represent the energy matrix elements.
Figures 12(a) and 12(b) are diagrammatic repre-
sentations of Cl" and K'; the Cl" spectrum is the
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FIG. 5. Angular distribu-
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TABLE III. Summary of spectroscopic strengths and spin assignments.

Excitation
energy
(keV)

Q = [(2J~ + 1)/2 J; + 1)] C S
l=0 l=1 l=2 l=3

Spin and parity
assignments from

other work
y-decay

branching ~

Present
spin and

parity
assignments

0
147
461
666

1229
1886
1924
2157
2579
2608
2720
3126
3332
3381
3544
3630
3771
3982
4075
4143 '
4352
4416
4460
4514
4605
4636

0.04
0.07
0.12
0.02

0.03

0.04

0.18

0.05

0.08
0.14
0.11
0.09
0.13
0.11
0.06

0.25
1.42
0.08
0.50

0.04
0.66

0.08

0.11
0.09
0.31

0.39

1.10

0.44
0.52
0.24

p+

3+
1+ b, c

1+ c-f
2b
2+ b

2+ b, f

1cl, c

2d
1+ c

2+c, f

To 1+, 2+ (3+)c,g

All to p+ g, h

All to 3+ c, h

All to p+"
To 3+F2+ ~

All to 0+"

All to 3+ "
All to 3+"

0+
3+
1+
1+
2+

2+

(1, 3, 2)+
2+

1+

(1, 3, 2)'
2

(1, 2)+

(1, 3, 2)
2+

2 3
5
1
3
4

3 (2)
(1-3)
(1 —3)
(1 —3)
(2 —3)
(2 -3)

0 , (1, 2, 3)

Listed only for levels for which no spin assignments
were available from y-ray work; only the data relevant
to spin assignments are given. In case of conflicting
data, only the results which seemed the most reliable
are listed.

"Brandolini et al ., Ref. 3.
cDeLuca, Lawson, and Chagnon, Ref. 3.
Sykes, Ref. 3.

~Graber and Harris, Ref. 2.
~Brunnader, Hardy, and Cherny, Ref. 5.

gHoroshko and Shapiro, Ref. 5.
"Glaudemans, Zriksson, and Werkhoven, Ref. 1.
'Note added in proof: The 4119-keV (2+) state in S

has been seen in preliminary results from a S (d,p)S
experiment with a mixed l =0 and l =2 angular distribu-
tion. This suggests that the 4143-keV state in C134 is
the analog, that the (He3, d) angular distribution appears
to be consistent, and that the spin assignment should be
changed to (2+,T =1).

TABLE V. Renormalized strengths 6'.

E»
(keV) G' '

l =2

(keV) Gt b (keV)
TABLE IV. Summed strengths.

Predicted ' Observed

q && 0.58 =0.29
—x2.20=1 10

3.60

~ x 5.84 = 2.92

0.28
0.99
3.54
2.69

From the results of the S {He, d)Cl experiment
(Ref. 7).

"The factor ~~ represents the assumption that only
T = 0 states were included in the present work.

cA single l = 1 state (presumably ~ ) was seen in
Ref. 7.

2720 0.08
3544 0.37
3771 0.10
4143 0.16
4352 0.28
4416 0.22
4460 0.18
4514 0.27
4605 0.22
4636 0.12

QQ 2.00

0 0.28
147 1.60
462 0.09
665 0.57

1924 0.05
2158 0.75
2608 0.09
3126 0.12
3332 0.10
3381 0.35

4.00

2720
3630
3982
4075
4143

0.57
1.64
0.65
0.78
0.36

4.00

Renormalized to the total expected strength for T = 0.
Renormalized to the total expected strength.



ENERGY LEVELS IN Cl" FROM S''(He', d)CI". ..
TABLE VI. Expected summed strengths. TABLE VIL (d3+2 matrix elements (MeV).

0, 1 1, 0

Z, T QG

0, 0 0.125

1, 0 0.375

2, 0 0.625

3, 0 0.875
Total 2.0

J', T QG

0, 1 0.25

1, 0 0.75

2, 1 1.25

3, 0 1.75
4.0

J, T QG

2, 0 0.625

3, 0 0.875

4, 0 1.125

5, 0 1.375
4.0

Glaudelnans b

Erne

—2.27 —0.92 +0.16 -2.64

-1.71 —2.11 +0.26 -2.51

'Uncertainties less than +0.1 MeV.

bSee B,ef. 23.

'See Ref. 17.

Present work' -2.87 —2.23 —0.32 -2.72
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FIG. 6. Angular distributions which were identified as transitions with mixed E values. The dashed lines represent
the components with different angular-momentum transfer. The solid lines are the sum of the dashed curves.
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EXC. (keV) ( He, d)

46364605~
45l 4~
4460——
44 I 6»
4352 4I 43
4075 3982

377 I

3630

338 I3332—
3I 26

—(0 )
(2, 3)

«3 (2)
-3

2 3
2+ T-I«(I, 2,3)—(I,2)

I, 3
3
3

(I)
3

2
(2)
2

I.50—

I.OO—

)+ 8
I

I

4
7

2608—
2579

2 I 80~
2 t57~
I 886
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2379

l 924

2 +
(l,2,3)

(+)
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2+ T=l
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3.(I)
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(0)
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2
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(0)
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FIG. 9. The spectroscopic strengths G' for l =2 tran-
sitions. The values expected for various J values are in-
dicated by horizontal dashed lines.

l47

54
0+,T= I

FIG. 7. Energy-leve1 diagram of C134.
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FIG. 10. The spectroscopic strengths G' for l =3 tran-
sitions. The values expected for. various J values are in-
dicated by horizontal dashed lines.
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TABLE VIII. dsy2 f&y, matrix elements (MeV).

T =0 matrix elements
3 4 J=2

T =1 matrix elements
3

C134 and Cl38

Ca40 (Ref. 16)

Moinester and Alford (Ref. 19)

Erne (Ref. 17)

Dieperink and Brussaard (Ref. 18)

Satoris and Zamick (Ref. 20)

Kuo and Brown (Ref. 21)

—2.98

-4.23

-4.01

-4.75

—3.11

—1.71

—1.92

—1.89

—1.85

—2.01

-1.41

—1.61

—2.03

-2.26

—1.77

—1.87

—0.96

—0.87

-2.06

-2.11

—2.90

2037

10 73

—1.29

+0.91 +0.21

+0.64 —0.25

+0.38 —0.08

+0.62 —0.07

+0.27 —0.04

+0.28 0.07

—0.41 —0.16 +0.84 +0.08

+1.45 +0.52

+0.92 +0.43

+0.98 +0.20

+0.81 —0.88

0.34 —0.59

+1.35 —0.08

particle-particle and K' the particle-hole spec-
trum. Spectra such as these may be referred to as
n-p spectra because the orbits are specified for
the proton and the neutron. The diagram for Cl'4

is also shown in Fig. 12(c). From this it is clear
that in Cl'4 there are two possibilities correspond-

3.0—

T= I, 2+

2.0—
OP

O
X
ILJ

I.O—
O, I+(

0, I+

0— 0, S+
I, 0

I, 0+
0, 3+

K58

~ ~ Wi

FIG. 11. Comparison of the states identified as belong-
ing to tbe (dsy2) states in K from Ref. 12. A schemat-
ic representation of the two nuclei is also shown.

ing to two isospin states, while in Cl" and K" the
isospin of the two particles is mixed. If we write

EP-h(P-P)(+ P) LEEP-P (P-h)++P-P (P-h)] (2)
t

then the Pandya relation with isospin becomes

Ep P(p ") = -P (2Z'+ l)(2T'+1)W(j,j,j,j„ZJ')'
s', r'

xW(' TT')Ep-h(p-» (3

In the present experiment we have determined
the matrix elements for T =0 in this multiplet and
have listed them in Table VIII. We note that the
possible confusion in the J=3 and 4 assignments
introduces an uncertainty of at most 0.1 MeV. Giv-
en these T =0 matrix elements we can immediately
refer to the n-p spectrum of Cl" and can use
E(I. (2) to extract the T = 1 matrix elements a.s well.
These are also given in Table VIII. An alternative
source of the complete d, ~,f,~, matrix elements
is the d, &2 'f7~, spectrum' of Ca~. The diagram
appropriate to Ca4' is also shown in Fig. 12(d). Us-
ing E(I. (3), we obtain the matrix elements shown
in the second line of Table VIII; the evident discrep-
ancies call for a closer examination.

In the case of the p-h matrix elements for T = 1,
we have an excellent check; they are, in fact, iden-
tical to the n-P matrix elements in K . They rep-
resent the isobaric analog of that multiplet, and
K" is in turn related to Cl" by the Pandya trans-
formation. As seen from the comparison in Fig. 13
they are very nearly the same; so it seems reason-
able to assume that this set of matrix elements is
acceptable.

The T =0 energies in Ca~ can be examined by
comparing either the p-p or the p-h matrix ele-
ments for T =0. As seen in Fig. 14(a), the discrep-
ancy in the p-p states is mostly for J'=2 . It is
difficult to see how the values for Cl'4 could be
grossly in error since this would imply the exis-
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TABLE IX. Predicted T =1ds~f &~2 excitation
energies in S34 or C134.

J'5

E„(MeV)

2

5.28
3

5.53
4

6.53
5

5.71

C
4O

FIG. 12. Schematic representation of different nuclei
in which data are available for dey2-f, y2 multiplets.

tence of a 2 state -1-MeV lower in energy. The
alternative comparison [Fig 14(b)j.indicates that
the discrepancy may be for the 3 and 5 states of
Ca", and this is amenable to a more plausible ex-
planation. In Ca ' the lowest 3 and 5 states were
identified" as the members of the multiplet. At
the same time these states are known to have strong
collective enhancement, with B(ES) and B(E5) to
the ground state much larger than single-particle
values; it seems reasonable that the collective ad-
mixtures would substantially depress these states
in energy. %e conclude then that the trouble seems
to lie in the T=O matrix elements from Ca and
that the matrix elements from Cl"-Cl" are per-
haps to be preferred. Our prediction of the T
= 1 d, ~,f,~, level scheme in S'' or Cl'~ is given
in Table IX.

FIG. 13. Comparison of the n-P d3~2-f, ~2 levels in Cl
K4, and Ca . The Cl spectrum has been transformed
by the Pandya transformation.

TABLE X. Multipole matrix elements (MeV) .

(d3p)' 3+f7+
b C40 ~ki @i +k0

-1.89
—0.36
—0.97
—0.21

—0.93
+0.16
—0.38
-0.04

—2.00
0.16

-0.41
0.14

0.14
0.15

—0.37
—0.22

2.14
—0.01
+0.04
0.36

a Prom Cl38
b From C134.

From C13 combined with Cl 4.
~This is the same as the coefficient uk~ for g =1 de-

fined in Ref. 15.

A number of papers" "have reported extract-
ing the best d, ~2f,~, matrix elements from all of
the previously available data in this region, and
other authors' ' "have calculated these matrix ele-
ments from a "realistic" force. These results are
compared with the present Cl"-Cl" values in Table
VIII. It is clear that it would be of great interest
to obtain the T = 1 matrix elements in mass 34 di-
rectly. However, collective admixtures in the 3
and 5 states may cause difficulties similar to the
ones just mentioned in the case of Ca '.

The multipole matrix elements for a two-body
interaction have been defined. " An interesting dif-
ference has been observed in the quadrupole coef-
ficients extracted from data where the two orbits
are identical. For both the (ge&, )' and the (f,~,)'
interaction the quadrupole coefficient seemed
anomalously large, "approximately 50% larger rel-
ative to the monopole term than for all other mul-
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FIG. 14. Comparison between the dey2-f&y2 levels of Ca and Cl . In the left-hand part of the figure, the Pandya
transform of Ca into T =0 energy matrix elements is compared with the Cl34 spectrum. The right-hand side shows the
T =0 particle-hole matrix elements deduced from the combined Cl and Cl~ spectra by the Pandya transformation com-
pared with the T = 0 Ca~ spectra.
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IDENT I CAL ORB I T SPECTRA
tiplets with the orbits nonidentical. The expression
for extracting the coefficients of the multipole ex-
pansion from a multiplet is given in Ref. 15. The
coefficients for the (d~~m)2 interaction are shown in
Table X. The quadrupole coefficient is 0.51 times
the monopole term, whereas it was 0.75+0.05
times the monopole term in the (f,~,)' and the
(g,~,)' multiplets. The apparent quadrupole coef-
ficient extracted from a multiplet involving small
j values can be substantially lower than the asymp-
totic value. It was shown in Ref. 15 that for a 5-
function interaction the quadrupole coefficient in a
(—,')' spectrum would be some 20/z lower than in the
limit of large j's. This discrepancy therefore is
not serious. To demonstrate this further, we can
plot all the identical-orbit spectra as a function of
8», the angle between the angular momentum vec-
tors j, and j, coupled to a total J, defined by

2[j,(j,+ l)j,(j,+I)]' 'cosa„

I I

I80' I50 I 20 90'
I

60 30' 0'

FIG. 15. Comparison of two-body spectra from all
known multiplets formed by two particles (holes) in the
same orbit. The matrix elements are normalized to the
average two-body energy [monopole coefficient or (2J'+1)
weighted centroid] and 0&2 is the quantum-mechanical an-
gle between the two orbits. The T =1 matrix elements
are circled.

If we divide the matrix elements by the average
two-body energy (or monopole coefficients) we see
the result in Fig. 15. It is clear that the agree-
ment between the (d, &,)' interaction and the other
multiplets with orbits identical is very good, ex-
cept for the 0' states where the matrix elements
vary greatly:
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For the d3~2 f~~2 interaction, following the nota-
tion of Appendix II of Ref. 15, we can perform a
multipole decomposition of the T =0 and T =1 ma-
trix elements separately. Since this is the first
case in which complete data for such nonidentical-
orbit multiplets have been obtained, the results are
of some interest. The data treated in Ref. 15 were
all for mixed-isospin n-p multiplets, and the multi-
pole coefficients indicated remarkably good agree-
ment with a 5-function force. The coefficients for
the d, ~, f,~, interaction are given in Table X for
the mixed-isospin Cl" spectrum, the T =0 matrix
elements in Cl'4 obtained in the present experi-
ment, and the T = 1 matrix elements deduced from
combining the Cl" and Cl" information. Following
the convention of Ref. 15, we write a, for the
mixed-isospin multipole coefficients and y» for
the coefficients corresponding to the E~~ energy
matrix elements. An interesting feature of Table
X is that, while the monopole coefficients are
quite different, the coefficients for the higher
multipoles are remarkably similar. This feature
is much more pronounced in the present matrix
elements than in any of the earlier ones listed in
Table VIII. An equivalent alternative statement is
that the relative spacing within the T = 0 multiplet
is similar to that in the T= 1 multiplet. The inter-
pretation in terms of a two-body interaction would
be that the effective interaction appears to be much
like a 5-function force which is independent of T,

and the isospin-dependent force is of long-range
character affecting only the monopole term (cen-
troid) of the multiplets. This long-range effective
force cancels in the mixed-isospin n-p spectra so
that only the 5-function part is left.

Two shell-model calculations are available for
Cl", one by Glaudemans, Weichers, and Brus-
saard" and the other by Wildenthal. ' Both calcula-
tions agree reasonably well with the observed
strong even-parity transitions, except that Glaude-
mans does not predict two low-lying 1' states and
he predicts the l= 2 strength to 1' states to be
spread to high excitation energies much more than
is observed in the data. Wildenthal's unpublished
calculation is superior in this regard. No calcula-
tions of odd-parity states have been made. The
simplicity of the Cl34 spectrum implies that the
shell-model calculations would be tested mainly
in the fitting of small details such as admixtures,
since the main features of the spectrum are deter-
mined by the two-body matrix elements.
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Spectroscopy of V' with Direct (d, t) and (d, u) Reactions*
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(Received 16 December 1970)

About 50 levels of V below 3.2 MeV have been studied with 9- to 15-keV resolution via
the V5~(d, t)V5, Cr~ (d, e)V, and Ti4 (He~,p)V reactions. Angular distributions were taken
(at 16 MeV) for the V~ (d, t) reactions and (at 17 MeV) for Cr5 (d, e)V . (d, t) and (d, o.) l val-
ues were extracted by comparison with distorted-wave Born-approximation calculations. For
most of the levels seen, direct-reaction selection rules lead to narrow limits for the final-
state spins, and in a few cases to unique J~ assignments. The spectroscopic information for
the lowest levels was compared with shell-model predictions, and qualitative agreement was
found. The lowest negative-parity states seen were above 2 MeV. Little 2p strength was
found in the pickup experiments, and strong suppression of (d, e) transitions to J =(even)'
states suggests that the low-lying states of V~ are predominantly of (f&f2)" configuration.
However, a comparison with the (d, o) spectrum for the particle-hole conjugate nucleus Sc46

shows that these nuclei are more dissimilar than a simple (f&~2)" model would suggest.

I. INTRODUCTION

The low-lying states of the odd-odd nucleus V'
have been described in simple shell-model terms
as having the configuration [(f,y, )~(f,~,) „'Jz, and
this assumption formed the basis of a theoretical
treatment by McCullen, Bayman, and Zamick
(MBZ).' In this description the particle-hole con-
jugate nucleus Sc ' is predicted to have the same
spectrum as V" for positive-parity states. A pre-
vious V"(P,d)V" study showed' that the f,~, spec-
troscopic strengths of the low-lying states in V'
have a distribution which is quite similar to the
theoretical prediction. A more detailed compar-
ison could not be made, because the V' spins were
not known except for the ground state. More re-
cently, a Ti"(P,ny)VSO study' has suggested spin
assignments for the first four excited states of
V", and a Vso(P, P') study has determined the
energy levels of V' with 8-keV resolution up to
3.V5-MeV excitation. '

In this paper, we report independent level-ener-
gy assignments up to about 3.2-MeV excitation, as
well as detailed V"(d, t)V" and Cr"(d, n)V" angu-
lar distributions for about 50 of these levels. '

II. EXPERIMENTAL PROCEDURES

A. Energy Assignments

these were taken at E„=12 MeV with 8 =12, 40,
and 50' while one was taken at F.„=17MeV for
8=12'. In addition a Ti"(He', P)V" spectrum was
taken at EH, 3 = 18 MeV, 8 = 12 . Excitation energies
were calculated using a computer code which is
based on an empirical calibration of the spectro-
graph. As a check, a Cr~(d, o)V" spectrum and
a Cu '(d, o.)Ni6' spectrum were taken on the same
plate with identical focal-plane settings, and the
well-known' levels of Ni" were used for calibra-
tion. Good internal agreement was obtained for
level energies based on these different methods.
Our final level energy assignments were based on
a weighted average with more weight given to the¹i"comparison spectrum method than to the
others. The estimated systematic (scale) uncer-
tainty is s0.2%. One of the (d, a) plate spectra is
shown in Fig. 1. Independent level energies were
obtained from V"(d, t)V". Although these mea-
surements provided superior resolution (-9 keV),
(d, t) energies are listed only for close-lying dou-
blets, since the position-sensitive counter cali-
brations' were subject to larger errors. The V'
excitation energies obtained are listed and com-
pared with other work' ' "in Table I. The
weighted energy averages fall well within the er-
rors of our (d, n) excitation energies and are used
in all other tables and figures.

Four high-resolution Cr"(d, o)V50 spectra were
taken with photographic plates in the focal plane of
the Pittsburgh split-pole spectrograph. Three of

B. V (d, t)V Angular Distributions

The V"(d, t)V" reaction was investigated at a


