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EO decay of the first excited 0' states in S and Ar
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The reactions P(e, p)3 S and 35Cl(0. , p)3 Ar have been used to study the EO 7t decays of
the S(3.91 MeV, 0+) and ~ Ar(3.38 MeV, 0+) states to the ground state. The EO branching
ratios I'„/I were measured to be (0.38+0.06) x10 and (6.6+1.0) x10, respectively.
When these values are combined with the available lifetime of these states, EO matrix
elements (M) = (1.55+0.15) fm~ ( 8) and (2.25+0.21) fm ( 8Ar) are obtained.

NUCLEAR REACTIONS ~ P(n, p), E=7.60 MeV; ~5Cl. (a. , p), E=7.67 MeV; 34S,
3 Ar measured EO branching ratios. Deduced EO matrix elements. Natural

targets.

I. INTRODUCTION

In the 2s-1d shell the structures of the first ex-
cited 0' states in even-even nuclei are generally
not well known. In the simple harmonic oscillator
approximation, the ground state (g.s.) EO decays
of these states disappear. Nonvanishing EO decays
can be predicted if more sophisticated potentials,
such as Woods-Saxon, are used in the calculations,
or if P shell or f pshel-l excitations are taken into
account. EO decay measurements on such states
provide direct tests of the importance of these
excitations in the structure of the states and of
the behavior of the radial wave functions in the
vicinity of the nucleus surface.

Recently, EO decay measurements relevant to
the first excited 0+ states in (4n+2) nuclei of the
2s-1d shell have been reported in "0 (Ref. 1),
"Mg (Refs. 2 and 3), and "Si (Refs. 3 and 4).
They show that the EO strength strongly dimin-
ishes from 1.8 single particle units (s.p.u) ("0)
to 0.052 s.p.u. ('eSi). Small EO strengths were
also observed for "S(0.11 s.p.u. )' and "S(0.038
s.p.u. ).' In order to check if there is some sys-
tematic behavior in the EO decays of the first ex-
cited 0' states across the 2s-1d shell in (4n+2)
nuclei, we measured the g.s. ~-branching ratio
(BR) of the "S(3.91 MeV, 0') and "Ar(3.38 MeV,
0') states. The experimental method described
in Ref. 3 was used.

II. EXPERIMENTAL RESULTS

The reactions "P(u, P)"S at E„=7.60 MeV and
"Ci(u, P)saAr at E„=7.67 MeV were used to popu-
late the 3.91-MeV state in "S and the 3.38-MeV

+ +state in "Ar. The He beams were delivered
by the 5.5-MV Van de Graaff accel.erator of the
Centre de Recherches Nucl. eaires. The phosphorus
targets of =200 pg/cm' on 250-gg/cm' gold back-
ings were prepared following the method given in
Ref. 7. The natural BaCL, targets of 300 pg/cm'
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were evaporated onto 250-p, g/cma gold backings.
The protons were detected in a 150-mm'-300-p. m-
thick surface barrier annular counter. The sur-
face of this detector was covered by a 50-jtL, m
aluminum foil in the "S run and by a 70-p. m one
in the "Ar run. These absorbers ensured that
only protons were detected. Plastic scintillator
telescopes with 0.2- or 0.4-mm thick 4E counters3
were used for the m detection.

A. S(3.91 MeV, O+ )(m) S(g.s.) decay

The results of a 30-h measurement taken with a
'l0-nA beam current and the 0.2-mm-thick &E
counters in the telescopes are represented in

Figs. 1 and 2(a). Figure 1(a) is the direct singles
proton spectrum from the "P(u, P)'~S reaction.
Figure 1(b) is the projection onto the proton ener-
gy axis of the two-dimensional proton energy ver-
sus n-energy spectrum (not represented) taken
simultaneously with the spectrum of Fig. 1(a).
Figure 2(a) displays the projection onto the x-
energy axis of the two-dimensional. spectrum in
proton channels 32-37. In subtracting the y-y
contribution from the 3.91-MeV y-ray cascade
via the 2.13-MeV state, the procedure given in
Ref. 5 was used. We found 1'l'i+27 pairs from
the 3.91-MeV state to g.s. n decay, which when
combined with the 3.91-MeV proton yield in chan-
nels 32-37 of Fig. 1(a) and the calculated n effi-
ciency, ' give I', /I'=(3. 9+0.8) x10 4 for the 3.91-
MeV state.

The use of telescopes with 0.4-mm-thick &E
counters produces a more favorable ratio of num-
ber of detected pairs to number of detected y-y
interactions. s In order to get a better n' spectrum
for the 3.91-MeV decay, we made a measurement
with these telescopes. The resulting n spectrum
is shown Fig. 2(b) From this measurement we
deduce I', /I' = (3.8+ 0.6)x10 ' for the 3.91-MeV
state.

We take I', /I' =(3.8+0.6) x10 ', the mean weight-'
ed value from the two runs, as our result. When
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III. DISCUSSION

In Table I we show a comparison of EO decays
relevant to the first excited 0' states in (4n+2)
nuclei of the P, s-d, and f -P shells. The s.p.u.
strength of these decays is plotted as a function
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FIG. 1. (a) T(, sampled direct proton spectrum fromi.

~ P(n, P)3 5 taken simultaneously with the nonrepresented
proton energy vs m-energy spectrum. (b) Projection
onto the proton energy axis of the two-dimensional pro-
ton energy vs x-energy spectrum.

combined with T„=(1.60+ 0.13) psec, ' the partial
v lifetime of the 3.91-MeV state in "S is found to
be v, =(4.2+0.8) nsec. The value of the monopole
matrix element deduced from this value of T, is
(M), =(1.55+0.15) fm .

g. Ar(3.38 MeY,O+ )(m ) Ar(g.s.) decay

In Fig. 3 are represented the results of a 12-h
measurement with a 180-nA beam current. This
figure is for 'Ar and its meaning is the same as
that of Fig. 2 in Sec. IIA. By following the same
procedure as in Sec. IIA we deduced a value
I', /I' = (6.6 + 1.0) x10 ' for the 3.38 MeV to g.s.
n decay in ' Ar. When this value is combined
with T„=(29 + 3) psec, ~ the partial m lifetimes of
the 3.38-MeV state is T, =(4.4+0.8) nsec. The
value of the EO matrix element deduced from the
value of T, is (M), =(2.26+ 0.21) fm'.
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FIG. 2. (a) Pair spectrum obtained from the projec-
tion of events in channels 32-37 of Fig. 1(b) onto the
x-energy axis of the relevant proton energy vs x-energy
spectrum. The dashed-dotted line is the shape of the
y-y interactions in the telescopes due to the 3.91 MeV

2.13 MeV g.s. y-ray cascade. The dashed line is
the shape of the m spectrum from the 3.91 MeV g.s. ~
decay. The weighting of these two curves was obtained
by a least squares fit. The number of y-y interactions
is in good agreement with that calculated by using
(1.5+ 0.3) x 10 5 y-y interactions per detected proton
(Hefs. 3 and 5). (b) Pair spectrum for the 3.91 MeV

g.s. m decay obtained by using the telescopes mounted
with 0.4-mm-thick 4E plastic counters (Ref. 3). The
signification of the dashed-dotted and dashed curves is
the same as in part (a). The number of y-y interactions
is in good agreement with that calculated by using
(2.3+ 0.5) x 10 5 y-y interactions per detected proton
(Ref. 3).
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In the s-d shell, with the exception of "0 recent-
ly discussed in Ref. 1, there are no predictions
available for values of EO matrix elements. The
excitation energies, of the low-lying states in
(4n+2) nuclei of the shell from magnesium to
sulphur are generally quite reasonably repro-
duced if only id»„2s»„and 1d„, configurations
are taken into account in the calculations, as in
Refs. 29-34. However, the predicted B(E2) val-
ues for the E2 y-ray decay of the first excited 0'
state to the first excited 2' state are usual. ly at
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FIG. 3. Pair spectrum from the decay of the
3 Ar(3.38 MeV, 0+) state to g.s. in coincidence with the
protons from the Cl. (n, P &) Ar reaction. The dashed-
dotted line is the shape of the y-y interactions in the
telescopes due to the 3.38 MeV 2.17 MeV g.s. y-ray
cascade. The dashed line is the shape of the n spectrum
from the 3.38 MeV g.s. x decay.
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of the mass number in Fig. 4. In this figure, a
systematic behavior of the strength across the
shell clearly appears. One notices that the great-
est strengths occur around the closed "0 and 40Ca

shells for "0 and ~Ca. In the middle of the s-d
shell the EO strengths are quite small. , and be-
come smaller yet in the f -P shell ("Ni). The
values of the EO strength from the first excited
0' state to g.s. in "O(0.74 s.p.u. ) and 40Ca(0. 13
s.p.u. ) are indicated in Fig. 4 by the arrows.

It is interesting to remark that the known EO
decays in the sulphur isotopes likewise exhibit
small. strengths. These values are presented in
Table II.

In Fig. 4 are also plotted the E2 transition
strengths in Weisskopf units for the y decays
from the first excited 0' state to the first excited
2' state in some (4n+2) nuclei. In calculating
these strengths the lifetimes given in Table I were
used together with the y-BR given in Ref. 9. As
can be seen from the figure„ there is some anal-
ogy in the behavior of the E2 and EO strengths
across the shells. This behavior might be due to
some systematic correlation in the wave functions
of the involved g.s. and first excited 2' states.
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FIG. 4. EO and E2 singl. e particle unit strengths in
(4n+ 2) nuclei as a function of the mass number for the
first excited 0+ to g.s. ~ decay (upper part of the figure)
and for the first excited 0+ to first excited 2+ state decay
(lower part). In the case of ¹ithese strengths are off
seal.e and so are represented, respectively, in the figure
multiplied by 103 and 104. The strengths in the case of
54Fe are obtained by taking the single particle estimate
for the lifetime of the first excited 0+ state in 54Fe (see
Ref. 21). The EO strength for '4C is an upper limit of~ 0.81 s.p.u (see Ref. 11). The values of the EO strengths
of the 6.05- and 3.35-MeV states in O(0.74 s.p.u. ) and
40Ca(0, 13 s.p.u. ) are indicated by the arrows.
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TABLE I. Properties of & =0+ excited states in (4n+2) nuclei for A —58.

Ex
Nucleus (Me V)

Vm

(psec)
r, /r

(xlp-3) ' Ref.
(m)„

(fm2) Ref.
E0 strength b

(s.p.u.)

10B

14'
18()

Mg

30Si

34S

38Ar

"Ca

54Fe
58Ni

6.18

6.59
3.63
5.33
3.59

4.97

6.22

3.79

3.91

3.38

1.84

2.56
2.94

1.1 p'3+ 0.4

&0.6
1.39+ 0.16
0.20 + 0.04
9.5 + 0.6

0.70 p'1p
+0,15

0 p6+0.05

15.6 + 1.2

1.60 + 0.13

29 + 3

480 + 30

&2.02
(2.9 + p.l)xlp3

10

ll
12, 13

13
14, 15

16, 17

18

2.4 + 0.8

10 +4
3.0 + 0.6

—2.3
5.1 + 0.7

2.7 + 0.4
2.6 + 0.6

0.38+ 0.06

6.6 +1.0

1.70 + 0.25
0.22+ 0.05

10

4
3

This
work
This
work

21
22

1 45+0+63

&3.39
6.0 + 0.7

—4.5
3.00 + 0.25
4.23 + 0.46
3.33+ 0.20

4+ 3

1.46 + 0.12
1.4 +0.2

1.55 + 0.15

2.26 + 0.21

7.13+ 0.70
4.70+ 0.26

&8.8
(5.8 +0.6)x 10 2

10

11
1
1
3

(e, e')2
(e, e')2

(e, e')2

3
This
work
This
work

23
24

0.23 0 „+ 0.10

&0.81
1.8 + 0.4

~1
0.29+ 0.05
0.55+ 0.12
0.34+ 0.04

p 59+0.42

(5.4 +0.9)x 10 2

(5.2 +1.3)x lp '

(5.2 +1.0)x lp '

(9.5 +1.8)x 10 2

0.82 + 0.16
0.36+ 0.04

&0.9
(3.5 +0.8)x 10 5

For ground-state decays.
See Ref. 25.
Mean weighted values deduced from Refs. 12 and 13.

Mean weighted values deduced from Refs. 14 and 15.
Mean weighted values deduced from Refs. 16 and 17.

least 2 times smaller than the observed ones.
Monopole matrix elements in. the ease of a pure
s-d description for the initial and fina, l. 0 states
vanish if harmonic oscillator radial wave functions
are used. This property arises from the orthogon-
ality of the wave functions and from the fact that
for harmonic oscillator radial. wave functions, the
mean square radius (r') is the same for all the
subshells of the s-d shell. Different values for
(r~) for the subshells, and hence nonvanishing
EO matrix elements, are obtained if Woods-Saxon
radial wave functions were used. Thus the finite
matrix elements reported for s-d shell nuclei in
Tables I and II would arise from a radial wave
function behavior which is different from that of
a. harmonic oscillator one.

It has been shown that near the closed shells,
for ' 0 and Ar, deformed 0' intruder states due
to core excitations can appear in the level. scheme

in the vicinity of the first pure s-d 0 excited
state. In fa,et there are reasons to believe that in"0 (see Ref. 1) and "Ar (Refs. 35 and 36), the
first excited 0 state is itself such an intruder
state. Core excitation configurations might be
present in the first excited 0' states of the other
s-d shell nuclei since they have nonvanishing EO

matrix elements (Tables 1 and H). The behavior
of the EO strengths in the (4n+2) nuclei of the
s-d shell. could therefore also be due to a change
in the amount of core excitation configuration mix-
ing in the low-lying 0' states across the shell.
Still this does not exclude the importance of know-

ing the exact nature of the radial wave function.
Let us focus more attention on "Ar. A calcula-

tion of Gray et al."has shown that the first de-
formed 0 state occurs in "Ar at =3.8 MeV with

'

81/p of an (f,~, )'(d„a) 2p4h configuration. The
small predicted spectroscopic factor of 0.03 for

Nucleus (Me V) (psec)

TABLE IL Properties of the first excited J'"=0 states of sulphur isotopes.

Tm (u)„ E0 strength
Ref. (fm ) Ref. (s.p.u. )

36S

3.78

3.91

0.90+ 0.15

1.60+ 0.13

(1.27+ 0.03)x 10

2.22+ 0.27
1.95+ 0.5

1.55+ 0.15

1.38+ 0.03

5
(e, e') 26, 27

This
work
6, 28

(11.0+3.0)x 10 2

(5.2+1.0)x 10-'

(3.8+ 0 1)x lp-2

' See Ref. 25.
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this level in the "K(&,'He)"Ar reaction is not in
strong disagreement with the measured upper limit
of 0.01 for the 'SAr(3.38 MeV, 0+) state. s~ However,
the B(E2) value of (11.3 a 1.2) e'fm~, deduced from

=(29+3) psec' for the 3.38-2.17 MeV E2 y-ray
decay, is poorly reproduced in their calculations
which yield B(E2)=0.9 e' fm' with an effective pro-
ton and neutron charge of 1.0. The enhanced EO
strength for the 3.38-MeV to g.s. m decay with re-
spect to the middle of the s-d shell observed in
our work may indicate a larger contribution of
core excited configurations in the structure of
the 0' states. For these reasons, the first ex-
cited 0 state in "Ar, as in "0, might be a core
excited state. It is interesting to mention that the
second excited 0' state in "Ar was found at 4.71
MeV. A nearly pure s-& state is predicted at
that energy by Gray et al."which could be identi-
fied as the pure first excited 0' s-4 state pre-
dicted by Wildenthal et aI,." A similar situation
might exist in Ca (Refs. 37-39) where 0' states
are observed at 1.84 MeV, 5.60 MeV, and possibly
at 3.30 MeV (Ref. 9).

One has to point out that in all s-d shell nuclei
reported in Fig. 4, a second excited 0' state is
observed near 5 MeV excitation. EO decay mea-
surements for these higher states would be a good
way to shed more light on the structure of the low-
er-lying 0' states in the s-d shell.

Within the isospin formalism the monopole oper-
ator Q r~' is written —2+.r,. ' ——,'Q, T,

' r; ', con-
taining an isoscalar and an isovector part, and
where the sums are taken over all nucleons with
the 7~~' operator eigenvalues +1 corresponding to
neutrons and —1 to the protons. By considering
only the isoscalar part, the monopole energy-
weighted isoscalar sum rule for T = 1-T = 1

transitions is

g e~„(n~ —g r, '~ 0&
A@2

n

where 8 is the mean square matter radius aver-
aged over the A nucleons of the g.s.

~ 0) and m
the nucleon mass. The EO decays reported in
Table I exhaust the following percentages of this
sum rul. e: '80(3.63 MeV) = 5/0, "Mg(3.58 MeV)
=0.7%%uo, "Si(3.79 MeV) =0.1/o, "S(3.91 MeV) =0.1/0,
"Ar(3.38 MeV) =0.2%%uo, and Ca(1.84 MeV) =0.4%.
In calculating these percentages, identical matter

nd charge mean square radii
were assumed with F0=1.03 fm as deduced from
muonic x-rays and electron scattering experi-
ments for 17 ~A ~ 40. The very small contribu-
tion to the isoscalar sum rule for (4n+2) nuclei
with A & 18 has to be emphasized. A strong con-
tribution of an isovector part in a measured EO
matrix element, which however is unlikely, could
render even smaller the preceding percentages.
As a matter of fact, that the isovector contribu-
tion in the complete energy-weighted sum rule
for T- T, T, IO EO transitions is small might be
deduced by analogy with electric y-ray transition
sum rules (see Ref. 41). Nevertheless, it would
be interesting to get an estimate of the isovector
contribution in EO matrix elements of low-lying
0' states in (4n+2) nuclei. Such contributions
could be obtained by measuring the analog EO
decays in T, = —1 nuclei and by comparing these
results with those available in T, =+ 1 nuclei, pro-
viding T =2 isospin impurities are small in low-
lying 0 states.
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reading the manuscript and Miss M. A. Saettel. for
preparing the "P targets.

K. H. Souw, J. C. Adl. off, D. Disdier, and P. Chevallier,
Phys. Rev. C 11, 1899 (1975).

2E. W. Lees, A. Johnston, S. W. Brain, C. S. Curran,
W. A. Gillespie, and R. P. Singhal, J. Phys. A 7, 936
0974).

J. C. Adloff, K. H. Souw, D. Disdier, F. Scheibling,
P. Chevallier, and Y. Wolfson, Phys. Rev. C 10, 1819
(1974).

~E. K. Warburton and D. E. Alburger, Phys. Rev. C 10,
1570 (1974).

5J. C. Adloff, K. H. Souw, D. Disdier, and P. Chevallier,
Phys. Rev. C 11, 738 (1975).

6J. W. Olness, W. R. Harris, A. Gallmann, F. Jundt,
D. E. Alburger, and D. H. Wilkinson, Phys. Rev. C 3,
2323 (1971).

'B. W. Hooton, Nucl. Instrum. Methods 27, 338 (1964).
M. W. Greene, P. R. Alderson, D. C. Bailey, J. L.
Durell, L. L. Green, A. ¹ James, and J. F. Sharpey-
Schafer, Nucl. . Phys. A148, 351 (1970).

9P. M. Endt and C. Van der Leun, Nucl. Phys. A214, 1
(1973).
D. E. Alburger, E, K. Warburton, A. Gallmann, and
D. H. Wilkinson, Phys. Rev. 185, 1242 (1969).

~D. E. Alburger, A. Gallmann, J. B. Nelson, J. T.
Sample, and E. K. Warburton, Phys. Rev. 148, 1050
(1966).
E. K. Warburton, P. Gorodetzky, and J. A. Becker,
Phys. Rev. C 8, 418 (1973).
J. W. Olness, E. K. Warburton, and J. A. Becker,
Phys. Rev. C 7, 2239 (1973).

~4Z. Berant, C. Broude, G. Engler, and M. J. Renan,
Nucl. Phys. A218, 324 (1974).

5F. Beck, P. Engelstein, and J. P. Vivien, Nucl. Phys.
A228, 393 (1974).
60. fusser, T, K. Alexander, and C. Broude, Can. J.
Phys. 46, 1035 (1968).

~7J. L. Durell. , P. R. Alderson, D. C. Bailey, L. L.
Green, M. W. Greene, A. N. James, and J. F. Sharpey-



1108 SOUW, ADLOFF, DISDIER, AND CHEVALLIER

Schafer, J. Phys. A 5, 302 (1972).
~SP. C. Simms, ¹ Benczer-Koller, and C. S. Wu, Phys.

Rev. 121, 1169 (1961).
~9J. M. Moss, UCBL Report No. UCBL-18902, 1969 (un-

pub1, ished) .
2 D. F. H. Start, B.Anderson, L. E. Carlson, A. G.

Robertson, and M. A. Grace, Nucl. Phys. A162, 49
(1ev1).

2~E. K. Warburton and D. E. Alburger, Phys. Rev. C 6,
1224 (1972).
E. K. Warburton and D. E. Alburger, Phys. Lett. 36B,
38 (1ev1).

23¹Benczer-Koller, M. Nessin, and T. H. Kruse, Phys.
Bev. 123, 262 (1961),

~B. N. Belyaev, S. S. Vasilenko, and D. M. Kaminker,
Izv. Akad. Nauk, SSSR Ser. Fiz. 35, 806 (1971) tBull.
Acad. Sci. USSR Phys. Ser. 35, 742 (1971)].
D. H. Wilkinson, Nucl. Phys. A133, 1 (1969).

28P. Strehl, Z. Phys. 234, 416 (1970).
VMainz group, Germany (unpublished).
E. A. Samworth and J. W. Olness, Phys. Bev. C 5,
1238 (1ev2).

29K. W. C. Stewart and B. Castel, Nucl. . Phys. A132,

445 (1969).
3 J. F. A. Van Hienen, P. %. M. Glaudemans, and

J. Van Lidth de Jeude, Nucl. . Phys. A225, 119 (1974).
G. Craig, Nucl. Phys. A225, 493 (1974).

3 B. H. Wildenthal, J. B. McGrory, E. C. Halbert, and

H. D. Graber, Phys. Rev. C 4, 1708 (1971).
3 P. W. M. Glaudemans, P. M. Endt, and A. E. L.

Dieperink, Ann. Phys. (¹Y.) 63, 134 (1971).
~4B. H. Wildenthal, E. C. Halbert, J. B. McGrory, and

T, T. S. Kuo, Phys. Rev. C 4, 1266 (1971).
~5G. A. P. Engelbertink and P. W. M. Gl.audemans, Nucl.

Phys. A123, 225 (1969).
6W. S. Gray, P. J. Ellis, T. Wei, R. M. Polichar, and

J. Janecke, Nucl. Phys. A140, 494 (1970).
37G. F. Bertsch, Nucl. . Phys. 89, 673 (1966).

W. J. Gerace and A. M. Green, Nucl. . Phys. A93, 110
(1e6v).

39B. H. Flowers and L, D. Skouras, Nucl. , Phys. A136,
353 (196e).
R. A. Ferrell, Phys. Rev. 107, 1631 (1957).
E. K. Warburton and J. Weneser, in IsosPin in Nuclear
Physics, edited by D. H. Wilkinson (North-Holland,
Amsterdam, 1969), p. 173.


