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High-spin states in Cl were populated in the Al ( C, n n) Cl fusion-evaporation reaction between

27 and 45 MeV incident energy and in the P(n, n) Cl reaction at 14,4 MeV. The decay scheme is

obtained from y-y and n;y coincidence measurements. The J assignments for the levels at
4743, 4824, and 5315 keV result from angular distributions, directional correlation ratios, and excita-
tion functions. The lifetime of the 5315 keV level was measured in a recoil distance experiment.

NUCLEAR REACTIONS Al( C, nn) Cl; measured y-y coinc and 0 (Ey, o) at
E,~ =40 MeV and (7 (E) from 27 to 45 MeV; 'P(n, g) Cl, E =14.4 MeV, mea-
sured n-y coinc, 34Cl deduced levels, J~. Measured R. D. M. , deduced 7. Na-
tural targets, Ge(Li) detectors, liquid scintillator. Comparison with theoretical

weak-coupling model.

I ~ INTRODUCTION

The spectroscopy of high-spin states is a major
application of heavy-ion (Hl) fusion-evaporation
studies. The detection of y rays from this type of
reaction can give information on the localization
of high-spin states, their decay schemes and life-
times. The present data were obtained as part of
a high-spin states investigation program' ' using
high-spin selective Hl induced reactions. High-
spin states in ~C1 are studied by the reactions
"Al('2C, a&)~C1 at &I b = 27-45 Me V and "P(a, +) Cl
at@,b =14.4 MeV. The & =Z =17 nucleus which was
studied is of particular interest because its self-
conjugate nature imposes particular selection
rules' on the y transitions.

In a simple shell-model picture, ~Cl is consid-
ered as an active proton-neutron pair outside
closed d, y„&g, shells. The ~C1 level scheme has
therefore been the subject of a number of theoreti-
cal investigations, including shell-model calcula-
tions' ' and vibration-particle coupling. ' In the
shell-model calculations, no state with ~' higher
than 6' has been predicted. However, high-spin
states were identified in the two nucleon transfer
reactions ~S(n, d)~Cl (Refs. 11, 12) and
"S('He,p)MC1 (Ref. 13). Since this kind of reaction
strongly populates states where the transferred
proton and neutron enter the same orbit and couple
to maximum angular momentum and zero isospin,
simple configurations could be assigned to the high-
spin states produced.

The present measurements were performed in
order to obtain a more detailed picture of the high-

spin states and in particular to study their deexci-
tation properties. .The experimental procedure is
described in Sec. II, data analysis and results are
presented in Sec. III and a discussion is given in
Sec. IV.

II. EXPERIMENTAL PROCEDURE

A Al ( C; ~ pg) Cl reaction

Targets of 350 pg/cm' Al on thick Ta backings
were bombarded with 27-45 MeV "C beams from
the Strasbourg tandem accelerator. Measurements
of the excitation function, angular distributions,
and y-y coincidences were performed with two
Ge(Li) of 16% and 20'% relative efficiency. The
y-y coincidenc'e measurement was done at 40 MeV
incident energy with the detectors placed at 0' and
90' to the beam. The experimental setup used in
the lifetime measurement is the same as described
in Ref. 14.

B. P(0(,n) Cl reaction

This reaction was investigated at 14.4 MeV bom-
barding energy at the Strasbourg 7.5 MeV Van de
Graaff accelerator', using a 200 pg/cm' red phos-
phorus target evaporated onto a thick Au foil. Neu-
trons were detected in a Ne 213 liquid scintillator
placed at 60' in coincidence with y rays detected
in a Ge(Li) counter located at O'. Pulse shape dis-
crimination was performed after gating the signals
from the liquid scintillation counter'by fast coin-
cidences with the Ge(Li) detector.
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TABLE I. Summary of y-y coincidence data from the Al(~2C, 0.'n} Cl .reaction at 40 MeU.

461 491 572 879 1112 1143 1224 1256 2230 2261 3454 3485 4597 4678

461
491 x

X

879 x
1112
1143
1224 x
1256
2230
3454
3485
4678

X X X

X X

X X

5315

4 824
4 743

I
491

T

572

947
7+/
~++~2

6

4678 1224 1143 1112 4597

3632
3600

2722

2376

1 f

1 1

3 454 1224 879 3 485 1256

443
s-Zo

251

2230 2261

III. DATA ANALYSIS AND RESULTS

A. Decay scheme

y~ coincidence measurements

As shown in Fig. 1, y-ray singles spectrum re-
corded at 90 reveals the numerous channels open
in the Al+' C reaction. The strongest lines cor-
respond to "P, "S, "Cl, and "Ar nuclei. The

coincidence matrix used to identify ~Cl transitions
is given in Table I. From these results, the decay
scheme presented in Fig. 2 has been established.
Excitation energies and comparison of branching
ratios with previous values are given in Table II.
All the observed levels up to 3632 keV have been
reported previously. "

The 4824 keV level has been observed in proton
radiative capture studies. ""The decay scheme
and branching ratios deduced from our measure-
ments are consistent with the results of Ref. 17.
This level has also been observed in the transfer
reaction "S('He,P }MCl (Ref. 13).

In the "S(o., d)~CI study, levels at 4.68, 4.79,
and 5 28 MeV are quoted x"2 Sirice we found the
4.68 and 0.49 MeV y rays to be in coincidence, we
searched for a 0.11 MeV transition between the
4.79 and 4.68 MeV states, but no coincident 0.11
MeV y ray was found. Internal conversion coeffi-
cients for a 0.11 MeV transition in ~Cl are less
than 0.1 (Ref. 18), so the transition cannot be
strongly converted. We conclude that the 0.49 and
4.68 MeV transitions are corisecutive in a cascade
issuing from a level at 5.31 MeV. Our results
(Fig. 2) imply that the levels given in the (&, d)
studies"'" at 4.79 and 5.28 MeV are 30 keV too
low.

The 4743 keV level, established by the y-y coin-
cidence data, has not been previously reported. .

461
I
+

146
0

34CI

3+
0+

FIG. 2. 34Cl energy levels and p-ray transitions ob-
served in the ~A1( C, nn) Cl reaction. Levels and p-
ray energies are in keV. The relative feedings inten-
sities of the levels at E( C) = 40 MeV are given on the
right. The spin-parity assignments for E„&4MeV are
from Ref. 15. The assignments for the three upper
levels are discussed in the text.

n-y coincidence measurements

The y-ray spectrum in coincidence with neutrons
from the "P(o., n}~C1 reaction is shown in Fig. 3.
In addition to the 4.74, 4.82, and 5.31 MeV levels
also observed in the "Al+"C reaction, a number
of other lower lying levels are fed. In contrast
with a previous study of the same reaction at 11
MeV (Ref. 19), strong excitation of many high lying
levels is observed at 14.4 MeV. The decay scheme
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. TABLE II. Summary of informations on @Cl obtained in the present work and compared to previous results.

18

Energy level y-ray energy Branching ratio
(keV) (ke V) a b c

Angular distr ibution

a b Mulipole Mean
A2(%) A4(%) A2(%) A4(%) J," Jf" mixing ratio lifetime (ps)

460.9(3)
36OO. 5(6)

3631.6(6)

4743.1(1.1)

4824.2(1.1)

5315.O(1.2)

46O. 9(3)
3453.6(8)
1223.8(8) c

879.5(5)
3485.2(8)
1256.0(1.5)
459V.1(1.O)

1143.0(8)
1111.6(8)
4677.7(1.0)
1223.8(8)

5V1.8(3)
490.9(3)

100
4v(2)

7(1)
46(2)

33(2) 45(2)
6V(2) 55(2)
27(3)
43(2)
3o(2)
67(5) 81(4)
33(5) 19(4)
34(2)
66(2)

100 -25(4)
48 -22(8)

8
44 19(8)
48 4(14)

-29(v)

-11(8)

16(9) -16(9)
-8(20)

100 19(4) -9(4),
-5o(6)
-8(4)
14(2) -8(2)

-12(3) -1(3) 4--3+
4+

30(3) 2(3) 4 2

9(8) ~3+

-22(3) -4(3) 5 -4'
3+

6 4
6 5
5 3+
5+ ~4
7+ 6
7+ ~5+

0.09(53)

-0.03(10)

-0.03(12)
0.00(5)

7.5 + 0.5
)2d

)3

94 +12

' Present results.
Reference 17.
Reference 16 ~

Reference 15.
This p ray is the unresolved sum of two transitions.
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FIG. 3. y-ray spectrum from the P(+,n) 4Cl reaction (E~ =14.4 MeV) recorded at 0, in coincidence with neutrons
detected at 60 . Lines assigned to 34Cl are labeled by their corresponding transitions in keV. Weak background lines
are indicated by the nucleus they belong to.
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FIG. 5. Intensity of y rays deexciting the studied
levels relative to the intensity of the 461 keV transition,
in Al( C Og) Cl reaction between 27 and 45 MeV.

clear that the fraction of side-feeding decreases
strongly in going from E»b —-27 to 45 MeV and con-
sequently the yield for the lower yrast transitions
drops toward the value of the yield of their prede-
cessors. It is further seen that the "P(n, n)~Cl
reaction at ~»b =14.4 MeV is also selective for
populating high-spin states.

Our J =5 assignment for the 4824 keV level is in

agreement with I =4 for the transferred deuteron
in the "S('He, p)"Cl reaction" and in the
"S(n, d)"Cl reaction. " The value & =7 for the 5315
keV state agrees with an I =6 transfer in the
'eS(o. , d)'4Cl reaction. "'e The positive parity of
the two leve1s has been established from the even
L values measured in the two nucleon transfer
reactions.

The spin assignment of the 4743 keV level can be
obtained from the multipolarity of the 572 keV
(5315-4743) transition and from the decay scheme.
As the 4743 keV level is fed from a ~ = 7 state by a
pure dipole transition (see next section) and as an
important part of the decay (27%) populates the 3'

level at 146 keV, the spin value is restricted to
~ =6. The angular distribution of the 4597 keV p
ray (4743-146) has been analyzed and reveals a
strong anisotropy. However, the Legendre poly-
nomial coefficients could not be obtained with
enough accuracy to confirm the octupole character
of the transition.

0
0 IO 20

FIG. 6. Grazing-collision picture for the reactions
Al( C ~g)3 Cl at E{ C) =27 and 40 MeV and for

3~P(o. ,g) Cl at E~=11 and 14.4 MeV.

C. Lifetime measurements

The lifetime of the 5315 keV level was measur-
able by the recoil distance method. The data were
obtained in a separate experiment with the
'~AI('eC, nn)' Cl reaction performed at 31 Mei?.
The relative intensity of the stopped peak as a func-
tion of the stopper distance is proportional to
exp(-d/vt }where v =0.019c is the mean recoil
velocity. The experimental data and the fit to the
theoretical expression for 7 = 94 +12 ps are shown
in Fig. 7.

From the lifetime, transition strengths for the
491 and 572 ke7 radiations were deduced. The
first transition has E2 character with a strength of
30 +4 W.u. (Weisskopf units). Since "Cl is a self-
conjugate nucleus, this implies && =0. The transi-
tion is between levels of the same parity, in agree-
ment with L =6 and ~ =4 transfers observed in the
"S(a,d)~CI reaction. " The ~2 transition strength
(1028 W.u.} is far above the allowed limit. e' The
572 keV transition has either El (6.1 +0.8 X 10 4

W.u.) or MI (1.8+0.3&&10 ' W.u. ) strength, which
are both below the recommended upper limits"
and do not allow characterization of the transition.

In the HI and ~-particle induced reactions, the
4824 keV level has been found to be fed almost en-
tirely by the z rays from the 5315 keV level. Life-
time measurements on radiations deexciting the
4824 keV level are hampered by the long lifetime
of the 5315 keV level and no lifetime for the lower
level could be obtained.
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Ho Doppler shift has been observed for the p ray
corresponding to the. decay of the 4743 keV level
despite the strong direct formation of this state in
the "P(n, n)s4C1 reaction. From this measurement
the limit of the lifetime has been evaluated to be
&&3.10 ~2 s.

IV. DISCUSSION

In first approximation, ~Cl can be considered
as an active neutron-proton pair outside a "Score.
Since the 5315 keV level is strongly populated in
two particle transfer reactions, the main configu-
ration of the level is assumed to be

Weak-coupling calculations underestimate the en-
ergy of the level. Using the parameters of Ref. 23,
the energy of the configuration is 4.62 MeV com-
pared to the experimental value of 5.31 MeV.

The proposed main configuration of the 4824 keV
level is

t 32 QlS&"=o T=o (f7/s«ps/s4 =s+T= o~Js=s'r~o ~

That the nucleons are in different orbits is inferred
from the relative cross sections of deuteron trans-
fer reactions to the 4824 and 5315 keV levels.

The isoscalar &2 transition strength between the
configuration of the 5315 and 4824 keV states cal-
culated with effective charges e& =1.6& and e„=0.7e
is 9.4 W.u. in reasonable agreement with the ex-

perimental result (30 W.u. ).
From strong feeding in the proton transfer reac-

tion "S('He, d)~C1 with I =3, the proposed main
configuration of the 3632 keV state (Ref. 13) is

tM~
S& =o' r=o«(f7/s / )s&s=s .r=o~& =s «sr=o ~

The isoscalar ~2 transition strength for the 7' to
5 states is then predicted' to be 0.426 W.u. No
7" to 5 M2 transition has been observed in ~C1 in
contrast with the'results obtained for "Cl (Ref. 25),
where such a transition has been measured with a
strength of 0.42 W.u. In the "Cl case, the isovec-
tor part of the ~2 operator must be taken into ac-
count. Experimentally isoscalar M2 transitions
are inhibited by a factor of about 100 relatively to
the isovector ~2 transitions. "

As a final remark, the results from Ref. 25 for
the s'Al("N, Po. )ssCl reaction and our results on
the "Al("C, nn)"Cl reaction, point out a strong
feeding of the 5 and T yrast levels, both of which
can be described by simple configurations. The
electromagnetic decay properties for the J'=7'
level are in agreement with simple stretched con-
figurations.
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