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The structure of the neutron-rich (T = 3) nucleus Cl is investigated by measuring n-p-p-p and
o pn p -p-co-in-cidences using the heavy-ion fusion-evaporation reaction Be( S,op) Cl. A total
of 18 in-beam transitions in Cl are identified and a level scheme is constructed up to spin (8 )
and 4.087 MeV excitation energy. The experimental results are discussed in the contempt of previous
work and compared to shell-model predictions. Excitation energies of the negative parity yrast
states and relative electromagnetic transition strengths obtained from calculations based on the full
(2s, 1d) (1f2p) configuration space are in good agreement with the experimental results.

PACS number(s): 23.20.—g, 27.40.+z

I. INTR.ODUCTION

The recent development of eKcient charged-particle-p
coincidence techniques has made new regions of nuclei far
&om stability accessible to experimental investigation.
These nuclei can provide an excellent test of theoretical
models of nuclear structure. In particular, neutron-rich
nuclei in the A —40 mass region can be used to test shell-
model predictions employing effective Hamiltonians de-
rived from systematic fits to the properties of nuclei near
stability. For the systems of interest, the lowest-energy
proton orbits are in the 18-Od shell, whereas the neutrons
are filling orbits in the Of-1p shell. The shell-model cal-
culations of interest thus require matrix elements both
within each major shell as well as cross shell.

The nucleus Cl has recently received considerable at-
tention, both from theorists and experimentalists. On
the experimental side, the investigation of neutron-rich
nuclei far &om stability is made diKcult by their rela-
tive inaccessibility. Although the cross sections are small,
charged-particle-induced transfer reactions have success-
fully been used to provide information on excited levels
of nuclei far &om stability. Using the charge exchange re-
action Ar( Li, Be) Cl, excited states in Cl were first
reported by Fifield et al. [1]. Dufour et al. [2] reported
the erst electromagnetic transitions in Cl in a study of
the P decay of S by produced via projectile fragmen-
tation and subsequent isotopic separation. Recently, the
first observation of in-beam electromagnetic decays was
reported by Kozub et al. [3], using the heavy-ion reac-
tion Be(s S,np)4oC1. This experiment was carried out
at Argonne National Laboratory using eight Compton-
suppressed Ge detectors in combination with two solid
state detector telescopes subtending a small solid angle
(= 2.2% of 4vr).

Shell-model calculations for Cl have been reported
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by Woods [4], by Ji and Wildenthal [5], and by War-
burton and Becker [6]. The first predictions of excita-
tion energies of negative parity states in Cl by Woods
were based on a (msi/2, ds/2) 1 (vf7/2, ps/2) configura-
tion space. In the Ji-Wildenthal calculations only neu-
tron and proton ds/2 f7/2 orbitals were considered, but
particle-hole excitations between the two oscillator shells
were allowed. The most recent calculations by Warbur-
ton and Becker are based on the full (2s, 1d) (1f2p)
model space but, similar to Woods, did not include multi-
particle-multihole excitations. In addition to excitation
energies, Ref. [6] also gives predictions of electromagnetic
transition strengths that can provide a sensitive test of
the model when compared to experiment. All calcula-
tions correctly predict J" = 2 for the ground state of

Cl, and agree that the first excited state should have
J = 1 at an excitation energy anywhere from 64 to
253 keV. The predictions for excited states in general,
however, vary considerably and illustrate the need for
additional experimental information.

In the present work we have investigated the structure
of Cl by measuring up to fivefold coincidences (npnpp)
using the reaction Be( S,np) Cl. Our experiment dif-
fers &om previous work in several important respects.
First, charged particles were detected with the Univer-
sity of Pennsylvania 4m charged-particle array [7]. The
good granularity and large solid angle coverage of this de-
vice (up to 19 particle telescopes were used in the present
experiments covering approximately 72% of 4vr) resulted
in an eKciency for the detection of two charged particles
(one n particle and one proton) more than two orders of
magnitude higher than that obtained in Ref. [3]. This im-
provement provides good statistics for p-p coincidences
gated on a specific combination of charged particles and
reveals the data of interest in considerably more spectro-
scopic detail than had been done previously. A second
improvement over previous work is the measurement of
neutrons in coincidence with opp events. This permits
the distinction between op and o.pn evaporation to be
made in a way which does not depend on the results of
model calculations of the evaporation process.

The paper is organized as follows. Experimental de-
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tails are given in the following section. The next two
sections deal with the identification of transitions in Cl
from the particle-p coincidence measurements and the
construction of a level scheme from the particle-p-p data.
Our goal has been to achieve sufhcient sensitivity to ex-
tend the yrast level structure to higher spins and also
to detect relatively weak transitions between the yrast
states which are predicted by the shell model. Some new
information on nonyrast states has also been obtained.
We conclude with a summary and discussion of the ex-
perimental results in the context of theoretical predic-
tions.

II. EXPERIMENTAL PROCEDURE

Until considerable improvements are made in the de-
velopment of radioactive secondary beams, the use of
heavy-ion fusion-evaporation reactions with stable tar-
gets and projectiles is the most eKcient experimental
technique available at present to study states up to high
spin in. very neutron-rich midmass nuclei. A compound
nucleus so formed in this mass region decays predomi-
nantly by multiple neutron evaporation towards residual
systems closer to stability. The most neutron-rich nu-
clei, however, can be produced by pure multiple charged-
particle evaporation channels with very small cross sec-
tions, generally in the range of sub-pb to a few mb. In a
p-singles or p-p coincidence spectrum, the transitions of
interest are thus obscured by the Compton background
&om the dominating xn, pxn, and o.xn evaporation chan-
nels, produced with cross sections of hundreds of mb.

An additional experimental complication in the present
reaction results &om the fact that Be is unstable against
decay into two o. particles. Direct transfer of the last
loosely bound neutron in Be to the S projectile via
a direct reaction, which has a total cross section com-
parable to the strongest channels populated in fusion-
evaporation reactions, not only adds to the general p-ray
background, but is also not eliminated by a trigger which
requires the detection of two charged particles. This
emphasizes the importance of good particle identifica-
tion in experiments of this type. (Note that discrimina-
tion against the direct reaction background is also aided
by the relatively lower p-ray multiplicity associated with
these processes. )

All experiments were conducted with a beam extracted
&om a cathode of isotopically enriched S which, as a by-
product of the enrichment process, contained about 1.0%

S. Beam currents as high as 1 particle pA of S were
obtained from our sputter source [8] during a test run
with an ionization efficiency of approximately 3%. The
experiments were performed with beam currents of up to
500 nA injected into the University of Pennsylvania FN
tandem Van de GraafF accelerator operating at terminal
potentials up to 10.5 MV. Beam energies of 100 and 105
MeV were chosen for the present experiments based on
the excitation function for production of Cl predicted
by the evaporation model codes CASCADE [91 and PACE2
[10).

In the present work Cl is produced with a cross sec-
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FIG. l. (a) Prescaled p-ray singles spectrum. (b) The spec-
trum in coincidence with one o. particle and one proton. (c)
Same as (b) with an additional 2 ns particle-particle timing
condition.

tion of 2.0+0.5 mb in the reaction Be(ssS,ap)4 Cl mea-
sured at a beam energy of 105 MeV. The cross section
is inferred &om the efBciency-corrected intensity of the
strongest transition of Cl in the p-ray singles spec-
trum, taking into account the relative intensity of two
other transitions feeding the ground state. The result
is checked against the value obtained from the particle-
gated p-ray spectrum corrected for the respective particle
detection efBciencies. This corresponds to approximately
0.2% of the total fusion cross section and, taking into ac-
count the strong contribution &om direct reactions, an
even smaller fraction of the total cross section. The ex-
perimental difBculties resulting &om the small cross sec-
tion can be seen in the spectrum shown in Fig. 1(a),
which shows a portion of the prescaled p-ray singles spec-
trum obtained with a Compton-suppressed Ge detector
positioned at 135 with respect to the incident beam.
The strongest transition in Cl at 244 keV is very weak,
with an intensity over two orders of magnitude smaller
than the strongest transitions, which come &om the 3n
( Ca) and p2n ( K) channels, and is incompletely re-
solved &om neighboring peaks in the singles spectrum.
(Note that Cl is a favorable case since most of the decay
proceeds via the 244 keV transition to the ground state.
The situation would be worse for a more &agmented de-
cay scheme. ) Thus a sensitive experimental trigger is re-
quired to enhance the signals of interest over the intense
background &om predominantly neutron channels.

Since the residual system is populated in the present
reaction by pure charged-particle evaporation, an eFi-
cient multiple charged-particle detector is the experimen-
tal trigger of choice. All experiments performed in the
course of this investigation involve the detection of p rays
in coincidence with charged particles using the Penn 4'
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charged-particle array [7]. The system consists of up to
24 particle detectors of the phoswich scintillator type cov-
ering almost 90'Fp of 4vr. Because of the strong kinematic
focusing of the evaporated particles in the present inverse
reaction, the rates in the back angle particle detectors
were negligible and thus mainly the forward hemisphere
was covered with phoswich telescopes. Most of the back
angle and two 90 elements were removed in order to
position the Ge detectors close to the target.

The strong production of channels involving a single
charged particle in addition to neutrons [e.g. , the strong
p rays &om the p2n channel K seen in Fig. 1(a)] demon-
strates the importance of a multiple charged-particle trig-
ger. We required a fourfold coincidence; at least two
charged particles and two p rays were recorded for each
event. Note that in Ref. [3] only a threefold coincidence
was required. We are able to get reasonable statistical
precision with the additional constraint because of the
very large detection eKciency of the charged-particle ar-
ray. The total eKciency for detecting and identifying one
o. particle and. one proton simultaneously in the present
setup is about 8%, approximately two orders of magni-
tude higher than was available in the previous work [3].

Multiple-charged-particle-neutron-p-p coincidences
were detected using the 4' detector in coincidence with
up to six high-resolution Ge detectors, all with an ef-
ficiency of approximately 25%%up [with respect to a 7.6
cm x 7.6 cm NaI(Tl) detector at 1332 keV]. Three of
the detectors were equipped with BGO Compton sup-
pression shields and positioned in the horizontal plane
at (8, P) = (90,0 ), (135,0'), and (135,180') with
respect to the beam. Here (0, P) represent polar and
azimuthal angles in a spherical coordinate system with
the z axis parallel to the beam direction and the y axis
vertically downward. The remaining three Ge detectors
were unsuppressed and positioned at (0, P) = (135,90 ),
(110',45'), and (90', 135 ). The unsuppressed detec-
tors were equipped with rectangular Pb collimators to
reduce Doppler broadening and to match the detection
eKciency of the suppressed detectors. The target was
a film of Be metal of thickness 500—750 pg/cm2 evapo-
rated onto a 32 mg/cm Au backing which stopped the
incident beam. Neutrons were detected in a large-volume
liquid scintillation detector positioned at 0 with respect
to the beam. The 45 cm distance of the front face of the
neutron detector to the target was sufhcient to achieve
adequate neutron-p separation by time of flight relative
to the charged-particle detector (for details see Ref. [11]).

Additional charged-particle-p two-point angular distri-
bution data were obtained in a separate experiment with
two Compton-suppressed Ge detectors positioned in the
horizontal plane at 90 and 135 with respect to the
beam. The relative eKciency of the two Ge detectors
required for this comparison was obtained as a function
of the p-ray energy by measurements made in the ex-
perimental geometry with radioactive sources placed in
the target position. In addition, strong p rays in Ca,
the 3n evaporation product whose angular distributions
are known from previous work using a heavy-ion reac-
tion [12], were used to check the calibration procedure.
For these angular distribution measurements, the target

was a self-supporting rolled foil of Be metal of thickness
7.8 mg/cm2, sufEcient to stop the incident beam. Be-
cause of the thick target and the relatively low dE/dx
of Be, the Doppler-broadened line shapes observed at 0~
= 135' introduced suKcient uncertainty that it was not
possible to obtain meaningful angular distributions for
transitions from levels with lifetimes comparable to the
stopping time. In these cases, the number of counts at
90 was used to estimate the relative intensity. Note
that because a thick target was used, the recoil veloc-
ity is not well defined and a quantitative evaluation of
the observed line shape(s) cannot be related even to an
apparent lifetime without making model-dependent as-
sumptions about the energy dependence of the produc-
tion cross section. However, for a few levels it was clear
that the data taken with the thick Be target showed a
substantial Doppler-broadened component whereas the
corresponding data from the Au-backed target showed
mainly a stopped peak at 135 . In these cases, it was
possible to place rough limits on the apparent lifetimes
which were helpful in suggesting spins and multipolarities
(see below).

Data acquisition was performed using a parallel pro-
cessing system consisting of six MC68000 microproces-
sors [13]. The data-aquisition software provided the
means for complete on-line sorting of all events includ-
ing a particle-gated 2K x 2K two-dimensional p-p co-
incidence matrix [14]. A hardware trigger was set up
to reject p-p events in concidence with fewer than two
charged particles. A total of 50 x 10 coincidence events
with at least two p rays, two charged particles, and possi-
bly a neutron were recorded on WORM (write once read
many) optical disks for subsequent off-line analysis.

III. RESULTS AND ANALYSIS

A. Identification of p rays in Cl

In-beam p rays previously observed in a heavy-ion re-
action using a Be target and a S beam with an energy
of 100 MeV were assigned to 40Cl by Kozub et al. [3]
on the basis of charged-particle-p coincidences. With the
given target-projectile combination Cl was produced by
evaporation of one n particle and one proton. The ap-
gated spectrum was used to identify the Z of the residual
system. Based on fusion-evaporation calculations, which
predict a weak cross section for the o.pn channel Cl
at the given bombarding energy, the strongest lines in
this o.p spectrum were attributed to Cl. Transitions in

Cl, known [15] &om studies of the transfer reactions
Cl(t, p) and Ar(d, He), were weak in the ap-gated

spectrum. No p rays in Cl had previously been ob-
served in a heavy-ion reaction.

In the present work we used the same reaction but, in
addition to a very-high-eKciency particle spectrometer,
our setup included a neutron detector. In order to con-
firm the previous identification of the residual system,
p-ray spectra were gated on o. particles, protons, and
neutrons. Figure 1(b) shows the p-ray spectrum (ob-
tained with the same Ge detector as the singles spec-
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trum in the p-p coincidence experiment with six Ge de-
tectors) in coincidence with one n particle and one proton
(with particle-p random events subtracted). The strik-
ing enhancement of transitions in Cl, the op channel,
becomes evident by comparison of this spectrum with
the above singles spectrum. The strong transitions of

K, the p2n channel, are now suppressed by a factor
of 175 compared to the corresponding singles spectrum,
normalized to the 244 keV transition in Cl. However,
some feedthrough of p rays &om the strongest reaction
channels, in particular K, is still present in the o.p-
gated p-ray spectrum. This is clearly undesirable, since
feedthrough of the strong xn, pen, and o.xn channels in
the multiple charged-particle gated p-ray spectra compli-
cates the identification of previously unobserved p rays.
In addition, Compton scattered p rays from feedthrough
channels will contribute significantly to the background
in the particle-gated p-p coincidence matrix and will thus
adversely affect our sensitivity to weak transitions.

Nearly all of the feedthrough of unwanted channels
with one charged particle into the spectrum shown in
Fig. 1(b) can be attributed to accidental particle-particle
coincidences. An example would be an o.ppp event in
which the proton and two p rays result from the pro-
duction and decay of excited states in K, while the o.
particle comes &om an unrelated event. In Fig. 1(b) the
effective coincidence resolving time for the charged par-
ticles is determined by the electronics as 7 20 ns. The
use of fast plastic scintillators for the LE measurement
in the phoswich detector makes it possible to improve the
rejection of accidentals by employing an individual TDC
channel for each phoswich. (The TDC channels in such
a setup are started by the logical QR of all the particle
detectors. ) Because leading edge discriminators are used
for the 4m phoswich CAMAC modules, optimum timing
for the particles requires a correction (made in software)
for walk as a function of pulse height. With such a cor-
rection the full width at half maximum (FWHM) of the
timing observed between two elements of the array was
approximately 1.1 ns.

Requiring the improved particle-particle timing con-
straint as an additional condition on the particle-gated
p-ray spectra yields the spectrum shown in Fig. 1c. The
improvement in the peak-to-background ratio for the 244
keV transition in Cl in this spectrum compared to the
singles spectrum shown in Fig. 1(a) is approximately 500.
Feedthrough from transitions in 42K {the strongest tran-
sitions have energies of 107, 150, and 441 keV) is no
longer visible.

The present data also provide clear discrimination be-
tween p rays resulting from transitions in the op and opn
reaction products. This is illustrated in Fig. 2, where a
portion of the o.pn-gated spectrum of p rays is compared
to the corresponding spectrum without the neutron gate.
(In Fig. 2 the spectra of all six Ge detectors have been
combined to improve the statistics; the small contribu-
tion of p-ray feedthrough into the neutron-gated spec-
trum has been subtracted. The poor statistics in the
neutron-gated spectrum is mainly due to the relatively
low efBciency of the neutron detector, approximately 20%
for a single neutron under the kinematic conditions of the
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FIG. 2. The p-ray spectrum in coincidence with one n par-
ticle, one proton, and a neutron {bottom) compared to the
pure charged-particle {np) gated spectrum {top). The spec-
trum shown is the sum of six Ge detectors. Known transitions
in Cl are marked with an "x"; the lines marked "c" are at-
tributed to reactions on target contaminants.

B. Level scheme of Cl

A two-dimensional matrix of all p-p events in coinci-
dence with an o. particle and a proton was constructed
for analysis of the coincidence data. The statistics of the
matrix. were considerably improved by including n parti-

present work. ) Comparison of the two spectra clearly
identifies those transitions which are in coincidence with
neutrons. The four peaks marked with an "x" at the
top of Fig. 2 correspond to transitions previously re-
ported in ssC1 from a study of the (t, pp) reaction [16].
Most of the remaining peaks in this spectrum, marked
with a "c," can aH be associated with reactions on trace
chemical contaminants of the target; these reactions are
predicted by the statistical model to be quite prolific.
These contaminants include oxygen, present at a level of
approximately 0.5 at. %, and silicon, at a considerably
lower level. The latter is believed to result from crack-
ing of ambient silicon-containing vapor arising from the
use of silicone-based adhesive in assembling the phoswich
telescopes. The relatively strong peak at 437 keV almost
certainly comes from Ca. Its presence in the apnea coin-
cidence spectrum appears puzzling at first, since rejection
of the 3n channel would be sufIicient to preclude a peak
of the strength observed. A likely possibility is that it re-
sults from o.2n evaporation on a C contaminant in the
target. This reaction is predicted by CASCADE to have a
strong (60 mb) cross section. The 4m array could then
attribute an op signature to events where one of the two
neutrons interacted in one of the plastic LE detectors,
producing a recoil proton. Note that the relatively long
lifetime of the 6+ state in Ca implies that delayed p
rays can simulate neutrons in the time-of-Bight n-p dis-
crirnination method used, thereby enhancing these lines
relative to those of other possible contaminants.
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TABLE I. Experimental p-ray intensities and 135'/90'
yield ratios.

g
155.5 (3)
157.8 (3)
211.7 (2)
219.6 (2)
237.9 (2)
244.0 (2)
357.5 (2)
431.8 (3)
437.0 (2)
594.9 (4)
600.9 (3)
605.4 (6)
676.7 (3)

1175.4 (3)
1466.7 (6)
1513.6 (4)
1592.5 (4)
1781.4 (5)

2075

I~
o.4 (2)
3.o (2}

11.0 (5)
9.0 (5)
31 (1)

100 (2)
43 (2)
1o (1)
26 (2)

2.3 (5)
3.7 (5)

3.3 (1.O)'
3.2 (5)

7.1 (2.0)'
1.0 (7)

6.0 (2.0)
2.5 (5)
1.4 (5)( 0.6

R (135'/90')
b
0.84 (17)
0.99 (8)
0.67 (6)
0.83 (5)
0.96 (3)
0.94 (3)
0.99 (10)
0.87 (10)
b
b
b
0.96 (30)
b
b
0.7o (3o)
b
b
b

Efficiency corrected Ao, normalized to the 244 keV transi-
tion.

Transition too weak to extract meaningful angular distribu-
tion.
Intensity taken from spectrum at 90'.

sion to add much support to the J = 4 assignment of the
601 keV level. E2 multipolarity is suggested here, but
a parity changing M2 cannot be ruled out by the data.
The upper lifetime limit of 10 ns for the 601 keV state
obtained &om electronic timing yields a lower limit of
B(M2) & 0.38 Weisskopf unit (W.u. ) for the 8%%uo branch
which is well within the recommended upper limit. By
the same argument the existence of the 595 keV crossover
transition lends weak support to an assignment of J = 5
for the 839 keV level. An upper lifetime limit of 15 ns
for the initial state of the 244 keV transition obtained
from electronic timing does not provide a suKcient con-
straint to deduce the parity of the J = 3 state. However,
it is strongly suggested that these levels belong to the
J = (2 —5) multiplet obtained (in the simple weak-
coupling picture) by coupling of the J = 3/2+ ground
state of s7C1 to the J = 7/2 ground state of 4sCa and
therefore have negative parity.

All the states above 1 MeV were previously unob-
served. For the levels at E = 2014 and 2620 keV, the
existence of the 1781 keV crossover transition suggests a
quadrupole in parallel with two 4J = 1 dipoles. Both the
1175 and 605 keV p rays show strong Doppler shifts in
the experiment utilizing the thick Be target, suggesting
an apparent lifetime comparable to the stopping time of
a few ps. While this does not rigorously rule out a strong
E2 [a 1 W.u. E2 corresponds to a mean lifetime w = 43
ps at 1175 keV and 1.2 ns at 605 keV] it does in our view
justify the suggestion that these are the 6 and 7 yrast
states. The E = 4087 keV level is somewhat more uncer-
tain than the others. The presence of an unresolved line
which is present in the npnp coincidence spectrum (as-

sumed to be a previously unknown transition in Cl or
from a reaction on a target contaminant) precludes either
measurement of an angular distribution or any statement
about the lifetime. The suggested spin and parity of 8
should therefore be regarded as extremely tentative.

The J = 4 assignment of the 681 keV state is deduced
from the fact that the 135'/90' yield ratios of both the
158 and the 437 keV p rays are consistent with dipole
transitions. A 681 keV crossover decay was not observed.
In addition, the 437 keV transition shows clear evidence
of a Doppler-shifted component, presumably &om unob-
served fast feeding. A 50 W.u. E2 corresponds to a
lifetime of 123 ps, providing additional evidence in favor
of dipole rnultipolarity for this line. (It is worth noting
that there is a transition of nearly identical energy in the
very prolific 3n reaction product Ca. Its contribution
to the o,pp and o;@pe coincidence spectra of interest here
is negligible. ) The ordering of the 2194 and 2414 keV
levels is suggested by the observation of the weak 1593
keV transition and is approximately consistent with the
observed intensities, especially given the substantial un-
certainties. Extraction of the angular distribution for the
1514 keV transition, as well as the possible existence of a
Doppler-shifted component, is complicated by the pres-
ence of an unidentified line at approximately 1509 keV.
Straightforward integration of the stopped component of
the 1514 keV line suggest a ratio of counts at 135 and
90' which is considerably less than unity. Since the 220
keV line shows no evidence for a Doppler-shifted compo-
nent, we believe that only a small part of the deficit at
135 for the 1514 keV line can be attributed to Doppler
shifts, presumably &om weak unobserved fast feeding of
the 2194 keV level. This would suggest a mixed dipole-
quadrupole character for the 1514 keV transition and,
with the usual assumption concerning the population of
near-yrast levels, imply a probable spin of 5. The spin of
6 suggested for the 2413 keV level follows from the dipole
character of the 220 keV transition. The spins suggested
for both of these levels are clearly tentative.

The 212 keV transition was the strongest transition
previously observed in a study of the P decay of 4eS [2].
In the present data this transition was not observed in
coincidence with the 244 keV p ray or any other p ray
in coincidence with the latter, suggesting that it directly
feeds the ground state. The J = 1 assignment for
the 212 keV state was previously suggested by Warbur-
ton and Becker [6] based on a model-dependent argu-
ment. All three shell-model calculations predict the first
excited state of Cl to have J = 1 at an excitation
energy ranging. &om 64 to 253 keV. A 155 keV transition
was the only p ray clearly identified in the spectrum in
coincidence with the 212 keV line (and vice versa).

The level scheme shown in Fig. 5 does not include the
432 and 677 keV transitions listed in Table I and iden-
tified as transitions in Cl. Both transitions were also
observed in the study of the P decay of 4OS to 4 Cl by
Dufour et al. [2]. The p-ray spectra in coincidence with
both transitions were inconclusive. In addition, a 347
keV p ray was found to be in coincidence with the 244,
437, and 220 keV transitions but could not be placed in
the decay scheme.
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Upper limits on the lifetime for levels in Cl were ob-
tained &om electronic timing. The fast response from the
plastic scinitillators (w = 2 ns) used as b,E detectors in
the particle telescopes makes possible electronic timing
down to a few ns. No delayed p rays were observed; the
upper lifetime limit inferred &om the particle-p timing
spectra is about 15 ns at 200 keV and 3 ns at 1800 keV.

IV. DISCUSSION AND COMPARISON %"ITH
THEORY
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FIG. 6. Summary of the experimental and theoretical neg-
ative parity levels belovr 1 MeV excitation energy.

A summary of the experimental and theoretical infor-
mation on excitation energies of negative parity states
up to about 1 MeV in Cl is given in Fig. 6. The first
excited states were reported by Fifield et at. [1] using the
charge exchange reaction Ar( Li, Be) Cl. The uncer-
tainties in the energies of 30—40 keV due to the limited
energy resolution of the particle detectors are indicated
by the shaded areas in the first column.

All the states proposed by Kozub et aL [3] ob-
tained from an in-beam p-ray experiment using the
Be( S,np ) Cl reaction are shown in the second col-

umn of Fig. 6. Note that the level at 900 keV in this
column is based on the 220 keV p ray decaying to the
681 keV state. In the present work we have placed the
220 keV transition higher in the level scheme than was
done in Ref. [3]. The 220 keV transition thus depopu-
lates a level at E = 2414 keV. Two new p rays with
energies of 1514 and 1593 keV depopulate the 2194 keV
level; these were not observed by Kozub et a/. , who did
not report any transitions with E~ greater than 601 keV.
The summed intensities of the two new transitions are
approximately equal to that of the 220 keV transition
(see Table I).

The results of the present work for the states below
1 MeV in column three are shown in comparison to the
states predicted by the shell-model calculations of War-
burton and Becker [6]. Note that a constant offset of
208 keV has to be added to the values published in Ref.
[6] for all 3 and 4 states in order to obtain the cor-

rect excitation energies [20]. The corrected levels are
shown in the fourth column. These shell-model results
are in very good agreement with the experimental find-
ings. The mean deviation of the excitation energies for
the six excited states shown in Fig. 6 is 95 keV.

The predictions of Ji and Wildenthal [5] have been in-
cluded in the fifth column of Fig. 6. This calculation
was based on a shell-model space of valence neutron and
proton 1ds~2, 1 '/2 orbitals where the parameters for an
effective interaction between the valence particles were
adjusted to reproduce the excitation energies of low-lying
levels in this mass region. This leads to notably different
results compared to other two calculations where the Sd
shell was fully (Warburton and Becker [6]) or partially
(Woods [4]) included in the model space. In particular,
the second excited state is predicted to have J = 4
and the first 3 state lies about 300 keV higher, in con-
tradiction with experiment. The rather poor agreement
suggests that the Ods~2-Ofq~2 model space is insufhcient
and that the effect of the 18iy2 and 1p3y2 orbitals, which
were not included in this calculation, is not negligible.

The calculation by Woods [4] using the Chung-
Wildenthal matrix elements for the sd shell, shown in
the last column of Fig. 6, produces all the states ob-
served experimentally below about 1 MeV with a mean
deviation of 149 keV. Woods' second calculation, us-
ing the Wildenthal "universal" sd-shell interaction, does
not generate a second 4 below about 1.5 MeV and was
therefore not included in the present comparison.

In addition to the low-lying energy levels discussed
above, the present work provides for the first time ex-
perimental information on higher-spin states with exci-
tation energies above 1 MeV. These are states that, in
a simple weak-coupling model, go beyond the coupling
of the ground state of Cl to the ground state of Ca.
Only the work of Ref. [6] reports predictions for states
with J ) 5. Experimental and theoretical excitation en-
ergies for the negative parity yrast states are compared in
Fig. 5, with the theoretical predictions shown on the left.
The theoretical results are in good agreement with ex-
periment. The predictions are systematically somewhat
too high with a mean deviation for the 6, 7, and 8 yrast
states of 252 keV.

Further insight concerning the success of the shell-
model calculation of [6] can be obtained from a con-
sideration of the information obtained regarding electro-
magnetic transition probabilities, both the experimental
branching ratios and the limited information on level life-
times. To begin with the negative parity yrast states,
Warburton and Becker predict lifetimes of 23, 90, and 23
ps, respectively, for the lowest 3,4, and 5 levels. This
is consistent with the observation of no Doppler-shifted
components for the 244, 357, and 238 keV transitions.
The experimental branching ratios for this (2-5) multi-
plet are also well accounted for, the calculation predicting
dominant M1 decays and weak E2 crossovers in agree-
ment with experiment ~ The relative intensity of the 601
keV transition is experimentally observed to be about
half the predicted value, whereas for the 5 state the
relative intensities of the 238, 595, and 158 keV transi-
tions are all reproduced to better than 10'%%uo, assuming
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the latter is identified with the transition to the second
4 state. For the higher yrast states the calculation pre-
dicts shorter lifetimes (0.7 and 0.9 ps, respectively, for
the yrast 6 and 7 states) in agreement with the obser-
vation of Doppler-shifted components for the 1175 and
606 keV transitions. The relative branching of the yrast
7 state is also quite well reproduced by the calculation,
which predicts nearly equal branches to the yrast 5 and
6 states, as observed. The very limited experimental in-
formation on the tentatively proposed (8 ) state is con-
sistent with the calculation: a 25'%%u0 E2 crossover is pre-
dicted, consistent with the upper limit of about 40%%u0 for
the (unobserved) 2075 keV transition to the (6 ) state.
Unfortunately, the present data do not permit a more
quantitative asssessment of the absolute transition prob-
abilities.

The comparison of the experimental branching ratios
with theory for the nonyrast states beyond the 5i -42
transition already noted is limited by the fact that we
are unable to make a unique association between the cal-
culated levels and those observed experimentally. For
example, in the calculation of [6] there are 31 negative
parity states below E = 3 MeV, whereas only 12 levels
are observed in the present work. This is to be expected
if the fusion-evaporation reaction mechanism strongly fa-
vors decays through yrast and near-yrast states. Possible
theoretical counterparts for some of the nonyrast levels
are shown on the right side of Fig. 5. The 52 and 62
levels are predicted at E = 2450 and 3012 MeV, re-
spectively, and may be tentatively associated with the
experimental levels at 2194 and 2413 keV. With this as-
sociation, the dominant branch of the 52 state to the
42 state is correctly predicted; the substantial branch
(approximately 30%%uo) observed to the 4z is negligible in
the calculation. For the possible second 6 state the
situation is even worse. The theory predicts a strong
decay to the lowest 5 state, whereas experiment sug-
gests only a decay to the (possible) second 5 state. In
a similar vein, the experimental level at 367 keV could
be associated with the second 2 state in the calcula-
tion. However, the model state decays predominantly to
the ground state, whereas the 367 keV state decays only
to the lowest 1 state. Further speculation along these
lines is not worthwhile until the experimental spins and
parities are placed on a firmer foundation. In addition, it
would be useful to have additional information concern-
ing nonyrast levels which may have been missed in the
present experiment.

Finally, it is interesting to note that attempts have
been made to infer information about the ordering of
the low-lying levels of Cl by extrapolation from less
neutron-rich systems. For example, Fifield et al. [1] sug-
gested spin assignments for the low-lying 2 -5 multi-
plet by analogy with Cl. This would not be expected
to work well. In the simplest shell-model picture, Cl is
described as (mds/2) x (v f7/2) whereas Cl has two
additional neutrons in the f7/2 shell. The two additional
neutrons can have a strong inBuence on the level order-
ing, as can be seen by comparing the level schemes of K
[(~ds/2) '(vf7/2)'] and K [(~ds/2) '(vf~/z) ). A bet-

ter semiempirical estimate of the Cl level order can be
obtained by treating the three f7/2 neutrons as a single
particle and applying a Pandya particle-hole transforma-
tion to the experimental level scheme of K. This pro-
cedure predicts the 3, 4, and 5 states at excitation
energies of 344, 589, and 794 keV, in excellent agreement
with experiment.

V. CONCLUSIONS

The present work establishes the yrast level scheme of
Cl up to a tentative spin 8h and 4.087 MeV of exci-

tation. A total of 18 p transitions were identified and
assigned to Cl on the basis of charged-particle-p and
charged-particle-neutron-p coincidences. The p-p coinci-
dence relationships and relative p-ray intensities lead to
a level scheme of Cl comprised of 16 transitions. Spins
and (somewhat more tentatively) parities have been sug-
gested for most of the levels observed. The experimental
results are compared to theoretical predictions of three
diferent shell-model calulations. Both the level energies
and relative electromagnetic decays of the yrast negative
parity states up to 1 = (8 ) are well accounted for
by a shell-model calculation utilizing the full 8dfp model
space. The results suggest that the shell-model can give
a quantitative description of neutron-rich nuclei in this
mass region.

The present work also demonstrates that the simulta-
neous detection of multiple charged particles in coinci-
dence with p rays (in the present case fourfold coinci-
dences) is a very powerful tool for the investigation of
very neutron-rich nuclei. We note that useful spectro-
scopic information has been obtained for transitions with
intensities of approximately 1% of the strongest transi-
tion in a reaction channel which accounts for much less
than l%%u0 of the total reaction cross section. This corre-
sponds to a level of sensitivity which is comparable to
that achieved in the best work which has been done to
date with recoil mass separators [21].
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