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Abstract. We present a study on the 3 decays of the neutron-rich isotopes 3"Al and 3¥Al, produced by
projectile fragmentation of a **Ca beam with an energy E = 345 A MeV at the RIKEN Nishina Center. The
half-lives of 3" Al and 3® Al have been measured to 11.5(4) ms and 9.0(7) ms, respectively, using the CAITEN
implantation and decay detector setup. The level schemes for 37Si and 28Si were deduced by employing -y
coincidence spectroscopy following the event-by-event identification of the implanted nuclei. Comparison
to large scale nuclear shell model calculations allowed for a tentative assignment of spin and parity of the
populated states. The data indicate that the classical shell gap at magic neutron number N = 28 between
the v f7 /2 and vps /5 orbits gets reduced by 0.3 MeV in this region leading to low-energy states with intruder

configuration in *’Si.

1 Introduction

The driving force for the change of shell gaps and effec-
tive single-particle energies (ESPEs) towards nuclei with
extreme isospin is the monopole term of the residual in-
teraction that is dominated by the tensor force [1]. In re-
cent years the tensor force was successfully included in the
residual interaction to calculate two-body matrix elements
(TBMESs) [2]. An important consequence of the influence
of the tensor force is the formation of the N = 20 island
of inversion for neutron-rich nuclei around 3?Mg and an
area of low-lying intruder states around *1Si [3-7] across
the N = 28 shell gap. To study the evolution of the silicon
isotope chain from the doubly magic 34Si [8] at N = 20 to
the deformed 2Si [9,10] at N = 28, the nuclear structure
of the N = 23,24 nuclei 3738Si was investigated by decay
spectroscopy of 3738 Al

# e-mail: Roman.Gernhaeuser@tum.de

2 Experiment

The experiment was performed at the Radioactive Iso-
tope Beam Factory (RIBF) [11] operated by the RIKEN
Nishina Center and the Center for Nuclear Study, Uni-
versity of Tokyo. Neutron-rich nuclei were produced via
the relativistic projectile fragmentation of “3Ca projectiles
from the Superconducting Ring Cyclotron (SRC) with
an energy F = 345 AMeV and an average intensity of
70pnA, incident on a rotating beryllium target with a
thickness of 15 mm. The nuclei of interest were separated
and identified with the BigRIPS spectrometer [12] and the
zero-degree spectrometer (ZDS).

The experiment was performed in a parasitic mode
with reaction experiments being carried out at the focal
plane F8 with the DALI2 NaI(Tl) ~-ray detector [13,14]
using various secondary targets. The beam-like reaction
products and unreacted beam were separated and iden-
tified in the zero-degree spectrometer (ZDS) using the
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Fig. 1. Particle identification in the ZDS between F8 and F11.
The mass resolution of the ZDS is AA = 0.23 (FWHM) and
the nuclear charge resolution is AZ = 0.30 (FWHM). Top:
39Ne setting. N = 20 isotones are marked in black. Bottom:
36Mg setting. N = 24 isotones are marked in black.

AFE — Bp — velocity method with measurements at F8
and F11. The energy loss AFE of the ions was measured in
a MUSIC! detector located at the final focus F11, the Bp
was determined from position measurements of PPAC?
detectors at the focal planes F9 and F11 and the time
of flight (TOF) was measured between two thin (200 ym)
plastic scintillators at F8 and F11 with a flight path of
37m in between. The mass resolution was AA = 0.23
(FWHM?) and the nuclear charge resolution was AZ =
0.30 (FWHM). Figure 1 shows the particle identification
of the ZDS for the two settings analyzed in this work.
The selected ions were implanted into the CAITEN
detector (Cylindrical Active Implantation Target for Ex-
otic Nuclei) [15] at a rate of typically R = 100-500 Hz
distributed over typically 4 pixels of the CAITEN de-
tector. CAITEN is a highly segmented detector for im-
plantation and 3 decay studies of short-lived nuclei. It
can handle high implantation rates up to several kHz of
heavy ion cocktail beams and is able to measure half-
lives in the range of milliseconds up to several hundreds of
milliseconds. It consists of two subsystems: A segmented

L MUSIC: Multi Sampling Ionization Counter.
2 PPAC: Parallel-Plate Avalanche Counter.
3 FWHM: Full width at half maximum.
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movable hollow cylinder made of plastic scintillator pixels
(6 x 6 x 20mm?) and 24 stationary position-sensitive pho-
tomultiplier tubes (PSPMTs) arranged on a ring inside
the scintillator at the height of the beam line. Implanta-
tions and decays are detected with position and time in-
formation. The scintillator is moved across the PSPMTs
at a speed of about 1m/s to reduce background decays.
Only with this motion is it possible to handle the large
implantation rate. An additional vertical motion of 2 ==
reduced long lived background contributions in the first
part of the experiment. To be able to modify and control
the implantation depth of the ions in the CAITEN scintil-
lator, a remotely controlled variable thickness aluminum
degrader was placed at F11 at a distance of 1 m upstream
of the implantation detector.

The implanted nuclei are transported away from the
implantation position and further implantations can be
detected at this position. The decays of the implanted
nuclei are detected at a different position and have to
be correlated with the implantations in time and space
(position-time correlation PTC). To distinguish real cor-
relations from random correlations, a random correlation
subtraction (RCS) is performed using correlations with
a negative time difference between implantation and de-
cays. Details of the method were recently published [16,
17]. Three germanium clover detectors were used to de-
tect B-delayed ~y-rays. They were placed close to the im-
plantation position of the CAITEN detector facing the
scintillator surface.

3 Results

The experimental method, its systematic uncertainties
and the influence of the analysis procedure have been
studied in detail using the well known (-decay of *°Ne
available at high statistics in this experiment. Half-life,
B-delayed ~-rays after the decay of **Ne and 3-y-v coinci-
dences have been tracked through all steps of the analysis.
The level scheme of the daughter nucleus *°Na could be
constructed: Six known y-rays [18] with energies 151, 367,
410, 1598, 1963 and 2113keV were detected in the spec-
trum with RCS and in addition a 776keV low-intensity
~v-ray was measured and verified with y-v coincidences.
The 3°Na experimental level scheme and a half-life of
t1/2(**Ne) = 7.18(22) ms, measured with coincident ~-
rays, nicely reproduce the results of a previous 3 decay
experiment (tlli}2(30Ne) = 7.3(3) ms).

3.1 Decay of 3Al

The B-delayed ~-ray spectrum for the decay of %Al is
shown in fig. 2 before and after RCS for comparison. Ta-
ble 1 gives the relative intensities of the measured transi-
tions. The random background subtraction is very effec-
tive in reducing the uncorrelated decay background, which
is dominated by the decay of 37Al nuclei that are pro-
duced with the highest rate (see fig. 1). At the same time



Eur. Phys. J. A (2015) 51: 117

180

'si)

160

562

1074 (*si)
1409 (*si)

=
S

TT
3G

418 (**si)
717 ('si)
1159 (**si)

2
&

B
Si)

100

Counts / 2 keV
68 (
1470 (*si)

@

m" MWH &‘HM\LJ k!’iMﬂ' ‘An# lm."w v’“\ g ludoalel 10

P
600

S
3
1115 (*'Si)

1270 (si)
1301 ('P)

IS
S

o
TTT H\‘H\‘\H‘\H‘\H‘\

8

(

o

P R B . . P
200 300 0w 300" 1400
Enerc) [ke\]

36-38g5)

2211 (**Si)

3656 (

Counts / 4 keV
5

HW[ “ "‘H'q' \MM iy ‘1 il |r I

NM ”l\ 'M "; ik ‘w‘n il || ik

2[)0[]

0

L L L L L L L L
3000 3500 4000

251)0
Energy [keV]

Fig. 2. B-delayed v-ray spectrum after the decay of *¥Al. The
black (red) spectrum corresponds to implantation-decay cor-
relations with(out) background subtraction within 10 ms after
an implantation. Lines which could originate from the daughter
388i are marked in bold.

Table 1. Relative intensities I of (-delayed 7-rays after the
decay of 3®Al, normalized to the -ray peak at an energy of
1074 keV and corrected for efficiency. Columns 4 and 5 indicate
counts from a peak fit with linear background subtraction for
PTC and RCS spectra and column 6 shows the counts for v-v
coincidences and the corresponding energies.

Energy I Nucleus | Counts | Counts “Yeoinc

(keV) | relative PTC RCS | keV:cnts
68 > 7% | 37Si? 87 60
156 | 15(7) | 37Si 1056 107

418 32(5) | *8si 162 136 1074:4

1074 | 100(12) | 3%Si [10] 280 252 418:4

1159:1

1470:2

2211:1

1159 | 59(7) | *%Si [10] 156 141 1074:1

1470:1

1470 | 42(5) | 38si 89 89 | 1074:2

1159:1

2211 20(5) | *8Si 25 31 1074:1
3656 16(6) | 257%8si 18 17

& The vy-ray efficiency below 100keV is not known accurately.
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Fig. 3. [-delayed ~-ray spectra after the decay of 3¥Al for
implantation-decay correlations within 10 ms after an implan-
tation with random correlation subtraction (RCS). Transitions
in the daughter 38Si and the $-n daughter are marked.

the intensities for the transitions in 3Si remain mostly
unaffected. To provide a clear view on the (-delayed -
rays of 38Al, the black spectrum from fig. 2 is expanded
in fig. 3. New y-ray peaks with energies 68, 418, 1074,
1159, 1470, 2211 and 3656 keV were identified. In addi-
tion, the 156 keV ~-ray corresponds to a transition in the
[-n daughter 37Si (see sect. 4.2).

The sum energy of the 1159 and 1470keV transitions
is equal to the sum of the 2211 and 418keV transitions,
establishing a level at 3703 keV. The -+ coincidence spec-
trum after the decay of 38Al gated on the established
1074 keV v-ray contains four events at 418 keV, two events
at 1470 keV and one event each at 1159 and 2211keV (see
fig. 4). Assuming that each of the transitions is followed
by a 1074keV transition, approximately three coincident
events at 418keV, three events at 1159keV, two events
at 1470keV and one event at 2211keV are expected. So
the 418keV transition can be assigned to a deexcitation
in 38Si which appears in the same cascade as the 1074keV
line. Four background events at (418 + 2) keV can be ex-
cluded with a probability P > 99% fitting a background
energy spectrum to the data which has an exponential
shape. In addition it is most likely that also the 1470 and
2211keV lines are transitions in a cascade with 1074 keV.
There are two events at (1470 £+ 2)keV and one event

t (2211 + 2) keV coincident with a 1074 keV transition.
These are exactly the numbers expected from the effi-
ciency evaluation. Even at this low statistics they are
excluded to result from background by P > 99% and
P = 98%, respectively. The one coincident event measured

t (1159 £ 2) keV does not correspond to a background
event with a probability of P = 94%. As no coincident
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Fig. 4. v-v coincidence spectra after the decay of 38 Al within
10 ms after an implantation. Top: Gated on the 1074 keV tran-
sition: The line at 1074keV is coincident with four events at
418 keV, two events at 1470keV and one event each at 1159
and 2211 keV. Bottom: Gated on the 1470 keV transition: Two
events at 1074 keV and one event at 1159 keV are measured.

vy-rays are measured with the lines at 68 and 3656 keV,
they may in principle originate from either 38Si or the j3-
(2)n daughters 36:37Si. However, for both transitions it is
possible to identify with high likelihood from which nu-
cleus they originate. As discussed in detail in 4.2 we pro-
pose that the 68 keV gamma line belongs to the 37Si level
scheme, being here produced by the beta-delayed neutron
emission of 38 Al. For the 3656 keV transition we argue, as
discussed in sect. 4.1, for a placement in 3¥Si.

3.2 Decay of 3Al

The (-delayed v-ray spectrum after the decay of 37Al is
shown in fig. 5. y-rays with energies 156, 562, 717, 1115,
1202, 1270, 1409, 1441 and 1504 keV were detected in the
spectrum after RCS. The known v-rays with energies 1409
and 1441keV correspond to the 2] — Og‘s and 47 — 2
transitions in the 3-n daughter 36Si, respectively [19]. All
measured y-rays are prompt with respect to a detected 3
decay and have their maximum intensity within the first
10 ms after an implantation.

~-7v coincidences are detected for the 156 keV ~-ray
with transitions at 562 and 1115keV (see fig. 6) and for
the 1504 keV ~-ray with the 1409keV transition. As the
1409 keV ~-ray originates from 26Si, the 1504keV ~-ray
must be a transition in 36Si, too. No coincident ~-rays
could be established with the 717, 1202 and 1270keV ~-
rays. The coincidence between the 156 keV line with the
highest intensity and 562keV ~-rays, and the observa-
tion of the summed energy transition 717 keV establishes
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Fig. 5. (-delayed ~-ray spectrum after the decay of 37Al for
implantation-decay correlations within 10 ms after an implan-
tation with random correlation subtraction (RCS). Previously
unknown lines from transitions in the daughter 37Si and lines
in the B-n daughter 2°Si and in the granddaughter *"P are
marked.

Table 2. Relative intensities I of (-delayed ~-rays after the
decay of 37Al, normalized to the 7-ray peak at an energy of
156 keV and corrected for efficiency. Columns 4 and 5 indicate
counts from a peak fit with linear background subtraction for
PTC and RCS spectra and column 6 shows the counts for v-vy
coincidences and the corresponding energies.

Energy 1 Nucleus | Counts | Counts Ycoine
(keV) | relative PTC RCS | keV:ents
156 | 100(4) | 37Si 13939 | 4060 | 562:195
1115:15
562 | 95(6) | 37Si 6423 1889 | 156:195
717 | 40(4) | *7Si 2141 693
1115 | 14(4) | 37Si 622 186 | 156:15
1202 | 11(4) | 37Si? 393 149
1270 | 16(4) | 37Si 77 201
1409 | 71(7) | *°Si [19] 3333 842
1441 9(3) | *5Si [19] 325 107 | 1409:2
1504 10(3) | 3%si 386 112 1409:4

a level at 717keV. Similarly a level at 1270keV is pro-
posed on the basis of the observed 1115 and 156 keV 7-rays
as well as on the summed energy transition at 1270keV.
Table 2 shows the relative intensities of the measured
transitions. Note that the random background subtrac-
tion leads to a substantial reduction in the intensities of
the transitions in 37Si. However, this is expected since the
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Fig. 6. v-v coincidence spectra after the decay of 37 Al within
10 ms after an implantation, gated on the transition indicated
in the spectra. The line at 156 keV is coincident with the lines
at 562 and 1115keV. A comparison of the numbers of the 156—
562keV and 156-1115keV coincident events is consistent with
the assumption that each 562 or 1115 keV transition is followed
by a 156 keV transition. The line at 1504 keV is coincident with
the line at 1409 keV, which originates from 3°Si.

random background is dominated by the decay of 37Al
being the most abundant isotope implanted (see fig. 1).

From the relative intensities of the v-ray transitions
and the relative efficiency calibration of the detector setup
we also deduced some estimates on the decay branching
ratios. The sum of intensities for the 562 and 1115keV
transitions feeding the 156keV level equals that of the
156 keV transition, indicating that that there is no direct
[-decay feeding of the 156 keV level.

The 717keV and 1270 keV levels are directly populated
by the § decay as no significant y-transitions feeding these
levels were observed. The experiment cannot distinguish
if the 1202keV peak originates from the  decay daugh-
ter 37Si or the 3-(2)n channel. However, we recall that a
68 keV v-ray was observed following the decay of *3Al (see
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sect. 3.1) and therefore the 1202keV transition might be
a decay branch from the 1270keV level in 37Si, populat-
ing a level at 68 keV. Such an additional low-lying state is
expected from shell model calculations and we associate
it with the predicted 7/27 state, as explained in sect. 4.2.
However, this raises the question why the 68 keV transi-
tion has not been observed in the decay of 37 Al. The main
reason for this non-observation might be the fact that the
68keV level is only weakly populated via the 1202keV
transition depopulating the 1270keV level, which is pop-
ulated in only 16% of the ®7Al decays, with a branching
ratio of about 26%. Thus we expect a population of the
68 keV level only in about 4% of all beta decays of 37Al
At the same time the negative-parity ground state of 33 Al
has a large (up to 80% (K. Yoneda et al., RIKEN Accel.
Prog. Rep. 32, 78 (1999))) beta-delayed neutron branch,
which strongly populates low-lying negative-parity states
in 37Si, as evidenced by the observation of the 156 keV
transition, which we associate with the predicted 3/2~
state, as explained in sect. 4.2. In addition, the 68 keV is
lying very close to the trigger threshold of the germanium
clover detectors, which reduces the efficiency for this tran-
sition substantially. This is apparent in the relative inten-
sities of the 156 keV and 68 keV transitions in fig. 3 where
the 68keV is greatly reduced even though one might ex-
pect similar popualtion in the beta-delayed neutron decay
of 3¥Al. Thus even though the 1202keV transition has
been observed following the decay of 37Al, the low detec-
tion efficiency is likely the reason for the non-observation
of the 68keV transition.

Though there were no neutron detectors in the setup
used it is possible to give a lower limit for the proba-
bilities of emitting one or two neutrons after the § de-
cay P(n) and P(2n). This is based on the reasonable as-
sumption that the ground states of 36:37Si are not directly
populated by 3(-n) decays of 3TAl. In this case an emis-
sion of the 1409keV 2 — 04 line in 36Si is expected
after each of the (-n decays. With this assumption we
can convert the relative v-intensities into upper limits for
B branching ratios and lower limits for P(n) > 29(3)%,
P(2n) > 1(1)% and log(ft) values, see fig. 7(a). The ex-
perimental log(ft) values are calculated with the input
parameters Qg(3"Al) = 16.40(15) MeV [20], the experi-
mental half-life ¢1/5(*"Al) = 11.5(4) ms (see sect. 3.3) and
the @ branching ratios.

3.3 Half-lives

The half-lives of 3738 Al were determined in coincidence
with the v-rays originating from the y-decay of the daugh-
ter nuclei 3”38Si in order to get rid of random background
contributions arising from the decay of all implanted nu-
clei and their longer-lived daughter radioactivities. For
the half-life of 37Al the v-rays in the 8 decay daugh-
ter 37Si with energies of 156, 562, 717, 1115 or 1270 keV
and for 3%Al the 7-rays in the daughter 3®Si with an
energy of 418, 1074, 1159 or 1470keV were used. The
decay time spectra are fitted with a simple exponential
function f(t) = C - exp(—At) with two fit parameters:
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Fig. 7. Experimental level schemes and shell model calculations of 3738Si. The ~-transitions and levels are labeled with
the energy in keV. The widths of the arrows indicate the relative v-ray intensities from the tables 1 and 2 without considering

conversion ratios. (a) Experimental level scheme of *”Si. (b) Shell

model calculation of 37Si using the SDPF-MU interaction [24].

(c) Shell model calculation of 3Si using a modified SDPF-MU interaction. See the text (sect. 4.3) for details. (d) Experimental
level scheme of *3Si. (e) SDPF-MU calculation of 3¥Si up to an excitation energy of 3 MeV. Beyond 3 MeV there is a large level

density and only selected levels are shown.

A scaling factor C' and a decay constant A = In2/t; 5.
The resulting half-lives of t;/5(*"Al) = 11.5(4)ms and
t1/2(**Al) = 9.0(7) ms are consistent with previous mea-
surements of tlli;2(37Al) = 10.7(13) ms and tlliPQ(BSAl) =
7.6(6) ms [21], respectively. The results of Quasi-particle
Random Phase Approximation (QRPA) calculations [22]

t?/%PA(WAl) = 6.8ms and t?gPA(%Al) = 5.0ms are in

reasonable agreement with the experimental results.

4 Discussion
4.1 Structure of 38Si

In refs. [23,10] the structure of 38Si was investigated by
means of inelastic scattering and multi-nucleon removal
reactions, respectively. Three v-rays with the energies of
1071(12), 1168(22) and 1284(26) keV were measured in
these experiments. The 1071(12) keV transition was as-
signed to the 2 — 04 transition and the peaks at en-
ergies of 1168(22) keV and 1284(26) keV were candidates
for the 47 — 2 transition. The present work confirms
the 1074 keV peak as the best candidate for the 2] — 04
transition as it has the largest intensity and the four tran-
sitions at 418, 1159, 1470 and 2211keV are measured in
coincidence with it. The 1159 keV line is likely correspond-
ing to the 1168(22) keV transition in the previous exper-
iments and is a candidate for the 47 — 2] transition
in 28Si. A comparison of the proposed experimental level
scheme and a SDPF-MU [24] shell model calculation for
38Gi is shown in fig. 7(d) and (e). The observation of the

1470keV-1159keV-1074keV cascade suggests a state at
3703 keV strongly populated by the 3 decay of 3¥Al. With
a dominating ~ transition branch into the 4f state, very
low spins for this level can be excluded. The SDPF-MU
calculation of 38Al predicts a 0~ ground state and a low-
lying 5= first excited state. The (§ decay from this 5~
state most strongly populates the 47 state (with a cal-
culated excitation energy of 3611keV) which is a good
candidate for the experimental 3703 keV state. From the
decay pattern the 3285 keV state could be a 37 (calculated
at 3511keV) or a 3~ (3570keV) state.

The observed 3656 keV line is also most likely a part
of the 3Si level scheme as we will show here. A place-
ment in 37Si is basically impossible due to its low neu-
tron separation energy of 2.27 MeV. To populate a state at
3656 keV in 26Si via beta-delayed 2-neutron emission, re-
quires substantial GT strength B(GT') to be present above
11.576 MeV in 33Si. Shell model calculations were carried
out for the B(GT) distribution as well as for partial and
total half-lives for the decay of 3®Al. Partial half-lives of
the 0~ and 5~ states for the population of states above
11.576 MeV in 38Si were found to be 125ms and 141 ms,
respectively. At the same time the calculations predict
total half-lives of 8.8 ms and 8.3ms for the 0~ and 5~
states, respectively, which are in good agreement with the
measured half-live of 9.0(7) ms. The decay branching ra-
tio to states above 11.576 MeV is thus only expected to be
around 6-7% and inconsistent with the observed intensity
of the 3656 keV transition.

Therefore it is most likely that the 3656 keV transition
is associated with a decay within 38Si. Since there was not
sufficient statistics we could not establish or exclude if the
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3656 keV transition is a ground state transition or feeds
the 21 state at 1074keV. In case it were a ground state
transition, the decay would have to come from a 1~ state
at 3656 keV. The shell model calculations predict a 1~
state at 3.9 MeV. This state would have to be populated
from the beta decay of a different parent state in 33 Al than
the state at 3703 keV, which is, as discussed above, most
likely the 4; state. This favored scenario is consistent with
the prediction of a 0~ ground state for 3¥Al decaying to a
1~ state at 3656keV in 38Si.

4.2 Structure of 37Si

Figure 7(a)-(c) show a comparison of the experimental
level scheme for 37Si with shell model calculations. Large
scale shell model calculations have been performed using
the SDPF-MU effective interaction [24]. The ground state
of the 3 decay parent nucleus 37Al is calculated to have
the quantum numbers J™ = 5/2F. Thus, allowed Gamow-
Teller (GT) transitions are only possible to 3/2%, 5/2%
or 7/2% states in 37Si. The calculation predicts five states
with an even parity below the neutron separation energy of
Sy = 2.27(11) MeV [20]. All these states are dominated by
a 1-hole configuration in the neutron ds,, shell compared
to 8Si: #8Si (0,) @ (vds o)t for the 3/2] state and *8Si
(27)®(vds)s) ! for the 1/27,3/25,5/21 and 7/2] states.
According to these calculations the 5/27 and 7/2] states
in 37Si are dominated by a (v f7/2)® neutron configuration
on top of a 34Si core. The 3/2] state has a strong mix-
ing of the configurations (v f7/2)* and (v f7/2)* @ (vp3/2)!
and the 3/2; state has an almost pure (v f7/2)* ® (vp3/2)!
configuration. Comparing the excitation energies and the
log(ft) values of the SDPF-MU calculation with the ex-
periment the 717keV state is likely to correspond to the
3/21+ state. Although the 1270keV state is close in energy
to the 1/2 state in the SDPF-MU calculation it can-
not be populated in an allowed (8 decay from the 5/2%
ground state of 37Al. Therefore the 1270keV state most
likely corresponds to the 5/ 21+ state even though the cal-
culated excitation energy is 0.35MeV too high. For the
states at 717 and 1270keV there is a good agreement of
their experimental lower limits for the log(ft) values of
log(ft)717 keV > 449(4) and log(ft)1270 keV > 494(9) with
the SDPF-MU calculation log(ft)SPEF-MU > 464 and

3/27
log(ft)gl/j;F‘MU > 5.12. A quenching factor of ¢ = 0.77
1

was used in the SDPF-MU calculation of the log(ft) val-
ues. As the 156 keV state is populated by transitions from
the 3/2] and 5/2] states, it should be assigned to the
3/2] state in the SDPF-MU calculation. A 7/2] assign-
ment to the 156 keV state which is close in excitation en-
ergy, can be excluded because this would lead to a ~-
feeding of a 7/2~ state from a 3/2% state by an M2+E3
transition which could not compete with an E1 transition
from the 3/2] state to the 5/2] state. The ground state
is populated, in addition to the 156 keV ~-ray, by transi-
tions from the 3/2] state at 717keV and the 5/2] state
at 1270 keV which can compete with the 562 and 1115 keV
E1 transitions to the 156keV state. Consequently the
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Table 3. Energy differences between the 3/2] and 5/2] states,
excitation energy of 3/2] states in ***7Si and 2] energies in
36:38Gi. The %°Si data is taken from [8]. (a) Experimental re-
sults; (b) SDPF-MU calculation; (c¢) Modified version of the
SDPF-MU calculation, see the text for details; (d) SDPF-MU
calculation with switched off cross-shell tensor-force.

| Energies (keV) [(a) [() |(© [@) |

G AB(37,37) | 1194 | 1763 | 1548
Sii AB(2),57) | 553 | 1033 | 854
338i: B(2]) 1409 | 1609 | 1406
388i: B(27) 1074 | 1260 | 1062
¥Si: B(3,) 910 | 1222 | 946 | 1887
¥1Si: B(3)) 156 | 248 | 130 | 378

ground state can be assigned to the 5/2 state from the
shell model calculation. With this assignment the multi-
polarities of the 717 and 1270 keV transitions are both E1.
The 68keV state can be assigned to the 7/2] state based
on the SDPF-MU calculation. The three transitions with
the energies of 1115, 1202 and 1270 keV which deexcite the
5/27 state at 1270keV have similar intensities and are E1
transitions. A 1437(27) keV ~-ray transition observed in
Coulomb excitation [25] on 37Si has not been observed in
the 8 decay studies reported here. This non observation
strengthens the discussion in [25,26] that its origin might
be a knockout reaction on 37Si leading to the observation
of the 1409keV 2] — 0J; transition in 6Si.

4.3 Modified shell model calculation

The shell model calculations with the SDPF-MU interac-
tion predict an almost pure (2] )® (vds/2) ! configuration
for the 5/27 states in *>37Si, while a (05;) @ (vd3/2) ™"
configuration relative to 3638Si is predicted as dominant
configuration for the 3/2] states. The excitation energies
E(2]) of the 2 states in 36:38Si and the energy differences
of the 5/2] and 3/2 states in ®>7Si, which stem from
these E(2]) energies, differ for the SDPF-MU calculations
and the experimental results by 0.2 MeV and 0.5 MeV, re-
spectively, see table 3. In addition the 3/2] state in 3°Si
is calculated 0.3 MeV too high. Without the cross-shell
tensor force the energies of the 3>37Si 3/2 states are cal-
culated too high by a factor of 2. In order to improve
the description of the level energies a calculation was per-
formed with a modified SDPF-MU interaction, with the
following two key parameters changed: 1) The TBMEs
(fz/2f7/2|V | f7/2f7/2) 1=0 Were decreased by 15% to repro-
duce E(2]) in 3538Si. This modification is similar to the
one introduced in the SDPF-U interaction [27] to describe
this region of nulcei. As a consequence the energy differ-
ences of the 3>37Si 5/27 and 3/2] states get smaller by
0.2MeV but are still 0.3 MeV larger than the experimental
results. 2) The single-particle energy (SPE) of the vps/o
level was lowered by 0.3 MeV to account for the measured
excitation energy of 3/2] states in 3>37Si. Since the ?>Si
3/27 state shows an almost pure (vps /2)1 single-particle
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configuration and the ®7Si 3/2] state has a strong mix-
ing of the configurations (v f7/2)* and (vf7/2)* ® (vp32)*,
these states are very sensitive to the size of the N = 28
shell gap. The improved agreement between the exper-
imental and calculated energy of the 3/2] state using
the modified SDPF-MU calculation (see table 3) indicates
that already in 3°37Si the NV = 28 shell gap is reduced as
compared to the unmodified interaction. The 37Si 3/27
state with only an excitation energy of 156keV is pre-
dicted to have strong intruder components: The calculated
mean neutron occupation numbers in the fp-shell are 2.22
for the f7/5, 0.66 for the ps3/e, 0.08 for the f5/,5 and 0.05
for the p; /5 subshells, respectively. As shown in the work

of Sohler et al. [5], the 3/2] states have even larger in-
truder components in %4'Si and the 3/2] state becomes
the ground state in *!Si.

5 Summary

For the first time (-delayed ~y-rays were measured follow-
ing the decay of 37Al. With this information and guided
by shell model calculations a level scheme of 37Si could
be constructed with excited states at 68, 156, 717 and
1270keV. From the determined log(ft) values and a com-
parison to shell model calculations, tentative spin and par-
ity assignments were made. The positive-parity states are
populated in allowed 3 decays from the 5/2% ground state
of 37Al and have a 1-hole configuration with respect to
the ground state (0}) @ (vds/2)~"! and first excited state
(21) ® (vds/2) ™" of *Si. A reduction of the N = 28 gap
in shell model calculations consistently reproduces the en-
ergy of the 35Si 3/2] state and the 3/2] state in 37Si
with strong intruder components. The level scheme of 3%Si
could be extended by two states at 3285 keV and 3703 keV
with likely spins of 3 and 4, respectively.
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Nishina Center, RIKEN and CNS, University of Tokyo. It
was supported by BMBF (06MT9156, 05P12WOFNF), DFG
(Cluster of Excellence: “Origin and Structure of the Universe”,
KR2326/2-1), KAKENHI (19340074, 25247045) and RIKEN
President’s Fund (2005).
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