PHYSICAL REVIEW C 91, 024328 (2015)

Unexpected spin-parity assignments of the excited states in *Be
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The excited states in the light nucleus °Be are studied through S-delayed neutron decays from spin-polarized
9Li, 5. The neutron transitions via He, . from the 2.43-, 2.78-, 4.704-, 5.59-, and 7.94-MeV states in *Be are
observed for the first time, and the spins and parities (1™ ’s) of the excited states in *Be are assigned from S-n
coincidences and measurements of the B-decay asymmetries. The spin parity, /™, of the 2.43-MeV state is
assigned to be 5/27, which is consistent with the reported value. The present results suggest that the /™ values of
the 2.78-, 4.704-, 5.59-, and 7.94-MeV states are 3/27, 1/27,5/27, and 3/27, respectively, which are different
from early reported values. However, shell-model calculations of the p shell are in overall good agreement with
the present results, except for the /™ values of the 2.78- and 4.704-MeV states.
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I. INTRODUCTION

The structures of the excited states in *Be have been
repeatedly studied for about 50 yr both experimentally [1-18]
and theoretically [19-23] owing to the uncertainties in the
decay channels and the spin-parity values of the excited states.
Because all the excited states in Be (one neutron separation
energy S, = 1.6653 MeV [24]) are reported to be unbound
states, in spite of the stable nucleus, and have a broad natural
width of about 1 MeV, except for the 2.43-MeV state [24],
there are experimental difficulties in detecting low-energy
neutron and/or «-particle decays. The excited states decay
to three particles @ + o + n through the following two-body
or three-body decay channels:

(i) ®Be(gs., [ =68eV, [T =0")+n

—oa+aoa+n+ Q. (=91.84 keV);,

(i) Be(Ey =3.04MeV, ' = 1.5MeV, I" =21)+n
— o+ o+n;

(iii) He(g.s., T =0.6MeV, I" =3/27) 4+«
—> o+ ao+n+ Q, (=890 keV);

(iv) "He(Ex =4.0MeV, T =4MeV, I" =1/27)+«
— o+ o +n;

(v) direct breakup channel @ + o + n.

The broad natural widths of the He and ®Be nuclei also

gnake it difficult to study the structure of the excited states in
Be.

In the latest compilation [24] by Tilley et al., 12 excited
states in ?Be (listed in Table I) to which the *Liy s (I7 =3/27,
T =178 ms, Qg = 13.6 MeV [24]) nucleus is energetically
able to decay by B decay are reported. Four positive-parity
states of E, = 1.684, 3.049, 4.704, and 6.76 MeV with
I™ =1/2%,5/2%,(3/2)%,and 9/27, respectively, are reported
in the compilation. From photo-neutron angular-distribution

“yoshikazu.hirayama@Xkek.jp

0556-2813/2015/91(2)/024328(14)

024328-1

PACS number(s): 21.10.Hw, 23.40.Hc, 29.30.Hs, 27.20.4+n

measurements [1], the values of I™ of the 1.684-, 3.049-, and
4.704-MeV states have been proposed to be 1/2, 5/2%, and
(3/2 or 5/2)*, respectively, by assuming that the states decay
to 8Bey . (I™ = 07), ®Be, ., and ®Be*(2") by emitting s-, d-,
and s-wave neutrons, respectively. However, in the case of the
neutron decay of the 4.704-MeV state, there are two conflicting
reports [1,7]. There is ambiguity in the spin-parity assignment
for the 4.704-MeV state. The value of 1™ = 9/2% for the 6.76-
MeV state was suggested based on electron-scattering [11] and
proton-scattering experiments [12].

Eight negative-parity states of Ex = 0, 2.429, 2.78, 5.59,
6.38, 7.94, 11.283, and 11.81 MeV with I™ =3/27,5/27,
1/27,(3/27),7/27,(5/27), (7/27), and 5/27, respectively,
are reported in the compilation. The six negative-parity states
of 0,2.43,2.78, 5.59, 7.94, and 11.81 MeV are populated by
an allowed B transition from the °Li nucleus [24]. Extensive -
decay spectroscopy of 9Lig,s, has been performed for the study
of the low-lying states with negative parity in Be by measuring
B-delayed neutrons [5,6,10] and « particles [9,10,13-15].

The values of I™ of the ground and 2.43-MeV states
in °Be were firmly assigned to be 3/2~ and 5/2, respec-
tively, confirmed by several experiments [24]. In the case of
the 2.78 £ 0.12-MeV [I™ = 1/27, " = 1.08(11)-MeV] state,
there has been no firm spin assignment from g-decay and re-
action experiments. According to the predictions of theoretical
calculations [19,20,25], the 2.78-MeV state was concluded to
be the “missing” 1/2~ state. The spin-parity value has been
assumed for about 40 yr. Prezado and Borge et al. [14,15]
deduced the spin-parity value to be 1/2~ experimentally from
the measurement of the angular correlation of S-delayed o
particles. The 5.59(10)-MeV [I™ = (3/27), I’ = 1.33(36)]
and 6.38(60)-MeV [I" =7/27, ' = 1.21(23)] states were
discovered by Dixit et al. [12]. I™ of the 7.94-MeV state
was reported to be (1/2)~ in the previous compilation [26],
but is reported to be (5/2)~ in the most recent compilation, as
suggested by an unpublished thesis [27]. I™ = (7/27) for the
11.283-MeV state was suggested based on analog evidence
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TABLE 1. Excited states in *Be reported in the latest compila-
tion [24] to which the 9Lig,5‘ energetically enables transit by 8 decay,
and the states of 8Be and He [35]. The values of E,, I', and I™ were
considered in the present analysis for the neutron TOF and asymmetry
spectra.

Isotope E, (MeV) I' (keV) I
°Be 1.684(7) 217(10) 1/2+
2.4294(13) 0.78(13) 5/2~
2.78(12) 1080(110) 1/2~
3.049(9) 282(11) 5/2F
4.704(25) 743(55) 3/2)
5.59(10) 1330(360) (3/2)”
6.38(6) 1210(230) 7/2-
6.76(6) 1330(90) 9/2%
7.94(8) ~1000 (5/2)"
11.283(24) 575(50) (7/2)~
11.81(2) 400(30) 5/2~
8Be 0.0 6.8 x 1073 0"
3.04 1500 2+
SHe 0.0 600 3/2-
4.00 4000 1/2-

of °B [26]. However, (e,¢’) [11] and (p, p’) [12] experiments
suggested a positive parity of /™ = (7/2)". Recently, Prezado
and Borge et al. [14] assigned I™ = 5/2~ for the 11.81-MeV
state from the «-o angular distribution measurement.

As mentioned above, it seems that the values of /™ of the
excited states in *Be have not been determined definitely in
experiment, except for the ground and 1.684-, 2.429-, 3.049-,
and 6.38-MeV states. We investigated B-delayed neutron
decays and assigned the spin-parity values of the excited
states by different experimental methods, and we investigated
the decay channels of the excited states through the de-
cays 9Ligls,(spin-polarized) P, 9Be* 5 8Be and “Be* —>
SHe 4+ a(— n 4+ o + ). The present experiment is based
on the method [28-31] of B-delayed decay spectroscopy
using a spin-polarized parent nucleus. Taking advantage of
the B-decay asymmetry parameter, which is governed by
the spin-parity values of parent and daughter nuclei, the
spin-parity value of an excited state in a daughter nucleus
can be determined unambiguously. For example, the neutron
decay to 8Beg_s. from the 2.78-MeV state was observed as a
strong peak in the neutron time-of-flight (TOF) spectra by early
works [5,6]. Therefore, we expected that we could determine
I™ of the 2.78-MeV state from the B-decay asymmetry
coincident with neutrons. Moreover, it is possible to eliminate
neutron decays from higher excited states in “Be by gating
the B-ray energy and selecting the dominant neutron decays.
The spin-parity values of the excited states of '>!7C were
successfully assigned using a spin-polarized '>!"B [28,31]
beam produced by a projectile fragmentation method [32].
Using highly polarized ''Li and *Na by an optical pumping
method [33], the B-decay schemes of !'Li [29] and *®Na [30]
were investigated, and the spin-parity values for ' Be and Mg
were successfully assigned.
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We report the experimental method and setup and the results
for the unambiguous assignment of the spin-parity values of
the states populated in °Li 8 decay. We demonstrate the validity
of this method for the analysis of states with broad natural
width.

II. EXPERIMENT
A. Principle of spin-parity assignment

In the present experiment, the B rays emitted from °Li
were detected by B-ray telescopes, and the energies of the
B-delayed neutrons were measured by the respective detectors
for low- and high-energy neutrons. From the analysis of -n
coincidence events, the decay scheme of 9Li was reconstructed.
The most notable result was the use of spin-polarized °Li for
the definite assignment of the spins and parities of the excited
states in ?Be.

The B rays emitted from a spin-polarized parent nucleus
have an angular distribution W(8). For the allowed transitions,
W(6) is expressed as a function of the emission angle 6 from
the polarization axis as

W@) x 1+ (v/c)AP cosb, €))]

where v, ¢, A, and P are the velocity of the emitted electron,
light velocity, asymmetry parameter of the 8 transition, and
polarization of the parent nucleus. In the case of a large Qg,
we can make the approximation v/c &~ 1. The asymmetry
parameter A is related to the spins of both the initial (/;)
and the final states (/). For the allowed transition, the spin of
the final state is restricted to either Iy = I; — 1, I;, or I; + 1,
and the parity is unchanged: 7 ; = 7;. For the three spin values
allowed for the final state, the asymmetry parameter for 8~
decay is expressed as follows:

-1 forIp =1 —1,
A= _11/(’i+])1—f;2«/’i/(11+1) for If — Iiv (2)
41 for Iy =1 + 1.

Here t is the mixing ratio of the Fermi to Gamow-Teller
transitions, i.e., T = Cy(1)/Ca (o), where Cy and Cy are the
Fermi and Gamow-Teller coupling constants, respectively, and
(1) and (o) are the corresponding nuclear matrix elements. The
asymmetry parameter takes discrete values depending on the
final-state spin /, value. In the case of 9Lig_s, r=3/27)
B~ decay, the possible I}’ values are 1/27, 3/27, and 5/27,
and the corresponding asymmetry parameter A is tabulated in
Table II. In the second row of the table, a pure Gamow-Teller
transition (t & 0) is assumed. This is a rather safe assumption
for short-lived nuclei, where large differences in the single-

TABLE II. Possible final-state spin-parity values and associated
asymmetry parameters of the allowed GT B~ transition from °Li as.r

I7 CLi,,) I7 (Be) A
1/2- -1.0

3/27 3/27 —04
5/2- +0.6
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nucleon wave functions and in orbital energies are expected
between protons and neutrons.

The largest difference in B-ray yield occurs between the two
directions 8 = 0O (parallel to the polarization axis) and 6 = 7
(antiparallel to the polarization axis), and is proportional to
AP.The AP value is evaluated from the 8-ray counting rates
Np and Ny in the B telescopes labeled Left (L) and Right
(R) placed at 8 = 0 and 6 = m, respectively. The S-delayed
neutrons are emitted by the strong interactions of nucleons of
parity conservation. Therefore, they reveal the asymmetries
of the B decays to states that emit radiation, so that we may
determine the values of AP in Eq. (1) for the individual 8-
decay branches from the coincidences between B rays and
B-delayed neutrons. The B-ray counts Ny and Nr obtained
in coincidence with the B-delayed neutron associated with a
specific state in “Be* are expressed as

Ny x el e,(1+ AP),
, 3)
Nr & ggen(l — AP),

where ef(R) and ¢, are the detection efficiencies for 8 rays and
B-delayed neutrons, respectively. Thus, the product of A P can
be deduced from the ratio of Egs. (3) as

_ NL&‘g — NR8€

AP = .
NLSg + NRSE

“

The neutron detector efficiency &, is canceled out here.
However, A P still includes 8f and sﬁ, which may cause further
instrumental asymmetry. We therefore reverse the direction
of the spin polarization by 180°. By using the S-ray counts,
NLjE and N]f, for the two opposite spin polarizations (), A P
(which is free from the instrumental asymmetry) is obtained
as

y— N/NG
N /Ng

—1
ap=YP—1
Vot

It is to be noted that the polarization P is common for
all the 8~ transitions feeding the different final states. As the
result, if the initial-state spin /; is known, we can evaluate P
from the asymmetry of the S~ transition to a known state. The
asymmetry parameter A for any transition to the other final
states can then be determined. In addition to the level energies
determined from the discrete energies of delayed neutrons,
the spins and parities of the respective levels of °Be* can be
determined unambiguously. The very discrete nature of the
B-decay asymmetry parameter is also effective in unraveling
information about hidden peaks in the energy spectrum of the
delayed neutrons measured by the neutron detectors.

(&)

B. Experimental setup

The experiment was performed at ISAC, the radioactive
nuclear beam facility of TRIUMF, where highly polarized
alkali-metal ion beams are available by means of a collinear
optical pumping technique [33]. The typical beam intensity
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FIG. 1. (Color online) Experimental setup.

of a polarized °Li beam with an energy of 30.5 keV is
approximately 10° particles per second. Figure 1 shows a
schematic view of the present setup. A polarized °Li beam was
incident onto a platinum stopper foil (10 wm thick), where an
external static magnetic field (=22 mT) was applied to preserve
the nuclear polarization. The direction of °Li polarization
was horizontal and perpendicular to the beam direction. The
direction of °Li polarization was reversed every 30 s by
flipping the helicity of the pumping laser so as to cancel the
instrumental asymmetry in the S-ray detectors. The radiations
emitted in the decay of °Li were detected by an assembly
of detectors in the atmosphere. The B rays were detected by
two AE-AE-E plastic scintillator telescopes. The telescopes
were placed along the polarization axis (horizontal, 8 = 0,
and 6 = ). The B-decay asymmetry A P was measured from
the left-right asymmetry of the 8 counts (NLi and Nﬁt). The
neutrons were detected over a wide energy range with two
types of scintillation detectors. The neutron energies were
determined by the TOF technique for 8-neutron coincidence:
High-energy neutrons (E,, = 0.15-9 MeV) were detected with
six curved, large-area plastic scintillators (flight length, 1.48 m;
thickness, 2 cm; arc length, 1.2 m; lateral width, 40 cm; e AQ =~
1.5 x 1072 for a 0.67-MeV neutron). The flight length of 148
cm was longer than the previously used values of 116 cm [5]
and 28 cm [6] and therefore the resolving power was higher
than in previous works [5,6]. For low-energy neutrons (3—600
keV), two SLi-doped glass scintillators were used (flight
length, 13 cm; 50 mm ¢ x 10 mm; eAQ =~ 2 X 1073 for 250-
keV neutrons). Two high-purity germanium (HPGe) detectors
(eAQ ~ 1.6 x 1072 for 1173-keV y rays) were placed above
and below the stopper. However, in the °Li 8-decay scheme,
there have been no reports of §-delayed y rays.

1. EXPERIMENTAL RESULTS AND DISCUSSION
A. Spin polarization of °Li

To deduce the B-decay asymmetry parameter A for each
B transition from Eq. (5), the spin polarization P of °Li has
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FIG. 2. (a) B-ray energy spectrum for all B transitions in °Li
decay. (b) Measured spin polarization P as a function of 8-ray energy.
The high-energy trend is shown as a solid line, with the errors in the
trend shown as dashed lines.

to be evaluated from the measured A P value and the known
A value. In the case of °Be, the spin and parity values of the
ground state are firmly assigned to be 3/27 (A = —0.4) [24].
We evaluated the spin polarization P by setting a S-ray
energy gate corresponding to the pure transition to the ground
state. Figures 2(a) and 2(b) show the B-ray energy spectrum
and the measured spin polarization P obtained from the ratio
of the measured AP value to A = —0.4 for the ground state,
as a function of B-ray energy, respectively. The measured P
is almost 0 up to 8 MeV, gradually increases to about 0.3,
and finally becomes constant at 0.3 around Qg = 13.6 MeV.
This indicates that contributions from states with 7 =5/27
(A = 40.6) are mixed in the same strength as those from
the states with negative A values (A = —0.4 and/or —1) and,
therefore, the measured A P values became almost 0.

The B-ray end energy for the reported first negative-parity
state of 2.43 MeV in *Be is 11.17 MeV. The first excited state
of °Be is located at an excitation energy of Ex = 1.684 MeV,
which corresponds to a B-ray end energy of 11.92 MeV. The
first excited state has spin parity 1/2%, and, therefore, the
transition has not been reported owing to the first-forbidden
transition. Using a B-ray energy gate for the range 12-13.6
MeV, it is possible to select the transition to the ground state of
°Be. Indeed, the measured P value is constant in the range 11—
13.6 MeV within the error. By setting the present gate, the spin-
polarization of °Li was evaluated to be P = +0.32 4 0.02.

B. Analysis of neutron TOF spectrum and measured S-decay
asymmetry parameter A as a function of neutron TOF

Figures 3(a) and 3(b) show the high-energy neutron TOF
spectrum and the B-decay asymmetry parameter A as a
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FIG. 3. (Color online) (a) High-energy neutron TOF spectrum
and (b) B-decay asymmetry spectrum as functions of TOF with a
B-ray energy gate of Eg > 1.5 MeV.

function of the neutron TOF, in the case of a 8-ray energy gate
of Eg > 1.5 MeV, respectively. The A values were obtained
from the ratio of the measured A P value in coincidence with
neutrons to the deduced spin-polarization P = +0.32 &+ 0.02.
The expected B-asymmetry parameters —1.0 (for “Be* states
with I™ =1/27), —0.4 (3/27), and 40.6 (5/27) are shown
by horizontal dot-dashed lines in Fig. 3(b).

In the TOF spectrum, we observed four prominent peaks,
labeled 1-4. Peak 1, whose center position of 4.97 ns
corresponds to the light velocity, is a prompt peak owing to
Bremsstrahlung emitted from high-energy g rays, which were
mainly scattered at the vacuum chamber. The structure of peak
1 follows the detector response function, which has a long tail
around 50 ns. This is attributable to the low-energy threshold of
the neutron counter to detect as low-energy a neutron as a few
hundred keV. Peaks 2, 3, and 4 are similar to those observed
in previous works [5,6]. In Refs. [5,6], peak 2 is identified
as originating in the neutron transition from the 2.78-MeV
[I" = 1.08(11) MeV] state [6] in *Be to the 8Be ground state.
Based on the narrow width of peak 3, the neutron channel for
the peak was considered to be neutron channel (i) (see list
of neutron channels in Sec. I) [5,6,10] from the 2.43-MeV
state. In Refs. [5,6,10], peak 4 is considered to consist of the
neutron transitions from the 2.43- and 2.78-MeV states to the
first excited state of Be. The energy spectrum of peak 4 was
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precisely measured using *He neutron detectors by Nyman
et al. [10]. The peak energy and full width at half maximum
(FWHM) were about 0.25 and 0.30 MeV, respectively.

It is clearly seen that the asymmetry parameters drastically
change at the prominent neutron peak positions and are
consistent with or close to the expected values, indicating that
these peaks are predominantly of a single peak and that small
mixing of peaks originating from different /™ states smears
out the asymmetry slightly.

Experimental results [9,10,14,16,17] for the energy mea-
surement of °Li B-delayed o particles suggest that higher
excited states such as the 5.59-, 7.94-, and 11.81-MeV states
in °Be decay with neutron channels (i)(iv). In the present
neutron TOF measurement shown in Fig. 3, we can directly
observe the neutron transitions (i)—(iv) from the higher excited
states for the first time. To recognize new neutron transitions,
deduce the properties of neutron decays, and evaluate the
spin-parity values of the excited states in *Be from the neutron
TOF spectrum and the asymmetry spectrum in Fig. 3, we
performed fits for both spectra by considering all the possible
neutron transitions from the *Be excited states listed in Table I
except for the 11.283- and 11.81-MeV states. The 11.283- and
11.81-MeV states are excluded because the B-ray energies
of Qg =2.3 and 1.8 MeV, respectively, for these states are
too low to detect using the B-ray telescopes in the present
experiment. Therefore, we considered the contributions from
nine excited states in “Be. We present the details of the fitting
procedure and the result of the analysis in the following
sections.

1. Line shape of neutron TOF

For the fits in Fig. 3, we calculated the line shapes of neutron
TOF considering the possible neutron-decay channels (i)—(iv):

10°

F(t) = Z UOOO 8(t — 1) x &(t]) x a(r,r,g)dt,g] . (6)

k=1

, 14
= — 7
| Uk |
v—/> _ LV, 9ger)  (neutron decay from °Be), ®
kT E(v_),,k,ngek) (neutron decay from SHe),
—
Viper = L(Ushieks VBek)s 9
2E. vk
b = |k Dk (¢ =, °Be, SHe). (10)
mx | Uxk |

The neutron TOF line-shape function F'(#) was numerically
calculated by the Monte Carlo method and was expressed as a
summation of 10° events. F(¢) consists of the § function of the
TOF 1;, the neutron detection efficiency &(r;) as a function of
TOF, and the detector response function o (¢,#;) [28]. &(#;) and
o (z,t;) were evaluated using the CECIL [34] code and from the
prompt y-ray peak 1, respectively. The TOF ¢, was calculated
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from the flight length £ and the neutron velocity lZ;, which was
affected by the Lorentz boost £ caused by the recoil effects of
Be and 'He, which were generated by °Li 8 decay and o decay
of the °Be excited state. For example, L(Un%, 1per) means that
the neutron velocity v, in the center-of-mass system of *Be

was changed to Kk in the laboratory system by the Lorentz
boost considering the °Be velocity vsper. For x = n (neutron),
°Be, and He particles, the velocity sy is defined as shown
in Eq. (10) using the kinetic energy E,; and mass m,. Here
isotropic two—body_) decay was assumed for determining the

particle direction I%I

When the initial and final states are broad, to calculate
the kinetic energy E., it is necessary to consider the natural
widths expressed by the Lorentz function L(E) for the decay
energy O, > 0inthe center of mass of the two-particle system,
which is expressed by the following equations:

Q.= E; —(Ef+Am), (x=n,’Be, *He) (11)

L.(E) = Li/2m (12)
ST (B — E)? + (1 /2)Y
I's/2
Ly(Ey) = £127 (13)

(Ef — En)* + (I'p/2)*

The subscripts i and f indicate initial and final states for
neutron, B, and « decays. Ej, Am, Iy, and Ejyro)
are the excitation energy considering the natural width, the
mass difference between initial and final states, the natural
width, and the center value of the excitation energies. The
kinetic energy E.; was finally evaluated from the mass ratio
between the decayed particles, for example, *Be* (*He, s ) and
a neutron.

The neutron TOF line shape was classified into three kinds
of shapes according to the neutron-decay channel: channel
(1)—(ii), channel (iii)—(iv), and peak 4, as shown in Fig. 3.
Figure 4 shows three typical kinds of line shape for neutron
decays to 8Beg5, [channel (i)], from SHeg,S. [channel (iii)], and
to ®Be* (peak 4).

Neutron energy E, (MeV)
5.0 20 1.0 0.50 0.30 0.15
100
@? b a c
= 80
=
=
2 60
&
2
5 40
S
o
© 9
O n N " "
0 50 100 150 200 250 300

TOF (ns)

FIG. 4. (Color online) Calculated line shapes for (a) neutron
decay channel (i), (b) neutron-decay channel (iii), and (c) peak 4.
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For the neutron decay to 8Be [channels (i) and (ii)], the line
shape was mainly governed by the natural width of °Be and
8Be. The effect of the Lorentz boost, originating from the recoil
of °Be induced by g decay [10], must be taken into account
only for channel (i) for the 2.43-MeV state. Because the natural
width I' = 0.77 keV of the 2.43-MeV state is narrow, the
neutron emitted from the 2.43-MeV state to the 8Beg's, state
was affected by the recoil effect (o ~ 30 keV) [10]. For the
other states of °Be, whose natural widths are more than a few
hundred keV, the effect is negligible. The line shape (a) in
Fig. 4, which corresponds to the neutron transition from the
2.43-MeV (I' = 0.77 keV) state [24] in *Be to the ground state
in ®Be, followed the line shape for channel (i). The width and
tail of the line shape were governed by the recoil effect of the
B decay and the detector response, respectively.

In the case of neutron decay through >He [channels (iii)
and (iv)], the line shape was mainly governed by the effect of
the Lorentz boost originating from the recoil of >He induced
by « decay. The energy of a neutron emitted from SHe in the
center-of-mass system is deduced to be 712 keV from the value
0, = 890 keV [35]. The neutron energy is affected by the
Lorentz boost, which causes the neutron energy to be widely
spread. As a result, the TOF spectrum via 5Heg_5, has a broad
width and an asymmetric shape owing to the conversion factor
| 0E, /0t | [28] for the conversion from an energy spectrum
to a TOF spectrum. The line shape (b) in Fig. 4 for neutrons
emitted from the 7.94-MeV (I' &~ 1 MeV) state [24] in *Be
to the ground state in SHe follows that of channel (iii). The
neutron energy was affected by the Lorentz boost, and the
energy was therefore widely spread with a long tail and an
asymmetric shape.

The line shape (c) in Fig. 4 corresponds to peak 4, as
mentioned above. In the calculation, we employed a neutron
energy spectrum with a peak energy of 0.25 MeV and FWHM
of 0.30 MeV, as measured by Nyman et al. [10]. The peak
position in the TOF spectrum was 190 ns, which corresponds to
aneutron energy of 0.325 MeV. The peak shift from 0.25 MeV
in the energy spectrum to 0.325 MeV in the TOF spectrum was
caused by the conversion factor | d E,, /9t |. Thus, if we took the
peak energy for a neutron peak with a broad width in the TOF
spectrum, we would misread the exact peak energy. Therefore,
it is essential to calculate broad line shapes to evaluate neutron
transitions exactly.

Note that the effect of neutron scattering before entering the
detector was not taken into account in the calculation. How-
ever, the validity of the calculated line shape was demonstrated
in a previous !'Li B-delayed neutron analysis [29].

2. Fitting procedure

In a least-x? fit analysis for both neutron TOF and
asymmetry parameter as a function of neutron TOF in Fig. 3,
we assumed neutron transitions (i)—(iv) from all the excited
states in *Be listed in Table 1.

We fixed the level energy and width of the parent and
daughter states, except for the 2.78-MeV state, to the listed
values in Table I, and then calculated the line shapes F;(z),
where the subscript i denotes a neutron transition. The
2.78-MeV state was excluded because unobserved neutron
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transitions via 5Heg_s_ were suggested in Refs. [14—-17], and
peak 2 in Fig. 3, which was considered to be a neutron
transition from the 2.78-MeV state to SBegAs, , probably includes
neutron transitions from SHeg,S, and, therefore, the width of the
2.78-MeV state evaluated from the neutron TOF line shape
would be narrower than the listed value of 1.08 MeV.

There are 36 line shapes F;(¢), including the prompt
peak 1 [Fi(¢)]. Here we accounted for neutron transitions
through channel (ii) from the 2.43- and 2.78-MeV states as
being one neutron transition of peak 4 in Fig. 3, based on
previous works [10]. The free parameters are the relative
neutron-transition strength w; (which is uncorrected by the
efficiency of B-ray detectors), the discrete value of the B-decay
asymmetry parameter A; listed in Table II, the level energy
and width of the 2.78-MeV state, the constant background
Wy, and the mixing ratio r of peak 4, which is necessary to
calculate the asymmetry As = rAza3mev + (1 — 1)A2.78 Mev
for the peak. Here Aj43mev and Aj7smev are the B-decay
asymmetries for the 2.43- and 2.78-MeV states, respectively.
By considering the efficiency of the B-ray detectors, which
was evaluated by using GEANT3 [36], the neutron-transition
strength I,,; (%) in °Li B-decay was evaluated from the deduced
w;. Note that the 8-decay asymmetry parameter A; is common
for neutron transitions from the same state in °Be and that the
asymmetry parameter for peak 1 (y rays by Bremsstrahlung)
and background (accidental coincidence events with the
neutron counter) cause an intensity-weighted averaging of all
of the B transitions. We therefore used the same asymmetry
parameter for peak 1 and the background in the fitting.

We calculated all the line shapes corresponding to the
mentioned neutron transitions. In the case of the 2.78-MeV
state, the line shape was additionally calculated with AEjy =
0.05-MeV and ATy = 0.05-MeV steps in the ranges Ejy =
2.5-2.8 MeV and I = 0.15-1.35 MeV, respectively.

The expected neutron TOF curve and the B-decay asym-
metry curve as a function of the neutron TOF were calculated
by an incoherent intensity-weighted summation Fio(7) of
the line shapes and an incoherent intensity-weighted averag-
ing of the B-decay asymmetry Ayy(f) of the line shapes,
respectively. Here x? was calculated for all the possible
combinations of asymmetry parameters. The number N = 3"
of combinations depends on the number n of *Be excited states.

A least-x 2 fit using MINUITE [37] was performed applying
the equations

36

Fow(t) =Y wi Fi(t) + wpg,
i=1

S0 Ajwi Fi(t) + Apgg

Aota 1) =
et Y00 wiFi(0) + weg "
2 _ Zili(i[Ftotal(t) - DTOF(I)]Z
(8 Dror)?
N S [Awa(t) — DA
(8Da)? ’

where D1op(t), Da(t), 6 Dror(t), and § Da(t) are the experi-
mental data of the neutron TOF and the f-decay asymmetry
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FIG. 5. (Color online) (a) High-energy neutron TOF spectrum
and (b) B-decay asymmetry spectrum as functions of TOF gated at
a B-ray energy of Eg > 9.0 MeV (E, < 4.6 MeV). The thick black
lines indicate the best fit obtained for the combination /™ = 5/2~ and
3/2~ for the 2.43- and 2.78-MeV states, respectively. The dashed line
in the TOF spectrum shows the background while the numbered peaks
show the neutron-transition peaks in the spectrum. The dotted and
dashed lines in the asymmetry spectrum are the calculated asymmetry
lines for I™ = 1/27 and 5/2~ for the 2.78-MeV state.

and their associated errors. There were 160 and 40 data points
in the neutron TOF and asymmetry spectra.
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To eliminate the contributions from the higher excited
states, the neutron TOF and associated asymmetry spectra
gated at B-ray energies of Eg > 9.0 MeV (corresponding
to an excitation energy of E, < 4.6 MeV in °Be), Eg > 6.5
MeV (£, < 7.1MeV),and Eg > 1.5MeV (Ex < 12.1 MeV)
were analyzed. The transition strength [,; and spin-parity
value [™ for the neutron transitions from the 1.684-, 2.43-,
2.78-, and 3.049-MeV states for Eg > 9.0-, the 4.704-, and
5.59-MeV states for Eg > 6.5 MeV, and the 6.38-, 6.76-, and
7.94-MeV states for Eg > 1.5MeV were mostly deduced from
the analysis for the respective Eg gated spectra. Note that the
same neutron line shapes were applied to the spectra for the
different B-ray energy gates. The respective fitting results are
described in the following sections.

3. Fitting for spectra gated at B-ray energy Eg > 9 MeV

Figures 5(a) and 5(b) show the neutron TOF and associated
asymmetry spectra gated at a 8-ray energy of Eg > 9.0 MeV
(E, < 4.6 MeV), respectively. The neutron transitions from
the 2.43- and 2.78-MeV states were mainly selected in the
spectra. Both spectra in Fig. 5 were fitted simultaneously using
the calculated line shapes Fioai(f) and A (?) in Egs. (14).
Note that all the possible neutron transitions from the °Be
excited states listed in Table I were taken into account in
the fitting. The fitting results confirm that only the neutron
transitions from the 2.43- and 2.78-MeV states contributed to
the neutron TOF in Fig. 5. The thick black solid lines in the
TOF and the asymmetry spectra show the best fit of the total
line shapes for the neutron peaks 1-5 listed in Table III and
the constant background (dashed line) in Fig. 5(a). The blue
(dotted line), red (dot-dashed line), and green (solid line for
only peak 4) lines in Fig. 5 (a) indicate the negative (/™ = 1/2~
or 3/27) and positive (5/27) asymmetry values, and the
mixing value between the negative and positive asymmetry
values, respectively. The I,; values (%) in °Li B decay, which
were corrected by considering the efficiency of the B-ray
detectors, are listed in Table III. In the present fitting, we
neglect peaks with intensities I,; less than 0.01%, which are
insensitive to the present fitting.

TABLE III. B-delayed neutron transitions and their decay properties.

Neutron transition from °Be Eg >9.0 Eg > 6.5 Eg > 15 Eg > 15
E, MeV) peak Transition " 1,; (%) I L,; (%) I I,; (%) I L,; (%)
243 3 8Beg_5A +n 5/2~ 1.20(15) 5/27  1.25(13) 5/2 1.16(12) 5/2 1.16(12)
4 8Be* +n 5/2~ 5/2 5/27  35.3(52) 5/2° 35.3(52)
5 5Heg,s. —>a+n 5/27  1.38(25) 5/27  1.12(17) 5/2~ 1.37(17) 5/2~ 1.30(16)
2.78 2 8Beg_5A +n 3/2=  4.55(57) 3/27  2.59(36) 3/2~ 3.00(36) 3/2° 2.68(39)
4 8Be* +n 3/2° 3/2~ 3/2~ 5.8(9) 3/2~ 5.8(9)
9 5Heg,s. —>a+n 3/2° 0.48(14) 3/2° 0.56(19)
3.049 8Beg_sA +n 0.1(3) 0.09(8) 0.05(6)
4704 6 5Heg<s' —>a+n 1/2= 4.24(62) 1/2~ 2.29(35) 3/2° 3.43(46)
5.59 7 5Heg,s. —>a+n 5/27  1.96(82) 5/2~ 1.39(26)
8 8Be* +n 5/2= 1.17(93) 5/2 1.42(27) 5/2~ 1.54(26)
7.94 10 5Heg<s' —>a+n 3/2° 6.79(76) 3/2° 7.40(80)
Reduced x? 1.24 1.36 1.36 1.32
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A minimum reduced x2? of 1.24 was obtained for the
combination /™ =5/27 and 3/2~ for the 2.43- and 2.78-
MeV states, respectively. I™ = 5/27 for the 2.43-MeV state,
which has been definitely assigned based on many experi-
ment results [24], was confirmed. However, I™ = 3/2~ for
the 2.78-MeV state conflicts with the reported value of
1/27 [14,24].

The TOF of the narrow peak 3 was 132.1 £ 1 ns, which
corresponds to a neutron energy of E, = 665 £ 10 keV. The
neutron channel for peak 3 was considered to be neutron
channel (i) [5,6,10], based on the narrow width. The evaluated
level energy for the neutron emitted state was 2.41(1) MeV,
which is consistent with the 2.43-MeV (I" = 0.77 keV)
state [5,6,10]. (Hereafter, we produced the line shape F(r)
using E, =2.41 MeV.) Our observation of the neutron
transition labeled 5 is the first to be reported. These neutrons
were emitted from the 2.43-MeV state via 5Heg,s_, a transition
that was suggested by Prezado and Borge et al. [14,15].

E, of the state which emits neutrons corresponding to peak
2 was evaluated to be 2.83(5) MeV, consistent with the 2.78-
MeV state. The natural width was evaluated to be 0.737) 5
MeV from the fitting, which is narrower than the reported
value of 1.08(11) MeV [35]. We set E, = 2.83 MeV and
' = 0.73%055 MeV in the following fit. The expected narrow
width suggests that there are neutron transitions around peak 2
in the neutron TOF spectrum which appear in the spectra with
the wider B-ray energy gate.

The 2.78-MeV state also decays to the ground states in
8Be (peak 2) and He (peak 5). The contribution of peak 2
is essential in understanding both the neutron TOF and the
asymmetry spectra.

An analysis of peak 4 is presented in Sec. III B 5 with the
discussion of the fitting for the spectra gated at a 8-ray energy
gate of Eg > 1.5 MeV.

4. Fitting for spectra gated at B-ray energy Eg > 6.5 MeV

Figures 6(a) and 6(b) show the neutron TOF and associated
asymmetry spectra gated at a B-ray energy of Eg > 6.5 MeV
(E, < 7.1 MeV), respectively. The neutron transitions in the
spectra consist of transitions from the 2.43-, 2.78-, 4.704-, and
5.59-MeV states. The thick black solid lines in the TOF and
the asymmetry spectra show the best fits of the total line shapes
for the neutron peaks of 1-8 listed in Table III and the constant
background. Again, all the possible neutron transitions from
the *Be excited states listed in Table I were taken into account
in the fitting, and it was confirmed that the neutron transitions
from the 2.43-, 2.78-,4.704-, and 5.59-MeV states contributed
to the neutron TOF in Fig. 6.

A minimum reduced x? = 1.36 was obtained for the
combination of I™ =5/27, 3/27, 1/27, and 5/2~ for the
2.43-, 2.78-, 4.704-, and 5.59-MeV states, respectively. I
assignments for the 2.43- and 2.78-MeV states were consistent
with the results of Eg > 9.0 MeV. The B-delayed neutron
transitions via’ Heg s from the 4.704-MeV [I' = 743(55) keV]
and 5.59-MeV [I" = 1.33(36) MeV] states were observed,
and the transitions are consistent with the transition from the
5.0(5)-MeV [I" = 2.0(5) MeV] state suggested by Prezado
and Borge et al. [14,15], which would identify the neutron
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FIG. 6. (Color online) (a) High-energy neutron TOF spectrum
and (b) B-decay asymmetry spectrum as functions of TOF gated at
a B-ray energy of Eg > 6.5 MeV (E, < 7.1 MeV). The thick black
lines indicate the best fit obtained for the combination /™ = 5/27,
3/27,1/27, and 5/2~ for the 2.43-, 2.78-, 4.704-, and 5.59-MeV
states, respectively. The dashed line in the TOF spectrum shows
the background, while the numbered peaks show the neutron-
transition peaks in the spectrum. The dot-dashed line is the calculated
asymmetry line for the combination /™ =1/27 and 3/2~ for the 2.78-
and 5.59-MeV states, which were reported in Ref. [14,24], indicating
the fifth minimum value of the reduced x> = 1.83.

transitions from the 4.704- and 5.59-MeV states with that from
the 5.0-MeV state. I™ = 1/27 and 5/2~ for the 4.704- and
5.59-MeV states, respectively, are suggested in the experiment.
However, these I™ assignments are inconsistent with ™ =
(3/2)" for the 4.704-MeV state reported in Ref. [24] and I™ =
3/2~ for the 5.59-MeV state suggested in Refs. [12,14,15].
The dot-dashed line in Fig. 6(b) was calculated by considering
a combination of the neutron transitions from the 2.78-MeV
(I™ =1/27) and 5.59-MeV (3/27) states according to the
reported values in Ref. [14,24] (without the contribution of
the 4.704-MeV state). The line systematically deviates from
the data in the TOF region of 80-120 ns, and the evaluated
reduced x? was 1.83. This result also supports the present
assignments of I =3/27, 1/27, and 5/2~ for the 2.78-,
4.704-, and 5.59-MeV states, respectively.

In the present measurement, a neutron transition with
intensity 1,; > 0.01 was observed as being from the 3.049-
MeV state. However, the intensity of 0.1(3)% was small and
insensitive to the spectra. The small intensity indicates that the
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B transition to the 3.049-MeV state would be forbidden, as
reported in Ref. [35].

5. Fitting for spectra gated at B-ray energy Eg > 1.5 MeV

Figures 7(a) and 7(b) show the neutron TOF and associated
asymmetry spectra gated at a B-ray energy of Eg > 1.5 MeV
(E, < 12.1 MeV), respectively. Neutron transitions from all
the excited states listed in Table I would contribute to the spec-
tra. The thick black solid lines in the TOF and the asymmetry
spectra show the best fits of the total line shapes for the neutron
peaks of 1-10 listed in Table III and the constant background.
The neutron decays via He (peaks 9 and 10) were observed
in the neutron TOF spectrum for the first time. The first and
second minimum reduced x2 = 1.32 and 1.36 were obtained
with the combinations 1™ = {5/27,3/27,3/27,5/27,3/27}
and " =({5/27,3/27,1/27,5/27,3/27} for the E, =
{2.43,2.78,4,704,5.59,7.94}-MeV states, respectively, as
shown in Table I11, the only difference being the /™ assignment
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FIG. 7. (Color online) (a) High-energy neutron TOF spectrum
and (b) B-decay asymmetry spectrum as functions of TOF gated at a
B-ray energy of Eg > 1.5 MeV (E, < 12.1 MeV). The thick black
lines indicate the best fit obtained for the combination /” = 5/27,
3/27, 1/27, 5/27, and 3/2 for the 2.43-, 2.78-, 4.704-, 5.59-,
and 7.94-MeV states, respectively. The dashed line in the TOF
spectrum shows the background, while the numbered peaks show
the neutron-transition peaks in the spectrum. The dot-dashed line is
the calculated asymmetry line for the combination /™ = 1/27,3/27,
and 5/27 for the 2.78-, 5.59-, and 7.94-MeV states, which were
reported in Ref. [14,24], indicating the seventh minimum value of the
reduced x? = 2.24.
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for the 4.704-MeV state. Considering the result for Eg >
6.5 MeV, we adopted the second minimum reduced X2 result,
which proposes I™ = 1/2~ for the 4.704-MeV state.

The neutron intensities 7,,;’s for peaks 1-8 were in good
agreement with each other, as shown in Table III. The I”
assignments for the 2.43- and 2.78-MeV states were consistent
with the Eg > 9.0- and 6.5-MeV cases. As mentioned above,
I =1/27 and 5/2 for the 4.704- and 5.59-MeV states were
assigned, and, therefore, it was concluded that ™ of the 7.94-
MeV state is 3/27. This assignment is inconsistent with the
previous report [9,14]. Again, the dot-dashed line in Fig. 7(b),
calculated by considering the combination of neutron transi-
tions from the 2.78-MeV (I™ = 1/27),5.59-MeV (3/27), and
7.94-MeV (5/27) states reported in Refs. [14,24] (without the
contribution of the 4.704-MeV state), systematically deviated
from the data in the TOF region of 90—120 ns, and the evaluated
reduced x> was 2.24. This result also supports the present
neutron transitions and /™ assignments. The neutron transition
with intensity 1,; = 0.09(8) was identified as being from the
3.049-MeV state and is consistent with that in Fig. 6. The
intensity was small and insensitive to the spectra.

As abestestimate of [,,;, we adopted the [,,; values evaluated
from the spectra gated at Eg > 1.5 MeV because of the
higher statistics. The respective neutron-transition intensities
from the 2.43- and 2.78-MeV states to ®Be* can be deduced
by using the evaluated intensity of peak 4 and the mixing
ratio r evaluated from the fits to be 85.9 £ 1.3%, which are
consistent with 87.7 £ 6.4% (Eg > 9 MeV) and 89.5 +2.1%
(Eg = 6.5 MeV) evaluated by considering the §-ray detection
efficiency for the 2.43- and 2.78-MeV states. Here, there was
large ambiguity in evaluating the intensity 32(16)% of peak
4 from the high-energy neutron TOF spectrum, because the
peak distributed at the low-energy region was close to the
detector threshold and we could not observe the whole line
shape of the peak (more than 300 ns). Therefore, we deduced
the neutron intensity of peak 4 from the low-energy neutron
spectrum in Fig. 8. The ®Li-doped glass scintillator is sensitive
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FIG. 8. TOF spectrum of low-energy neutrons measured by the
°Li-doped glass scintillators.
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to low-energy neutrons (E, < 1 MeV) and has a resonance
capture peak at a neutron energy of 245 keV.

One prominent peak around 250 keV, which corresponds
to peak 4 in the high-energy neutron TOF spectrum, was
observed. The peak structure is governed mainly by the
resonance neutron-capture cross section of the ®Li nucleus.
From an integration between 3 and 600 keV, the neutron
intensity of peak 4 was deduced to be 41.1 &=6%. The
error is attributable to the ambiguity in the neutron-detection
efficiency. The systematic error for integration in the energy
region from 0 to 3 keV is negligible. There is no peak in
the energy region from 3 to 250 keV. As mentioned above,
peak 4 consists of low-energy neutron transitions from the
2.43-and 2.78-MeV states to 8Be* [channel (ii)] [5,6,10]. Note
that the 8 asymmetry of +0.37 & 0.08 measured by the glass
scintillator was consistent with +0.459 +0.013 evaluated
from r =85.94+1.3%, Arssmev = +0.6, and Aj7gMev =
—0.4 obtained from the high-energy spectra. Considering the
mixing ratio r and neutron intensity obtained from the glass
scintillator, the I,, values from the 2.43- and 2.78-MeV states
to the ®Be excited state were evaluated to be 35.3 £ 5.2% and
5.8 £ 0.9%, respectively.

C. Decay scheme and levels in °Be

Figure 9 shows the B-decay scheme of °Li determined
from the present experimental results. The B-decay intensity
Ig and the log ft value were compared with the latest
compilation [24] and the previous works [10,14] listed in
Table IV. Here, we propose a level energy E, of 2.41(1)
MeV and 2.83(5) MeV (I' = 0.737)45 MeV) for the 2.43- and
2.78-MeV states reported in the compilation [24], respectively.
The log ft values in the range from 4.39 to 5.78 confirmed
the analysis based on the §-decay asymmetry of the allowed
transitions. In the following sections, we discuss the excited
levels that emit neutrons observed in the present work.

1. Ground state with I™ = 3/2~

The ground state of °Be was reported to be populated
by B decay with a large branching ratio of 49.2% [24],
and the spin-parity value of /™ =3/2~ has been firmly
assigned by several experiments [24]. For example, from a
coupled-channels analysis for the angular distributions of the
9Be(a,a’)’Be reaction experiment [8], the /™ values of the 0-,
2.43-, and 6.38-MeV states were assigned to be 3/27,5/27,
and 7/27, respectively. They were considered to be members
of the K™ = 3/27 rotation band. In the present measurement,
the summation of neutron intensities was 59.1(54)%, and
no B-delayed y rays were observed. As a result, a B-decay
strength of 40.9(54)% to the ground state of *Be was evaluated,
comparable to the reported value of 49.2(9)%.

2. 2.43-MeV state with 1™ =5/2~

The properties, such as the energy and spin-parity value,
of the 2.43-MeV state (I” = 5/27) with a narrow width of
I' = 0.77 keV have been confirmed by several experiments
(references in Ref. [24]). Neutron transitions from the 2.43-
MeV state to 8Beg.s_ [channel (i)] and 8Be?* states [channel
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(ii)] were measured and confirmed by Macefield et al. [5],
Chen et al. [6], and Nyman et al. [10]. The measured neutron
transitions from the 2.43-MeV state and the /™ assignment
were consistent with the previous results [5,6,10,14]. The
good agreement of /™ indicates the reliability of the present
methodology.

3. 2.78-MeV state with I = 3/2~

The 2.78 £0.12-MeV (I™ =1/27, I’ = 1.08(11) MeV)
state [24] was first found to be 3.0 £ 0.1 MeV from S-delayed
neutron measurements (TOF method) with decay channel (i)
(®Be + n) by Macefield et al. [5] and was confirmed to be
2.78 £0.12 MeV from B-delayed neutron measurements by
Chen et al. [6]. Owing to the higher resolving power of
the neutron TOF detector than those used in previous work
and the B-ray energy gate, E, and I' were determined to
be 2.83(5) and 0.73’:8:(1)3 MeV, respectively. The strengths
of neutron transitions through channels (i) and (ii) were
consistent with previous work [9,10], which evaluated the
strength from B-delayed charged-particle measurements. The
B-decay strength and log ft value in the present work are
consistent with those of previous work [9,10,14]. However,
the present proposed I™ = 3/2~ for the state is inconsistent.

Prezado and Borge et al. [14,15] assigned 1™ = 1/27 by
considering only the angular correlation of decay channel
(iii) (decay to SHeg,s,)- However, the gated region for the
analysis of the angular correlation seemed to include decay
channels (ii) (decay to 8Be*) and (iii). The contribution from
decay channel (ii) gives two possible angular correlation of
an isotropic one and the same one as channel (iii). In the
analysis, they did not show any calculated fitting line in which
all the possible correlations were taken into account. They
could not measure the neutron decay of the 2.78-MeV state
through 8Beg_s_ because the energies of the « particles were
lower than the thresholds of the detectors. Therefore, they
could not show the consistency of the assignment from the
neutron decay through ®Be, s .

4. 3.049-MeV state with I™ = 5/2*

I™ of the 3.049-MeV state has been proposed to be
5/2% based on the detection of d-wave neutrons associated
with SBeg,s‘ in photo-neutron angular-distribution measure-
ments [1]. The d-wave neutrons emitted from the reaction
"Li(*He, p)°Be [3] also support the ™ assignment, assuming a
decay to 8Beg_s_(O’L) as B decay to the state is forbidden owing
to parity change. The present measured f-decay strength
of 0.09(8) corresponding to log ft = 7.55(40) indicates that
the B transition is forbidden. Owing to the weak and for-
bidden transition, it was difficult to assign the spin-parity
directly. Therefore, we adopted I™ = 5/2% from the previous
work [1,3,24].

5. 4.704-MeV state with 1™ = 1/2~

I™ of the 4.704-MeV state was proposed to be (3/2 or 5/2)*
by assuming an s-wave neutron associated with ®Be*(2%) in
photo-neutron angular-distribution measurements [1]. In an
(e,e’) experiment [4], I = (3/2)" for the 4.704-MeV state
was proposed and referred to in the latest compilation [24].
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11.35 4"
- 8Be +n

13.015 MeV

1/2°
! °He + o, T=4.0MeV

6.467 MeV

*Be + n, I'=1.5MeV
4.695 MeV

°He + o, ['=0.6MeV
2.467 MeV

3/2°

8
Be +n
1.6653 MeV

o+ 0 +n
1.573 MeV

FIG. 9. Level and decay schemes of °Be established in the present work. The level energy and I” in square brackets for the °Be states are

from Ref. [24].

However, for the neutron decay of the 4.704-MeV state, there
have been two conflicting reports of s-wave neutrons [1]
associated with 8Be(21) and d-wave neutrons [7] associated
with 8Be(0"). The energy resolution in the work reported

in Ref. [7] was poor and they did not take into account the
contribution of the neutron decay to the He(3/27) state
in their I™ assignments. Therefore, there is ambiguity in
the spin-parity assignment for the 4.704-MeV state. In the
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TABLE IV. Experimental energy levels in °Be and their decay properties.

°Be Present work Compilation [24] Ref. [10] Ref. [14]
E, (MeV) I' (keV) I Iz (%) log(ft) I Is (%) 1" Iz (%) I I (%)
0.00 Stable? 3/27*  40.9(54) 5.40(6) 3/2° 49.2(9) 3/2° 50(3) 3/27  49.2(9)*
2.41(1) 0.77* 5/2-  37.8(52) 5.03(6) 5/2~ 29.7(30) 5/2~ 30(3) 5/2-  31.9(34)
2.83(5) 0.73t8;§)§ MeV 3/2° 9.3(10) 5.56(5) 1/2~ 15.8(3) 1/2~ 16(3) 1/2=  11.6(22)
3.049° 282 5/2*2 0.09(8) 7.55(40) 5/2%F
4.704* 743 1/2~ 2.29(35) 5.78(7) 3/2)*"
5.59* 1330* 5/2~ 2.81(37) 5.47(8) (372)~ 3/2° 3.15(40)
7.94% 1000* 3/2° 6.79(76)  4.39(9) 5/27) 1.5(5) (1/27)° <2 5/2~ 1.5(4)
11.81* 400° 5/27* 2.7(4)° 2.65(27) 5/2~ 2.7(2) 2.7(2) 5/2~ 2.7(4)

“From the latest compilation [24].
®From Ref. [9].
‘From Ref. [14].

present experiment, we observed the B-decay transition to
the state with log ¢ = 5.78(7), which indicates an allowed g
transition and a negative-parity state, and, therefore, we assign
I = 1/27. The neutron transition from the state is one of
the components of the neutron transition from the 5.0(5)-MeV
[T = 2.0(5) MeV] state which Prezado et al. [14] proposed as
a new state.

6. 5.59-MeV state with 1™ = 5/2~

Dixit et al. discovered the 5.59(10)-MeV [I" = 1.33(36)]
state and tentatively assigned /™ = (3/27) based on proton-
scattering experiments [12]. In the present experiment, we
observed neutrons from the 5.59-MeV state, which would
be another component of the neutron transition from the
5.0-MeV state with /™ = 3/27 [14], found by Prezado et al.
We identified the neutron transition from the 5.0-MeV state
as being from the 4.704- and 5.59-MeV states, and assigned
I =5/27 for the 5.59-MeV state, based on the neutron TOF
and B-decay asymmetry spectra with S-ray energy gates.

7. 7.94-MeV state with I™ = 3/2~

I of the 7.94-MeV state was reported to be (1/2)” in
the earlier compilation [26], but (5/2)~ in the recent compila-
tion [24], based on an unpublished thesis [27]. Prezado et al.
proposed I = 5/2~ from the o-« angular correlation [14],
but /™ has not been assigned definitely. We propose 1™ =
3/27 in the present work, determined from the combination
assignments of the 4.704- and 5.59-MeV states by a careful
analysis of the spectra.

D. Comparison with theoretical calculations

We compared the experimental results with the theoretical
predictions by two kinds of shell-model calculations [19,38],
antisymmetrized molecular dynamics (AMD) [21] and micro-
scopic cluster model (MRM) [23], as shown in Fig. 10. We
conducted the shell-model calculations with the CKIPN [19]
and PWTPN [38] interactions using the NUSHELLX code [39].
The model space was restricted to the p shell, such as the
w(pl/2), m(p3/2), v(pl/2), and v(p3/2) orbits. To estimate
the strength of § transitions, the wave function of the parent

nucleus 9Lig_s. was also deduced. The validity of these wave
functions was examined by calculating the magnetic moment
of 9Ligls.. The experimental value of the 9Lig_s_ magnetic
moment u = 3.4391(6)w,, [35] was reasonably reproduced to
be teae = 3.376 [19] and 3.312 [38], respectively. In Fig. 10,
we show the calculated negative-parity states with level energy
E., spin parity I”, B-decay branching ratio I, and log ft
value. These states were populated by allowed B-transitions
of °Li. The present experimental results including E,, Ig,
log ft value, and I enabled us to perform a comparison on a
level-by-level basis.

The thin solid and dashed lines in Fig. 10 denote the
correspondences and the possible candidates, respectively, be-
tween the experimental and theoretical levels. The shell-model
calculations by CKIPN [19] and PWTPN [38] interactions
below £, = 8 MeVintermsof E,, Ig,log ft value,and I are
in good agreement with the experimental data, except for the
I™ assignment for the 2.83- and 4.704-MeV states. A candidate
for the first 1/27 state is as high as E, = 4.704 MeV. From a
simple consideration of the wave function of the 1/27 state,
the wave function [(vp1/2)(vp3/2)*1"*~ ® [(wp3/2)*1°F is
dominant (45% in the case of PWTPN interaction), and a
1/2~ state should be located close to the first 3/2~ state and
below the second 3/27 state. Indeed, the location of the 1/2~
state calculated by CKIPN [19] and PWTPN [38] interactions
is around 3 MeV. However, the 2.83- and 4.704-MeV states
with I™ =3/27 and I™ = 1/27 would correspond with the
states around 5 and 3 MeV, with /" =3/27 and I" =1/27,
respectively, as predicted by theoretical calculations, and the
first 1/27 state and second 3/2~ state are inverted in the present
experiment. In this case, considering the Iz and log f't values
of the 2.83-, 5.59-, and 7.94-MeV states, the PWTPN effective
interaction reproduced the experimental data better than the
CKIPN effective interaction. Between E, = 9 and 13 MeV,
several states are predicted by the shell-model calculations.
Both shell-model calculations suggested that the second 1/2~
state is around 9-13 MeV with a g transition probability
up to Ig ~ 1.3%. However, we could not recognize a state
with an intense Iz in the present experiment. Although the
shell-model calculations with p-shell configurations were in
overall good agreement with the present results, this might
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FIG. 10. (Color online) Comparison between experimental results and theoretical calculations.

indicate a limitation of the present effective interactions used
for application to unbound states.

An AMD calculation [21] systematically predicted a lower
E, than the experimental results, and E, and I™ were well
predicted by MRM calculations [23]. The theoretical works
on the shell-model [19,20,38], AMD [21], and MRM [22,23]
predicted that the low-lying energy levels are located in the
sequence /™ =3/27,5/27,1/27, and 3/27. However, in the
present work, the order is I™ = 3/27,5/27,3/27,and 1/27.
No theoretical prediction was consistent with the present I7
assignment for the 2.83- and 4.704-MeV states.

IV. SUMMARY

We have established the level scheme and the decay
scheme of °Be from B-delayed neutron spectroscopy with
spin-polarized °Li. The neutron decays via *He, ;. were newly
measured in the neutron TOF spectrum and identified based on
the B-asymmetry spectra in coincidence with the neutron TOF.
Based on these results, the neutron-decay scheme of 9Li has
been dramatically improved. The present results in terms of the
B-decay branching ratio /g and log ft value were consistent
with those of the previous works [10,14,15]. However, the
I™ assignments were inconsistent with those of the previous

works [10,14,15]. A firm spin-parity assignment was made for
the known level of 2.43 MeV (I* =5/27) in °Be. From the
analysis of the asymmetry spectra for the neutron transition,
we confidently suggested a /™ value of 3/2~ for the 2.78-MeV
state. For the 4.704-, 5.59-, and 7.94-MeV states, we proposed
spin-parity values of I™ =1/27, 5/27, and 3/2~ from the
B-ray energy gated spectra. A further experiment measuring
B-delayed neutrons and « particles with low threshold would
be necessary to verify the accuracy of the present assignment
for I™.

A detailed comparison with the shell-model calculations
with a level-by-level basis was performed. We found an overall
good reproduction of the shell-model calculations with p-shell
configurations.
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