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Abstract

The light nucleus °Be has been studied through
the emission of beta-delayed neutrons and alpha par-
ticles from °Li. The activity was produced at the
ISOLDE facility in fragmentation reactions induced
either by 600 MeV proton or 910 MeV *He beams from
the CERN Synchro-cyclotron. After mass separation,
neutron spectra were recorded using *He-filled pro-
portional counters, while surface barrier detectors
were used for the spectroscopy of alpha particles.

Effects on the spectrum shape induced by recoil
and polarization phenomena as well as large widths
of the intermediate states are discussed.

1. Introduction

The nucleus °Li with a half-life!) of T; =178 ms
is the next heaviest lithium isotope. Its tdtal
beta-decay energy?) is Q = 13.607 MeV. The beta decay
can thus populate states, in the daughter nucleus
°Be, with excitation energies which exceed the sepa-
ration energies for one neutron or an alpha particle.
In Fig. 1 the decay scheme®) of °Li is shown. For the
excited states in ’Be fed by the beta decay, several
decay channels are open such as o + He + o + o + n,
n+®e>n+ao+a, andn+ ®Be*(2¥) > n +a +a.
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Fig. 1 The decay scheme of °Li

Table 1
Isotope T
(MeV l;"‘kev) (keV)
°Be 2.4294 £+ 1.3 0.77 £ 0.15
2.78 + 120 1080 + 110
3.049 + 9 282 + 11
4.704 + 25 743 + 55
6.76 + 60 1540 + 200
7.94 + 80 ~ 1000
11.283 + 24 575 + 50
11.81 =+ 20 400 + 30
8Be ground state (6.8 +1.7) x 1073
2.94 £ 30 1560 + 30
*He ground state 600 + 20

Since most of the intermediate states in the decay
cascade are very broad, no narrow peak structure
could be expected in the spectra except for the neu-
tron transition between the IT = %,” state in °Be and
the ground state of ®Be. In Table 1, energies?) and
widths?) are given for all known states in the energy
regions of interest.

2. Experimental technique

For the neutron spectroscopic measurements the
mass-separated ion beam was brought, via an ion opti-
cal transfer line, to a measuring position situated
one floor above the isotope separator in order to re-
duce the background level. In addition, a shielding
consisting of paraffin, polyethylene, and cadmium
sheets completely surrounded the neutron spectrometer.
For the neutron detection, two %He-filled spectro-
meters were used. The energy resolution of the de-
tectors was 14.3 keV (FWHM) for the thermal neutron
peak and 30 keV (FWHM) at 500 keV.

For the alpha measurements the °Li beam was
stopped in a 20 ug/cm® carbon foil and the sepctra
were measured with either a detector telescope con-
sisting of two silicon surface-barrier detectors or
a singles detector.

3. The neutron spectrum

Figure 2 shows the measured neutron spectrum
corrected for the energy dependence of the detection
efficiency. The general shape of the spectrum_agrees
with earlier measurements by Macefield et al.*) and
Chen et al.®), who both measured the neutron spectrum
with time-of-flight techniques. The energy resolu-
tion in the present measurement is, however, superior
to that reached in Refs. 4 and 5.

- 312 -



Spp 1200 1508

2000

2509 3002 35p@  ENERGY,KEV

8000 |

6800 |

LPB

CGUNTS/CHANNEL

2000 |

Fig. 2 Efficiency-corrected energy spectrum of beta-delayed neutrons from °Li.

with a *He-filled proportional counter.

Besides the thermal-neutron peak, due to back-
ground radiation, and two broad distributions, only
one peak, with energy 682 keV, can be seen in the
spectrum. This peak corresponds to the neutron tran-
sition from the state (I" = %) at 2.43 MeV excita-
tion energy in °Be to the ground state (I" = 0%) of
®Be. This peak is broader than expected from either
the detector resolution or the natural widths
(Table 1) ?f the states involved. The broadening is
explained®) as a recoil effect due to i) the high
beta-decay energy, ii) a light beta-decay daughter,
iii) a short lifetime of the neutron-emitting state,
and iv) a possible beta-decay induced polarization of
the daughter product. Owing to the short lifetime
(8.5 x 107'° s) of the 2.43 MeV state in °Be, the re-
coiling nucleus is not retarded through collisions
with neighbouring atoms before it decays by neutron
emission. Depending on the angle of emission rela-
tive to the recoil direction, the neutron energy will
be shifted.

The first step in the calculation of the broadened
line shape is to obtain the recoil-energy distribu-
tion of the beta-decay daughter °Be*. The expres-
sion’) for the emission probability of an electron-
antineutrino pair in allowed beta decay can be trans-
formed to describe the distribution of recoil ener-
gies as

P(W,Ep) dw dEp = F(A,W){W(WO—W) + %.a x

M2, __2}
[ZER - W2+ 1 - (Wo-W) ] W dE, (1)

with F(A,W) the Fermi function, W the total electron
energy, Wo the maximum electron energy, ER the recoil
energy, M the mass of the recoiling nucleus, mo the
rest mass of electron, and o the beta-neutrino angu-
lar correlation factor’). Since in this case the
beta decay is of the Gamow-Teller type (%~ + % ),

o equals -%. The recoil energy distribution ranges
between 0 and 8.14 keV.
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The spectrum was measured

For the second part of the decay cascade, the
neutron emission, we make the assumption that the ex-
cited °Be nucleus consists of an ®Be core surrounded
by an orbiting neutron with angular momentum quantum
number 1 = 3. The linear momentum of the recoiling
°Be* nucleus is shared between the neutron and the
%Be core such that

Br(m) = PR(°Be*) - Pp(°Be) , )
where the index R stands for recoil. To obtain the
total linear momentum B, the linear momentum P,, re-
leased in the decay, is vectorially added to ﬁR(n) as

pi? = ph *+ pp(n) + ppp(n) cos 6, (3

which transforms to

1 [M(SBe*) - M(aBe)] {M(QBe*)ER N

E'(E,,06,) = E_ +
n- R’ n  M(n) M(°Be*)

%) Y AP —
[M(°Be ) M(eBe)] + 2/M(°Be*)M(n)E_E, cos el} , (B
M(°Be*) "

where 6, is the angle between the directions of re-
coil and neutron emission. The final neutron energy
is denoted by Ejj, while E, stands for the neutron
energy in the case of a stationary nucleus. The maxi-
mum energy contribution [Eq. (4)] due to the beta re-
coil is about #50 keV. If isotropic emission of neu-
trons is assumed, the neutron intensity distribution
Pn(Eh,ER) for fixed Ep is obtained simply from inte-
gration over solid angles corresponding to different
neutron energy intervals. Finally, the neutron spec-
trum N(Ef) is obtained by integrating Ppn(EA,ER),
weighted by the distribution PR(ER) of recoil ener-
gies, over ER as
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N(E!) dE! = -[ P, (B} ,Ep)Py (Ep) dE! dE, . (5)

Er

From Eq. (1) Pr(ER) is obtained after integration
over all electron energies W.

The dashed curve in Fig. 3 shows, together with
experimental data, the calculated line shape obtained

with the assumption of isotropic emission of neutrons.

The expected line shape in the absence of recoil ef-
fects is indicated by the dashed-dotted curve.

The precursor nucleus °Li is unoriented, but the
recoiling neutron emitter possesses a distribution®
of m-values along its direction of flight expressed

by

(6)

Equation (6) is to be considered only as an approxi-
mation since it expresses the distribution averaged
over electron energy. Evaluation of the coeffi-
cients®’®) in Eq. (6) gives the final expression

. . - 2

where X, is a function of the maximum kinetic energy
released in the decay. We notice that only a quad-
ratic dependence of m remains in Eq. (7). This
causes nuclear alignment, which means that the mag-
netic substates are differently populated but in a
way such that P(m) = P(-m). For this case the rela-
tive population of different substates is

P(£1/2) = 0.2109
P(£3/2) = 0.1777
P(£5/2) = 0.1113 .

As a consequence of the alignment of the beta-
decay daughter, the neutrons will be emitted aniso-
tropically. In the formalism'®) for angular corre-
lations in cascade decays we express the probability
for an observation W in the final state as

W=7 I |} GemelH,|[jm)GmlH, [5im)|* , (8
m; mg |m

where 1 and 2 denote the initial and final states,
respectively, and Hy is the interaction Hamiltonian.
The interaction matrix element for the first part of
the decay is proportional to P(m), the population of
magnetic substates. The Hamiltonian in the interac-
tion matrix element |(j.m|Hy,|jm)|2? represents the
probability for a transition from the intermediate
state to the final state. Since it has to be invari-
ant under rotations of the coordinate system, it is
formed by a scalar product of two irreducible tensors
as

H, =10 DA Ly Ty s ®)

both tensors being of half-integer rank J = %.

After appropriate coordinate transformations and
evaluation of vector coupling constants, the follow-
ing expression for the angular dependence of the neu-
tron emission is derived:

W(6) =1 + 0.459 cos? 6 . (10)
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Fig. 3 Experimental and calculated shapes of the
682 keV peak in the beta-delayed neutron spectrum of
°Li. The strong influence of recoil effects is evi-
dent from a comparison between the expected line
shape considering only the detector resolution
(dashed-dotted line) and the measured spectrum.

Thus the nuclear alignment contributes to the broaden-
ing of the line. The solid curve in Fig. 3 shows the
calculated line shape when anisotropic effects are
included.

4. The alpha spectrum

Figure 4 shows the °Li beta-delayed alpha-
particle spectrum registered with a detector tele-
scope. The main intensity peaks around 320 keV. This
peak structure is composite due to the many decay
channels open. More striking, however, is the fact
that the alpha spectgum ranges to energies above
5 MeV. 1In the work®) of Chen et al. no alpha inten-
sity was found at_such high energies, but recently
Langevin et al.'!) found high-energy alpha particles.
In the following we will concentrate on the high-
energy part of the alpha spectrum, with the aim of
extgacting the beta feed to the highly excited states
in “Be.

The alpha particles of highest energy originate
in the states at 11.81 MeV and 11.28 MeV excitation
energy in °Be through decay via the chamnel

°Be* + a; + °He .
oz +n
Both states in °Be* as well as the ground state of
*He have large widths (Table 1) which will impose

considerable energy shifts for the emitted alpha
particles.

The state fed in beta decay is described by a
Breit-Wigner shape as

C

YI
)2+ hr?

E

(1)

(E - Epes

where E is the excitation energy and Eygg is the
energy of the resonance in °Be. The width of the
state is denoted by I', and C is a constant. However,
owing to the Coulomb force, the beta decay populates
the resonance asymmetrically. The intensity distri-
bution of the beta feed is obtained by weighting

Eq. (11) with the dimensionless integral Fermi
function f(Z,Q-E) as
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Fig. 4 Energy spectrum of beta-delayed alpha particles from °Li. The spectrum was measured with a surface-
barrier detector telescope in anticoincidence mode.

Y, = (QE)’ : 12)
(E - Eres)z + Y%T?

The function f(Z,Q-E) has been approximated with
(Q-E)® in order to vizualize the very strong energy
dependence. Assuming that the Breit-Wigner shape

is valid, the beta feed extends, through the tail of
the distribution in Eq. (122 down to the ground
state of SHe. This effect! ) was already shown for
the decay of °He, but it is more pronounced in this
case because of the high excitations involved.

The spectrum shape is obtained from an integra-
tion over the state fed in beta decay and the ground
state of °He, which are split up as schematically
illustrated in Fig. 5. Each of the "discrete levels"
in °Be™ decays by algha emission to every accessible
"discrete level" in °He. All decay paths are cal-
culated under consideration of alpha and neutron
penetrabilities. The intensity distribution of alpha
particles depopulating the °Be” nucleus is finally
given by

Yo, BrioPpe) =
(13) Fig. 5 Schematic illustration of the beta-delayed
0 o particle emission process through the channel
= «@ EIi) d (Eal) (En) 913 fi; o, + "He » 0, +a, +n
[y - ED? + Wr2ll (g - B + Wral 1 L
Ii res I Ff Tes F

where I and F denote initial and final states, and i

and f are running indices. The penetrabilities P* similar to that described in Section 3. Figure 6

for alpha particles have been calculated according to shows the calculated alpha spectrum (solid line) from
Fréberg'?), whereas the simple fornula'*) of Blatt and the decay of the 11.81 MeV state in °Be as well as its

Weisskopf has been used for the neutron penetrabili- decomposition into partial spectra of o1 and a2. It
ties PN, The sum of all possible decay paths finally is noteworthy that the spectrum covers the entire
gives the total spectrum. Spectra from the breakup range from zero energy to above 5 MeV. This behaviour
of SHe into an alpha particle and a neutron are cal- is due to the large tail, towards low energies, of
culated taking recoil effects into account in a way the state fed in the beta decay [Eq. (12)].
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Fig. 6 Calculated alpha-particle spectrum (solid
curve) from the decay of the 11.81 MeV state in °Be.
The dashed and dashed-dotted curves show the decom-
position into partial spectra of a, and o, (cf.

Fig. 5).

Figure 7 shows a beta-delayed alpha-particle
spectrum of °Li measured with a singles surface-
barrier detector. Also included in the figure is
the sum of calculated spectra from the states at
11.81 MeV and 11.28 MeV excitation energy in °Be.
From the calculated spectrum normalized to the ex-
perimental one at the high-energy part, it is found
that 6% of the intensity in the alpha spectrum ori-
ginates from the 11.81 MeV state and 2.4% from the
11.28 MeV state. Since 50% of the beta decay feeds?)
particle unbound states, the beta-decay branches to
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