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The experimental results on the properties of low-lying states of the 1%L nucleus are reviewed,
together with theoretical methods of calculating the levels of light nuclei. The method of

the theory of threshold phenomena has been used to analyze the two lowest states of the 19Be
nucleus with T=2 near the threshold of the reaction 'Li(t,n)’Be*(T=3/2); these two

states are the analogs of the ground and first excited states of 191 i. The mass excesses of these
101 states and the '°Li—n+°Li decay energy are determined. The spins and parities of

these states are found to be J"=2", 17, and their configuration is ¥2s3. The total widths are also
estimated. The results are compared with the corresponding experimental and theoretical

results of other studies. This analysis makes it possible to resolve the contradictions in the available
experimental data by interpreting them correctly. The properties of nuclei of the A=10

isobaric multiplet are discussed. The systematics of nuclei with N=7 (Z=0—6) are studied and
used to predict the spins and parities of the lowest states of the °He, ®H, and "n nuclei

with normal and anomalous parities. New experiments on more extensive study of the properties
of '°Li are also proposed. © 1995 American Institute of Physics.

INTRODUCTION

In the last few decades light exotic nuclei with N/Z>1
have been studied intensively. The unusual behavior of these
nuclei begins to be manifested at N/Z~2, where a deviation
from the shell-model level-filling scheme is seen, for ex-
ample, for ''Be. A neutron “halo” and associated anoma-
lously large radius are seen in nuclei with N/Z=3 (8He,
Lj). For N/Z~2.5 (the '°Li nucleus) the nuclear structure is
that of a core (A —1) in the ground state plus a weakly bound
extra neutron. This incomplete list of formerly unknown
nuclear properties indicates that nuclear-physics research has
entered a region of nuclei with new properties. This probably
began with the publication of Ref. 1 in 1966 on the fragmen-
tation of the uranium nucleus induced by 5.3-GeV protons,
which led to the detection of nuclei of isotopes of light ele-
ments. In particular, the peak corresponding to 1°; was not
seen in the spectrum of these nuclei, from which it was con-
cluded that '°Li is unstable to the emission of nucleons or
nucleon associations. Further research has confirmed this
conclusion. The neutron instability of '°Li is now considered
an established fact.

In 1969 at a nuclear-isospin conference Barnes® pre-
sented results on the measurement of the excitation function
of the reaction 'Li(*He,p)’Be near the n+°B* threshold
(E,=14.66 MeV, J"=3", T=3/2). The proposed level of the
compound nucleus near the neutron threshold must have a
large reduced neutron decay width and isospin T=2, corre-
sponding to structure of the '°B nucleus of the form of a core
9B*(T=3/2) and a neutron in an outer orbital. This state of
B is the analog of the '®Be state with structure
n+°B*(E,=14.3922 MeV, J™=3", T=3/2) and of the '°Li
state with structure n+°Li (J™=3", T=3/2). The core must
be in the ground state, since the '°B level in question is the
lowest of the levels with 7=2. Studies soon appeared in
which the excitation functions of the reactions T(7Li,p)9Li
(Ref. 3) and "Li(t,p)°Li (Refs. 4 and 5) were measured near
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the neutron threshold n+°Be*(E,=14.39 MeV, J™=3",
T=3/2), and the level of the compound nucleus '°Be(T'=2)
which is the analog of the ground state of '°Li was found. In
Ref. 5 the orbital angular momentum of threshold neutrons
was found to be /=0. This result was unexpected, because it
leads to negative parity of the analog state '°Be(T=2) and of
the ground state of '°Li. According to the calculations based
on the shell model,® these states should have positive parity.
A mass excess of the '°Li nucleus equal to 33 MeV was
found from the energy of the analog state.”

However, in 1975 in an experiment using the reaction
'Be(’Be,®B)!°Li (Ref. 8), it was found that the '°Li mass
excess is 33.83+0.25 MeV and that the parity is positive.
This discrepancy between the data of Refs. 4 and 5 and Ref.
8 led to discussions about the ground-state configuration of
10i (Ref. 9) and stimulated shell-model calculations of the
levels of light nuclei far from stability.!® In Ref. 9 the shell-
model calculations!! were used as the basis for proposing
that the authors of Ref. 8 had observed the '°Li nucleus in
the lowest excited state with normal (positive) parity. The
ground state of '°Li apparently has the configuration
15s*1p>2s and lies 0.8 MeV below the state observed in Ref.
8.

Later experimental studies focused on improving the
values of the '°Li mass excess and the spin and parity of its
ground and excited states. The results of Refs. 4 and 5 were
confirmed in Ref. 12. The authors of Refs. 13—15 did not
draw any definite conclusions about the '°Li ground state,
owing to insufficient statistics. Finally, in Ref. 16, where '°Li
was studied in two different reactions, *Be(*C,">N)'°Li and
Be(ce,F)!°Li, it was confirmed that the '°Li nucleus is
particle-unstable and has levels above the neutron threshold
with energies 0.42 and 0.8 MeV, which with highest prob-
ability are identified as the 1*/2% doublet with the configu-
ration [7lp3@vip1], where the 1 state is the ground state.
This last statement contradicts the available experimental
data, as well as the theoretical analysis”"x of the excitation
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function of the reaction 7Li(t,p)gLi (Refs. 4 and 5).

The resolution of this complicated situation requires a
unified approach to the experimental data and a key to un-
derstanding them. The tools available to us are the model-
independent theory of threshold phenomena, which allows a
unified interpretation of the available data on '°Li, and also
precise experimental data on the two lowest levels of '°Be
with isospin 7'=2, which are the analogs of the ground and
first excited states of '°Li and have been used to find an
approach to understanding the properties of the '°Li levels.
We resolved to use these tools to analyze the available data
on the properties of the ground and excited states of '°Li and
to check that the experimental data are consistent. In 1994
we carried out a theoretical analysis of the experimental data
of Ref. 20, where the energy resolution was 20 keV, the error
was small (<0.5%), and the point spread was insignificant.
In contrast to the earlier analysis”’18 of other experimental
data for the same reaction 'Li(z,p)°Li near the threshold of
the reaction "Li(t,n)°Be*(E,=14.3922 MeV, J™=3", T=3/
2), we discovered two (rather than one) narrow levels of the
compound nucleus '°Be. The level widths are less than
100 keV, and both levels have negative parity. It was found
that these levels have isospin 7=2 and are the analogs of the
ground and first excited levels of '°Li. We determined the
energies and widths of these levels, and also estimated their
neutron widths. The results led to a '"Li mass excess in
agreement with the data of Refs. 17 and 18. We were also
able to find the energies and widths of the ground and first
excited states of '°Li, and to determine their parity, structure,
and shell configuration. These results later greatly simplified
the analysis of the other experimental data.

In order to introduce the reader to the subject, first we
review the experimental (Sec. 1) and theoretical (Sec. 2)
studies with a detailed discussion of the results obtained on
the properties of '°Li. We then present the theoretical analy-
sis of the levels of '°Be with 7=2 (Sec. 3) and make an
analog prediction for the properties of the ground and first
excited states of '°Li. In Sec. 5 we discuss the results on the
properties of '°Li obtained by us and in other studies. In Sec.
6 we draw some conclusions and suggest experimental work

to further improve our knowledge of the characteristics of
'%Li and the nuclei of the A=10 multiplet.

1. REVIEW OF THE EXPERIMENTAL DATA

The experimental results on the '°Li nucleus can be di-
vided into three groups: (1) data on nucleon-stable nuclei of
the A =10 isobaric multiplet; (2) direct study of '’Li in reac-
tions producing this nucleus; and (3) indirect data, primarily
data on the nuclei of neighboring multiplets with A=11 and
A=9.

The data of the first group represent the most complete
and accurate information available at present. We shall give
special attention to them. Methods for studying '°Li directly
are not well developed, and their results cannot be inter-
preted unambiguously. Therefore, the data of the second
group are still viewed as auxiliary. Information on other nu-
clei with A# 10 is used to construct several logical schemes
which aid in the understanding of the "’Li structure and its
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FIG. 1. Data on the yield of 14.5- and 12-MeV v rays® from deexcitation of
the lowest T=3/2 states of *Be and °B as a function of the energy of the
incident ’He nuclei for the reactions 'Li(*He,p)’Be (T=3/2) and
"Li(*He,n)°B (T'=3/2). The two anomalies near the two thresholds E,, and
E,, for B (T'=3/2) production are due to the isospin coupling between the
two analog channels.

place among neighboring nuclei, and helps to extrapolate its
properties to other nuclei.

(1) Data on T=2 levels of '°Be and '°B are presented in
Refs. 2, 4, and 5. Reference 2 presents a figure from an
unpublished study (by Addelberger and Snover of Stanford
University) which shows the yield of y quanta of energy 14.5
and 12 MeV from the lowest excited states of *Be and °B
with T=3/2, produced in the reactions
"Li+3He—p+°Be(T=3/2) and 'Li+’He—n+°B(T'=3/2) in
the range of *He energies from 5 to 16 MeV (Fig. 1). At an
energy near the neutron threshold of the reaction
"LiCHe,n)’B* (E,=14.655 MeV, J"=%", T=3/2),
E, =7.577 MeV, the threshold cusp is clearly seen, with two
narrow resonances of the compound nucleus '"°B located to
the left and right of it at E, *0.5 MeV. Both resonances
apparently have isospin T=2. For a bombarding energy near
10 MeV a strong resonance is observed which, as suggested
by the authors of Ref. 2, might be the lowest T=2 state of
the '°B nucleus. In our opinion this strong resonance is either
one of the T=2 levels or the giant resonance. On its right-
hand slope at the energy corresponding to the second neutron
threshold E, =11.036 MeV of the reaction "Li(*He,n)’B*
(E,=17.076 MeV, T=3/2) we clearly see a second threshold
cusp. It is quite likely that near this threshold, owing to cor-
relations between threshold and resonance states,'&19 there
are one or several levels of the compound nucleus '°B with
T=2. The next energy step in Ref. 2 is 150 keV, so that the
detailed behavior of the excitation function is not seen in the
experimental data.

The authors of Ref. 3 report on the measurement of the
excitation function in the reaction T(7Li,p)°Li and the obser-
vation of a threshold singularity near the neutron threshold of
the reaction T(7Li,n)°Be*(T:3/2). The form of the excita-
tion function is not given.

The most complete and accurate data on the lowest 7=2
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FIG. 2. Particle yields in various channels® as a result of the reaction "Li+T.
Near the first threshold E, of the reaction "Li(,n)°Be* (E,=14.39 MeV,
T=3/2) the excitation function of the channel °Li+p (1) has a complicated
structure. The neutron yield (2) recorded by the threshold detector is con-
stant up to the threshold energy E, . The prethreshold yield comes from the
detection of fast neutrons. The leading front of the threshold peak has a
shape characteristic for zero orbital angular momentum of the threshold
neutrons. Within the experimental error, no anomalies are observed in the
yields of fast neutrons (3) and in the reaction "Li(t,@)°He (4) near threshold.

levels of '°Be were obtained in the experiments of Ref. 20,
performed at the All-Russian Institute of Experimental Phys-
ics. The excitation function for the reaction 'Li(t,p)°Li was
studied in 1973 by measuring the activity of °Li nuclei un-
dergoing B decay. The neutron and y-ray background was
5% on the average. The excitation function was measured in
the energy range E,=3.5—6 MeV with average energy step
equal to 20 keV. Near the threshold of the reaction
"Li(t,n)°Be*(E ,=14.39 MeV, J™=3", T=3/2) at the energy
E,=5.65 MeV a giant threshold anomaly is observed (Fig. 2)
with a 30% drop in the excitation function. The neutron
threshold is located approximately at the center of the drop.
The large value of the drop is explained by the existence in
the charge-conjugate channel of a compound-nucleus state
with T=2. The small energy width of the drop (=0.1 MeV)
is explained by the isospin-forbidden production of this state
in the entrance channel, where this state is the analog of the
state of the '°Li nucleus. Analysis led to a value of 21.185
MeYV for the energy of this state, and this was used to calcu-
late the neutron binding energy &,=—62*+60 keV in 1L for
the ground state. The large spread of the experimental points
in this study should be noted.

A more complete experiment® was designed to study si-
multaneously the anomaly range E,=5.43—5.95 MeV in all
the open channels of the reaction 'Li+1, except for the elas-
tic channel. The data on the cross sections of the studied
channels are given in Fig. 2. The excitation function of chan-
nels with nonthreshold neutrons does not have visible thresh-
old singularities like that of the channel SHe-+a. This can be
attributed to the weak coupling of these channels to the pro-
ton channel and the threshold channel. The latter have clearly
expressed threshold singularities. Since the threshold-
neutron detector was located on the beam axis behind the
target, it received neutrons from nonthreshold channels and
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FIG. 3. Total cross sections of the reactions® "Li(z,p)°Li (1), "Li(r, @) °He
(2), and "Li(r,d)®Li (3). Threshold anomalies are observed only in the proton
channel.

all threshold neutrons with energy in the range from zero to
several times E,,, , determined by the reaction kinematics
and the angular dimensions of the detector. As the energy of
the incident tritons is increased further, the number of thresh-
old neutrons begins to fall, owing to opening of the *““thresh-
old” cone in which the neutrons travel, which forms the edge
of the threshold cusp on the high-energy side. The height of
the peak is 15% of the prethreshold yield. The shape of the
left side of the peak is well described by a function of the
energy Ei"+ Y2 with orbital angular momentum /,=0. There-
fore, the contribution of threshold neutrons with [,#0 is
small. The total cross section of the °Li+ p channel was mea-
sured according to the equilibrium B activity of the °Li nu-
clei directly in the bombardment process, i.e., in the station-
ary regime. For this reason the spread of the experimental
points is minimal. The contribution of background effects is
less than 1%. On the steep falloff of the excitation function
we clearly see two bulges suggesting the existence of two
narrow resonances of the compound nucleus '°Be. This study
experimentally confirmed the suggestion* that the decay to
the threshold channel n+°Be*(T=3/2) occurs with [,=0.
Therefore, if there is a state in '°Be with 7=2 and negative
parity (/,=0) near threshold, it will be manifested consider-
ably more strongly than a state of positive parity (/,=1).
The extension of the excitation function of the reaction
"Li(r,p)°Li to the energy range E,=6—10.5 MeV was first
obtained in Ref. 20. In Fig. 3 we show the total cross sec-
tions obtained in that study for SHe, ®Li, and °Li production
in the reaction 'Li+¢ as a function of energy in the range
E,=3—10.5 MeV. The excitation function of the reaction
"Li(t,p)°Li has a very complicated structure. After a fast rise
from the threshold of the proton channel at about 5.65 MeV
there is observed to be a sharp threshold anomaly due to the
coupling to the channel n+°Be* (E,=14.39, MeV, T=3/2).
In the range 6-7.5 MeV the excitation function has a plateau
behavior, followed by a broad peak with a maximum at
E,=8.4 MeV reaching a height of 35 mb. The resonance
width is about I MeV. Then there is a rapid decrease down to
the edge of the region studied. On this slope at E,=9.348
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FIG. 4. Spectrum of B nuclei from the reaction *Be(°Be,*B)'°Li at energy
121 MeV at an angle of 14° in the lab frame in coincidence with °Li nuclei
(from the decay '°Li—°Li+n; Ref. 8). The broad peak with '=1.2+0.3
MeV (c.m. frame) near the °Li+n threshold covers the two proposed level
doublets 27/1~ and 1*/2* of the °Li nucleus.

MeV there is a second neutron threshold of the channel
n+°Be* (E,=16.975 MeV, T=3/2) analogous to the first
threshold. At the point corresponding to the threshold of the
excitation function of the channel 7Li(t,p)9Li we observe a
discontinuity, and also the deep drop below the plateau at
E,=6—7.5 MeV indicates the interaction of the threshold
with a T=2 level of '°Be. This level might be the strong
resonance at E,=8.4 MeV or another state located on the
decreasing side near the second neutron threshold. In Fig. 3
we also show the excitation functions of the reactions
"Li(t,)°He and Li(t,d)®Li. The first was measured with a
random error of ~30%, and the only thing that can be said
about it is that in the entire energy range E,=3—10.5 MeV
the excitation function can be estimated to be roughly con-
stant at =5 mb. The excitation function of the channel d +3Li
grows monotonically from threshold in proportion to the
Coulomb penetration factor and reaches a value of 75 mb at
E,=10.5 MeV. The random errors in the channels p+°Li and
d+8Li are determined by the counting statistics (=1%) and

by the instrumental instability, leading to spreads of less than
3%. The total systematic error in the cross section is esti-
mated to be 20%.

(2) Reactions with '°Li production have been studied in
Refs. 8 and 12—16. The mass excess of '°Li was found to be
33.83+0.25 MeV in 1975 for the reaction *Be(°Be,®B)'Li at
121 MeV (Fig. 4). This corresponds to the binding energy of
a neutron in '°Li equal to 0.80+0.25 MeV, which is consid-
erably larger than the prediction of 0.21 MeV based on the
Garvey—Kelson method,2l and is in even greater conflict
with the data of Abramovich et al.,* where it is only 0.062
+0.060 MeV. In Ref. 9 it was suggested that the 'Li level
observed in Ref. 8 is the lowest level with positive parity,
and not the ground state with anomalous (negative) parity
lying 0.8 MeV lower.

The spectrum of protons from the reaction ''B(7~,p)'°Li
induced by stopped m mesons was measured in Ref. 12.
Near the upper kinematic limit the spectrum has a peak (Fig.
5) with the parameters E,=0.15+0.15 MeV and 1',<0.4
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FIG. 5. Spectrum of protons from the reaction ''B(7~,p)'°Li on stopped 7~
mesons near the kinematic limit. The '°Li excitation energy is shown on the
upper scale. The arrows indicate the locations that we propose for the cen-
troids of the '°Li level doublets with negative and positive parities.

MeV, where I'=T'((E/E,)"2. The spectrum taking into ac-
count the threshold nature of the '°Li resonance was de-
scribed by the Breit—Wigner formula with energy depen-
dence of the width in the s-wave approximation (/=0). The
absence of additional peaks in the proton spectrum can be
due either to the reaction dynamics or to the fact that the
distance between levels is considerably less than 0.4 MeV.

In the last two years a great advance has been made in
the study of the properties of 'Li in several laboratories
around the world. The experimental data from Japan'® on the
reaction ''Li+C—’Li+n+X for E("'Li)=72 MeV/A were
obtained for the spectrum of neutrons in coincidence with
°Li. The observed distribution decreases monotonicaly from
threshold and has a broad peak at 0.5 MeV. The three nar-
rower peaks on it correspond to the data of Refs. 12, 16, and
8. The authors suggest that the ground state of '°Li is slightly
lower than in Ref. 12. There is also a hint of the first excited
state near the same energy as in Ref. 16. These results sug-
gest that the outer neutron in '°Li can be in the 53 shell.

In the United States, Young et al.'* have measured the
spectrum of ®B from the reaction 'B('Li,®B)'’Li at energy
130 MeV and laboratory angles 5° and 3.5° (Fig. 6). There is
a strong, broad peak (I',,,=358+23 keV) corresponding to
the p-wave resonance in the interaction of the unbound neu-
tron with °Li at 538+62 keV. There is also a weak indication
that the ground state can be either an s- or a p-wave reso-
nance with I',,<<230 keV corresponding to £,=—100 keV.
The clear splitting of the weak resonance into two should be
noted.

Another American study'® focused on coincidences of n
and °Li from the decay of '°Li nuclei produced in the frag-
mentation reaction '"80+C—n+'°Li+X at 80 MeV/A in col-
linear geometry at 0°. The relative-velocity spectrum for
n+°Li was studied. Only a single peak corresponding to
low-energy neutrons from 'Li was observed. The neutron
binding energy in '°Li is lower than in Ref. 12. However, the
observed peak could also be associated with an excited state
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FIG. 6. Spectrum of ®B nuclei from the reaction "'B(’Li,*B)'°Li at energy
130 MeV and angle 5° in the lab frame. The 19Li excitation energy is shown
on the upper scale. The high energy resolution (70 keV) made it possible to
resolve the ground 2™ and first excited 1™ levels of the '°Li nucleus and to
distinguish them from the 1*/2* doublet.

of '°Li decaying with a transition to the first excited state of
’Li.

Measurements made in Germany16 found a '°Li mass
excess of 33.445(50) MeV. Two different reactions were
used: °Be(*C,"”N)'°Li with E;, =336 MeV (Fig. 7) and
Be**c,'F)'°Li with E,,,=337 MeV (Fig. 8). According to
the data of this study, the 191 i nucleus is neutron-unstable
with neutron binding energy —0.42(5) MeV. In the analysis
of the first reaction a low-lying excited state was found at
0.38(8) MeV. This state and the ground state may, in the
opinion of the authors of that study, with high proba-
bility be identified as a 1*/2* doublet with configuration
[71p3®vlpi]. Here the ground state has J"=1". The reac-
tion (**C,!2N) populates the 1" state, which is induced by
spin—isospin flip in the leading part of the transition ampli-
tude. The 2% state corresponds to the mass given in Ref. 8

-
o
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FIG. 7. Spectrum of '2N nuclei from the reaction *Be('*C,"’N)'°Li at cnergy
336 MeV and angle 3.8° in the lab frame ncar the '°Li ground state. The
carbon lines (C) and the location of the 2 , | doublcet proposed here are
shown. The indicated locations of the 1', 2' levels and the level at 4.05
McV correspond to the data of Refs. 58 and 59.
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FIG. 8. Spectrum of F nuclei from the reaction '*C(**C,""F)'°Li at energy
337 MeV and angle 5.4° in the lab frame.>® The locations that we propose
for the centroids of the 27, 1~ and 1%, 2* level doublets are shown. The
energy resolution does not allow the levels of the doublets to be resolved.

for the ground state of 10i. The second excited state is ob-
served at 4.05(10) MeV with width 0.7(2) MeV and can have
the configuration v1d3. The data on the second reaction fully
support the doublet ground-state interpretation (Fig. 8). The
excited state at 4.05 MeV is not observed in this reaction.
(3) Indirect data on the unstable '°Li nucleus have been
obtained in studies of the neighboring stable and unstable
nuclei °Li, "'Li, °He, 'Be, and so on.” Regarding the °Li
nucleus, it is known’ that it is particle-stable and has spin
and parity J"=3", isospin T=3/2, and radius 2.41 F. The He
nucleus’ is particle-unstable. The transverse-momentum dis-
tribution has a maximum at zero and falls with increasing P
(Ref. 22). The mass excess is 40.80=0.10 MeV. The *He
nucleus decays into the channel ®He+n with energy 1.13
MeV. The ground state has characteristics J "= 1~ according
to the shell-model calculations.'® The '"Li nucleus® is
particle-stable, and its mass excess is 40.85=0.08 MeV. The
two-neutron separation energy is 247+80 keV. The nuclear
spin is 3/2, and the systematics indicate negative parity. The
nuclear radius is anomalously large: 3.16*0.11 F. This is
apparently related to the neutron halo.?* The !'Be nucleus is
particle-stable,? and it has spin 1/2, anomalous positive par-
ity, T=3/2, and anomalously large nuclear radius: 2.86+0.04
F, which is due to the neutron halo.?**> The '*B nucleus is
particle-stable and has J™=1" and T=1 (Ref. 23).

2. METHODS OF THEORETICAL ANALYSIS

There are several well known model and model-
independent approaches to the theoretical analysis of the ex-
perimental data, in addition to semiempirical mass formulas
and extrapolation rules following from the systematics of
nuclear properties. When extrapolating the properties of
stable and particle-stable nuclei to the region of exotic
particle-unstable nuclei it is usually necessary to make use of
all the techniques available. They complement each other
and make it possible to predict the characteristics of un-
known nuclei with a high degree of reliability. Let us review
the basic techniques which are widely used at present.
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2.1. Shell-model calculations

In the current version of the shell model'®?® the Hamil-
tonian is split into two parts, one of which depends on the
coordinates of the nuclear center of mass, and the other on
the relative coordinates of the two nucleons i,:

A

1
H=Zl P}2m+ Emwzrf

+2 [Vij= (ma?124)(ri—r)*],
i<j
where P; is the momentum, m is the mass, r; is the nucleon
coordinate, and w is the oscillator frequency.

For a potential V;; depending only on the relative coor-
dinates the Hamiltonian is translationally invariant, and the
unphysical states associated with excitation of the center of
mass can be eliminated by the method of Ref. 27. The
Hamiltonian does not reflect the individual properties of nu-
clei. Therefore, model calculations of the nuclear levels can
only lead to qualitative agreement with the experimental
data. Coulomb corrections have been introduced to improve
the description of the data.'"?® When they are included, the
errors in determining the level energies can be reduced from
~1 MeV to 0.3—0.5 MeV for stable light nuclei in the region
N=~Z. The authors of Ref. 10 attempted to describe the bind-
ing energies of exotic neutron-rich light p-shell nuclei to-
gether with the spins and parities of their four lowest states.
In particular, for the two lowest states of 19, i the two ver-
sions of the calculation using (0+1)%Aw and (0+2)%w model
spaces gave positive parities with level ordering 17, 2% and
2*, 1%, respectively. The distance between them is 0.65
MeV. The neutron binding energy &, is —0.61 and —0.65
MeYV, respectively, for these two models. These results can-
not be very reliable, because the average discrepancy be-
tween theory and experiment is acknowledged by the authors
of Ref. 10 to be 1.1 and 1.2 MeV, respectively, for these
models. The results obtained in the shell-model calculations
of Ref. 26 are considerably more reliable. Here the predic-
tion that the ground state of '°Li has spin and parity 2 is
based on calculations of the lowest 7=2 state of the stable
'°B nucleus. The shell-model calculations are apparently bet-
ter in the region N=2Z. We think that for nuclei far from the
region N=Z it is necessary to introduce into the Hamiltonian
a dependence on the number of excess (or deficient) nucle-
ons in the nucleus.

2.2. The isobaric-multiplet mass equation (Ref. 28)

When the nuclear forces are assumed to be charge-
independent, all the members of an isospin multiplet 7" have
the same energy. The isobaric symmetry is broken by the
electromagnetic interaction. Additional effects arise from the
difference between the neutron and proton masses.® The lift-
ing of the energy degeneracy of the (27'+ 1) members of the
isospin multiplet is described by the mass equation of the
isobaric multiplet?® describing the dependence of the mass
on the third projection 7. of the isospin T:

M(A,T.T,))=a(A.T)+b(A,T)T,+c(AT)T: (1)

428 Phys. Part. Nucl. 26 (4), July-August 1995

The coefficient ¢ includes (among other things) the average
Coulomb energy of the multiplet. The coefficient & depends
linearly™ on A%*:

b(keV)=(—733.5+0.7)A%?+(1771.0+0.1). (2)

Comparison of the experimental ratio b/c with the model of
Ref. 31, assuming that the nucleus is a uniform sphere of
constant charge density, leads to a linear dependence on A
for T=3/2 and 2 (Ref. 28):
b

—;=aA—B; a=0.97; B=4.33. 3
The theoretical curve®! is shifted upwards relative to the ex-
perimental curve by AB=0.33, while the correct slope « is
preserved.

The Coulomb rearrangement energy AE, for the analog
levels of two neighboring nuclei is defined as

AE (AT, T;— 1T =My —Mz +A,y, 4

where M ;.. is the mass of the member of highest order in Z,
M, is the mass of the member of lowest order in Z, and
A,1=0.782339(17) MeV is the difference between the neu-
tron and hydrogen-atom masses. The parameters b and c are
related to AE, as®®

A= b(A,T)=(T—1/2)AE (A, T, T-2|T—1)

—(T—-3/2)AE(A,T,T—1|T); (5)
c(A,T)/3=1/6[AE(A,T, T-2|T—1)
—AE (A, T, T—-1|T)]. 6)

The mass equation (1) can be used to determine the energies
of the states of all the members of the isobaric multiplet with
given values of A and 7T up to several tens of keV if the
energy of at least one member of this multiplet is known for
determining the coefficient a. The mass equation sometimes
includes terms with higher powers of T, (Ref. 32),
dT3+eTy. In second-order perturbation theory these include
nondiagonal matrix elements. However, the errors in the de-
termination of the coefficients d and e are large, often larger
than the coefficients themselves. These terms have not been
included in our calculations.

2.3. The theory of threshold phenomena

This theory is applicable to the study of nuclear states
near the reaction threshold (Refs. 19, 33, and 34). The pos-
sibility of such study is based on the analytic energy depen-
dence of the wave function, which is well known for kR <1,
and for charged particles also for 721 (Refs. 35-37), where
k is the wave number, R is the nuclear radius, and 7 is the
Coulomb parameter. The use of only a small number of par-
tial waves at low energies makes it possible to represent the
wave function as an analytic function of energy with a lim-
ited number of parameters. This function is then used to
approximate the experimental data in the analysis of thresh-
old phenomena,'” and the parameters containing physical in-
formation about the reaction mechanism and the properties
of the compound nucleus are found. In particular, the energy
of the state of the compound nucleus, the total and partial

Abramovich et al. 428



widths of this state, and also its parity (orbital angular mo-
mentum /) are found. This information makes it possible to
determine the type of threshold state and its isospin for the
purpose of extrapolating the results of the analysis to neigh-
boring members of the isobaric multiplet'”'® by using the
mass equation (1). The advantage of the theory of threshold
phenomena is that the number of parameters is small, ~10.
The accuracy of the calculations is determined by the experi-
mental errors and is practically independent of the version of
the theory that is used.

2.4. Model-based methods of analysis

The threshold analysis is also carried out®® by means of
R-matrix theory®® with expansion of the penetration factor
P,(E) in powers of the energy. However, the complicated
nature of the coupling between the R matrix and the collision
matrix makes the R-matrix approach ineffective: there are
too many parameters (= 100), many of which have no physi-
cal meaning.*’ The result of the analysis depends on the ver-
sion of the theory that is used.

The resonating-group method is more effective. Owing
to the complexity of the calculations, it is applicable to light
nuclear systems with no more than three clusters in the
nucleus.*'*> Representation of the wave function of the sys-
tem as a series in the multiparticle basis of oscillator func-
tions makes it possible to reduce the many-body problem to
the solution of a system of linear algebraic equations:

> (a,v|H—E|v',a’)C% =0, (7

v',a'
where H is the Hamiltonian and |v,@) are basis functions.
The relative simplicity of these equations compared with the
multidimensional Schrodinger or Faddeev—Yakubovskii
equations* makes this method attractive for analyzing
nuclear reactions, including near-threshold ones. The infinite
system of equations (7) must be truncated in a manner de-
pending on the sophistication of the computational tech-
nique. Some part of the complete basis is chosen according
to the model representations of the physics of phenomena in
this system. The effect of the rest of the basis not used in the
solution is taken into account by the introduction of certain
free parameters. One of them is the oscillator frequency,
which is chosen so as to obtain the best description of the
structural features of the system. Two-particle realistic poten-
tials with parameters describing the interaction of two free
nucleons are used as the nucleon—nucleon interaction poten-
tials. Sometimes these parameters vary significantly (by up
to 20%). The Volkov** and Hasegawa—Nagata45 realistic po-
tentials are the ones used most often.

Naturally, the results of the calculations using the
resonating-group method depend significantly on the choice
of basis functions and on the parameters of the realistic po-
tentials. For the calculations to have predictive power it is
necessary to select all the parameters so as to obtain the best
description of the available experimental data.

The method of harmonic polynomials (the K-harmonics
method; Ref. 46) has been used rather successfully to de-
scribe the ground and lowest excited states of nuclei, includ-
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ing exotic nuclei.*’ This method takes its name from the
expansion of the wave function of the system in a series in
eigenfunctions U, of the angular part of the multidimen-
sional Laplacian A:

A“Uk},:_K(K‘F:;A_S)Uky,

where K=K ;,, are positive integers, y is the set of all the
other quantum numbers, and () is the set of angular vari-
ables. The radial functions X;,(p) depend on the collective
variable p:

A
p*=2 (r;i—R)?
=

and satisfy a system of second-order ordinary differential
equations. The spectrum of nuclear levels with K ;, approxi-
mated by using the techniques developed in the shell model*®
can be represented in terms of harmonics with given values
of the total angular momentum J and isospin 7, as in the
shell model. However, only some of the levels following
from the equations for the K harmonics are obtained in the
shell approach. The spectrum from the K harmonics is richer,
because it contains excitation of collective motion in the
variable p, which generates entire bands of states.

In this sense the nuclear spectrum in the resonating-
group method is even richer in collective states, because it
contains a larger number of collective degrees of freedom
corresponding to the internal motion of different clusters.
The question of the type of two-nucleon potential in the
K-harmonics method is not a simple one because the satura-
tion conditions must be satisfied. Potentials in the form of a
superposition of Gaussian potentials, one of which is repul-
sive, are usually used.*” Here the potential parameters are
fitted so as to obtain the best description of the nucleon—
nucleon scattering phase shifts in a fairly wide energy range.
Soft-core one-boson exchange potentials and velocity-
dependent potentials like the Bryan—Scott potential®® are at-
tracting a great deal of attention. As the number of nucleons
in the nucleus increases the system becomes more and more
unstable to collapse. The calculations of the properties of
1s-shell nuclei are very accurate. A great deal of effort is
required to obtain good accuracy for 1p-shell nuclei. The
so-called P model®' or the method of angular potential
functions®? has been proposed for them. In this method the
wave function of the system is represented as a sum of terms,
where the leading one is the wave function ¥, of the
K-harmonics method in the K,;, approximation, while the
other terms are supposed to be small corrections to the lead-
ing one. The role of the corrections reduces to the replace-
ment of the matrix elements of the nucleon—nucleon interac-
tion by the effective matrix elements in the system of
differential equations for the radial wave functions in the
corrections to the leading W, term. The angular potential
functions entering into the correction terms are constructed
by using the technique of j-raising operators (in the j;j cou-
pling scheme) from K, harmonics with given quantum
numbers J7 and 7.

A realistic soft-core potential is chosen as the nucleon—
nucleon interaction.™ Accordingly, in the P model®' the wave
function includes not only harmonics with K ;, and certain J
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and 7', but also terms of higher order in K in agreement with
the radial equations. On the basis of general considerations
this must lead to a better description of the characteristics of
light nuclei than in the shell model and in the K-harmonics
method. Calculations have shown that the binding energies
of the ®Li nucleus and 1s-shell nuclei are described better in
the P model. In the method of angular potential functions,
after the radial equations are written down they are treated as
auxiliary conditions on the matrix elements of the nucleon—
nucleon (NN) potentials for the purpose of solving the in-
verse problem: reconstructing the matrix elements of the NN
potentials. The matrix elements reconstructed by using the
experimental data are then again substituted into the radial
equations. The process of alternate solution of the direct and
inverse problems is repeated several times until the required
accuracy is obtained or until the reconstructed potential sat-
isfies the Calogero—Simonov saturation conditions.>® The
correction of the potential eliminates the “overbinding” of
~10 MeV of heavy p-shell nuclei (‘4'30), after which analy-
sis of the isotopes '“°He becomes reasonable. For them,
complete convergence of the expansion of the wave function
in the potential-harmonics series is obtained when ~200 ba-
sis functions are included in the space of multidimensional
angles. According to the calculation, the isotopes He and
'He are nuclear-unstable. The heavy isotopes "*°H are far
from being bound states, and there are no resonance states of
these systems. The ground state of *H has high energy £=6.3
MeV relative to the threshold for the breakup H—>H+3n.

There is no clearly manifested quasistationary state in
the °H system. However, in the opinion of the authors of Ref.
52, the results are not unambiguous. In our opinion, the
methods for calculating nuclear spectra developed in Refs.
51 and 52 represent mathematical schemes for solving mul-
tidimensional Schrodinger equations with a truncated
K-harmonics basis (or a shell-model basis). In these schemes
the infinite part of the basis is replaced by another finite
basis, and the matrix elements of the NN potential in the
radial equations are replaced by certain effective matrix ele-
ments. A prescription is given for the alternate optimization
of the restricted auxiliary basis and the effective matrix ele-
ments, using the available experimental data. In some cases
these schemes may permit the characteristics of nuclei to be
described more accurately than in the K-harmonics method
and in the shell model, but this is achieved at the cost of
losing the completeness of the physical picture. Here the NN
potential loses universality and acquires individual properties
characterizing the nucleus for which it is optimized. More-
over, the NN potential will depend on the completeness of
the experimental data for a given nucleus and on the specific
choice of the data used in the optimization. Owing to these
considerations, we should take particular care when dealing
with the results of Refs. 51 and 52.

The K-harmonics method in the three-body approxima-
tion Li+n+n has found an interesting application in calcu-
lations of the characteristics of the exotic nucleus ''Li (Ref.
47). The interaction potentials for cluster pairs are chosen to
have Gaussian form.>* The wave function is written as a
series in hyperspherical harmonics depending on the princi-
pal quantum number K up to K=12. All the orbital angular
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momenta are assumed to be zero, as in Ref. 53. The calcu-
lations of the binding energy (0.3 MeV), the matter radius
(3.32 F), and the momentum distribution are in satisfactory
agreement with experiment. The distance between the center
of mass of °Li and an external neutron is 6.4 F. It follows
from the calculation that the S-wave potential in the °Li+n
subsystem is attractive.

Results similar to those of Ref. 47 have been obtained in
Ref. 53 by a variational three-body calculation for °Li+2n.
The potentials were chosen in the form of a sum of several
Gaussians. The ground-state wave function is written in
terms of the harmonic-oscillator wave functions. The calcu-
lations give '°Li unbound by 0.29 MeV. The wave function is
99% saturated by the /=0 harmonic. Therefore, the version
with negative parity of the '°Li nucleus is actually supported
in Refs. 47 and 53.

It is interesting to try to calculate the ground state of °Li
in the RPA model,”®*® which is applicable to intermediate
and heavy nuclei. The calculations revealed a strong ™ neu-
tron resonance in the °Li+n system at energy 0.26 MeV
with a narrow width I'=0.05 MeV. Therefore, according to
the calculations, the ground state of '°Li has positive parity
[/7CL)=3"].

With this we conclude our review of the experimental
and theoretical studies devoted to '°Li. They have given a
large amount of information, which often differs and is even
contradictory. A guiding thread is needed to analyze it and
evaluate it correctly. For this we shall use our recent results
from analysis of the excitation function of the reaction
"Li(t,p)°Li near the neutron threshold of the reaction
Li(t,n)°Be* (E,=14.3922 MeV, J™=2", T=3/2). These re-
sults can be used as a reference, since their reliability is high
(>90%) and they are based on experimental data with an
error of less than 0.5%.

3. THEORETICAL ANALYSIS OF THE EXCITATION
FUNCTION OF THE REACTION ’Li(t, p)°Li
NEAR THRESHOLD

3.1. Relations from the theory of threshold
phenomena

The experimental results described in the preceding sec-
tion on the integrated cross section of the reaction
"Li(r,p)°Li, which were obtained by continuous
measurement,” possess high accuracy (~0.5%) and stability,
i.e., small spread. These results have served as the basis for
theoretical analysis. They contain 99 experimental points
near the threshold of the reaction 'Li(t,p)°’Be(/™= 37, T
=3/2, E,=14.3922 MeV).

The theory of threshold phenomena, described in the re-
view of Ref. 19, was used for the analysis. In this theory the
squared absolute value of the collision matrix is written as

U= 2o M7 2120 ®)

ps'l’
where the matrix Z characterizes the penetrability of the
Coulomb and centrifugal barriers, M is the reduced collision

matrix, s is the channel spin, J is the total angular momen-
tum, 7 is the parity, / is the orbital angular momentum, and p
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and r are the other quantum characteristics of the exit and
entrance channels, respectively. Near the zero of energy
(kD<1, 7>1),

2 kD)2’+' [ 2
2= 2 ( [ .

+
1 [(21— D' 2= \' m?

=_£—_Xl; (9)

e2™— |
1 b4 lzzezy.
D=2kn T w%
(kD)2 ! 7
[(21—1)"]2H ( )

where z; and z, are the nuclear charges, u is the reduced
mass, k is the wave number of the relative motion, and [ is
the orbital angular momentum.

For kD>1 the matrix Z depends weakly on energy and
can be set equal to a positive real quantity, say, unity:

|Z,|=const=1. (10)

The square of the reduced collision matrix for the transition
from a threshold to a nonthreshold channel near the neutron
threshold channel is

|M {512 = |27 1- 6(E,)|1Z, ||. %1, (11)
where

5 - (knDn)2ln+1 . oE)= 1, En>Eq

L@, — 1)1’ (En)= 0, E,<E;

Here D, is a quantity of the order of the radius of the °Be
nucleus. The matrix . is defined as

Ny

5o (a])w )

oy =2, —Ey+ily12)°

ij=i,j=tp,n, (12)

where N, is the number of resonance states with given val-
ues of J and .

When there is a single resonance state for a given set of
quantum numbers J, 1, the summation over N is removed.
For conciseness of notation, sets of channel quantum num-
bers will sometimes be replaced by i,j=ij. If the state in
question does not have a resonance, the reduced amplitude id
a{j"=0. In the case Ny=1,

a.{jn|:yl[7ryj{1r’ (13)

where 7, is the partial amplitude of the reduced decay width.
It is related to the observed partial decay width as

I'=2|Z] %4, (14)
and the total width is
I‘:z l‘k' (IS)
X

On the scale of excitation energy of the compound
nucleus '"Be the threshold of the proton channel
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E,,=19.636 MeV is separated from the threshold of the neu-
tron chdnnel E,,=21.205 MeV by 1.569 MeV in the c.m.
frame.” We shall restrict the number of partial waves in the
proton channel to three values /<2. The triton threshold

E,=17.251 MeV lies 3.954 MeV from the neutron thresh-
old, which is a distance large enough that the energy depen-
dence of Z, can be neglected and we can set |Z,]
=1(10).

As a result of these restrictions the integrated cross sec-
tion for the reaction 'Li(z,p)°Li can be written as
472
o-p,t=ﬁt2(e21r—'qu__l—)[ X0(3|M111i_0,110|2+5|M,2;;0,120|2)

+X, Z E @I+n)|M),
+x22 2 2+ 1)| M0 2}, (16)
ss'l

where Xo=1, X,=(kD)*+%, X,=X,[(kD)*+%)9, g=1/8,
and the wave number &, and 7, are given in the lab frame of
the incident tritons. The cross section (16) was used as the
approximating function for describing the experimental exci-
tation function given in Ref. 5 and in Fig. 2. The adjustable
parameters were

(ma);;

ijAij

|mij|,|aij|,arCCOS EJ‘” Fjﬂ

and the coefficients of the various powers of the energy. The
total number of parameters varied from 19 (for the s-neutron
threshold) to 21 (for the p-neutron threshold).

3.2. Numerical analysis of the excitation function

The goal of the analysis of the experimental data is to
answer two questions: (1) how many levels of the compound
nucleus '°Be are located in the threshold region under con-
sideration, E,=5.4—5.95 MeV; (2) what are the quantum
characteristics and, in particular, the parities of these levels.
The answers can be obtained by analyzing the experimental
data by using the least-squares method with the approximat-
ing function (16) with one or two resonance matrix elements
M’™ with all possible combinations of parities.

Assuming that '°Be has two levels near threshold, we
analyzed three possible situations:

(1) my=m=—; (2) m=—,m=+,

(3) m=

In the cases with identical parities we did not analyze the
situations with J, =J,, where effects of two-resonance inter-
ference should be seen according to Eq. (12). Interference
has not been observed experimentally.

The results of the analysis of the three situations (17) are

given in Table I.

The analysis demonstrates the following: (1) one reso-
ance always lies to the left of the neutron threshold
E,,=5.649 MeV, and the second lies to the right, indepen-

dently of the parity of the resonances; (2) a resonance with

my=+. (17)
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TABLE I. Characteristics of two levels of the compound nucleus '°Be in the energy range £,=5.4—-5.95 McV in the lab frame. Here £Y) and 17 are the
resonance energies and widths for states with angular momentum j=1, 2. All energics arc in MeV.

Number of
™,y parameters X EWD i E® re V27 + 1alh) all) 27,+ 1ai? al?)
-- 19 127.5 5.595 0.114 5.687 0.086 0.019 0.020 0.023 0.059
+ - 21 238.3 5.326 1.220 5.651 0.083 0.810 0.100 0.023 0.169
+ + 21 3379 5.250 1.578 5.695 0.080 1.099 0.034 0.011 0.291

negative parity, if it exists, always lies above threshold; (3)
the location of the second resonance in all cases differs in-
significantly, namely, within 40 keV, which can be attributed
to the target thickness of more than 20 keV and the error in
determining the resonance energy; (4) the widths of the sec-
ond resonance practically coincide. Regarding the resonance
below threshold, it can be stated that the characteristics for
different parities differ fundamentally. To check the agree-
ment of the three theoretical hypotheses with the empirical
data we used the F criterion:>

X (fz) /X (f1)

Fy =

2
py =X (f3) /X (f1) .66, (18)

Here f is the number of degrees of freedom of the ) distri-
bution. From the table of quantiles of the F distribution> we
find that variants 2 and 3 in (17) can be rejected with a
probability of more than 99%.

Let us now assume that in the energy range in question,
E,=5.4—5.95 MeV, the 19Be nucleus has one level. Let us
try to determine its parity by comparing two hypotheses: (1)
the level has negative parity, (2) the level has positive parity.
The approximation of the experimental data® by the function
(16) with a single resonance matrix element of the corre-
sponding parity by means of the least-squares method gives
the results shown in the first two rows of Table II. Compari-
son using the F criterion gives F,;=1.6. This result implies
that the hypothesis of negative parity in the one-level de-
scription is correct with greater than 95% probability.

Let us now compare the most probable hypotheses in the
two- and one-level descriptions in order to answer the ques-
tion of how many levels does the '°Be nucleus have in the
energy range E,=5.4—5.95 MeV. From the first rows of
Tables I and II we find F,;=2.62. From the tables of quan-

=1.87;

TABLE II. Parameters of one resonance of '®Be near threshold. All energies
are in MeV in the lab frame.

Number of
experimental  Level Number of
N points parity X parameters  E ro
| 99[5] () 332.6 13 5.725  0.146
2 99[5] (+) 526.9 15 5.538  0.094
3 135[20] (—) 1382 13 5.685  0.146
4 135[20] (+) 1818 15 5715 0.117
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tiles it follows that there are two levels with a probability of
greater than 99%. The parities of these two levels were de-
termined earlier: they are negative.

Thus, analysis of the experimental data has provided the
answers to two questions. How should we deal with the later
data® obtained in the pulsed operating mode? The approxi-
mation of these data by the function (16) in the one-level
description gave the results in the third and fourth rows of
Table II. It is clearly seen that the results of the approxima-
tion of the experimental data in Refs. 20 and 5 are close
enough. However, an attempt to describe the data of Ref. 20
in the two-level variant was unsuccessful, owing to the point
spread below the neutron threshold. In what follows we shall
view the existence near the neutron threshold of two levels
with negative parities and parameters given in the first row
of Table I as an established fact. In addition, in the numerical
analysis of this variant we obtained the following relations
for the reduced nonresonance amplitudes:

V20 +1|mP1=0.0662; V27, + 1|mi?|=1.19;
1=0,s=1J. (19)

These can be used to try to estimate the total angular mo-
menta J, and J,, although it is impossible to determine them
rigorously from the integrated cross section. Since the spins
of the "Li and °Li nuclei in the ground state and also of the
Be* nucleus produced in the neutron threshold channel are
3/2 while the parities are negative, in all three channels the
total angular momentum for /=0 takes two values: J=1,2.
Owing to the large number of open channels with differ-
ent quantum characteristics, it can be expected that two non-
resonance states of the same type in the same channel give
comparable contributions. We do not consider the data to be
sufficient for determining the contribution of any other chan-
nels except the p channel, in order to be able to use the
unitarity relation satisfied by the collision matrix. From the
condition that the amplitudes (19) be comparable we find

lel, J2:2 (20)

Therefore, to the 'Be level lying below threshold we assign
angular momentum |, while to the level above threshold we
assign angular momentum 2. We shall use this estimate in
what follows, although it is not reliable. However, it does not
significantly affect our further calculations and conclusions.
Let us find the ratio of the reduced neutron and proton
partial widths from the resonance ampliudes in Table I:
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TABLE III. Characteristics of the spin doublet of '°Be Icvcls near the
threshold £,=21.205 McV of the decay "Be—n+°Be (J/™=3, T=3/2,
E,=14.3922 McV).

Ex, MeV J(™.T T, keV Vv’
21.168 *+ 0.050 n-,2 80 * 45 3.324 (5.540)
21.232 = 0.018 27,2 60 = 40 32.902 (19.741)
’)’l_ 2
( ’,’_) =3.324(5.540);
P
2—\ 2
Vn
( 1_) =32.902(19.741). (21)
14

In the parentheses we give the results for the case which is
the opposite of (20), i.e., when the subthreshold level has
angular momentum 2 and the above-threshold level has an-
gular momentum 1. In crossing the threshold we see strong
growth of the neutron mode of motion (in both cases). Let us
summarize our results on the near-threshold levels of '“Be.
Both levels have widths less than 100 keV in the c.m. frame,
and on the basis of this we can assign isospin 7=2 to them.
The characteristics of these levels are given in Table III. For
estimating the partial widths we can assume that y/=17/,
which is very probable, owing to the large separation of the
thresholds of the ¢ and p channels from the neutron thresh-
old. Then from Table I we find

(Y)=~(¥))*=~10 keV, (927)*=336 keV,
(7,7)2~38 keV,

[{~20 keV, T'}~8 keV,

I2"~28 kev, Tl =0. (22)

It follows from these partial widths that all modes of motion
are collective, except for the neutron mode in the above-
threshold 2 level, where the partial width (27)? is close to
the one-particle width. This state of the '°Be nucleus is the
’Be* core (E,=14.3922 MeV) and a weakly bound neutron.
Both levels in the shell-model theory are the 1s*1p>2s
configuration with interrupted filling sequence.

4. ANALOG PREDICTION OF THE PROPERTIES OF
LEVELS OF °Lj

The levels of the '°Be nucleus found from the experi-
mental data’ are the lowest states with T=2, i.e., they are the
analogs of the ground and first excited states of '°Li (and
also '°N). We shall use the isobaric-multiplet mass equations
(IMMES) and the systematics of the Coulomb rearrangement
energies®® to extrapolate the characteristics of T=2 levels of
the well known '°B and '°Be nuclei to the little studied '°Li,
19C, and '°N nuclei. The mass equation is (1). The coefficient
a includes the average Coulomb energy for the given iso-
baric multiplet. It is equal to the mass excess of '°B plus the
excitation energy of the first level with T=2. According to
Ref. 56,

a(A=10,T=2)=[12.051+(23.1x0.1)] MeV
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=(35.151%0.1) MeV. (23)

The coefficient b was obtained in Ref. 28 by a fit to the
experimental data:

b(A,T)=(—0.7335A73+1.771) MeV
=-1.6336 MeV. (24)

The coefficient ¢ was determined from the linear dependence
of the ratio —b/c on A for T=3/2 and 2:

b
—;=0.97A~4.33; ¢c=0.304 MeV. (25)

The mass equation (1) with coefficients (23)—(25) describes
the masses of all the members of the multiplet with A=10,
T=2 with an accuracy of at best several tens of keV. To
calculate the positions of the levels of the (17, 27) spin dou-
blet in '°Li it is necessary to find the Coulomb rearrangement
energy AE, for pairs of neighboring nuclei '°Be—!°Li and
°Be—°Li. For the latter there is an experimental value®
which we shall use:

AE(A=9,T=3/2,T;=1/2|T;=3/2)=1.569 MeV.
(26)
For the pair '°Be—!°Li the Coulomb rearrangement energy
is determined from the two equations (5) and (6):

AE(A=10,T=2,T,=1|T,=2)=1.444 MeV. (27)

The value of the Coulomb rearrangement energy (27) will be
used to extrapolate the subthreshold 1~ level of '°Be, and the
value of AE, in (26) will be used to extrapolate the above-
threshold 2™ level, since the '°Be nucleus in this case has the
structure of an excited Be* core plus a weakly bound neu-
tron. We shall use Eq. (4) for the extrapolation. The mass
defects of 'Be for the 17, 2~ spin doublet are

T=1"; AMc?=(12.607
+21.168) MeV=33.775 MeV, (28)
J™=2"; AMc*=(12.607

+21.232) MeV=33.839 MeV. (29)

Substituting these values and the Coulomb rearrangement
energies (27) and (26) into Eq. (4), we find the mass excesses
of 'OLj for this doublet:

J™=17; AM('°Li)c?=(33.775—1.444
+0.782) MeV=33.113 MeV, (30)

J™=2"; AM('°Li)c?=(33.839—1.569
+0.782) MeV=33.052 MeV. (31)

In ""Li the levels of the spin doublet have changed places:
the 27 level is the ground state of '°Li, and the 1~ level is the
first excited state with energy 61 keV. If, as for the 1™ level,
we use the value of the Coulomb rearrangement energy (27)
to extrapolate the 2~ level, the mass defect will be

J™=2"; AM('Li)c*=33.177 MeV. 32)

The lower (31) and upper (32) limits on AM for the location
of the 27 level in '’Li are thereby determined. Since the '’Li
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TABLE IV. Characteristics of the ground and first excited states of the '°Li
nucleus.

E,., MeV Jr r=r,, keV ¥, keV -5, , keV
g 27,2 68 336 27
0.061 17,2 14 40 88

nucleus is neutron-unstable, its ground state is most probably
determined by the lower limit. Let us find the neutron sepa-
ration energy S, for '°Li by using the equation

S(AZ)=(M(A—1,Z)+M,—M(A,Z))c?, (33)

where M,=1.008665 amu=939.508 MeV is the neutron
mass. The neutron separation energy for 19 i in the ground
27 and first excited 1~ states is

J™=2", §,=-27 keV,
S,=—88 keV. (34)

Our calculations of the energies of the lowest levels of 10
are based on the systematics of the characteristics of states of
known light nuclei. The widths of the levels in the 27, 1~
spin doublet in '°Li can be estimated from the estimates of
the reduced partial widths of this doublet in 1%Be, assuming
that they are purely 7=2 isospin (22):

(¥27)?=0.336; (7, )*=0.040.
Since the decay of '°Li from the two lowest levels occurs via

a single neutron channel, the total width of these levels is
equal to the neutron width:

MY=T,=2|Z,|(7,)",

where |Z,|=k,R and R is the '°Li radius. Let us estimate the
19i radius from the parameters b and c, assuming a uni-
formly charged sphere:?®

0.6(A—1)g?
R(b)= ————=
(b) A—b

2

J™=17,

3.2 F

0.6q

R(c)= =2.84 F,
where ¢ is the electron charge.
For R=3 F,

2" =68.5 keV, I} =14.5 keV.

The calculated characteristics of the '°Li levels are listed in
Table IV.

5. COMPARISON OF THE PROPERTIES OF THE
PREDICTED LEVELS OF '"Li WITH THE
EXPERIMENTAL DATA AND MODEL CALCULATIONS

The data of Table IV are consistent with the experiments
of the Amelin group'? and the group in Michigan. '* The peak
near the maximum proton energy in the reaction
"B(7 p)'"Li (Ref. 12) (Fig. 5) has width <0.4 MeV and
covers both levels of the 27, |~ doublet of 10i near the zero
of energy. The energy of this peak is 0.15*0.15 MeV rela-
tive to the neutron threshold of '’Li—°Li+n. The shift of the
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resonance to higher '’Li excitation energies relative to the
27, 17 doublet can be attributed to the existence of other '°Li
levels in the energy range 0—0.4 MeV above the neutron
threshold. Actually, in the reactions 9Be(”C,nN)mLi at
E.,=336 MeV and C("C,F)!°Li at E,;,=337 MeV,
Bohlen et al.'é found a 17 level at the energy —0.42+0.05
MeV with width 0.15+0.07 MeV and a 2" level at the en-
ergy —0.80+0.08 MeV with width 0.30%0.10 MeV, corre-
sponding to the level discovered in Ref. 8. Therefore, the
resonance in the range 0—0.4 MeV in Ref. 12 covers perhaps
the three (27, 17, 1*), and maybe even the four (27, 17, 17,
2%) lowest levels of '°Li..

The results of Young et al. in Michigan should be
noted.'* The high end of the B momentum spectrum in the
reaction 'B("Li®B)'’Li (E,;;,=130 MeV) has two narrow
peaks (see Fig. 6), the centroid of which is located at energy
=-100 keV relative to the neutron decay threshold. The
width of this doublet structure is estimated to be I'j,;,;<<230
keV. These data are in very good agreement with the results
of our calculations (see Table IV). The second prominent
feature in Fig. 6, to which the authors assigned the energy
—538+62 keV above the neutron decay threshold and the
width I',,,=358%23 keV, apparently includes the unresolved
1%, 2% doublet found in Ref. 16. In the study of Bohlen
et al.,'® in the spectra of the reactions 9Be(3C,1’N)!°Li (see
Fig. 7) and *C(**C,'"F)'%Li (Fig. 8) near zero '°Li excitation
energy E, there is a prominent peak, which in both cases
covers at least the four lowest levels of °Li, which are two
pairs of doublets with negative (27, 17) and positive (17,
2%) parity. These two pairs of levels were resolved in the
single experimental study of Young et al.'* In the studies of
Amelin et al.'? and Bohlen et al.'® the two pairs of levels are
contained within a single peak, and separating them into (27,
17) and (1%, 2*) groups is quite difficult. The experimental
data of the Japanese group at RIKEN (Ref. 13) apparently
largely confirm our results and agree with the data of Ref.
16. The experimental data of the American group'® do not
give much information, but they are consistent with our re-
sults. Accordingly, the interpretation of the experimental data
of Ref. 8 should be reconsidered. The peak of width I'=1.2
+0.3 MeV found in the reaction *Be(’Be,®B)!’Li at 0.80
%0.25 MeV above the threshold of the decay '°Li—’Li+n is
simply production, including at least the four 2°, 1™ and 1,
2% levels of 'Li.

Careful study of this production (see Fig. 4) on its high-
energy side near the neutron threshold reveals a “step” rising
above the background, which can be taken to be the contri-
bution of the (27, 17) doublet unresolved experimentally.
The main part of the peak apparently describes the (17, 2*)
doublet, which is also unresolved. There must be at least two
of the latter levels in order to explain the variation of the
position and width of this pronounced peak in the various
reactions studied in Refs. 8 and 12—16. The effect of the (27,
17) levels on the shape and position of the resonance, except
at its high-energy tail, can most likely be neglected, as fol-
lows from Ref. 14 (see Fig. 6). To be more systematic, in the
five sets of experimental data of Refs. 8, 12, 14, and 16 (see
Figs. 4-8) it is necessary to subtract the contribution of the
(2. 17) levels. using the data of Ref. 14 in order to
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FIG. 9. Experimental data on the cross section (OOO) of the reaction
"Li(r,p)°Li (Ref. 20) near the first threshold of the reaction "Li(t,n)°Be*
(T=3/2) and their approximation on the basis of the theory of threshold
phenomena, assuming that in the threshold region there are two states of the
'%Be nucleus with three possible variants of the parities: (—,—)—solid line,
(+,—)—dashed line, and (+,+)—dotted line.

“cleanse” the peak of these levels, and then analyze the
cleansed peak as the sum of two peaks in order to determine
the position and width of the (1*, 2¥) doublet. It will prob-
ably be necessary with carry out experiments with higher
resolution. This is discussed at the end of the review. Let us
compare our calculations with the theoretical predictions of
the properties of '°Li levels in other studies (Refs. 9, 10, 26,
27, and 52). Apparently, the authors of Ref. 9 were the first to
point out the possibility of anomalous level population in
neutron-rich nuclei. In the '°Li nucleus, which has 7 neu-
trons, in spite of the fact that the number of neutrons is
insufficient for totally populating the levels of the 1s and 1p
shells, it is energetically more favorable for the last, seventh
neutron to occupy the 2s level. As a result of this inverse
population the ground state of '°Li will have anomalous
negative parity instead of the normal positive parity. This
conclusion was reached regarding the well known properties
of '"Be, the ground state of which has anomalous positive
parity (3") instead of the normal negative parity.

The '"Be ground-state configuration is 1s*1p®2s, and
the structure is that of a '°Be core in the ground state plus a
25 neutron. The ''Be state of lowest normal parity 3~ with
configuration 1s*1p7 lies at the energy 0.32 MeV (see Fig.
10). For nuclei with N=7 and Z>4 the lowest levels with
normal parity lie below the levels with anomalous parity, and
as Z increases the energy spacing grows (see Fig. 10). In the
region of ''Be the levels first cross, and the ground state has
anomalous parity. We have extrapolated this sequence of nu-
clei to the region Z<4 for '0Li in our calculations, which
gave a ground state with spin and anomalous parity 2~ and
configuration 1s*1 p5 2s, and structure of the form of Li in
the ground state plus a 2s neutron. All of this, except for the
level energy and the spin of 2, which is not given in Ref. 9,
corresponds to the predictions of the authors of that study.()
Regarding the lowest level of normal parity, it can be stated
that according to the shell-model calculations carried out in
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FIG. 10. Systematics of light nuclei for N=7 and Z=0—6. The energy of
the lowest state with anomalous parity is plotted on the horizontal axis. The
line of lowest states of “normal” parity (- - -) crosses the horizontal axis
between Z=4 and S.

Refs. 11 and 10 in the (0+1)%Aw@ model space, the spin and
parity are 1", and the energy, in light of the above discussion
about the experimental data in reactions with '°Li produc-
tion, is not determined very reliably. We shall use the value
E(11)=0.42 MeV from the neutron threshold, obtained in
Ref. 16. The energy interval between the 2~ and 17 levels is
0.42—0.027 MeV=0.39 MeV, i.e., it is larger than the inter-
val between the lowest levels with anomalous and normal
parities in the next nucleus to the right, UBe. Therefore, it is
observed that these levels tend to move apart for Z<4, as
they do for Z>4 after they cross.

Let us use this systematics to try to predict the properties
of the next nucleus with N=7 and Z=2. It can be assumed
that the °He ground state has spin and parity 3* with con-
figuration 1s*1p*2s. The structure of the ground state is
8He(0") plus a 2s neutron. The levels of the nucleon-
unstable °He nucleus have been studied in the reactions
Be(m~, m*)°He (Ref. 57) and *Be('*C,'"*0)’He (Ref. 58).
The mass excess AM =40.94(10) MeV is determined in Ref.
58 by using the peak with energy 1.27 MeV from the
neutron-decay threshold S, and width I'~1 MeV. In Ref. 57
the peak is at a somewhat lower energy, i.e., closer to the
neutron threshold: 1.13+0.10 MeV. The neutron orbital an-
gular momentum calculated according to R-matrix theory
gives /=1 as the most probable value (Ref. 59). It follows
from all these data that this resonance production, as in re-
actions with '°Li production, is a conglomerate of several
°He levels of both normal (—) and anomalous (+) parity
with intensity of the level (or levels) of negative parity being
dominant. The contribution of the ground state of anomalous
parity (+) is, according to the systematics of nuclei with
N=17 (Fig. 10), apparently contained in the step at the low-
excitation-energy side of this peak. Owing to the tendency
for the lowest levels of anomalous and normal parity to di-
verge for Z<4, for °He the estimated energy difference be-
tween these levels is about 0.5 MeV. Therefore, the ground
state of *He will lie above the threshold for neutron decay
He—®He+n by ~0.8 MeV (see Fig. 11), which corresponds
to the mass excess AM ~40.4 MeV. The state of He of nor-
mal parity (—) with energy 1.27 MeV above the neutron
decay threshold is apparently the lowest excited state of
negative parity. The energies of the ground 3* state and the
above-mentioned lowest 3~ state of normal parity will prob-

Abramovich et al. 435




Counting efficiency/250 keV

2 4 6
Missing mass, MeV

FIG. 11. Spectrum of missing mass in the reaction *Be(w~, 7*)°He for pion
energy 180 MeV (Ref. 57) and angle 15° in the lab frame. The *He mass
excess is 1.1320.10 MeV. The peaks correspond to the excitation energies
0, 1.2, 3.8, and 7.0 MeV.

ably be revised after answering the question of how many
levels of both parities are covered by the resonance nearest to
the neutron threshold (see Fig. 11).

The ground state of *He that we predict is absent in Refs.
58 and 59, although it has been calculated by using their
experimental data on the basis of systematics of nuclei with
N=17 (Fig. 10). Let us extend this systematics, assuming that
it is valid down to Z=0, in order to predict the properties of
the nuclei ®H and "n. The ground state of ®H has isospin
T=3. Analog states with isospin this high for nuclei with
A =8 have not been studied experimentally. There are also
no theoretical calculations, so that there is no approach ex-
cept systematics. According to it, the ground state of ®H has
spin and parity 2~ and configuration (mlp2,12s 1), i.e., ow-
ing to the forces pairing it with the odd 2s neutron, the single
proton of the nucleus has left the 1s shell and moved to the
27 level of the 1p shell. This unexpected effect can be ex-
plained as an attempt by the system to increase the nucleon
binding energy in order to partially compensate for the neu-
tron mass excess in the nucleus. Whereas in *He the two
protons apparently remain in the 1s shell, in ®H, where N/Z
=7, a new qualitative change occurs in the filling of the
levels.

The structure of the ®H nucleus can be predicted on the
basis of its configuration. Additional criteria that we can use
are the Pauli principle, the similarity of wave functions of
nucleons of the same shell, and the pairing forces between
odd nucleons. According to these criteria, the ground-state
structure of the °H nucleus can be represented as a
SH(1p°2s) nucleus plus a dineutron 2n(1s%) or as a
*H(1p32s) nucleus plus two dineutrons: 2n(1s?) and %n(1p?).
The ground state can decay with emission of from one to five
neutrons. It is not yet possible to determine the mass excess.
From the systematics it can be predicted that the lowest level
of normal parity has spin and parity 1" and is located >0.5
MeV above the ground state. The prediction of the properties
of "n is even more conservative. The ground state with isos-
pin 7=7/2 has spin and parity 3*. The configuration is
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(ls)z( |p)42s. Decay with emission of from one to seven neu-
trons is possible. The mass excess is unknown. The lowest
state of normal parity 3~ apparently has the configuration
(1s)*(1p)’.

Let us conclude this section by comparing the properties
of the '’Li nucleus that we have found with the theoretical
calculations of Refs. 10, 11, 21, 26, 52, and 60. All the shell-
model calculations (Refs. 10, 11, 52, and 60) give a ground
state of normal parity (+). The only difference is in the val-
ues of the binding energy and the spin (1 or 2). The value of
the spin depends on the version of the model, and the bind-
ing energy of the shell model cannot be predicted for the
reasons discussed in the method of hyperspherical functions
(Sec. 2). In Refs. 52 and 60 the binding energy is described
with an accuracy of 0.1 MeV, owing to a specially developed
mathematical scheme (see Sec. 2), where the results are fitted
to the experimental data. The binding energy of the '°Li
nucleus is predicted with an accuracy of 0.2 MeV by the
empirical Garvey—Kelson relation.”! In Ref. 26 the binding
energy and parity of the '°Li ground state are well described
in terms of the experimental value of the lowest T=2 level
of the stable '°B nucleus by using the isobaric-multiplet mass
equation.?®

Regarding the properties that we predict for “He, the
shell-model calculations gave negative parity for the ground
state (1/27) (Refs. 10, 52, and 60) and nucleon instability.

6. DISCUSSION OF THE RESULTS

Let us summarize the review and give some conclusions.

1. At the present time we know of only about ten experi-
mental studies devoted to the '°Li nucleus. In them it has
been established fairly reliably that the nucleus is unstable to
the decay '°Li—’Li+n with ground-state decay energy <1
MeV. Several states of '°Li have been discovered whose en-
ergies, widths, spins, and parities have not been rigorously
established up to now. There have been differing, even con-
tradictory, opinions about the level characteristics. It actually
has turned out that some data (Refs. 4, 5, 14, and 20) are in
fact consistent with others (Refs. 8, 16, and 59), but their
interpretation is changed. The broad structure (Refs. 8, 12,
16, 20, and 59) observed near the neutron threshold includes
at least four states of the '°Li nucleus: the 27(g.s.), 1~ dou-
blet and the 1%, 2% doublet. These two doublets are well
resolved in the spectrum in Ref. 14. Moreover, the levels of
the 27, 1~ doublet also have an obvious splitting (see Fig. 6).
Their properties have been established in the present study
by analyzing the experimental data of Refs. 4 and 5. The
properties of the levels of the 17, 2* doublet have not been
established definitively: the resolution must be increased in
experiments of all types.

2. Theoretical-model calculations are not accurate
enough for the reliable prediction of the properties of
neutron-enriched nuclei. These methods (including the shell
model) have been developed to describe the properties of
nuclei in the region N=~Z and have proved to be not really
applicable to exotic nuclei. It is apparently necessary to in-
troduce into the Hamiltonian of the Schrodinger equation a
dependence on the excess number of neutrons or different
masses of the neutron and proton.
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The semiempirical mass formulas (Refs. 21, 28, and 29)
based on nuclear systematics have proved to be highly accu-
rate in calculations and in their predictive power (the accu-
racy of the calculations is <0.1 MeV). The model-
independent theory of threshold phenomena (Refs. 17-19,
33, and 34) has proved to be a powerful tool for analyzing
the experimental data.*® The results of this analysis provided
answers to key questions about the parity, energy, width, and
structure of T=2 states of the '°Be nucleus, which are the
analogs of the ground state and the first excited state of 10,
The properties of the analog levels have been extrapolated to
the properties of '°Li levels by using the isobaric-multiplet
mass equations (IMMEs; Ref. 28).

The model-independent hyperspherical-functions (K-
harmonics) method (Refs. 46 and 61), which, it is claimed,
can be used to obtain any desired accuracy, is limited on the
one hand by the computing power available and, on the
other, by the fundamental difficulties in describing the inter-
nucleon interaction by means of potential forces. Attempts to
avoid these difficulties by introducing an auxiliary basis with
fast convergence to a truncated hyperspherical basis and
varying the two-particle realistic potential (Refs. 51, 52, and
60) have not given, in our opinion, and cannot give the result
desired. The R-matrix method widely used to analyze
nuclear reactions is exact (model-independent) at a funda-
mental level.* However, the complexity of the method
makes it necessary to resort to simplifications or model re-
strictions, which leads to uncontrolled errors in the calcula-
tions. Therefore, the results of the R-matrix analysis (for
example, in determining the orbital angular momenta of a
resonancesg) must be treated with care. We note that at
present neutron-rich nuclei are being studied near the
neutron-decay threshold, where the theory of threshold
phenomena!? is incomparably more effective than any other
theory. Its use to analyze experimental data leads most
quickly to success.

3. Analog states of the '°Be nucleus with T=2 corre-
sponding to levels of the 1L nucleus have been discovered
in the reaction "Li(z,p)°Li near the neutron threshold of the
reaction 'Li(t,n)’Be* (E,=14.3922 MeV, J™=3", T=3/2),
owing to the giant threshold anomaly in the integrated cross
section. Now we know that the levels corresponding to them
in the '°Li nucleus are excited rather weakly in spallation
reactions, and they can be discovered only when their loca-
tion is known (see Figs. 4—8). Therefore, the discovery and
study of levels of exotic nuclei and their analogs in isobaric
multiplets requires great care and attention, and also tech-
niques of very high resolution. The presence of a nearby
neutron threshold greatly simplifies the theoretical analysis
for two reasons: (1) the interaction between the level and the
threshold state significantly enhances the threshold effect; (2)
it may be possible to use the (model-independent) theory of
threshold phenomena, which is highly effective in such situ-
ations. This theory can be used to determine the parity of a
state together with its energy and total width, to calculate or
estimate the partial widths, to find the contribution of non-
resonance processes, and to determine the coupling of reac-
tion channels. Naturally, it is possible to obtain this much
information only when the experimental errors are small,
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~|%, when there are enough experimental points in the
threshold region kR<<1 (number of points greater than the
number of theoretical parameters), and when the energy
resolution is high, AE~10 keV.

Regarding the properties of the first two levels of 1L
(the ground and first excited state), studied here using the
theory of threshold phenomena and the analog levels of 1ge,
we can state the following. Their parity is negative with
probability >99%, and their spins are 2 and 1. It is impos-
sible to rigorously establish the spin sequence from the data
on the integrated cross section; the data of the theoretical
analysis on the absolute values of the nonresonance part of
the amplitudes suggest that the most probable sequence is:
) 1 ground state, 1 —first excited state. The ground-
state energy is 0.027+£0.027 MeV above the threshold of the
decay '°Li—°Li+n. The energy of the first excited state is
0.088+0.043 MeV. The estimated neutron widths are 68 and
14 keV, respectively. They were obtained by assuming equal-
ity of the reduced partial widths for tritons and protons in the
reaction "Li(¢,p)°Li near the neutron threshold. The ratio of

the neutron partial widths is (y2 /7y, )?~10.

The quantum characteristics of the next 1%, 2% doublet
of '°Li are hypothetical; they were obtained by comparing
the shell-model calculations'® and the estimates of the orbital
angular momenta of the peaks, using R-matrix theory. The
energies and widths of these states were obtained by repre-
senting the observed peak as a sum of two Breit—Wigner
resonances.'®> The parameters were determined by varia-
tion. They were assigned the following values, measured
from the neutron threshold: S,=—0.42+0.05 MeV for 1*
and S,=—0.80+0.08 MeV for 2¥. The values of the level
widths for this doublet are not given in Ref. 16. There it is
noted that the authors cannot completely exclude the possi-
bility that the »25s3 neutron configuration is located below the
peak covering the 1%, 2* doublet. They also suggest that is is
possible to hide the ¥2s53 configuration under the continuum,
owing to the weak excitation and large width. In fact, as we
showed above, a configuration of anomalous parity is excited
weakly in two narrow levels of '°Li near the zero of S,, at the
edge of the strong 17, 27 resonance. In Ref. 14 these two
weak levels are well separated from the 1%, 2% states, their
centroid is at §,=—100 keV, and I',,,<<230 keV. These esti-
mates serve as good proof of the correctness of our calcula-
tions of the 27, 17 levels. This is also confirmed by the
results of Ref. 12, in which the peak of width of about 1
MeV has a maximum at energy 0.15 MeV, significantly
shifted toward the neutron threshold from the center of the
1%, 2% doublet. This shift can be explained by the fact that
the broad resonance covers both the doublets 27, 1™ and 17,
2%, and in the reaction !'B(7 ,p)'°Li the doublet of anoma-
lous parity 27, 17 is excited considerably more strongly than
in the reaction "B('Li,®B)'°Li (Ref. 14), and much more
strongly than in the reactions °Be("*C,'”N)'°Li,
BC("C,""F)''Li (Ref. 16), and *Be(’Be,*B)'°Li (Ref. 8). Re-
garding the energy location of the levels of the 17, 2* dou-
blet we add the following. In Ref. 14 it was found that the
energy centroid of these levels is 538 £62 keV from the neu-
tron threshold. The width of the peak encompassing these
levels is 1',,=358%23 keV. The authors of that study state
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TABLE V. Levels of the '°Li nucleus.

E,., keV JnT I'cms keV =S, keV Reaction Source
0.0 + 27 ) ,2 68 27 Li(r,p)°Li here
61 *+ 43 -, 2 14 88 S S
430 mn+,2 ~200 460 "B("Li,®B)'°Li Ref. 14
590 )42 ~200 620 - .
2.67 MeV (1.0)7,2 <0.5 MeV 2.7 MeV Li(r,p)°Li Ref. 62
4.02 MeV (2),2 0.7 £ 0.2 MeV 4,05 MeV °Be('*C,"’N)'°Li Ref. 16

that if there are two p-wave states in this resonance, they are
separated by no more than 160 keV. This is smaller than the
value 0.38 MeV quoted in Ref. 16. The positions of states
with positive parity in Ref. 14 do not coincide with the data
of Ref. 16. In determining the positions of the 17, 2¥ levels
we shall use the data of Ref. 14, where the energy resolution
is about two times better than in Ref. 16 and is ~70 keV in
the excitation energy of the '°Li nucleus. Taking the interval
between the 17 and 2% levels to be 160 keV and their cen-
troid to be located at the resonance energy 538 keV, we ob-
tain S,(17)=—0.46 MeV and §,(2*)=-0.62 MeV. We see
that these values differ insignificantly from the data of Ref.
16. We shall insert them into the '°Li level scheme (Table V).

Let us return to discussion of Refs. 4 and 5, in which the
integrated cross section of the reaction "Li(t,p)°Li was mea-
sured from threshold to 6 MeV and up to E£,=10.5 MeV in

Ref. 20. The two thresholds of the reaction
"Li(t,n)°Be*(T=3/2) with excitation energy
°Be(E,=14.3922 MeV, J™=2", I'=0.381 keV) and

Be(E,=16.9752 MeV, J"=1", I'=0.49 keV) are widely
separated. The similarity of these two *Be* states gives rise
to similarity of the threshold states of the compound nucleus
1°Be which correspond to them. As shown in the present
study, near the first threshold the '°Be nucleus has two states
with quantum numbers 1~ (below threshold) and 2~ (above
threshold) which are analogs of '°Li states. The state above
threshold has a large neutron reduced width, close to the
one-particle width. It is the analog of the ground state of '°Li
lying near the threshold of the decay '°Li—°Li+n (27 keV).
It is quite probable that the second threshold state studied by
us in Refs. 17-19 and 62, which lies ~2.7 MeV above the
first state, is in fact a doublet of levels with quantum num-
bers 07, 1. The first above-threshold level must have a large
reduced neutron width. This state is the analog of the 10
state decaying into a neutron and a Li* nucleus in the first
excited state, where the neutron is produced with /,=0. In
Table V we show one level of negative parity with excitation
energy 2.7 MeV, since it is not known whether it is a singlet
or a doublet. The configuration of this level (or levels) is
(15)*(1p)°(2s). The level with energy 4.05 MeV above
threshold with the proposed configuration (15)%(1p)(1d 3)
and spin and parity 2~ (Ref. 16) completes the system of
levels in Table V.

4. The prediction of the properties of *He that we have
made here is based on the systematics of nuclei with N=7
(Fig. 10) and the experimental data of Refs. 57 and 59. Since
this systematics was used in Ref. 9 to correctly predict the
properties of the ground state of '°Li, there is no reason for
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us not to trust it in the prediction of the properties of the
ground state of the nucleus closest in Z, He. Its quantum
numbers 3 clearly contradict the values 3~ from the data of
Ref. 59, where R-matrix analysis of the state closest to the
neutron threshold "He—®He+n gave /=1 as the most prob-
able value. We note that the resonance has width '~1 MeV,
and apparently it is the sum of at least two resonances of
anomalous (/=0) and normal (/=1) parity. The ground state
with /=0 is apparently excited more weakly and gives a
smaller contribution to the broad resonance. The lowest state
of normal parity (/=1) is excited more strongly, and the cen-
troid is shifted toward its location, determined in Refs. 57
and 59 to be in the range 1.13—1.27 MeV. As we have found
from the systematics, the energy spacing between these lev-
els is ~0.5 MeV or more. Therefore, the 3* ground state of
°He is located at an energy <0.8 MeV from the neutron
decay threshold, and its total width must be considerably less
than 1 MeV. Comparison with the neutron-unstable He and
"He nuclei shows that they are “incompletely bound” by 0.9
and 0.4 MeV, respectively, and the total widths are 0.6 and
0.16 MeV, i.e., the stability of odd isotopes of He increases
with the number of neutrons. Here it is appropriate to note
that the Garvey—Kelson relation®® for He and "He on the
basis of the experimental masses of *He and ®He predicts that
the neutron instability of these nuclei grows with increasing
mass with incomplete binding by 1.3 and 2.3 MeV, respec-
tively. As far as the systematics of nuclei with N=7 is con-
cerned, we guess that it is not unique. Analog systematics
can probably exist for nuclei with N=9, 5, and so on.

5. Let us conclude with a discussion of new experiments
which can improve the available data on the properties of
1°Li. At the present time, the experimental techniques in re-
actions involving 7 mesons and short-lived nuclei are not
sufficiently developed to ensure the desired accuracy, and it
is apparently better to study reactions involving stable nuclei
at low energies. Examples are the well known reactions
"Li(t,p)°Li and "Li(*He,p)°Be with production of the com-
pound nuclei '’Be and '°B of the A=10 isobaric-mass mul-
tiplet. A very high accuracy of 0.5% and an energy resolution
of ~20 keV have been obtained in the measurement of the
integrated cross section of the first reaction.’ Such high ac-
curacy has not yet been obtained in reactions involving
heavy ions. To obtain a more reliable determination of the
parity and spin of a compound-nucleus level it is necessary
to measure the differential cross sections in addition to the
integrated one. The values of the partial widths can be recon-
structed from the data on the measurement of the cross sec-
tions in all the open channels. The integrated cross sections
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for the "Li+ interaction have been measured (Refs. 4, 5, and
20) in all the reaction channels, along with the differential
cross section of elastic scattering.** New experiments to ob-
tain data in channels where they do not conform to the re-
quirements of theoretical analysis will lead to advances both
in the determination of the properties of the °Be levels and
in the extrapolation of these properties to the other members
of the A=10 isobaric multiplet, including "°Li.
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