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Properties of the first excited state of 9Be derived from (γ,n) and (e,e′) reactions
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Properties of the first excited state of the nucleus 9Be are discussed based on recent (e,e′) and (γ,n) experiments.
The parameters of an R-matrix analysis of different data sets are consistent with a resonance rather than a virtual
state predicted by some model calculations. The energy and the width of the resonance are deduced. Their
values are rather similar for all data sets, and the energy proves to be negative. It is argued that the disagreement
between the extracted B(E1) values may stem from different ways of integration of the resonance. If corrected,
fair agreement between the (e,e′) and one of the (γ,n) data sets is found. A recent (γ,n) experiment at the HIγ S
facility exhibits larger cross sections close to the neutron threshold which remain to be explained.
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Introduction. The first excited state in 9Be with quantum
numbers Jπ = 1/2+ lies in the vicinity of the neutron emission
threshold. It is of special interest to understand the three-cluster
structure of this state, and in particular the 9Be photodisintegra-
tion via this state. The inverse fusion process is of importance
in explosive nucleosynthesis scenarios providing seed material
for a production of 12C via the (ααn)9Be(α,n)12C reaction
chain alternative to the triple-alpha reaction [1].

Therefore, in recent years several studies of this state with
electromagnetic probes were performed using both (γ,n) and
(e,e′) reactions. R-matrix parameters and the E1 strength
of the transition to this state from the ground state were
determined [2–4]. (Note that the analysis in Ref. [3] includes
the data of Ref. [5].) The consistency with previous work is
discussed in Refs. [2,4]. Since the state lies so close to the
threshold the extraction of its properties is nontrivial. The
B(E1) values reported in Refs. [2–4] differ significantly from
each other. In the present Brief Report a possible explanation is
offered, and after the reinterpretation the (e,e′) and one of the
(γ,n) data sets are in good agreement. Using the experimental
data we also determine the energy of the 1/2+ state.

Energy of the first excited state of 9Be. In this section the
energy of the 1/2+ state is extracted from the recent (γ,n) and
(e,e′) data. One point discussed in the literature is whether
the first excited state (1/2+) of the 9Be nucleus is a resonance
or a virtual state. An answer to the question would provide
both a constraint on nuclear forces to be used in microscopic
calculations and an accuracy test of calculations.

A virtual state or a resonant state reveals itself as a pole in
the S matrix Sαβ (E). In the resonant state case the S matrix pole
is of the form [E − (Eres − i�/2)]−1 with � > 0. The virtual
state case is to be considered within the approximation that 8Be
is a stable particle and 8Be-n is thus the lowest 9Be threshold.
In this case the pole dependence turns to (E − E0)−1 with E0

being real and negative. In microscopic calculations, methods
dealing with energies away from the scattering line are applied
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to obtain Eres and �, or E0 [6–11]. Both a virtual [7,8] and a
resonant 1/2+ state [9–11] emerged in the calculations.

In the experiments of Refs. [2–5] the photoabsorption cross
section for the transition of the 9Be nucleus from its ground
state to the first excited state was studied. After separating out
the contributions of tails of other resonances the cross section
data were fitted with an expression of the form

σ (Eγ ) = 16π2

9

e2

�c
C

Eγ

√
ε(Eγ − Sn)

(Eγ − ER)2 + ε(Eγ − Sn)
. (1)

Here Sn = 1.6654 MeV is the 8Be-n threshold, Eγ is the
photon energy, and C is a constant discussed below. The
notation ε = (�R/2)2/(ER − Sn) is used, and ER and �R are
fitting parameters. Equation (1) implies the decay of the first
excited state into 8Be + n and employs the one-level R-matrix
approximation. With these assumptions such a representation
of the cross section is valid irrespective of the structure of
the 1/2+ state in the inner region. In fact Eq. (1) includes the
correct form of a pole contribution to the energy dependence
of the cross section in the threshold region independently of
the R-matrix approach.

In the further discussion it is convenient to use the quantities
ĒR = ER − Sn and Ex = Eγ − Sn, i.e., the R-matrix energy
defined with respect to the threshold and the excitation energy
instead of the photon energy. Correspondingly, the energy
dependence of Eq. (1) takes the form

σ ∝ (Ex + Sn)
√

εEx

[(Ex − ĒR)2 + εEx]
. (2)

Expression (2) includes a pole corresponding to the 1/2+ state
in the spectrum of 9Be, which may be a resonant one or a
virtual one. While there also exist nonpole contributions to
the cross section, it is assumed here that the pole is located
sufficiently close to the scattering line so that its contribution
is dominating. For the determination of the pole position it is
then required to represent the denominator of the expression
(2) in terms of its roots, i.e., as (Ex − E1)(Ex − E2). If the
state is a resonant one then E1,2 = Eres ± i�/2. For a virtual
state E1,2 are real and negative.
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TABLE I. R-matrix parameters (ĒR ,�R) extracted in recent
experiments using real and virtual photons and the corresponding
positions (Eres) and the widths (�) of the 9Be 1/2+ resonant state.

Ref. ĒR �R Eres �

(keV) (keV) (keV) (keV)

[2] 83(6) 274(8) −31(6) 153(4)
[3] 70(3) 225(12) −21 132
[4] 66(2) 213(6) −21 124

Let us find out the nature and the position of the pole based
on the R-matrix parameters of the experiments listed in the
first and second columns of Table I. Considering the roots E1,2

one sees that a state is resonant when �R/ĒR < 4 and virtual
otherwise. Thus, the results of Table I are consistent with a
resonant state.

The position Eres and the width � of the resonance are
listed in the third and fourth columns of the table for each set
of the experimental R-matrix parameters ĒR and �R . They are
related by

Eres = ĒR − ε/2, � = 2(εĒR − ε2/4)1/2.

A peculiar point is that the Eres values obtained are negative
while one typically has Eres � � > 0. One sees that a
value Eres > 0 would have been obtained if the condition
�R/ĒR � 2

√
2 was fulfilled. The uncertainties of the Eres

and � parameters deduced from the Darmstadt data [2]
were obtained by fitting the spectrum (top part of Fig. 5 in
Ref. [2]) using Eq. (2) with the denominator being written
as (Ex − Eres)2 + (�/2)2. A χ2 = 0.64 value per datum was
obtained in this fit.

The negative resonance energy can be interpreted in the
following way. It is a resonance of the three-body α-α-n
structure in the inner region. Since the decay of the 8Be ground
state into two α particles is unbound by 91 keV, the resonance
energy is positive with respect to the α-α-n threshold. The
three-body decay of the resonance is strongly suppressed due
to the Coulomb barrier between the α particles so that it decays
via the 8Be-n channel. Its width is narrow because the overlap
with the 8Be-n cluster structure is small. The energy difference
between the 8Be-n threshold (Sn) and Eres is still smaller than
the half width of the resonance leading to the pronounced peak
in the (γ,n) cross section above Sn.

The true cross section includes nonresonant contributions
not present in Eqs. (1) and (2) that may influence the (Eres, �)
parameters. For an estimate of this effect let us model the
energy dependence of the transition probability by the expres-
sion

∫
ψ2

k dτ(ρ) where (�k2)/(2μ) = Ex and ψk is the s-wave
component of the 8Be-n final-state wave function normalized
to δ(k − k′). The integration is extended over the interaction
region ρ. A value ρ = 4 fm corresponding to the sum of the
root-mean-square radius of the 8Be matter distribution and the
nucleon-nucleon interaction range is assumed.

The resulting energy dependence [12], applicable in
the general many-body one-channel case, is universal. It
is obtained setting χk(r) = rψk(r), writing the quantity∫ ρ

0 drχk1 (r)χk(r) as (E1 − E)−1[−�
2/(2μ)][χk1 (ρ)χ ′

k(ρ) −

χk(ρ)χ ′
k1

(ρ)], and taking the limit E1 → E. The energy
dependence of the corresponding cross section may be written
as

(Ex + Sn)k
∫

ψ2
k dτ(ρ)

∝ Ex + Sn

k

{[
1

2i

d ln S(k)

dk
− cos 2kρ

2k
ImS(k)

]

+ ρ

[
1 − sin 2kρ

2kρ
ReS(k)

]}
, (3)

where S(k) is the S-matrix element for 8Be-n scattering. It is of
the form [g(k2) + ik]/[g(k2) − ik], where g(k2) is real. At the
low energies under consideration, g(k2) may be estimated in
the effective range approximation g(k2) � −1/a + (r0/2)k2.
If the S matrix includes a resonant pole, the corresponding
effective range approximation expression may be rewritten as

S(k) = (k − k∗
0 )(k + k0)

(k − k0)(k + k∗
0 )

, (4)

where (�k2
0)/(2μ) = Eres − i�/2, k0 = k1 − ik2, and k1,2 >

0. Since in our case Eres < 0, one has k2 > k1. Expression (3)
includes both a pole and a nonpole energy dependence.

Let us perform a least-square fit of Eq. (3) assuming the
same energy dependence as in Eq. (2),

(Ex + Sn)
√

Ex

/[(
Ex − Emod

res

)2 + (�mod/2)2
]
. (5)

Here Emod
res and �mod are fitting parameters. Taking, e.g., the

values (Eres,�res) = (−31,153) keV in the table deduced from
the data of Ref. [2], parameters (Emod

res ,�mod) = (−20,146) keV
are obtained. For (Eres,�res) = (−21,124) keV obtained from
the data of Ref. [4], the corresponding parameters (Emod

res ,�mod)
are (−13,119) keV. The fit was performed in the energy
interval 0 � Ex � 0.54 MeV which just covers the peak of
the cross section. The average relative deviation between Eqs.
(3) and (5) in this energy region is about 2%. Variations of
ρ within 1 fm lead to negligible effects on Emod

res and �mod.
The differences between the sets (Eres,�res) and (Emod

res ,�mod)
are reasonably small in all the cases, indicating that the
quantities Eres and �res in the table are only weakly affected
by nonresonant contributions to the cross section.

In Ref. [13] it was deduced that the 9Be 1/2+ state is
a virtual state. However, the analysis [13] relied on the
rather limited photodisintegration cross section data prior
to the measurements of Refs. [3,4], and the influence of
experimental uncertainties was not considered. In the nine-
nucleon dynamics calculation of Ref. [6] no 1/2+ state was
detected at all. A possible reason is that the NN forces
used lead to a virtual 1/2+ state while resonant states, i.e.,
complex-energy eigenstates, were being searched for in the
calculation. The 1/2+ state was detected as a virtual state in the
α-α-n–model calculation [7] and in the nine-nucleon dynamics
calculation [8]. In the nine-nucleon resonating group model it
was assumed that the 1/2+ state is a resonant state and its
width � was found to be 91 keV [9].

In the α-α-n–model calculation of Refs. [10,11] the
parameters of the resonance were determined to be Eres =
(+)18.6 keV and � � 100 keV. The small width was explained
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by the fact that the state has a 5He + α structure at small dis-
tances different from its 8Be + n structure at large distances. It
is commonly adopted that the amount of the decay of the 1/2+
state via the 8Be-n channel is about 100% (see, e.g., [8,11]).
In addition, as shown above, the nonresonant contributions
to the cross section are small. Taking this into account, the
applicability of the one-channel R matrix representation of
the cross section is not affected by the mentioned change of
the cluster structure with relative distance. Therefore there
is no reason to attribute differences between experimental
and theoretical widths to use of the R-matrix representation.
Moreover, as mentioned above, Eq. (1) is independent of the
R-matrix parametrization.

B(E1) strength of the transition to the 1/2+ state. Here
the data on the B(E1) strength for the (γ,n) transition to the
1/2+ state are analyzed along the lines of Refs. [14,15]. Both
the B(E1) strengths obtained in (γ,n) experiments [3–5] and
deduced from (e,e′) experiments [2,16,17] are considered.

The photoabsorption cross section for the excitation of the
1/2+ state may be written as

σ (Eγ ) = 16π3

9

e2

�c
Eγ b(E1,Eγ ), (6)

where b(E1,Eγ ) is the reduced transition strength distribution.
Here the contributions to the cross section of states different
from the 1/2+ state are assumed to be subtracted, and nonreso-
nant contributions are disregarded. The transition is caused by
the E1 multipole of the current, and in the long-wave Siegert
approximation the quantity b(E1,Eγ ) may be represented in
the form of the unretarded C1 strength distribution. This makes
it possible to relate this quantity to the (e,e′) longitudinal
response function in the low momentum-transfer limit, i.e., to
deduce the cross section (6) from (e,e′) experiments. In case
of the usual one-body charge operator the corresponding C1
expression is [18]

b(E1,Eγ ) = 1

2Ji + 1

Ji∑
Mi=−Ji

∑
μ=±1,0

∫
df

×
∣∣∣∣∣∣
⎡
⎣ Z∑

j=1

r ′
jY1μ(r′

j /r ′
j )

⎤
⎦

f i

∣∣∣∣∣∣
2

δ(Ef − Ei − Eγ ).

(7)

Here i and f refer to an initial state and to final states, and
r′
j is a proton position with respect to the center of mass of a

system.
The integral reduced strength B(E1)↑ of a level is defined

as an integral “over the peak” of the reduced strength
distribution,

B(E1)↑ =
∫ Emax

Sn

b(E1,Eγ )dEγ . (8)

In the analysis of the (γ,n) experiments [3–5] the fitting
constant C from Eq. (1) was referred to as the reduced strength
for the transition to the 1/2+ state,

C = B(E1)↑. (9)

Equation (9) can be derived from Eq. (8) by integration up to
Emax = ∞. For any ĒR and ε > 0 values one has

∫ ∞

0

√
εEx

(Ex − ĒR)2 + εEx

dEx = π, (10)

which leads directly to Eq. (9).
The values thus obtained from the (γ,n) data for the

quantity (9) were 0.052(1) fm2 [3], 0.0535(35) fm2 [5], and
0.068(1) fm2 [4]. In Ref. [2] the (γ,n) cross section was
deduced from the (e,e′) data as described above. Employing
Eq. (9) and the resonant parameters of Ref. [2] for a fit of the
constant C to the (γ,n) cross section of Ref. [2], the result is
B(E1)↑ = 0.057 fm2 with the χ2 value per datum being 1.2.
This B(E1)↑ value obtained from (e,e′) data is rather close to
the quoted values of Refs. [3,5]. However, it differs noticeably
from the HIγ S (γ,n)-data result [4]. One may note that the
(γ,n) cross section of Ref. [4] in the region near threshold is
larger than those of the other measurements but agrees with
them at energies Eγ > 1.9 MeV (cf. Fig. 7 in Ref. [4]).

Another possible definition of B(E1)↑ is as follows. One
chooses Emax in Eq. (8) such that the integration covers
the region where the 1/2+ state dominates. In particular,
one is forced to proceed in this way when contributions
from other states are not separated out. The difference in
the two definitions of the reduced strength may have led to
the controversy in the literature. For example, let us take as
Emax the last point, Eγ = 2.2039 MeV, of the (γ,n) cross
section deduced in Ref. [2] as a reasonable choice. The
integration up to this Emax value of the b(E1,Eγ ) spectrum
of Ref. [2], obtained from the (e,e′) data, gives B(E1)↑ =
0.034 fm2. A B(E1)↑ value of 0.034(3) fm2 was also obtained
in the (e,e′) experiment of Ref. [16] although the Emax value
employed there was not specified. And the integration of the
real photon b(E1,Eγ ) spectrum of Ref. [3] up to this Emax

limit gives B(E1)↑ = 0.033 fm2 close to the above value
deduced from the (e,e′) experiments. The B(E1)↑ values
from the (e,e′) experiments reported in Refs. [2,17] were
0.027(2) fm2. This would correspond to a somewhat lower
value of Emax. However, the B(E1)↑ strength extracted from
the real photon b(E1,Eγ ) spectrum of Ref. [4] would be
0.044 fm2 for an integration up to an Emax = 2.2039 MeV
value.

The big differences between the B(E1)↑ values obtained
in the two ways discussed above are caused by the fact that an
integral of the type of Eq. (10) with a finite upper limit Emax of
integration converges very slowly as Emax approaches infinity.
The contribution in Eq. (8) from excitation energies outside
the region, where the resonance dominates the cross sections,
is substantial. Such an extension of the integration far beyond
the vicinity of a resonance has no direct physical meaning and
is a matter of convention.

The conclusion thus is that the B(E1) strengths for the
transition to the 1/2+ state obtained from the (e,e′) [2,16]
and (γ,n) [3,5] experiments agree well to each other in the
above interpretation while they differ from the value obtained
in the latest (γ,n) experiment [4]. While we cannot provide
an explanation, we note that a similar kind of discrepancy
exists for the prominent neutron spin-flip M1 transition in
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48Ca whose strength plays a central role in understanding the
phenomenon of quenching of the spin-isospin response [19].
It was first observed in electron scattering [20] and recently
remeasured [21] with the same experimental technique as used
in Ref. [4]. Similar to the 9Be case, the corresponding 1+ state
lies close to the neutron threshold. The (γ,n) cross sections
and thus the B(M1)↑ value deduced in Ref. [21] is almost
twice that obtained in Ref. [20], while the cross sections at
higher γ energies agree with those deduced from an (e,e′n)
experiment [22].

Summary. The present work addressed two questions
concerning the structure of the first excited state of 9Be
deduced from studies with electromagnetic probes. First, all
recent experimental data on the first excited state of 9Be testify
that this state is a resonance. Its energy and width are deduced,

to be reproduced in forthcoming microscopic calculations of
resonances as complex energy eigenstates. The energy value
proved to be negative. Secondly, in contrast to statements in the
literature, a fair agreement between the B(E1) values obtained
from the (e,e′) and one of the (γ,n) data sets can be found,
assuming different ways of extraction of the numbers in the
literature. The latest (γ,n) measurement [4] shows larger cross
sections near threshold than all the other experiments which
remain to be understood.
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