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Role of multiparticle-multihole states of 18,19O in 18O(n, γ )19O reactions at keV energy
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We have determined for the first time the partial-capture cross sections for discrete γ rays from neutron
capture by 18O to the 5/2+ground, 1/2+second, and 3/2+ first excited states in 19O at 10 � En � 80 keV.
The first two cross sections agree with the calculated ones based on a nonresonant direct p-wave
capture by 18O within a factor of two. On the other hand, the cross section to the 3/2+ state with a
three-particle (d5/2)3configuration was found to be about 180 times larger than the calculated one. We
discussed a possible origin of the large discrepancy by referring to recent results of 18O(n, γ )19O at thermal
energy.
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A discrete γ ray from the neutron capture of light nuclei to
low-lying states of a neutron-capturing nucleus at keV neutron
energy has provided valuable information on the reaction
mechanism, the nuclear structure [1–5], and the application
for nuclear astrophysics [6–9]. In fact, the neutron-capture
reactions of 12C and 16O at 10 < En < 80 keV are dominated
by a nonresonant direct p-wave capture process [3–5,8,9].
Intense E1 γ -ray strength from the reaction leading to the
1/2+ state of 13C and 17O with a large spectroscopic factor
(C2S) is much stronger than that leading to the 1/2− state,
as shown in Figs. 1(a) and 1(b), respectively. In the thermal-
neutron capture of these nuclei, the E1 γ -ray strength from
the reaction leading to the 1/2− state is very strong [5,10,11].
Contrary to the cases for 12C and 16O mentioned, few γ -ray
spectroscopic studies have been carried out for 18O(n, γ )19O,
although several measurements were made to observe discrete
γ rays from 18O(d, pγ )19O [12,13], 17O(t, pγ )19O [13],
2H(18O,pγ )19O [14] and from the β decay of 19N [15].
In the recent study of 18O(n, γ )19O at thermal energy, the
primary E1 γ -ray transition strength from 18O(n, γ )19O to the
3/2− state at 3.944 MeV was found to be about 200,000
times stronger than that to the 1/2− state at 3.233 MeV [16].
In addition, the E1 strength from the 3/2− state leading to
the 3/2+ state at 0.096 MeV with a three-particle (d5/2)3

configuration was more than 6 times stronger than that to
the 5/2+ ground state with a single (d5/2) neutron, as shown in
Fig. 1(c) [16]. An s-wave neutron capture by 18O with a 5–10%
two-hole four-particle (2h-4p) configuration with two unpaired
particles, seniority 2 (v = 2), to the 3/2+ state with v = 3
via the sub threshold 3/2− state with the 1h-4p configuration
[17] with v = 3 could allow the observed intense E1 γ -ray
transitions. The new observation in 18O(n, γ )19O at thermal
energy prompted us to study the reaction at keV energy to learn
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about a possible role of the mentioned multiparticle-multihole
configurations of 18O and 19O.

Experimentally, the total cross section of 18O(n, γ )19O,
σγ (18O)tot., was measured by an activation method [18]. The
obtained cross section, σγ (18O)tot. = 7.93 ± 0.7 µb at En =
25 keV, agrees with the calculated value of 9.2 µb based on
a nonresonant direct p-wave capture process [18]. The partial
cross sections of 18O(n, γ )19O, σγ (18O)part., to low-lying states
of 19O at keV energy were also calculated [18], but they
have not yet been measured. The measurement of σγ (18O)part.,
however, is quite important to critically study the model
calculation.

We used an enriched 2H2
18O sample (136.5 g) and a high

efficiency anti-Compton NaI(Tl) spectrometer. The isotopic
compositions of the 2H2

18O sample were as follows: 95.1%
enriched in 18O, 0.9% in 17O, 4.0% in 16O, 98.5% in 2H,
and 1.5% in H. The sample was contained in a cylindrical
case made of an acrylic block. It was placed 12 cm down
from the 7Li neutron production target position. A gold sample
was used for normalization of the cross section, because the
cross section of Au is known to have a small uncertainty of
3–5% [19]. The measurement was carried out using pulsed
neutrons at 10 � En � 80 keV, which were produced by the
7Li(p, n)7Be reaction. A pulsed proton beam (repetition rate
of 4 MHz) was provided from the 3.2-MV Pelletron accelerator
of the Research Laboratory for Nuclear Reactors at the Tokyo
Institute of Technology. A neutron spectrum was measured
by a 6Li-glass scintillation counter by a time-of-flight (TOF)
method [20]. Prompt γ rays from 18O(n, γ )19O were detected
by an anti-Compton NaI(Tl) spectrometer [21], which was
set at 125.3◦ with respect to the proton beam direction,
where the second Legendre polynomial is zero. γ -ray yields
detected at this angle, therefore, give the angle-integrated
cross section for a dipole transition. The energy calibration
of the central NaI(Tl) detector was carefully made using
γ -ray standard sources, such as 137Cs, 60Co, and 88Y, and
γ rays from the β decays of 40K (at 1.461 MeV) and
208Tl (at 2.615 MeV), from H(n, γ )2H (at 2.225 MeV),
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FIG. 1. Partial level schemes of 13C (a), 17O (b), and 19O (c) are shown. The relative γ -ray intensities obtained from the neutron-capture
reactions of 12C (a) and 16O (b) at keV energies and of 18O (c) at thermal energy to low-lying states of a neutron-capturing nucleus are also
shown, respectively. E and C2S are the incident neutron energy and a spectroscopic factor, respectively.

and from 56Fe(n, γ )57Fe (at 4.948, 5.920, and 7.646 MeV).
Consequently, the γ -ray energy from 18O(n, γ )19O could be
determined within an uncertainty of 25 keV. Two-dimensional
data on the neutron TOF and γ -ray pulse-height (PH) spectra
from the anti-Compton NaI(Tl) spectrometer were stored on
a personal computer in list mode. A typical TOF spectrum
for a gold sample is shown in Fig. 2, where the sharp peak
at channel 580 and the broad peak at channel 400 are due to
γ rays from 7Li(p, γ )8Be at the Li neutron production target
position and from 197Au(n, γ )198Au at keV energy, respec-
tively. Foreground spectra including background, correspond-
ing to the neutron energy from 30 to 80 keV, and background
γ -ray spectra were obtained by putting the gates in the regions
of F (foreground) and B (background) on the TOF spectrum,
as shown in Figs. 3(a)–3(c). The background γ rays are due to
natural radioactivities, such as that of 40K, 208Tl, and γ rays
from the H(n, γ )2H, the 56Fe(n, γ )57Fe, and the 127I(n, γ )128I

FIG. 2. Time-of-flight spectrum measured by the NaI(Tl) detector
for a gold sample. The sharp peak at channel 580 is due to γ -rays
from 7Li(p, γ )8Be and the broad peak at channel 400 is due to the
keV neutron capture by Au. Here “F” and “B” show the gate position
to obtain foreground spectra including background, and background
γ -ray spectra, respectively.

(at 6.826 MeV) reactions induced by background neutrons in
the experimental room. A background-subtracted (net) γ -ray
spectrum at 30 � En � 80 keV was obtained as shown in
Figs. 3(d)–3(f) by subtracting a background spectrum from
a foreground one. In Figs. 3(d)–3(f), the solid line (bold)
shows a least-squares fit of calculated response functions to
the measured spectrum. The response function was calculated
by convoluting the measured incident neutron spectrum to the
experimental response function of the NaI(Tl) spectrometer of
Refs. [20] and [21]. We see discrete γ rays of 2.25, 2.55, 3.95,
and 6.30 MeV together with weak 3.09 and 3.32 MeV γ rays.
Because H, 2H, 12C, and 16O were contained in the 2H2

18O
sample and/or in a sample case made of an acrylic block, the
2.25 and 6.30 MeV γ rays were identified to be from H(n, γ )2H
and 2H(n, γ )3H, respectively. The 2.25 MeV γ -ray spectrum
are well reproduced by the calculated response function, as
shown in Fig. 3(f). The 3.09 and 3.32 MeV γ rays were due
to the 12C(n, γ )13C and 16O(n, γ )17O reactions leading to the
1/2+ state of 13C and 17O, respectively [8,9]. The 3.95 MeV
γ -ray line was analyzed as follows. In the present study,
one observed around 4 MeV the 4.01 and 3.92 MeV
γ rays, direct transitions to the 5/2+ ground and the 3/2+
state at 0.096 MeV, respectively, and the 3.85 MeV cas-
cade transition from the 3/2− state at 3.94 MeV to the
3/2+ state, which was observed in thermal-neutron capture
of 18O [16]. Hence, the present analysis was carried out
by making a least-squares fit of the calculated response
functions to the measured spectrum in the following three
cases. The response functions were calculated by convoluting
the response function of the 3.85, 3.92, and 4.01 MeV
γ rays (case A) and of the 3.92 and 4.01 MeV γ rays
(case B). The response function for the single 3.92 MeV γ ray
was used (case C). The fitted spectra for the cases A, B, and
C are shown in Fig. 3(e) as solid (thin), bold solid, and dotted
curves, respectively, and the reduced χ squares are 0.82 (A),
0.23 (B), and 0.77 (C), respectively. The best fit was obtained
in case B, in which the intensities of the 3.92 and 4.01 MeV
γ rays were given to be 70 ± 17 and 30 ± 15% , respectively.
The obtained intensities for the 3.85, 3.92, and 4.01 MeV
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FIG. 3. (Color online) (a)–(c) Foreground (solid line) and background (dotted line) γ -ray spectra for the neutron capture by 2H2
18O.

Background γ rays are due to activities of 40K, 208Tl, and γ rays from H(n, γ )2H, 56Fe(n, γ )57Fe (filled diamonds), and 127I(n, γ )128I (open
triangle). In the net γ -ray spectra (d)–(f), least-squares fits of the calculated response functions to the experimental data (open circles) are shown
as solid curves (bold). In (d), the 2.55, 3.92, and 4.01 MeV γ rays are primary transitions from 18O(n, γ )19O to 1/2+, 3/2+, and 5/2+ states of
19O, respectively. The 3.09 and 3.32 MeV γ rays are from 12C(n, γ )13C and 16O(n, γ )17O to the 1/2+ state of 13C and 17O, respectively. The
2.25 MeV γ ray in (f) and the 6.30 MeV γ ray in (d) are from H(n, γ )2H and 2H(n, γ )3H, respectively. In (e), least-squares fits of the calculated
response functions to the measured spectrum are shown. The response functions were obtained by convoluting the response function of the
3.85, 3.92, and 4.01 MeV γ rays (thin curve) and of the 3.92 and 4.01 MeV γ rays (solid bold curve). The response function for the 3.92 MeV
γ ray was also used (dotted curve). The solid bold curve is shown to give the best fit to the measured spectrum.

γ rays were 20, 60, and 20%, respectively (case A). Because
of the poor quality of the fit for the case A compared to the fit
for the case B, the 3.85 MeV γ -ray intensity was considered
to be less than 20% of the measured 3.95 MeV one. Similar to
the case mentioned, the 2.55 MeV line was fitted well by the
response function mentioned. Consequently, the 2.55, 3.92,
and 4.01 MeV γ rays were identified as primary transitions
from 18O(n, γ )19O to 1/2+, 3/2+, and 5/2+ states of 19O,
respectively.

The 2.55, 3.09, 3.32, 3.92, 4.01, and 6.30 MeV γ -ray yields
in the net spectrum were obtained using the response function
mentioned. Using the obtained γ -ray yield for the ith γ -ray
transition with energy Ei from 18O (n, γ ) 19O to the low-
lying state i, Yγ,Ei(18O) [or for the γ -ray transition from 2H
(n, γ ) 3H, Yγ (2H)], the partial capture cross section, σγ (18O)i ,
corresponding to the ith γ -ray transition [or the capture cross-
section σγ (2H)] is given by

σ
γ
(A)i = TAu

TA

PA

PAu

CAu

CA

· (r2n)Au

(r2n)A

Yγ,i(A)

Yγ (Au)
· σγ (Au). (1)

Here, A stands for 18O or 2H, and Au refers to 197Au.
TAu(TA) and PAu (PA) are the number of the neutron counts
measured by the 6Li-glass detector during the measurements

of gold (a sample A), and the neutron transmission of a gold
sample, respectively; r and n are the radius and thickness
(atoms/barn) of the sample, respectively; and Yγ (Au) and
σγ (Au) are the γ -ray yield and the absolute capture cross
section for Au, respectively. A correction factor CAu is
introduced to correct for the overestimation of the γ -ray
yield due to the multiple-scattering effect of, and of the
shielding of the incident neutrons in a sample, respectively,
and was calculated using a Monte-Carlo code, TIME-MULTI

[22]. The present σγ (2H) of 1.9 ± 0.3 µb and σγ (12C)+1/2
of 11 ± 3 µb at En = 52 keV are in good agreement with
previous results of 1.99 ± 0.25 µb at En = 54.2 keV [23] and
of 8.6 ± 1.1 µb at En = 50 keV [8], respectively. The partial
cross sections for the γ -ray transitions from 18O(n, γ )19O
to the 1/2+ state, σγ (18O)+1/2, the 3/2+ state, σγ (18O)+3/2,

and the 5/2+ state, σγ (18O)+5/2, were determined for the first
time, as given in Table I, together with the calculated values
in Ref. [18]. The quoted uncertainty (Table I) is the result
of combined uncertainties of the γ -ray yield statistics, the
absolute cross section of Au (3%) the response function
of the NaI(Tl) spectrometer (2%), and the correction factor
(3%). The total cross section σγ (18O)tot., 9.8 ± 1.4 µb at En =
52 keV, agrees with the value of 11.4 ± 1.0 µb obtained by
extrapolating the previous value of 7.93 ± 0.7 µb at En =

051303-3



RAPID COMMUNICATIONS

OHSAKI, IGASHIRA, NAGAI, SEGAWA, AND MUTO PHYSICAL REVIEW C 77, 051303(R) (2008)

TABLE I. Measured and calculated [18] partial and total cross sections of the 18O(n, γ )19O reaction (in units of
µb) at the average neutron energy 52 keV.

Eγ (MeV) Placement σ (n, γ ) Eγ (MeV) Placement σ (n, γ )

Exp. Cal. Exp. Cal.

4.01 ± 0.025 c.s. → 0 1.6 ± 0.8 2.0 3.85 3.94 → 0.096 <1.0 0.04
3.92 ± 0.025 c.s. → 0.096 3.6 ± 0.9 0.02
2.54 ± 0.025 c.s. → 1.471 4.6 ± 0.8 10

Total 9.8 ± 1.4 12

25 keV to 52 keV within the experimental uncertainty [18]. The
obtained σγ (18O)+1/2 of 4.6 ± 0.8 µb and σγ (18O)+5/2 of 1.6 ±
0.8 µb agree with the calculated ones of 10 and 2.1 µb within
a factor of two. The σγ (18O)+3/2 of 3.6 ± 0.9 µb, however, is
about 180 times larger than the calculated one of about 0.02 µb
[18]. Here, it should be mentioned that the nucleosynthetic
yield of light nuclei in stars has been estimated by taking into
account such a nonresonant p-wave capture process [24]. It
is, therefore, very important to understand the origin of the
anomalously large σγ (18O)+3/2 to calculate the neutron capture
cross section of a nucleus at stellar temperature, corresponding
to the neutron energy from a few to a few hundred keV.

Here it is worth mentioning that the Jπ = 3/2− resonance
state at 4.58 MeV has been estimated to contribute little to
the σγ (18O)+3/2 at En ≈ 52 keV, about 0.01 µb [18]. The
contribution of the s-wave neutron capture process to the
present cross section of σγ (18O)+3/2 is also negligibly small.
Actually, the partial cross section for the 3.85 MeV γ -ray
transition from the neutron capture to the 3/2+ state via the
3/2− state was estimated to be 0.038 µb by extrapolating
the measured thermal capture cross section to 52 keV by
assuming a 1/v law [18] and by using the measured γ -ray
branching ratio for the 3.85 MeV γ ray at thermal energy [16].
Therefore, one would expect a significant contribution due
to the nonresonant p-wave capture process to the obtained
σγ (18O)+3/2, and we reconsidered the calculated cross section
σγ (18O)+3/2 of 0.02 µb [18]. The calculation was made using
a small spectroscopic factor (C2S) of 0.01 obtained by
18O(d, p)19O [16,18]. To get a deeper insight of the present
large σγ (18O)+3/2, therefore, we note the intense E1 γ -ray
strength from 18O(n, γ )19O to 3/2+ via the 3/2− state at
3.94 MeV at thermal energy. The 3/2− subthreshold state
at 3.94 MeV has the 1h-4p configuration, as mentioned
above. Here, it is noteworthy that, according to theoretical
calculations using a modification of the Millener-Kurath
interaction [17] and/or the WBN interaction of Warburton and
Brown [18], a number of Jπ = 1/2− and 3/2− states, which
are described as a linear combination of a 1h-4p configuration
with 1h̄ ω excitation, have been predicted in an energy region
around the neutron threshold of 19O [18]. Hence, similar to
the case for thermal neutron (s-wave) capture by 18O with the
2h-4p configuration to 3/2+mentioned [16], the large cross
section σγ (18O)+3/2 could be attributed to a p-wave neutron
capture of 18O with the 2h-4p configuration to 3/2+ with
v = 3 through an intermediate negative-parity 1/2− and 3/2−
state with the 1h-4p configuration with v = 3 in 19O. Such

negative-parity states could be populated by a p-wave neutron
capture of 18O, and an E1 γ -transition from the populated
states could reach the 3/2+ state with v = 3, as follows.
Here, we only describe the nuclear configurations of 18O and
19O, which are relevant to the E1 transition following the
nonresonant p-wave neutron-capture reaction by 18O at keV
energy.

The ground state of 18O consists mainly of two neutrons
outside the core of 16O and of the 5–10% 2h-4p component,
as given below. Here, a, b, c, d, e, f, g, h, i, j, k, and � are
numerical coefficients that determine the amount of each wave
function in each nuclear state:

|0+〉 = a
∣∣(sd)2

J=0

〉 + b
∣∣(p)−2

J=0(sd)4
J=0

〉 + c
∣∣(p)−2

J=2(sd)4
J=2

〉
.

(2)

Nonresonant direct p-wave neutron capture by 18O leads to
the following configurations as a scattering state |c.s.〉:

|c.s.〉 = d
∣∣n ⊗ (sd)2

J=0

〉 + e
∣∣n ⊗ (p)−2

J=0(sd)4
J=0

〉

+ f
∣∣n ⊗ (p)−2

J=2(sd)4
J=2

〉
. (3)

Here, the second and third states are 2h-5p states with 3h̄ ω

excitation with respect to low-lying positiveparity states of
19O. The unperturbed energies of these configurations would
be in a much higher excitation energy region than the neutron
threshold, and thus the coefficients e and f are small in the
scattering states with Jπ = 1/2− and 3/2−.

The main components of the ground 5/2+ and excited 1/2+
(at 1.472 MeV) states are of a single-particle character, as
described below:

|5/2+〉 = g
∣∣(d5/2)3

v=1

〉
, (4)

|1/2+〉 = h
∣∣(d5/2)2

v=0,J=0(s1/2)1
〉
. (5)

The 3/2+ state at 0.096 MeV is a three-particle (ν = 3) state,
as given below:

|3/2+〉 = i
∣∣(d5/2)3

ν=3

〉 + j
∣∣(d5/2)2

v=2,J=2(s1/2)1
〉
, (6)

where v denotes a seniority quantum number, which is
equal to the number of unpaired neutrons. The nonresonant
p-wave neutron capture by 18O leads to the ground 5/2+ and
excited 1/2+ states, respectively, by emitting E1 radiation,
as described above. The three-particle (v = 3)3/2+ state,
however, cannot be reached by an E1 γ -ray transition from
a scattering state with v = 1 by a nonresonant p-wave capture
of the 18O ground state with v = 0, as demonstrated in the
calculated small cross section.
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According to the calculations of the mentioned negative-
parity states, the wave functions are 1h-4p excitations mostly
from the full p into the sd shell [17,18]. Hence, the lowest
order configurations, for negative-parity states in 19O, may be
expressed as

|1/2−(3/2−)〉 = k
∣∣(p)−1(sd)4

J=0

〉 + l
∣∣(p)−1(sd)4

J=2

〉
. (7)

These states could be excited as an intermediate state via
nuclear interactions of incident p-wave neutrons with the 18O
ground state with the 2h-4p component, as described below.
The first part of Eq. (7) cannot contribute to reaching the
Jπ = 3/2+ state via an E1 γ transition, because four neutrons
in the sd shell have seniority v = 0 and a single-particle
transition, such as d5/2 → p3/2, and/or s1/2 → p1/2, p3/2,
of the E1 decay cannot leave v = 3 components in the
sd shell. The second part with v = 2 components in the
sd shell, however, is contributing to the population of the
Jπ = 3/2+ state with v = 3 via an E1 γ transition through a
single-particle transition d5/2 → p3/2.

〈
(d5/2)3

ν=3,J=3/2

∣∣E1
∣∣(p)−1(sd)4

J=2

〉〈
(p)−1(sd)4

J=2

∣∣Hint

× ∣∣n ⊗ (p)−2
J=2(sd)4

J=2

〉
(8)

Here, Hint is a nuclear interaction that produces a mixing of
the states, and the incoming neutron n is in a p state. The
comparison of the measured σγ (18O)+3/2 to a calculated one
based on the mentioned process is extremely interesting, but
is beyond the present study.

In summary, we found that the partial neutron-capture cross
sections of 18O to the 1/2+ and 5/2+ states agree with the
calculated ones on the basis of a nonresonant p-wave capture
process within a factor of two. The cross section to the 3/2+
state with the three (d5/2)3 neutrons, however, is about 180
times larger than the calculated one. The large cross section
could be interpreted qualitatively as being due to a p-wave
neutron capture of 18O with v = 2 to the 3/2+ state with v = 3
via 3/2− and/or 1/2− states with a 1h-4p configuration with
v = 3.
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