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26ΛH4n −p

and p!! ¼ ð130–137Þ MeV=c, thus covering a 6
!H mass

range from the (!þ 3Hþ 2n) threshold, about 2 MeV in
the 6

!H continuum, down to a 6
!H bound somewhat stronger

than predicted by Akaishi et al. [3]. This does not
completely exclude eventual contributions from the pro-
duction and decay of (4!Hþ 2n) as discussed below.

Results.—Out of a total number of &2:7' 107 K!

detected at stop in the 6Li targets, we found three events
that satisfy the final requirements: Tsum ¼ 202–204 MeV,
p!þ ¼ 250–255 MeV=c, and p!! ¼ 130–137 MeV=c, as
shown within the shaded (red) rectangle in Fig. 2 (left).
Different choices of Tsum interval widths (2–6 MeV) and
position (center in 202–204 MeV) and of p!( interval
widths (5–10 and 8–15 MeV=c, respectively) with fixed
limits at 250 and 137 MeV=c, respectively, to exclude the
unbound region do not affect the population of this selected
rectangle. For example, no new candidate events appear in
the shaded rectangle upon extending the cut Tsum ¼
202–204 MeV in the left-hand side (LHS) of Fig. 2 to
Tsum ¼ 200–206 MeV in the RHS of the figure. A similar
stability is not observed in the opposite corner of Fig. 2,
where, on top of the events already there on the LHS, six
additional events appear on the RHS upon extending the
Tsum cut of the LHS. Quantitatively, by fitting the projected
!( distributions of Fig. 2 left by Gaussians, an excess of
three events in both p!( distributions is invariably found,

corresponding to the shaded (red) rectangle. The probabil-
ity for the three events to belong to the fitted Gaussian
distribution is less than 0.5% in both cases. This rules out
systematic errors associated with the present analysis
selection.
The three 6

!H candidate events are listed in Table I to-
gether with nuclear mass values derived separately from
production (1) and from decay (2). These mass values yield
a mean value Mð6!HÞ ¼ 5801:4( 1:1 MeV, jointly from
production and decay, where the error reflects the spread of
the average mass values for the three events and is larger
than the 0.96 and 0.84 MeV measurement uncertainties in
production and decay, respectively, for each of the three
events. We note that the mass value inferred from the third
event by averaging on production and decay is about 2"
from the mean mass value, an observation that could in-
dicate some irregularity in the reconstruction of the third
event. To regain confidence, each one of the three events
was checked visually for irregularities, but nonewas found.
Furthermore, we note from Table I that the mass values

associated with production are systematically higher than
those associated with decay, by 0:98( 0:74 MeV recalling
the 1.28 MeV uncertainty for Tsum from which each of
these mass differences is directly determined. Unlike the
mean 6

!Hmass value, the spread of the production vs decay
mass differences is well within 1". These mass differences
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FIG. 2 (color online). !þ momentum vs !! momentum for 6Li target events with Tsum ¼ 202–204 MeV (LHS) and with
Tsum ¼ 200–206 MeV (RHS). The shaded (red) rectangle on each side consists of a subset of events with p!þ ¼ 250–255 MeV=c
and p!! ¼ 130–137 MeV=c.

TABLE I. Summed kinetic energy Tsum ¼ Tð!þÞ þ Tð!!Þ, pion momenta p!( , and mass values inferred for the three 6
!H candidate

events from production (1) and decay (2). The mean mass value is Mð6!HÞ ¼ 5801:4( 1:1 MeV; see the text.

Tsum (MeV) p!þ (MeV=c) p!! (MeV=c) Mð6!HÞprod: (MeV) Mð6!HÞdecay (MeV)

202:6( 1:3 251:3( 1:1 135:1( 1:2 5802:33( 0:96 5801:41( 0:84
202:7( 1:3 250:1( 1:1 136:9( 1:2 5803:45( 0:96 5802:73( 0:84
202:1( 1:3 253:8( 1:1 131:2( 1:2 5799:97( 0:96 5798:66( 0:84
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the mass of 4
ΛH+ 2n, even if we considered the missing-

mass resolution. In other words, the null event region in
the present result extended up to 5804.4 MeV/c2.
We compare our result with that reported in Ref. [14].

The FINUDA Collaboration reported evidence of the
bound state of 6ΛH. In the FINUDA scenario, the 1+ state
was populated by the 6Li(K−

stopped,π
+) reaction and then

it decayed to the 0+ state via γ-ray emission. The 6
ΛH

averaged mass from the production process reported by
the FINUDA Collaboration was 5801.9 MeV [14]; how-
ever, in our result, no event was observed in the vicinity
of this mass region. In the present experiment, the 1+

state was not observed. As mentioned above, the 1+

state is dominantly populated via the (π−,K+) reaction
as well as the (K−

stopped,π
+) reaction. Although the pro-

duction reactions in the two experiments differed, it is
not easy to explain the different results, because the mo-
mentum transfers of the (π−,K+) and the (K−

stopped,π
+)

reactions are similar.
Finally, we discuss the relation between our result and

recent theoretical predictions. The existence of a bound
state of 6

ΛH has been predicted by Akaishi and Yamazaki
[19] and by Gal and Millener [20]. Akaishi and Yamazaki
predicted that the 6

ΛH hypernucleus was deeply bound,
because of the strong Λ-Σ mixing, while Gal and Mil-
lener estimated smaller Λ-Σ mixing. If the bound state
is populated via the one-step reaction, the production
cross section becomes larger as a result of the increase in
the strength of the Λ-Σ mixing. Then, the theoretical ex-
pectation by Gal and Millener is preferred according to
the interplay between the production cross section and
the strength of the Λ-Σ mixing due to the small pro-
duction cross section upper limit obtained in the present
experiment.
As Hiyama et al. [21] suggested, even the 0+ state of

6
ΛH is unbound. If the wave function of the core nucleus
5H is spatially broad, the system cannot gain sufficient
attraction, because of the small overlap between the Λ
particle and the core nucleus. The theoretical expecta-
tion indicates that the overlap between the Λ and the
core nucleus is sensitive to the mass and width of the 5H
resonance state. In fact, we can experimentally observe
such a unbound ground state as the resonance peak in the
vicinity of the bound threshold. However, the strength
of the Λ-Σ mixing is related to the overlap between the Λ
and nucleons. Thus, the spatial distribution of the core-
nucleus wave function may be critical, because the small
Λ-Σ mixing causes the small production cross section in
the case of the one-step DCX reaction. The present result
is in favor of such a scenario.

B. Production cross section of Λ continuum and Σ
quasi-free regions

The increase in the cross section from the 5He + Σ−

threshold on ward in Fig. 14 is due to the contribution
of the Σ− quasi-free production process. On the other
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FIG. 14. Missing-mass spectrum of the 6Li(π−,K+)X reac-
tion in 2◦ < θπK < 14◦ angular range at 1.2-GeV/c beam
momentum. The vertical axis is the double-differential cross
section averaged over the θπK region. A magnified view in
the vicinity of the 6

ΛH bound state region is given in the inset
plot. The error bars show the statistical errors. The system-
atic errors in each bin are represented by the bar graph at
the bottom. The two vertical dashed lines represent the mass
thresholds, 4

ΛH+ 2n and 5He + Σ−.
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FIG. 15. Raw missing-mass spectrum in angular range of (a)
2◦ < θπK < 14◦ and (b) 14◦ < θπK < 20◦.

hand, events below the 5He + Σ− threshold are recog-
nized as the Λ continuum region. In this experiment, the
Λ continuum and part of the Σ− quasi-free production re-
gion via the 6Li(π−,K+)X reaction were simultaneously
measured with high statistics.

In the KEK-PS E438 experiment [23], spectrum fitting
based on the Green’s function method was performed to
estimate the Σ-nucleus optical potential for the Σ−-27Al
system [39]. The present data allow us to investigate the
Σ-nucleus optical potential for the Σ−-5He system more
precisely, owing to the higher statistics compared to the
KEK-PS E438 one. The Λ continuum is produced via the
conversion of Σ particles in a nucleus, that is its yield
relates to the strength of the imaginary part of the Σ-
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FIG. 1. Scheme of the experimental setup.

The experimental setup is shown in Fig. 1. The sec-
ondary beam of 6He at 36A MeV with the intensity of
!3 3 104 pps was obtained using the fragment separa-
tor ACCULINA at JINR (Dubna). Two plastic scintilla-
tors were used for the identification of each particle of the
secondary beam and for the measurement of its energy by
time of flight. The trajectory of 6He was measured by
two multiwire proportional chambers. We used a cryo-
genic target from GANIL (France), which was filled with
hydrogen gas at a temperature of 35 K and pressure of
10 atm. The target thickness was 6 3 1021 protons"cm2.
The two protons originating from the decay of 2He were
detected in coincidence by the RIKEN telescope in the
energy range of 5.5 # Elab

p # 30 MeV and at angles of
9± # ulab

p # 22±. It corresponds to the emission of 2He
at small c.m. angles in the #p, 2He$ reaction, where the
cross section should be maximal. Besides protons, we also
detected tritons from the decay 5H ! t 1 n 1 n, using
a downstream telescope, which consisted of a large-area
SSD detector and a BGO crystal and which covered angles
ulab

t # 7±. The keystone of this experiment was the com-
bination of the exotic 6He beam, the hydrogen cryogenic
target, and the detection system based on the RIKEN
telescope.

Figure 2 shows the obtained 5H spectrum extracted from
the p 1 p coincidences, p#6He,pp$. The spectrum is
shown as a function of energy above the t 1 n 1 n thresh-
old. The cutoff at !7 MeV reflects the detection limit due
to the RIKEN telescope. The solid histogram shows the
result obtained with the hydrogen target. The dashed his-
togram presents the normalized background obtained with

FIG. 2. Spectrum of 5H from the reaction p#6He, pp$. Dashed
histogram shows the empty-target background.

an empty target. This background accounts for events at
negative energies in Fig. 2, where 5H would be bound.

Figure 3 shows the 5H spectrum measured in coinci-
dence with triton from the decay of the residual 5H system.
This additional coincidence with triton eliminates the back-
ground from the empty target measurement, where only
two events were detected near zero energy. The spectrum
in Fig. 3 shows clearly a peak at !2 MeV, already appar-
ent in Fig. 2. The experimental resolution in these spectra
was 1.3 MeV (FWHM).

In Fig. 4 the detection efficiency for events measured in
the p 1 p 1 t coincidence is shown. Since this distribu-
tion is smooth at !2 MeV, the detection efficiency cannot
be responsible for the 2-MeV peak in the 5H spectrum in
Fig. 3. The same is true for p 1 p coincidence in Fig. 2.

Besides 5H, we simultaneously measured spectra in
other reaction channels, p#6He, pt$3H and p#6He, t$4He.
These spectra show well-defined peaks corresponding to
the residual nuclei 3H and 4He, and confirm the reliability
of the results obtained.

We expected that in the reaction p#6He,pp$ two protons
would be produced in the virtual singlet state 2He. Fig-
ure 5 shows that it is really true. This figure presents the
distribution of the two protons as a function of their rela-
tive energy Ep-p. In this case the detection efficiency has
a shape of a bump with maximum at Ep-p ! 2.5 MeV,
and we show in Fig. 5 the spectrum corrected by
detection efficiency. The shape of the experimental
spectrum is in perfect agreement with the calculations of
the virtual singlet state 2He, which are shown by curves in
Fig. 5 and which were obtained as follows. The relative
energy spectrum

dN"dEp-p ~
p

Ep-p

p

Ecm 2 Ep-p 2 E5H jMj2 (1)

was calculated with the matrix element determined by the
phase shift known from the Landau-Smorodinskii’s effec-
tive range approximation for two protons with the scat-
tering length app ! 27.806 fm [7]. The experimental

FIG. 3. Spectrum of 5H from the reaction p#6He, ppt$. Curves
show calculations explained in the text.
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FIG. 3. (a),(b) Kinetic-energy spectra of low-energy 3He and 3H
particles measured in the Si-detector telescopes. The filled histogram
in (a) shows the background from the measurement with the 12C
target. (c),(d) 5H and 5He missing-mass spectra. The solid histograms
in (c) and (d) and dashed histogram in (c) correspond to the simulated
experimental lineshapes obtained by filtering the lineshape-curves
shown in (e) and (f) through the response of the apparatus. In (e),
the dot-dashed and solid curves represent the intrinsic and DWBA-
modified lineshapes that produce a best fit to the data in (c), and
the dashed curve is a narrow lineshape identical to that shown in
(f). (f) Intrinsic lineshape for 5He calculated with from parameters
given in the literature. The 3He -3H coincidence efficiency for the 5H
measurement appears as the histogram in (e) with the vertical scale
the same as that of the left axis.

The 5H or 5He mass is calculated as m5 =√
(E0 − E3)2 − p2

1 − p2
3 + 2p1p3 cos θ3, where E0 =

Tbeam + mbeam + mtarget, T is the kinetic energy, E3, p3, and
θ3 are the total energy, momentum, and laboratory angle of
the mass-3 particle, and p1 is the momentum of the beam,
in units where c = 1. The data points in Figs. 3(c) and 3(d)
show the 5H and 5He mass spectra, plotted relative to the
3H + 2n or 4He + n thresholds, respectively. In the case
of 5H, the data are background-subtracted using the data
obtained with the 12C target; similar to the background in the
3He kinetic-energy spectrum, this background is featureless
throughout the experimental missing-mass range. As with
the kinetic-energy spectra, the missing-mass spectra are not
corrected here for energy loss in the target. The missing-mass
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FIG. 4. Correlation between (a) E(3He) and E(3H) and (b) E(3H)
and E(4He) from the 6He(d,3He)5H and 6He(d,t)5He reactions,
respectively. (c),(d) Energy correlations obtained from Monte Carlo
simulations described in the text. Good events are selected from the
regions between the dashed lines. The z axes are logarithmic.

dependence of the 3He -3H coincidence efficiency for the 5H
measurement appears as the histogram in Fig. 3(e). For 5H,
the data reveal a broad peak with a maximum near 1.8 MeV
and an experimental width of approximately 5.5 MeV. As
is the case with the kinetic energy, the peak in the 5He
missing-mass spectrum is much narrower, with a maximum
near 0.8 MeV and width of approximately 1.5 MeV FWHM.
The histograms in Figs. 3(c) and 3(d) represent fits to the data
using a Monte Carlo procedure and are described below, as
are the lineshapes that appear in Figs. 3(e) and 3(f).

IV. PEAK FITTING AND LINESHAPE ANALYSIS

A Monte Carlo peak-fitting approach was used to estimate
the resonance energy and width for 5H. This process starts by
assuming different resonance profiles for the 5H ground state,
and here we assume that only the ground state is populated
in the 6He(d,3He)5H reaction. Nuclear-structure calculations
supporting this assumption are described below. For fitting
purposes only, we adopt an R-matrix prescription [49] to
parametrize the initial 5H line shape. We use the term
“intrinsic” to describe this profile because, as discussed below,
it is not the profile expected to be reflected by the data. The
profile used here is given by

σ (E) ∝ #

(E − ER)2 + #2/4
, (1)

where # = 2PL(E)γ 2, PL(E) is the penetrability, and γ 2 is
the reduced width, given by γ 2 = Sγ 2

s.p.. The single-particle
reduced width γ 2

s.p. is given by γ 2
s.p. = !2/2µR2, and S is a

spectroscopic factor. The radius parameter is chosen as r0 =
1.4 fm. We omit the shift term as it is negligibly small here. In
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Letter of Intent for J-PARC 50GeV Synchrotron

Search for tetraneutron by pion double charge exchange reaction on 4He

H. Fujioka,∗ S. Kanatsuki, T. Nagae, and T. Nanamura
Department of Physics, Kyoto University

T. Fukuda and T. Harada
Osaka Electro-Communication University

E. Hiyama, K. Itahashi,† and T. Nishi
RIKEN Nishina Center
(Dated: June 27, 2016)

Candidates of a tetraneutron resonance state, composed of four neutrons, have been observed in
a heavy-ion double charge exchange reaction at RIBF. We would like to investigate this exotic state
by a pion double charge exchange reaction at the High-Intensity High-Resolution beamline in an
extended Hadron Experimental Facility, which is currently in a planning stage.

I. INTRODUCTION

The investigation of the extremes in the nuclear chart,
such as the vicinity of the proton/neutron drip line and
superheavy elements, is one of the frontiers in nuclear
physics. A tetraneutron state (4n), composed of four
neutrons, has received renewed attention in response to
the observation of four candidates with the SHARAQ
spectrometer at the RI Beam Factory, RIKEN [1], whose
significance is 4.9σ.

The binding energy relative to the 4n threshold was
hitherto constrained to be less than +3.1MeV [2], due
to the absence of the decay of 8He → 4He + 4n. Further-
more, the existence of a tetraneutron bound state is un-
likely, since any isospin-2 state is not observed in other
A = 4 systems [2]. Recent few-body calculations can-
not reproduce a bound state as well [3, 4]. According to
Ref. [3] which adopted realistic AV18 2N and Illinois-IL2
3N forces, a resonance near +2MeV with a very broad
width may exist [3].

The energy of the tetraneutron state observed at
SHARAQ/RIBF [1], 0.83± 0.65(stat)± 1.25(syst)MeV,
is centered above the threshold, but a possibility of a
bound tetraneutron is not excluded from this measure-
ment alone. A very recent calculation with the complex
scaling method could not reproduce this result, unless a
remarkably strong 3N attraction in the I = 3/2 channel
was introduced [4]. 3N (and 4N) forces will affect the nu-
clear Equation of State, which constrains the mass-radius
relation of neutron stars. Therefore, neutron-rich nuclei,
as well as neutron-rich hypernuclei, are important play-
grounds for the investigation of such a many-body force
which does not play a role in ordinary (hyper)nuclei.

In such a circumstance, it would be intriguing to ex-
amine the tetraneutron by means of a reaction different

∗ fujioka@scphys.kyoto-u.ac.jp
† itahashi@riken.jp

from the heavy-ion double charge exchange reaction uti-
lized at SHARAQ/RIBF. We propose a new measure-
ment of pion double charge exchange (pion DCX), i.e.
the (π−,π+) reaction, on a 4He target.
A brief history of tetraneutron is outlined in Section II,

focusing on past pion DCX experiments carried out at
LAMPF and TRIUMF, and the latest experiment at
SHARAQ/RIBF [1]. Section III is devoted to a short
summary of the proposed experiment, emphasizing the
novelty of a pion-beam experiment at J-PARC.

II. BRIEF HISTORY OF TETRANEUTRON

In 1960’s, a particle-stable tetraneutron was searched
for in fission products from uranium, making use of a
“hypothetical” secondary reaction, such as (4n, n) [5, 6].
Non-observation of the product of this exotic reaction
implies non-existence of a bound tetraneutron. Similar
attempts with different kinds of reaction on heavy nuclear
targets [7–9] followed thereafter, resulting in negative re-
sults.
Because these two-step reactions are only sensitive to

a particle-stable state which would cause a secondary re-
action in a massive target, a direct reaction to popu-
late either a bound or resonance state of a four-neutron
system is more preferred. (Please refer to Ref. [2]
for a compilation up to 1991.) A variety of multi-
nucleon transfer reactions, 7Li(7Li, 10C), 7Li(11B, 14O),
7Li(9Be, 12N), 9Be(9Be, 14O), and d(8He, 6Li) were also
investigated [10–13]. In each measurement, no bound
state was found below the threshold, and the spectrum
above the threshold was consistent with the five-body
phase space distribution1. Another type of the direct

1 The excitation energy spectrum in d(8He, 6Li) was reproduced
better when the final state interaction between two dineutrons
were incorporated [13].

http://j-parc.jp/researcher/Hadron/en/pac_1607/pdf/LoI_2016-18.pdf

http://j-parc.jp/researcher/Hadron/en/pac_1607/pdf/LoI_2016-18.pdf


Hiroyuki Fujioka (Kyoto Univ.)

motivated by … 4

correction for the difference of the effective field lengths.
The systematic error due to the calibration was estimated
to be 1.25 MeV.
The missing mass of tetraneutron E4n was calculated on

an event-by-event basis from the momentum vectors of 8He
and the two observed α particles, where finite scattering
angles were taken into account. Here, E4n ¼ 0 MeV
corresponds to the threshold of four-neutron decay. We
obtained 27 events in the −25 < E4n < 65 MeV energy
region. The overall missing-mass resolution was estimated
to be 1.2 MeV (σ) using the ion-optical analysis. The
relative energy between the two observed α particles, Eαα,
was also deduced for examining the states of 8Be. Figure 2
shows a scatter plot of E4n vs Eαα, together with the
projected histogram for Eαα. The solid (red) and dashed
(blue) curves in Fig. 2(a) represent the response function
for 8Beð0þÞ and 8Beð2þÞ, respectively, where the accep-
tance and the finite resolution in angles and momenta are
taken into account. The magnitude for 8Beð0þÞ is deter-
mined by fitting the histogram, whereas that for 8Beð2þÞ is
arbitrary for the comparison of the shapes. The acceptance of
8Beð2þÞ was estimated to be 13% of that of 8Beð0þÞ.
The observed spectrum of Eαα is statistically consistent
with the response function of 8Beð0þÞ. In particular, the
events in 0 < E4n < 2 MeV are considered to be the
contribution from 8Beð0þÞ, while the events with large
Eαα inE4n > 8 MeV, for instance, Eαα > 1.8 MeV, may be
the possible contribution from 8Beð2þÞ. In the following
analysis, we first assume 8Beð0þÞ for simplicity and then
discuss a possible contribution from 8Beð2þÞ later.
Figure 3(a) shows the obtained missing-mass spectrum

of the tetraneutron system; the spectrometer acceptance
was constant in the region of the spectrum.
The yield of the background in the missing-mass

spectrum was then estimated with multiparticles in a
triggered bunch considered to be a possible background
source. A large fraction of these background events were
rejected using the MWDC at F6. However, because the
detection efficiency of the MWDC was not 100%, the
multiparticle events could produce the background if one

of the particles was detected while the others were not.
Furthermore, the multiparticle events in the same cell of the
MWDC were not identified as two particles. Other possible
background sources such as the events where particles were
misidentified and the events originating in the window foils
of the detectors are estimated to be negligibly small. The
number of integrated background events in the spectrumwas
estimated to be 2.2% 1.0. The shape of the background was
reconstructed by selecting two independent single-α events
identified at S2 at random, which is consistent with the
missing-mass spectrum of two α particles for the events
identified as multiparticles in a triggered bunch. The dashed
line (blue) in Fig. 3(a) represents the estimated background
magnified by 10 times for visualization.
Two components are clearly observed in this spectrum in

spite of the relatively low statistics. One is the continuum in
the E4n > 2 MeV region, whereas the other is the peak
at the low-energy region 0 < E4n < 2 MeV. To interpret
this spectrum, we assume two different states. One is the
direct decay with the final-state interaction between the
two correlated neutron pairs. This direct decay contributes
to the continuum in the spectrum. The other is a possible
resonant or bound state of the tetraneutron system.
The shape of the continuum of the tetraneutron system

produced by knockout reactions was discussed by
Grigorenko et al. [30]. They obtained an energy spectrum
assuming that the wave packet of the tetraneutron system

FIG. 3. (a) Missing-mass spectrum of the tetraneutron system.
The solid (red) curve represents the sum of the direct decay of
correlated two-neutron pairs and the estimated background. The
dashed (blue) curve represents the estimated background multi-
plied by a factor of 10. The schematic of the decay process is
discussed in the text. (b) Evaluation of the goodness of fit for each
bin using the likelihood ratio test. The si were defined in Eq. (3).

FIG. 2. A scatter plot of the missing mass of the tetraneutron vs
the relative energy between two α particles, together with the
projected histogram for Eαα. The solid (red) and dashed (blue)
curves in (a) represent the response functions for 8Beð0þÞ and
8Beð2þÞ, respectively. The magnitudes of the response functions
are described in the text.
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A candidate resonant tetraneutron state is found in the missing-mass spectrum obtained in the double-
charge-exchange reaction 4Heð8He; 8BeÞ at 186 MeV=u. The energy of the state is 0.83# 0.65ðstatÞ #
1.25ðsystÞ MeV above the threshold of four-neutron decay with a significance level of 4.9σ. Utilizing the
large positive Q value of the ð8He; 8BeÞ reaction, an almost recoilless condition of the four-neutron system
was achieved so as to obtain a weakly interacting four-neutron system efficiently.

DOI: 10.1103/PhysRevLett.116.052501

Multineutron systems have attracted considerable atten-
tion in nuclear physics [1]. Few-body systems comprising
chargeless nucleons such as the tetraneutron system have
long fascinated nuclear physicists and have motivated
investigations of pure neutron-neutron interactions possible
for these systems. These systems are located beyond the
neutron drip line and can serve as a unique test case for
understanding nuclear structure at the limit of nuclear
stability [2]. They are also closely related to the structure
of neutron-rich hypernuclei [3]. Information on multineu-
tron forces obtained in studies of multineutron systems is a
critical input into theories of neutron stars [4,5]. Possible
testing of universality in many fermion systems is another
interesting application of these studies. The weakly coupled
many-neutron systems can provide an opportunity to
investigate the universality in systems governed by a strong
interaction; the BCS-BEC crossover found in cold atoms
is a good example [6,7].
Several attempts have been made to find a bound tetra-

neutron system by using a uranium fission reaction [1,8], a
pion double-charge-exchange (DCX) reaction 4Heðπ−; πþÞ
[9–11], and several transfer reactions [12,13]. The existence
of the bound tetraneutron system was also discussed in
theoretical studies [14–16]. Previously, no evidence was
reported for the existence of either a bound tetraneutron

system or resonant tetraneutron state. However, Marqués
et al. [17] reported the possible existence of a bound
tetraneutron observed in a breakup reaction of the 14Be →
10Beþ 4n channel. Following this experimental result,
several theoretical studies were performed to confirm this
result, but all results from these studies were negative
[18–20].
The possibility of the tetraneutron system forming a

resonant state remains an open and fascinating question.
Ab initio calculations incorporating realistic nuclear inter-
actions [20] suggest that a broad resonance of a tetraneutron
state may exist at 2 MeV above the threshold based on the
extrapolation of the calculated energy with an external
potential well. An investigation of a resonant state by solving
the Faddeev-Yakubovsky equations with a complex energy
plane shows that a resonant state can be generated only in the
presence of a strong four-body force, which is incompatible
with the current understanding of nuclear interactions [21].
A calculation assuming a compound system with coexisting
3nþ n and 2nþ 2n coupled cluster configurations sugg-
ested the possibility of an attractive interaction to ensure
the existence of a resonant state [22]. According to these
calculations, the observation of a resonant tetraneutron
state can significantly impact our understanding of nuclear
few-body systems and nucleon-nucleon interactions.
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T=850 MeV 
(~ 980 MeV/c)

at J-PARC.

We propose to investigate

pion DCX (≡ Double Charge eXchange) reaction

1. Brief history of pion DCX reaction (until 1980’s) 
2. Proposed experiments at J-PARC 

(a) analog transition: 18O → 18Ne 
(b) non-analog transition: 4He → 4n
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❖ 8He→4He+4n forbidden 
⇒ B.E.(4n)<3.1MeV 

❖ 6He+2n dominance in 
8He break-up 
⇒ B.E.(4n)<1MeV 

❖ unbound 5H (→3H+2n)  
⇒ bound 4n unlikely 

constraint on tetraneutron 6

D.R. Tilley et al., NPA 745, 155 (2004)
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correction for the difference of the effective field lengths.
The systematic error due to the calibration was estimated
to be 1.25 MeV.
The missing mass of tetraneutron E4n was calculated on

an event-by-event basis from the momentum vectors of 8He
and the two observed α particles, where finite scattering
angles were taken into account. Here, E4n ¼ 0 MeV
corresponds to the threshold of four-neutron decay. We
obtained 27 events in the −25 < E4n < 65 MeV energy
region. The overall missing-mass resolution was estimated
to be 1.2 MeV (σ) using the ion-optical analysis. The
relative energy between the two observed α particles, Eαα,
was also deduced for examining the states of 8Be. Figure 2
shows a scatter plot of E4n vs Eαα, together with the
projected histogram for Eαα. The solid (red) and dashed
(blue) curves in Fig. 2(a) represent the response function
for 8Beð0þÞ and 8Beð2þÞ, respectively, where the accep-
tance and the finite resolution in angles and momenta are
taken into account. The magnitude for 8Beð0þÞ is deter-
mined by fitting the histogram, whereas that for 8Beð2þÞ is
arbitrary for the comparison of the shapes. The acceptance of
8Beð2þÞ was estimated to be 13% of that of 8Beð0þÞ.
The observed spectrum of Eαα is statistically consistent
with the response function of 8Beð0þÞ. In particular, the
events in 0 < E4n < 2 MeV are considered to be the
contribution from 8Beð0þÞ, while the events with large
Eαα inE4n > 8 MeV, for instance, Eαα > 1.8 MeV, may be
the possible contribution from 8Beð2þÞ. In the following
analysis, we first assume 8Beð0þÞ for simplicity and then
discuss a possible contribution from 8Beð2þÞ later.
Figure 3(a) shows the obtained missing-mass spectrum

of the tetraneutron system; the spectrometer acceptance
was constant in the region of the spectrum.
The yield of the background in the missing-mass

spectrum was then estimated with multiparticles in a
triggered bunch considered to be a possible background
source. A large fraction of these background events were
rejected using the MWDC at F6. However, because the
detection efficiency of the MWDC was not 100%, the
multiparticle events could produce the background if one

of the particles was detected while the others were not.
Furthermore, the multiparticle events in the same cell of the
MWDC were not identified as two particles. Other possible
background sources such as the events where particles were
misidentified and the events originating in the window foils
of the detectors are estimated to be negligibly small. The
number of integrated background events in the spectrumwas
estimated to be 2.2% 1.0. The shape of the background was
reconstructed by selecting two independent single-α events
identified at S2 at random, which is consistent with the
missing-mass spectrum of two α particles for the events
identified as multiparticles in a triggered bunch. The dashed
line (blue) in Fig. 3(a) represents the estimated background
magnified by 10 times for visualization.
Two components are clearly observed in this spectrum in

spite of the relatively low statistics. One is the continuum in
the E4n > 2 MeV region, whereas the other is the peak
at the low-energy region 0 < E4n < 2 MeV. To interpret
this spectrum, we assume two different states. One is the
direct decay with the final-state interaction between the
two correlated neutron pairs. This direct decay contributes
to the continuum in the spectrum. The other is a possible
resonant or bound state of the tetraneutron system.
The shape of the continuum of the tetraneutron system

produced by knockout reactions was discussed by
Grigorenko et al. [30]. They obtained an energy spectrum
assuming that the wave packet of the tetraneutron system

FIG. 3. (a) Missing-mass spectrum of the tetraneutron system.
The solid (red) curve represents the sum of the direct decay of
correlated two-neutron pairs and the estimated background. The
dashed (blue) curve represents the estimated background multi-
plied by a factor of 10. The schematic of the decay process is
discussed in the text. (b) Evaluation of the goodness of fit for each
bin using the likelihood ratio test. The si were defined in Eq. (3).

FIG. 2. A scatter plot of the missing mass of the tetraneutron vs
the relative energy between two α particles, together with the
projected histogram for Eαα. The solid (red) and dashed (blue)
curves in (a) represent the response functions for 8Beð0þÞ and
8Beð2þÞ, respectively. The magnitudes of the response functions
are described in the text.
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significance: 4.9 σ (incl. look-elsewhere effect) 
energy:  0.83±0.65±1.25 MeV  
width : <2.6MeV (FWHM) above 4n threshold (or not)?
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TABLE I. Critical strength W
(0)
1 (T = 3/2) (MeV) of the phe-

nomenological T = 3/2 3N force required to bind the 4n system at
E = −1.07 MeV, the lower bound of the experimental value [8], for
different states as well as the probability (%) of their four-body partial
waves.

J π 0+ 1+ 2+ 0− 1− 2−

W
(0)
1 (T = 3

2 ) −36.14 −45.33 −38.05 −64.37 −61.74 −58.37
S wave 93.8 0.42 0.04 0.07 0.08 0.08
P wave 5.84 98.4 17.7 99.6 97.8 89.9
D wave 0.30 1.08 82.1 0.33 2.07 9.23
F wave 0.0 0.05 0.07 0.0 0.10 0.74

Ref. [17] is J π = 0+,1+,1−,2−,0−,2+. These differences are
related to the different binding mechanism of the 4-nucleon
force used in Ref. [17].

It should be noted that, in comparison with W1(T =
1/2) = −2.04 MeV established for the T = 1/2 3N force,
we need an extremely strong T = 3/2 attractive term to
make the 4n system weakly bound; when the J = 0+ state
is at E = −1.07 MeV with W1(T =3/2) = −36.14 MeV, the
expectation values of the kinetic energy, NN and 3N forces
are +67.0, − 38.6, and −29.5 MeV, respectively. We see that
the expectation value of the 3N potential is almost as large as
that of NN potential. The validity of this strongly attractive
T = 3/2 3N force will be discussed after presenting results
for 4n resonant states.

B. 4n resonances

After determining critical strength of W1(T = 3/2) re-
quired to bind the tetraneutron we gradually release this
parameter letting the 4n system move into the continuum.
In this way we follow complex-energy trajectory of the 4n
resonances for J = 0+,2+, and 2− states. We remind the
readers that these trajectories are controlled by a single
parameter W1(T = 3/2), whereas other parameters remain
fixed at the values given in Eq. (2.3) and Eq. (2.4).

In Fig. 4(a), we display the 4n S-matrix pole (resonance)
trajectory for the J = 0+ state by reducing the strength
parameter from W1(T =3/2) = −37 to −16 MeV in steps of
1 MeV. We were unable to continue the resonance trajectory
beyond the W1(T = 3/2) = −16 MeV value with the CSM,
the resonance becoming too broad to be separated from the
nonresonant continuum. To guide the eye, at the top of the
same figure, we presented an arrow to indicate the 4n real
energy range suggested by the recent measurement [8]. In
that range the maximum value of the calculated decay width
" is 0.6 MeV, which is to be compared with the observed
upper limit width " = 2.6 MeV. In Fig. 4(b) the contents
of Fig. 4(a) are illustrated in a different manner to display
explicitly the resonance energy and width versus W1(T =3/2).
The real energy of the resonances reaches its maximum value
of Re(Eres) ∼6 MeV. Once its real energy maximum is reached
the width starts quickly increasing as the strength W1(T =3/2)
is further reduced.
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FIG. 4. (a) Tetraneutron resonance trajectory for the J π = 0+

state. The circles correspond to resonance positions for the AV8′ and
the triangles INOY04’(is-m) potential [28]. Parameter W1(T = 3/2)
of the additional 3NF was changed from −37 to −16 MeV in steps of
1 MeV for calculations based on AV8′ and from −36 to −24 MeV in
steps of 2 MeV for INOY04’(is-m). To guide the eye the resonance
region suggested by the measurement [8] is indicated by the arrow at
the top. (b) The same contents as in the upper panel figure (AV8′),
but where the resonance energy (closed circles) and width (shadowed
area) are represented as a function of the W1(T = 3/2) parameter.

As was expected, based on our experience from previous
studies on multineutron systems [16,18], tetraneutron trajec-
tory turns out to be independent of the NN interaction model,
provided this model reproduces well the NN scattering data.
To illustrate this feature we have calculated the 4n resonance
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FIG. 6. (a) Calculated energies of the lowest T = 1,J π = 2−

states in 4H, 4He, and 4Li with respect to the strength of T = 3/2 3N

force, W1(T = 3/2). (b) The same but for T = 1,J π = 1− states. The
horizontal dashed lines show the 3He +N and 3H +N thresholds. The
solid curve below the corresponding threshold indicates the bound
state, while the dotted curve above the threshold stands approximately
for the resonance obtained by the diagonalization of H (θ = 0) with
the L2 basis functions.

the present phenomenological W1(T = 3/2) is too attractive
to reproduce low-lying states of 4H, 4He (T = 1), and 4Li.

In contrast, it is interesting to see the energy of the 4n
system when we have just unbound states for 4H, 4He (T =
1), and 4Li in Fig. 6(a). Use of W1(T = 3/2) = −19 MeV
gives rise to an unbound state with J = 2− in 4H with respect
to disintegration into 3H +N . However, using this strength
of W1(T = 3/2), we have already a very broad 4n resonant
state at Re(Eres) = 6 MeV with # = 7.5 MeV [see Fig. 4(a)],
which is inconsistent with the recent experimental claim [8]

FIG. 7. The calculated total cross section of 3H +n represented
by the thin black solid line using W1(T = 3/2) = −10 MeV. The
experimental data [52] are illustrated by the red thick solid line.

of a resonant 4n. Moreover, the value of W1(T = 3/2) that
reproduces the observed broad resonance data for the 2− state
in 4H should be much less attractive than −19 MeV.

Results presented in Fig. 6(a), however, give little insight
to the properties of 4H, once it becomes a resonant state
for W1(T = 3/2) > −19 MeV. Moreover, it is well known
[2], that for broad resonances the structure given by the
S-matrix poles may be different from that provided by an
R-matrix analysis. Therefore, it makes much more sense to
perform direct calculations of the measurable 3H +n data,
namely scattering cross sections. We display in Fig. 7 the
3H +n total cross section calculated for a value of W1(T =
3/2) = −10 MeV. This cross section is clearly dominated
by pronounced negative-parity resonances in the 4H system.
These resonances contribute too much in the total cross section,
resulting in the appearance of a narrow peak shifted signifi-
cantly to the lower-energy side. Furthermore, to reproduce the
shape of the experimental 3H +n cross section, a very weak
3NF is required in the isospin T =3/2 channel. From this
fact, we conclude that even a W1(T =3/2) = −10 MeV value
renders the 3NF to be excessively attractive.

In conclusion, as far as we can maintain the consistency
with the observed low-lying energy properties of the 4H, 4He
(T = 1), and 4Li nuclei, it is difficult to produce an observable
4n resonant state.

D. 3n resonances

Finally, in Fig. 8, we show the calculated resonance poles
of the trineutron 3n system for the lowest-lying negative-
and positive-parity states (J = 3/2−,1/2−, and 1/2+). The
strength W1(T =3/2) is increased so that there appears a broad
resonance with Im(Eres.) ≈ −Re(Eres.).

Although it is reasonable to have the negative-parity states
much lower than the positive-parity ones from the viewpoint
of a naive 3n shell-model configuration, we have to impose
a value of W1(T = 3/2), a few times stronger than in the 4n
system to bind 3n.

044004-8

introduction of strong 3N force (T=3/2) 
→ 4H, 4He (I=1), 4Li below 3H(3He)+N threshold

E. Hiyama, R. Lazauskas, J. Carbonell, and M. Kamimura, PRC 93, 044004 (2016)
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correction for the difference of the effective field lengths.
The systematic error due to the calibration was estimated
to be 1.25 MeV.
The missing mass of tetraneutron E4n was calculated on

an event-by-event basis from the momentum vectors of 8He
and the two observed α particles, where finite scattering
angles were taken into account. Here, E4n ¼ 0 MeV
corresponds to the threshold of four-neutron decay. We
obtained 27 events in the −25 < E4n < 65 MeV energy
region. The overall missing-mass resolution was estimated
to be 1.2 MeV (σ) using the ion-optical analysis. The
relative energy between the two observed α particles, Eαα,
was also deduced for examining the states of 8Be. Figure 2
shows a scatter plot of E4n vs Eαα, together with the
projected histogram for Eαα. The solid (red) and dashed
(blue) curves in Fig. 2(a) represent the response function
for 8Beð0þÞ and 8Beð2þÞ, respectively, where the accep-
tance and the finite resolution in angles and momenta are
taken into account. The magnitude for 8Beð0þÞ is deter-
mined by fitting the histogram, whereas that for 8Beð2þÞ is
arbitrary for the comparison of the shapes. The acceptance of
8Beð2þÞ was estimated to be 13% of that of 8Beð0þÞ.
The observed spectrum of Eαα is statistically consistent
with the response function of 8Beð0þÞ. In particular, the
events in 0 < E4n < 2 MeV are considered to be the
contribution from 8Beð0þÞ, while the events with large
Eαα inE4n > 8 MeV, for instance, Eαα > 1.8 MeV, may be
the possible contribution from 8Beð2þÞ. In the following
analysis, we first assume 8Beð0þÞ for simplicity and then
discuss a possible contribution from 8Beð2þÞ later.
Figure 3(a) shows the obtained missing-mass spectrum

of the tetraneutron system; the spectrometer acceptance
was constant in the region of the spectrum.
The yield of the background in the missing-mass

spectrum was then estimated with multiparticles in a
triggered bunch considered to be a possible background
source. A large fraction of these background events were
rejected using the MWDC at F6. However, because the
detection efficiency of the MWDC was not 100%, the
multiparticle events could produce the background if one

of the particles was detected while the others were not.
Furthermore, the multiparticle events in the same cell of the
MWDC were not identified as two particles. Other possible
background sources such as the events where particles were
misidentified and the events originating in the window foils
of the detectors are estimated to be negligibly small. The
number of integrated background events in the spectrumwas
estimated to be 2.2% 1.0. The shape of the background was
reconstructed by selecting two independent single-α events
identified at S2 at random, which is consistent with the
missing-mass spectrum of two α particles for the events
identified as multiparticles in a triggered bunch. The dashed
line (blue) in Fig. 3(a) represents the estimated background
magnified by 10 times for visualization.
Two components are clearly observed in this spectrum in

spite of the relatively low statistics. One is the continuum in
the E4n > 2 MeV region, whereas the other is the peak
at the low-energy region 0 < E4n < 2 MeV. To interpret
this spectrum, we assume two different states. One is the
direct decay with the final-state interaction between the
two correlated neutron pairs. This direct decay contributes
to the continuum in the spectrum. The other is a possible
resonant or bound state of the tetraneutron system.
The shape of the continuum of the tetraneutron system

produced by knockout reactions was discussed by
Grigorenko et al. [30]. They obtained an energy spectrum
assuming that the wave packet of the tetraneutron system

FIG. 3. (a) Missing-mass spectrum of the tetraneutron system.
The solid (red) curve represents the sum of the direct decay of
correlated two-neutron pairs and the estimated background. The
dashed (blue) curve represents the estimated background multi-
plied by a factor of 10. The schematic of the decay process is
discussed in the text. (b) Evaluation of the goodness of fit for each
bin using the likelihood ratio test. The si were defined in Eq. (3).

FIG. 2. A scatter plot of the missing mass of the tetraneutron vs
the relative energy between two α particles, together with the
projected histogram for Eαα. The solid (red) and dashed (blue)
curves in (a) represent the response functions for 8Beð0þÞ and
8Beð2þÞ, respectively. The magnitudes of the response functions
are described in the text.
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Abstract 

First results of the double-charge-exchange 
reaction 9Be(13C,130)gHe, ELa b = 380 MeV, are 
presented. The ground state and an excited state 
at 3.8 MeV are clearly seen. A preliminary value 
of the 9He mass excess is obtain8ed: 41.5-+0.6 MeV. 
Spectra of of the 9Be(13C,140) He-reaction have 
been measured with high resolution. The ground 
state transition appears as a pronounced sharp 
peak, but no ether narrow peaks are observed. 

PACS 21.10. Dr, 25.70.Cd, 27.20.+n 

The very neutron-rich He-isotopes 8He and 
9He are loosely bound objects, which makes them 
interesting for spectroscopic studies. While 8He 
is still particle stable (the lowest particle 
threshold is 2.13 MeV, He + 2n), because it is 
stabilized by ~he closure of the Ip3/Z-shell for 
neutrons, the He-nucleus is particle unstable. 
Up to now the bginding energy of 9He was measured 
only with the Be(~-'~+)greacti~ [1]'4 1 - - Heavy-ion 
induced reactions like Be( I C, O) at 158 MeV 
[2] suffer from low cross sections and bad energy 

 9 , . 8 . resolutzon. Although the bzndznq energy of He zs 
known with high precission [3~, there are only 
ver~ few data available about excited states [2, 
4.5J. We want to show in this note that the 
(13C,130) and (13C, 140) reaction~ can be used 
successfully at 30 MeV/u to study He and He. 

The measurement was performed with a 13C 
beam of 380 HeY supplied by the VICKSI-accelera- 
tar. Spectra of outgoing particles were measured 
with the Q3D magnetic spectrometer close to 0 ~ 
The position in the focal plane was measured with 
a resistive wire, which gives also the AE-sig- 
hal. Particle identification was achieved with 
the AE from the wire, the light output L of a 
scintillator behind the wire and the time-of- 
flight T measured with respect to the cyclotron- 
HF signal. The apperture was opened 3.2 o hori- 
zontally and -+0.7 ~ vertica~lyo The Be-target 
had a thickness of 400 Fg/cm . 

An 130-spectrum measured at 2.4 ~ is shown 
in fig. I (lower part) together with a spectrum 
of the (~-,~+)-reaetion of Seth et al. [ I  ] (upper 
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20 9Be(T~-'T~+)gHe (o) ' 
180MeV,15 ~ 

1 0 " _  ~ -  

0 ~ r 
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Fig. 1 : 
Spectrum of the 9Be(13C, 130)9He-reaction 
l lower part) and, for comparison, of  the 

+ 9 Be(~-,~ ) He-reactzon [1]  (upper par t ) .  

pa r t ) .  Although the number of counts is rather 
low, at least two peaks are s ign i f i can t  in the 
13D-spectrum: the hi,.heat one is i den t i f i ed  as 
the ground state of He and the second one comes 
at 3.8 MeV exc i ta t ion  energy. The same state was 
also observed in (~-,~+) (see upper part of f i g .  
1). A peak is  seen in the ~+-spectrum at 1.2 MeV, 
but we have only two counts in th is  region. The 
statistics does not allow to assign peaks at 
excitation energles higher than about 5 MeV, 
because the continuous background from many-body 
processes like 130 + 8He + n or 130 + 7He + 2n is 
increasing. Further measurements with better 
statistics will be performed. The cross sections 
for the 9He ground state and 3.8 MeV state are 
45_+18 nb/sr and 75_+24 nb/sr, respectively. 

H. G. Bohlen et al., Z. Phys. A. Atomic Nuclei 330, 227 (1988)

9Be→9He

1988

1987

2016

K. Kisamori et al., Phys. Rev. Lett. 116, 052501 (2016)

202x?
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c. (~d---~o~ (7;'-÷4~e 2ne+~+)~<2 to  d ~ / 0  o 
- 4 5 M e V  ~<B.E. (~He) ~<5MeV 

195MeV ~<K.E. (~')  ~<245MeV 

d. d(-~-~) 0 0r+÷ 12 12 _ 5×10-3Om2/s r o 6 C --* 4 Be + ~r+) ~<4 to 

-80 MeV -.< B.E.  ( I~c)  --< 25 MeV 

200 MeV --< K.E.  (Tr') ~< 225 MeV. 

Sta t is t ica l ly  l e s s  s ignif icant  r e su l t s  have also 
been obtained for the product ion of 145 MeV 
posi t ive  pions in He and Be. They have the same 
appearance  as the ones at 180 MeV: a cont inuum 
due to the phase space d is t r ibut ion  of the res idua l  
f ragments .  

Double charge exchange c r o s s - s e c t i o n  for all  
f inal  s ta tes  avai lable  is i nc reas ing  with the 
atomic number  A. 

Li,  Be and C ta rge t s  have many different  
b reak-up  channels ,  as the pion is  observed only, 
there  is no way to know the different  b ranching  
ra t ios .  On the other hand, He has probably  a 
unique channel:  the four neut rons  should com-  
ple te ly  d issocia te ,  but the phase space can be 
d is tor ted  by final state in te rac t ions .  As a ma t t e r  
of fact,  we could not reconc i le  with the exper i -  
menta l  r e su l t s  a com~uted phase space curve 
for the p roces s  ~- + "~He ~ 7r + + n + n + n + n, 
where the four neu t rons  a re  f lying away indepen-  
dently f rom each other. One can see,  in fig. 2, 
that the r e su l t s  a re  bes t  fi t ted by the phase space 
with a final state in te rac t ion  between two neut rons  
only. These could e i ther  be the two 4He neut rons  
that a re  then pure  spec ta tors  or the two neu t rons  
that a re  produced in the double charge exchange 
reac t ions .  However, it  appears  that these two 
poss ib le  p r o c e s s e s  a re  not s imul taneous ly  p r e s -  
ent, s ince the phase space cannot be fit ted by a 
two t imes  (2n) f inal  state in teract ion.  The fit is 
done by a s suming  that the c r o s s - s e c t i o n  does not 
vary  with energy.  But to des t roy  the fit would 
r equ i r e  a d ramat ic  change of the c r o s s - s e c t i o n  
in this  energy in terval .  

Several  negative a t tempts  [2] to find the t e t r a -  
neu t ron  have been repor ted.  One [3] is by the 
same  double charge exchange reac t ion  at T = 100 
MeV as we did, but observ ing  the 7r + at 90 ° to 
the incident  beam,  i.e. with a large momen tum 
t r ans fe r .  The c r o s s - s e c t i o n  l imi t  is  about 
4 × 10 -31 c m 2 / s r .  

Charpak et al. [4] have found a 30 MeV ex- 
ci ted 4He* state produced abundantly in the 
reac t ion  o + + 6Li ~ 4He + 2p. The absence  of 
4n product ion in our  exper iment  most  probably  O 

"16 

14 -r 
• r 12 

10: 

%. 

4 
2 
0 

160 

(n.n,,n*n)-/ //~ 
,,-+..'--.-.'. (4.) / J T...176 M~ / /  1 

[(2 ,) • n-,~] ? 

2nld2n)] 

180 200 220 240 260 
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Fig. 2. Experimental  resul ts  for the reaction 
4He(It-, 7r+)4n together with the phase space curves 
computed for the reactions 4He(Tr-, y+)4n, 4He(y-,~+) 
[(2n) + n + n] and 4He0r-,lr+)[(2n} + (2n)], normalized 
at 232 MeV, taking into account the 7r- beam energy 

width and the spectrometer resolution. 

means  that this  4He* state could not be a T  = 2 
state.  

If our prev ious  in te rpre ta t ion  [1] of the p ro -  
duction of 7B in the reac t ion  7r + . 7Li ~ 7B + 7r- 
by the exci tat ion of a l s  hole is cor rec t ,  one 
would expect f rom the same cons idera t ion  that 
the 7H product ion would occur through the same 
mechanism.  But this  is  not observed and r e -  
quires, fu r the r  invest igat ion.  

I~C should also be invest igated in the y+--, 
sense .  In the ~- ~ 7r + reac t ion  no resonan t  state 
has been seen. It would be in t e res t ing  to see if 
this  effect is  a lso  absent  in the ~r + -~ lr- sense ,  
s ince 12C is  complete ly  symme t r i c  in neut ron  
and proton.  

We grateful ly  acknowledge the continuous 
support  of Prof.  P r e i s w e r k  as  well as the f ru i t -  
ful d i scuss ions  with Dr. T. Er icson .  

We warmly  thank Mr. Roubean, engineer  at 
CEN (Saclay) for his mos t  valuable guidance in 
building our l iquid He target .  

We a re  also grateful  to Mr. Leya for  his help 
in the se t t ing-up  of the exper iment  at the CERN 
Synchrocyclot ron and to Mr. Hugon who helped 
in some runs  of the exper iment .  
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n- -HELIUM INELASTIC INTERACTIONS AT 140 MeV 

L. KAUFMAN, B. W. CAULD, V. PEREZ-MENDEZ, J. M. SPERINDE and S. H. WILLIAMS 
Lawrence Radiation Laboratory, University of California, Berkeley, California, USA 
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Excited and multineutron final states have been studied in the reaction ?r- + 4He. An excited state of helium 
is detected at 32 l 1 MeV. Upper limits on the existence of bound trineutrons and tetraneutrons are esta- 
blished. Large distortions from phase-space predictions are observed in the’3-n spectrum. 

In an experimental study using 140 f 0.5 MeV 
negative pions incident on 4He we have measured 
the following reactions: 

rr- + 4He - r- + 4He* (1) 
n- + 4He-+s+ + 4n (2) 
n-+4He-p+3n. (3) 

In each case, the specific final state-was deter- 
mined uniquely for a range of kinematical con- 
ditions by detecting the charged particle and de- 
termining its mass by a combination of time-of- 
flight measurements, with vector momentum de- 
termination in a magnetic field. 

In this experiment we used a high-resolution 

4 He excitation energy (MeV) 
55 45 35 3.2 20 IO 0 

t’ ’ ’ ’ “I ’ ’ ’ ‘I ’ ’ 1 

900 
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0 0 
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Fig. 1. The 8- spectrum. 1484 events. Cross section 
for n- and 4He* channel. 

magnetic spectrometer consisting of a 40 cm by 
90 cm pole C magnet with three pairs of magnet- 
ostrictive readout wire chambers [l] placed 
around the open sides of the magnet in order to 
determine the input and output trajectories of the 
charged particles from reactions (1) through (3). 
A 10 cm long liquid-helium target was placed 1 m 
from the magnet, and the mean angle of detection 
of the charged particles was 20° relative to the in- 
cident II-. The energy resolution of the system was 
1 MeV for pions and 0.6 MeV for protons. 

The study of reaction (1) shows one inelastic 
peak located at 32 f 1 MeV relative to the elastic 
scattering peak as shown in fig.1. This level can 
have a isobaric spin of 0, 1 or 2. In a previous ex- 
periment Charpak et al. [2] discovered a 30 MeV 
level formed in the reaction v+ + 6Li -2p + 4He*. 
This level is quite wide and overlaps ours, and 
while the authors considered it as a manifestation 
of peripheral reactions, Tang [3] in a subsequent 
paper argues for the existence of a T = 0 level at 
M 30 MeV. Measday and Palmieri [4] present ar- 
guments for the existence of a T = 1 contribution 
to the level at that energy. Since corresponding 
states in 4Li and 4H have been observed [5,6], and 
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Fig.2. The v+ spectrum. The energy scale changes to 

1 MeV steps near threshold. 

536 

140 MeV, 20°

L. Kaufman et al. Physics Letters B 25, 536 (1967)

dσ/dΩ<(0.138±0.069) nb/sr

caution: 
the cross section was underestimated 

by a factor of 100

A. Stetz et al., Phys. Rev. Lett. 47, 782 (1981)
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similar experiment at 20 ° and T~r = 140 MeV, but 
their results have since been shown to be incorrect 
[12]. Gilly et al. [13] measured the production of  
176 MeV zr + from 4He(Tr-, 7r+)4n at 0 ° as a function 
of  bombarding energy, and found no structure in- 
dicative of  tetraneutron production at the 200 nb/sr 
level. Recent measurements [ 14] o f  the DCX transi- 
tions to bound states o f  other light nuclei have shown, 
however, that these cross sections are typically of  the 
order of  200 nb/sr or smaller. In addition, the angular 
distributions for ZXL = 0 transitions are rather sharply 
forward peaked [14],  and so the relevance o f  previ- 
ous data [ 11,12] on A = 4 at 20 ° - 3 0  ° to tetraneu- 
tron production is at best ambiguous. A measurement 
at the 20 nb/sr level and 0 ° would have been far more 
significant. 

We have measured the momentum spectrum of  7r + 
produced at 0 ° by  165 MeV n -  on 4He. A ,5,PIP = 
1% beam of  106 7r- per second was provided by the 
p3 line o f  the Los Alamos Meson Physics Facility, 
and a cell o f  910 mg/cm 2 liquid 4He with windows of  
18 mg/cm 2 Kapton served as the target [ 15]. An 
empty, but  otherwise identical cell was employed for 
background subtraction purposes. 

The momentum spectrum of  the zr + was measured 
with the Large Acceptance Spectrometer (LAS) 
[16], which has a momentum acceptance of  ,5,P/P = 
+25% and solid angle acceptance of  25 msr. A circular 
dipole magnet was mounted immediately downstream 
of the target to deflect the incident beam, while di- 
recting the 0 ° 7r + into LAS. Introduction of  the di- 
pole affected the spectrometer optics somewhat, and 
the ray tracing software was modified accordingly. 

A major background was due to positrons, largely 
generated in the bombardment o f  target nuclei by 
beam contaminant electrons, with resultant pair pro- 
duction. A Cerenkov counter mounted in the focal 
plane was used to reject positron events. The ~erenkov 
radiator was a 9 cm thick layer o f  Silica Aerogel (in- 
dex of  refraction = 1.05). The 99% efficiency of  the 
~erenkov detector for positron detection, coupled 
with time-of-flight information from the spectrometer 
trigger scintillators, reduced the positron count rate 
by a facto) of  104, at which level it no longer posed a 
significant problem. 

The beam current was monitored by a pair o f  
decay-muon scintillator telescopes mounted by symmet- 
rically to the right and left of  the beam line. The ab- 

I00 

8 
c) 

to 0~, o~  
CD i 50 

g ~  

c5 

0 I I 
210 7 '20 

Pion 

Bound State 
{ ' ~  ~ R e g i o n  

230 240 250 
Momentum (MeV/c )  

Fig. 1. The da/d~2dP (lab frame) data plotted versus n + mo- 
mentum, with arrows indicating the region in which counts 
corresponding to a bound tetraneutron would be expected. 

solute cross section was fixed by normalizing relative 
to 7r-p elastic scattering at 165 MeV. 

Fig. 1 shows the 4He(Tr-, 7r+)4n differential cross 
section, with the region corresponding to tetraneutron 
binding energies of  between 0 and 3.1 MeV delimited. 
Summing events in this region yields a cross section 
of  7 +- 15 nb/sr for tetraneutron production by 
4He(Tr-, zr+)4n at 165 MeV and 0 °, where the uncer- 
tainty in this figure comes primarily from the back- 
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Fig. 2. The dcr/dI2dP (lab frame) data for 12COt- ' ~r+)12Be 
at 8 ° and T~ = 165 MeV. The peak corresponding to the 
transition to the 12Be ground and first two excited states 
has been indicated. 
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dσ/dΩ=7±15 nb/sr

J. E. Ungar et al., Physics Letters B 144, 333 (1984)
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duction. A Cerenkov counter mounted in the focal 
plane was used to reject positron events. The ~erenkov 
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dex of  refraction = 1.05). The 99% efficiency of  the 
~erenkov detector for positron detection, coupled 
with time-of-flight information from the spectrometer 
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dσ/dΩ<13 nb/sr

80 MeV, 50°ｰ130°

2392 BRIEF REPORTS

turn for all recorded events. Above 90 MeV/e the ~ and
e energy-loss bands begin to overlap, and by 120 MeV/c
this overlap is considerable.
Many of the m+ events originated not from the helium,

but from the target Bask. The front and back wall contri-
butions were removed by a cut on the reconstructed ori-
gin of the track along the beam axis. However, poor
determination of the track's radial origin meant that the
same procedure could not be applied to eliminate the
much smaller side wall background. Instead empty tar-
get runs were used to measure this contribution. Several
target-empty and target-full runs were taken to verify the
consistency of this procedure.
The acceptance and the momentum resolution for 50

MeV (128 MeV/c) m+'s were determined using m.+ He
elastic scattering. Figure 3 shows the measured momen-
tum spectrum for m+ He elastic scattering after software
cuts and background subtraction. The beam intensity
was 3.3X10 m+/sec, with the same momentum bite as
the vr beam. The measured resolution is 11 MeV/c (o. ),
due almost entirely to the beam momentum resolution of
9 MeV/c. The acceptance was determined to be
eA =0.31 steradians by normalization to the differential
cross sections of Fournier et al. '
The TPC efBciency was found to be rate dependent; as

the Aux of charged particles through the TPC increased,
a corresponding decrease in eKciency was observed. This
is believed to be a consequence of the increasing number
of positive ions surrounding the TPC anode wires, an
effect documented by Sauli. ' These positive ions reduce
the gas multiplication and hence the pulse heights, there-
by lowering the chamber acceptance. Consequently the
measured TPC acceptance had to be corrected for the
difference in rates between the T + =50 MeV and
T =80 MeV measurements. Since the rate of charged
particles through the chamber was considerably lower for
the m beam it amounted to an upward correction of the
TPC acceptance to eA=0. 51+0.06 steradians. Further

details of this procedure and the TPC rate dependent ac-
ceptance are given in Armstrong et al. '
Figure 4(a) shows the final DCX sr+ momentum spec-

trum after all cuts. It represents a total of
=6.01X10' incident negative pions. In the tetraneu-
tron window (128+11MeV/c) there are 12 counts. These
counts are, however, consistent with various sources of
background, rather than evidence for the production of
tetr aneutrons.
Firstly, there is a background contribution from the

side walls of the target Aask. In the same energy window
in the target-empty spectrum there are 7 counts from a
total of N =7.07X 10' incident negative pions. Figure
4(b) shows the DCX n+ spectrum after subtraction (nor-
malized to the same number of incident pions) of the
measured empty flask background. After this subtraction
just 6.1 counts remain in the tetraneutron window.
Secondly, due to our limited momentum resolution there
is a contribution from "He(m, ~+) continuum DCX. A
rough estimate of this contribution to the tetraneutron
window was obtained as follows. The region 106+11
MeV/c of spectrum 4(b) contains 20 counts (the e con-
tamination in this window is ~20%). With -20 sr+
counts in this —1a to + lo. window, one would expect-5 counts between +10. and +3', the tetraneutron
window. This estimate of 5 counts from continuum DCX
on He is consistent with the 6.1 remaining counts in the
target full-target empty spectrum. Finally, we cannot ex-
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FIG. 3. Measured m+ momentum spectrum from
He(m, m. ) He elastic scattering at P + = 128 MeV/c
(T + =50 MeV). The observed momentum resolution is 11
MeV/c (o.).
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FIG. 4. (a) Measured ~+ momentum spectrum from
He(m, m+ ) at P = 170 MeV/c (T =80 MeV) and
0=50'—130', after all software cuts. The region corresponding
to bound tetraneutron production (indicated by the arrows) con-
tains 12 events. (b) The same spectrum after subtraction of the
empty-target background. The region corresponding to
tetraneutron production contains 6.1 events.

T. P. Gorringe et al., Phys. Rev. C 40, 2390 (1989)

the same reaction but at low energies, different angles
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Table of Isotopes (1999)

Z=0-28 Part 1 of 2

n1
1/2+

614.6 s

β-

H3
1/2+

12.33 y

β-

H4
2-

Li4
2-

H5

He5
3/2-

0.60 MeV

n

Li5
3/2-

1.5 MeV

p

Be5

H6

He6
0+

806.7 ms

β-

Be6
0+

92 keV

2p

He7
(3/2)-

160 keV

n

Be7
3/2-

53.12 d

EC

B7
(3/2-)

1.4 MeV

He8
0+

119.0 ms

β-n

Li8
2+

838 ms

β-2α

Be8
0+

6.8 eV

2α

B8
2+

770 ms

EC2α

C8
0+

230 keV

He9
(1/2-)

0.30 MeV

n

Li9
3/2-

178.3 ms

β-n

B9
3/2-

0.54 keV

2pα

C9
(3/2-)

126.5 ms

ECp,ECp2α,...

He10
0+

0.3 MeV

n

Li10
1.2 MeV

n

Be10
0+

1.51E+6 y

β-

C10
0+

19.255 s

EC

N10

Li11
3/2-

8.5 ms

β-n,β-2n,...

Be11
1/2+

13.81 s

β-α

C11
3/2-

20.39 m

EC

N11
1/2+

740 keV

p

Li12

Be12
0+

23.6 ms

β-

B12
1+

20.20 ms

β-3α

N12
1+

11.000 ms

EC3α

O12
0+

0.40 MeV

2p

Be13
(1/2,5/2)+
0.9 MeV

n

B13
3/2-

17.36 ms

β-n

N13
1/2-

9.965 m
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+4+6-2

 17
Cl

0.000017%
35.4527

2
8
7

-101.5°
-34.04°
143.8°

+1+5+7-1

 18
Ar

0.000329%
39.948

2
8
8

-189.35°
-185.85°
-122.28°

0

 19
K

0.0000123%
39.0983

2
8
8
1

63.38°
759°

+1

 20
Ca

0.000199%
40.078

2
8
8
2

842°
1484°

+2

 21
Sc

1.12×10 -7%
44.955910

2
8
9
2

1541°
2836°

+3

 22
Ti

7.8×10 -6%
47.867

2
8

10
2

1668°
3287°

+2+3+4

 23
V

9.6×10 -7%
50.9415

2
8

11
2

1910°
3407°

+2+3+4+5

 24
Cr

0.000044%
51.9961

2
8

13
1

1907°
2671°

+2+3+6

 25
Mn

0.000031%
54.938049

2
8

13
2

1246°
2061°

+2+3+4+7

 26
Fe

0.00294%
55.845

2
8

14
2

1538°
2861°

+2+3

 27
Co

7.3×10 -6%
58.933200

2
8

15
2

1495°
2927°

+2+3

 28
Ni

0.000161%
58.6934

2
8

16
2

1455°
2913°

+2+3

  2   4
  6   8

 10
 12  14

 16

 18
 20

 22
 24

 26
 28

 30
 32

 34

 36

 38

 40
 42

 44
 46

 48
 50

Decay Q-value Range
Q(??)
Q(β−)>0
Q(β−)-SN>0
Q(β−)>0 + Q(EC)>0
Stable to Beta Decay
Q(EC)>0
Q(EC)-SP>0
Q(P)>0
Naturally Abundant
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C

S.

D)

FIG. &. Schematic of the experimental setup. For explanation, see text,

threshold Cherenkov counter at the end of the
entire detection system. The beam-target inter-
actions were monitored by a three-element scin-
tillntion counter telescope at -—30' outside the
scattering chamber. At forward angles there was
substantial heavy-particle Qux in the front drift
chambers. This was significantly reduced by
inserting a + -in. polyethylene absorber in front
of S„although this had the effect of degrading
the overall energy resolution to about -0.8 MeV
(full width at half maximum). All data were taken
at a laboratory angle of 11'.
The absolute calibration of neither the channel

nor the spectrometer magnets has the accuracy
desired for mass measurements. It is therefore

essential to find a calibration reaction with well. -
known Q value, in the vicinity of the expected
Q value (~ —25.5 MeV) for the reaction "O(n,
m')"C. Fortunately, such a reaction is conven-
iently available. The reaction is "C(n,~')"Be
with Q, = —25.078(15) MeV, based on a recent
accurate mass determination of "Beby Alburger
et al. ' The (m, m') reaction was studied on the
targets of "0and "C under the same, undis-
turbed, mechanical and magnetic settings of the
channel and the spectrometer. The stability of
all six dipoles was monitored throughout the
experiment and was found to be better than 1
part in 10'.
The "0target consisted of a refrigerated ice

8-
Q Q 25 69(I5)

4-

lOI-
K
oO
D
8

(0
C9

Q = 25 078 t l5) I

"C+n
'IC+2n
l

O
g)

IA

&r
T(m ) = l64MeV
e =ll

c(vr, 7T+) Be

4

2-

IIBeyn
Be+2n

CHANNEL NUMBER

FIG. 2. Spectra of t,'~, m. +) reactions on i80 and trc at T(7I ) =164 Me& and 0=&] .

1590

K.K. Seth et al., PRL 41, 1589 (1978)

164 MeV, 11°
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Table of Isotopes (1999)

Z=0-28 Part 1 of 2

n1
1/2+

614.6 s

β-

H3
1/2+

12.33 y

β-

H4
2-

Li4
2-

H5

He5
3/2-

0.60 MeV

n

Li5
3/2-

1.5 MeV

p

Be5

H6

He6
0+

806.7 ms

β-

Be6
0+

92 keV

2p

He7
(3/2)-

160 keV

n

Be7
3/2-

53.12 d

EC

B7
(3/2-)

1.4 MeV

He8
0+

119.0 ms

β-n

Li8
2+

838 ms

β-2α

Be8
0+

6.8 eV

2α

B8
2+

770 ms

EC2α

C8
0+

230 keV

He9
(1/2-)

0.30 MeV

n

Li9
3/2-

178.3 ms

β-n

B9
3/2-

0.54 keV

2pα

C9
(3/2-)

126.5 ms

ECp,ECp2α,...

He10
0+

0.3 MeV

n

Li10
1.2 MeV

n

Be10
0+

1.51E+6 y

β-

C10
0+

19.255 s

EC

N10

Li11
3/2-

8.5 ms

β-n,β-2n,...

Be11
1/2+

13.81 s

β-α

C11
3/2-

20.39 m

EC

N11
1/2+

740 keV

p

Li12

Be12
0+

23.6 ms

β-

B12
1+

20.20 ms

β-3α

N12
1+

11.000 ms

EC3α

O12
0+

0.40 MeV

2p

Be13
(1/2,5/2)+
0.9 MeV

n

B13
3/2-

17.36 ms

β-n

N13
1/2-

9.965 m

EC

O13
(3/2-)

8.58 ms

ECp

Be14
0+

4.35 ms

β-n,β-2n,...

B14
2-

13.8 ms

β-

C14
0+

5730 y

β-

O14
0+

70.606 s

EC

F14
(2-)

p

B15
10.5 ms

β-

C15
1/2+

2.449 s

β-

O15
1/2-

122.24 s

EC

F15
(1/2+)

1.0 MeV

p

B16
(0-)

200 Ps

n

C16
0+

0.747 s

β-n

N16
2-

7.13 s

β-α

F16
0-

40 keV

p

Ne16
0+

122 keV

2p

B17
(3/2-)

5.08 ms

β-n

C17
193 ms

β-n

N17
1/2-

4.173 s

β-n

F17
5/2+

64.49 s

EC

Ne17
1/2-

109.2 ms

ECp,ECα,...

B18

C18
0+

95 ms

β-n

N18
1-

624 ms

β-n,β-α,...

F18
1+

109.77 m

EC

Ne18
0+

1672 ms

EC

Na18

B19

C19
46 ms

β-n

N19
(1/2-)

0.304 s

β-n

O19
5/2+

26.91 s

β-

Ne19
1/2+

17.22 s

EC

Na19

p

C20
0+

14 ms

β-n

N20
100 ms

β-n

O20
0+

13.51 s

β-

F20
2+

11.00 s

β-

Na20
2+

447.9 ms

ECα

Mg20
0+

95 ms

ECp

C21

N21
85 ms

β-n

O21
(1/2,3/2,5/2)+

3.42 s

β-

F21
5/2+

4.158 s

β-

Na21
3/2+

22.49 s

Mg21
(3/2,5/2)+

122 ms

ECp

Al21

C22
0+

N22
24 ms

β-n

O22
0+

2.25 s

β-

F22
4+,(3+)
4.23 s

β-

Na22
3+

2.6019 y

Mg22
0+

3.857 s

EC

Al22
70 ms

ECp

Si22
0+

6 ms

ECp

N23

O23
82 ms

β-n

F23
(3/2,5/2)+

2.23 s

β-

Ne23
5/2+

37.24 s

β-

Mg23
3/2+

11.317 s

EC

Al23
0.47 s

ECp

Si23

N24

O24
0+

61 ms

β-n

F24
(1,2,3)+
0.34 s

β-

Ne24
0+

3.38 m

β-

Na24
4+

14.9590 h

β-
*

Al24
4+

2.053 s

ECα *

Si24
0+

102 ms

ECp

P24

O25

F25
59 ms

β-n

Ne25
(1/2,3/2)+

602 ms

β-

Na25
5/2+

59.1 s

β-

Al25
5/2+

7.183 s

EC

Si25
5/2+

220 ms

ECp

P25

O26
0+

F26

Ne26
0+

197 ms

β-n

Na26
3+

1.072 s

β-

Al26
5+

7.17E+5 y

EC *

Si26
0+

2.234 s

EC

P26
(3+)

20 ms

ECp

S26

F27

Ne27
32 ms

β-n

Na27
5/2+

301 ms

β-n

Mg27
1/2+

9.458 m

β-

Si27
5/2+

4.16 s

EC

P27
1/2+

260 ms

ECp

S27
21 ms

ECp,EC2p,...

F28

Ne28
0+

17 ms

β-n

Na28
1+

30.5 ms

β-n

Mg28
0+

20.91 h

β-

Al28
3+

2.2414 m

β-

P28
3+

270.3 ms

ECp,ECα,...

S28
0+

125 ms

ECp

Cl28

F29

Ne29
0.2 s

β-

Na29
3/2

44.9 ms

β-n

Mg29
3/2+

1.30 s

β-

Al29
5/2+

6.56 m

β-

P29
1/2+

4.140 s

EC

S29
5/2+

187 ms

ECp

Cl29

Ne30
0+

Na30
2+

48 ms

β-n,β-2n,...

Mg30
0+

335 ms

β-

Al30
3+

3.60 s

β-

P30
1+

2.498 m

EC

S30
0+

1.178 s

EC

Cl30

Ar30
0+

20 Ns

p

Ne31

Na31
3/2+

17.0 ms

β-n,β-2n,...

Mg31
230 ms

β-n

Al31
(3/2,5/2)+

644 ms

β-

Si31
3/2+

157.3 m

β-

S31
1/2+

2.572 s

EC

Cl31
150 ms

ECp

Ar31
15.1 ms

ECp,EC2p,...

Ne32
0+

Na32
(3-,4-)

13.2 ms

β-n,β-2n,...

Mg32
0+

120 ms

β-n

Al32
1+

33 ms

β-

Si32
0+

150 y

β-

P32
1+

14.262 d

β-

Cl32
1+

298 ms

ECp,ECα,...

Ar32
0+

98 ms

ECp

K32

Na33
8.2 ms

β-n,β-2n,...

Mg33
90 ms

β-n

Al33

Si33
6.18 s

β-

P33
1/2+

25.34 d

β-

Cl33
3/2+

2.511 s

EC

Ar33
1/2+

173.0 ms

ECp

K33

Na34
5.5 ms

β-n,β-2n,...

Mg34
0+

20 ms

β-n

Al34
60 ms

β-n

Si34
0+

2.77 s

β-

P34
1+

12.43 s

β-

Cl34
0+

1.5264 s

EC *

Ar34
0+

844.5 ms

EC

K34

Ca34
0+

Na35
1.5 ms

β-n

Mg35

Al35
150 ms

β-n

Si35
0.78 s

β-

P35
1/2+

47.3 s

β-

S35
3/2+

87.32 d

β-

Ar35
3/2+

1.775 s

EC

K35
3/2+

190 ms

ECp

Ca35
50 ms

EC2p

Mg36
0+

Al36

Si36
0+

0.45 s

β-n

P36
5.6 s

β-

Cl36
2+

3.01E+5 y

EC,β-

K36
2+

342 ms

ECp,ECα,...

Ca36
0+

102 ms

ECp

Sc36

Mg37

Al37

Si37

P37
2.31 s

β-

S37
7/2-

5.05 m

β-

Ar37
3/2+

35.04 d

EC

K37
3/2+

1.226 s

EC

Ca37
3/2+

181.1 ms

ECp

Sc37

Al38

Si38
0+

P38
0.64 s

β-n

S38
0+

170.3 m

β-

Cl38
2-

37.24 m

β-
*

K38
3+

7.636 m

EC *

Ca38
0+

440 ms

EC

Sc38

Ti38
0+

Al39

Si39

P39
0.16 s

β-n

S39
(3/2,5/2,7/2)-

11.5 s

β-

Cl39
3/2+

55.6 m

β-

Ar39
7/2-

269 y

β-

Ca39
3/2+

859.6 ms

EC

Sc39
(7/2-)

Ti39
(3/2+)
26 ms

ECp

Si40
0+

P40
260 ms

β-n

S40
0+

8.8 s

β-

Cl40
2-

1.35 m

β-

Sc40
4-

182.3 ms

ECp,ECα,...

Ti40
0+

50 ms

EC

V40

Si41

P41
120 ms

β-n

S41

Cl41
(1/2,3/2)+

38.4 s

β-

Ar41
7/2-

109.34 m

β-

Ca41
7/2-

1.03E+5 y

EC

Sc41
7/2-

596.3 ms

EC

Ti41
3/2+

80 ms

ECp

V41

Si42
0+

P42
110 ms

β-n

S42
0+

0.56 s

β-n

Cl42
6.8 s

β-

Ar42
0+

32.9 y

β-

K42
2-

12.360 h

β-

Sc42
0+

681.3 ms

EC *

Ti42
0+

199 ms

EC

V42

Cr42

P43
33 ms

β-n

S43
220 ms

β-n

Cl43
3.3 s

β-

Ar43
(3/2,5/2)
5.37 m

β-

K43
3/2+

22.3 h

β-

Sc43
7/2-

3.891 h

EC

Ti43
7/2-

509 ms

EC

V43
(7/2-)

800 ms

EC

Cr43
(3/2+)
21 ms

ECp,ECα,...

P44

S44
0+

123 ms

β-n

Cl44
434 ms

β-n

Ar44
0+

11.87 m

β-

K44
2-

22.13 m

β-

Sc44
2+

3.927 h

EC *

Ti44
0+

63 y

EC

V44
(2+)

90 ms

ECα *

Cr44
0+

53 ms

ECp

Mn44

P45

S45
82 ms

β-n

Cl45
400 ms

β-n

Ar45
21.48 s

β-

K45
3/2+

17.3 m

β-

Ca45
7/2-

162.61 d

β-

*

Ti45
7/2-

184.8 m

EC

V45
7/2-

547 ms

EC

Cr45
50 ms

ECp

Mn45

Fe45

P46

S46
0+

Cl46
223 ms

β-n

Ar46
0+

8.4 s

β-

K46
(2-)

105 s

β-

Sc46
4+

83.79 d

β-
*

V46
0+

422.37 ms

EC *

Cr46
0+

0.26 s

EC

Mn46
41 ms

ECp

Fe46
0+

20 ms

ECp

S47

Cl47

β-n

Ar47
700 ms

β-n

K47
1/2+

17.50 s

β-

Ca47
7/2-

4.536 d

β-

Sc47
7/2-

3.3492 d

β-

V47
3/2-

32.6 m

EC

Cr47
3/2-

500 ms

EC

Mn47
100 ms

ECp

Fe47
27 ms

ECp

S48
0+

Cl48

Ar48
0+

K48
(2-)
6.8 s

β-n

Sc48
6+

43.67 h

β-

V48
4+

15.9735 d

EC

Cr48
0+

21.56 h

EC

Mn48
4+

158.1 ms

ECp,ECα,...

Fe48
0+

44 ms

ECp

Co48

S49

Cl49

Ar49

K49
(3/2+)
1.26 s

β-n

Ca49
3/2-

8.718 m

Sc49
7/2-

57.2 m

β-

V49
7/2-

330 d

Cr49
5/2-

42.3 m

Mn49
5/2-

382 ms

EC

Fe49
(7/2-)
70 ms

ECp

Co49

Cl50

Ar50
0+

K50
(0-,1,2-)
472 ms

β-n

Ca50
0+

13.9 s

β-

Sc50
5+

102.5 s

β-
*

Mn50
0+

283.88 ms

EC *

Fe50
0+

150 ms

ECp

Co50
(6+)

44 ms

ECp

Ni50

Cl51
(3/2+)

Ar51

K51
(1/2+,3/2+)

365 ms

β-n

Ca51
(3/2-)
10.0 s

β-n

Sc51
(7/2)-
12.4 s

β-

Ti51
3/2-

5.76 m

β-

Cr51
7/2-

27.7025 d

EC

Mn51
5/2-

46.2 m

EC

Fe51
5/2-

305 ms

EC

Co51
(7/2-)

Ni51
(7/2-)

Ar52
0+

K52
105 ms

β-n

Ca52
0+

4.6 s

β-

Sc52
3+

8.2 s

β-

Ti52
0+

1.7 m

β-

V52
3+

3.743 m

β-

Mn52
6+

5.591 d

EC *

Fe52
0+

8.275 h

EC *

Co52
18 ms

EC

Ni52
0+

38 ms

ECp

Ar53

K53
(3/2+)
30 ms

β-n

Ca53
(3/2-,5/2-)

90 ms

β-n

Sc53

Ti53
(3/2)-
32.7 s

β-

V53
7/2-

1.61 m

β-

Mn53
7/2-

3.74E+6 y

EC

Fe53
7/2-

8.51 m

EC *

Co53
(7/2-)

240 ms

EC *

Ni53
(7/2-)
45 ms

ECp

K54
10 ms

β-n

Ca54
0+

Sc54

Ti54
0+

V54
3+

49.8 s

β-

Mn54
3+

312.3 d

EC,β-

Co54
0+

193.23 ms

EC *

Ni54
0+

EC

K55

Ca55
(5/2-)

β-

Sc55

Ti55
(3/2-)

320 ms

β-

V55
(7/2-)
6.54 s

β-

Cr55
3/2-

3.497 m

β-

Fe55
3/2-

2.73 y

EC

Co55
7/2-

17.53 h

EC

Ni55
7/2-

212.1 ms

EC

Ca56
0+

β-

Sc56
(3+)

β-

Ti56
0+

160 ms

β-n

V56
(3+)

230 ms

β-

Cr56
0+

5.94 m

β-

Mn56
3+

2.5785 h

β-

Co56
4+

77.27 d

EC

Ni56
0+

6.077 d

EC

Ca57

Sc57
(7/2-)

β-

Ti57
(5/2-)

180 ms

β-n

V57
(7/2-)

320 ms

β-n

Cr57
3/2-,5/2-,7/2-

21.1 s

β-

Mn57
5/2-

85.4 s

β-

Co57
7/2-

271.79 d

EC

Ni57
3/2-

35.60 h

Sc58
(3+)

β-

Ti58
0+

V58
(3+)

200 ms

β-

Cr58
0+

7.0 s

β-

Mn58
1+

3.0 s

β-
*

Co58
2+

70.86 d

EC *

Sc59

Ti59
(5/2-)

β-

V59
(7/2-)

130 ms

β-

Cr59
0.74 s

β-

Mn59
3/2-,5/2-

4.6 s

β-

Fe59
3/2-

44.503 d

β-

Ni59
3/2-

7.6E+4 y

EC

Ti60
0+

β-

V60
(3+)

200 ms

β-n

Cr60
0+

0.57 s

β-

Mn60
0+

51 s

β-
*

Fe60
0+

1.5E+6 y

β-

Co60
5+

5.2714 y

*

Ti61
(1/2-)

β-n

V61

Cr61
(5/2-)

270 ms

β-n

Mn61
(5/2-)
0.71 s

β-

Fe61
3/2-,5/2-
5.98 m

β-

Co61
7/2-

1.650 h

β-

V62
(3+)

β-

Cr62
0+

190 ms

β-n

Mn62
(3+)

0.88 s

β-

Fe62
0+

68 s

β-

Co62
2+

1.50 m

β-
*

V63
(7/2-)

β-

Cr63
(1/2-)

110 ms

β-n

Mn63
0.25 s

β-

Fe63
(5/2)-
6.1 s

β-

Co63
(7/2)-
27.4 s

β-

Ni63
1/2-

100.1 y

β-

V64

β-

Cr64
0+

Mn64
(3+)

140 ms

β-n

Fe64
0+

2.0 s

β-

Co64
1+

0.30 s

β-

Cr65
(1/2-)

β-

Mn65
(5/2-)

110 ms

β-n

Fe65
0.4 s

β-

Co65
(7/2)-
1.20 s

β-

Ni65
5/2-

2.5172 h

β-

Cr66
0+

β-

Mn66
90 ms

β-n

Fe66
0+

440 ms

β-

Co66
(3+)

0.233 s

β-

Ni66
0+

54.6 h

β-

Cr67
(1/2-)

β-

Mn67

β-

Fe67
(1/2-)

470 ms

β-n

Co67
(7/2-)
0.42 s

β-

Ni67
(1/2-)
21 s

β-

Mn68

β-

Fe68
0+

0.10 s

β-

Co68
0.18 s
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tion ' C(n, rr+ ) ' Be(g.s.). The measurements with
both the Be and ' C targets were done with the same
undisturbed settings of the channel and the spectrometer
magnets. The He(g. s. ) and ' Be(g.s.) were clearly ob-
served. The observed energy resolution for He(g. s.)
was FWHM = 1 MeV. The difTerential cross section for
the production of He(g. s. ) was found to be 40+ 10
nb/sr, as normalized to the known n+p elastic-scattering
cross section.
The known Q value for the reaction ' C(x

rr+ ) ' Be(g.s.), Q = —25.077+ 0.015 MeV, provided the
absolute reference point for the missing-mass scale. The
scale calibration, kiloelectron volts per channel, was
determined by our keeping the spectrometer totally un-

MISSIM' MASS (VieV)

FIG. 1. Missing-mass spectrum for the reaction Be(gr
n+) 9He for T(rr ) =180 MeV, 0(lab) =15 . The dotted
curve illustrates the best fourth-order-polynomial fit to the full
data (maximum likelihood: 45%). The solid curve illustrates
the polynomial part of the fit when the data are fitted with a
polynomial plus four Lorentzian peaks at 0, 1.2, 3.8, and 7.0
MeV (maximum likelihood: 95%).

changed but tuning the channel for a 164-MeV x+ beam
so that ' C elastic and inelastic scattering (from the
4.439-MeV state) could be measured with a thin CH2
target. The resulting absolute scale for missing mass
leads to the atomic Qo( He(g. s. )) = —29.45+ 0.10
MeV. This Q value corresponds to an atomic mass ex-
cess of 40.80+ 0.10 MeV, which implies that the ground
state is unstable against single-neutron decay by
1.13 ~0.10 MeV. The quoted errors arise from the fol-
lowing, rather conservative estimates of uncertainties:
He(g. s.) centroid determination, +'65 keV; ' Be cen-
troid determination, 55 keV; relative energy loss in
targets, ~50 keV; total of all other sources, ~ ~20
keV.
One interesting consequence of this mass measurement

is that if it is used in the local Garvey-Kelson transverse
relationship, it predicts that the doubly magic nucleus
' He is unstable against one-neutron decay by 0.31
~0.14 MeV and against two neutron decay by 1.44
~0.14 MeV. These numbers are much smaller than
any of the earlier predictions. They give us the hope that
if ' He can be searched for in the missing-mass spectrum
of a two-body reaction, it is quite likely that it will be
found that its ground state does not have too large a
width. Unfortunately, one cannot think of too many
such reactions; ' Be(rr, rr+) appears to be a rather
unique but remote possibilityt
In Table I, we note that the application of transverse

Garvey-Kelson relations predicts He(g. s.) unbound by
amounts ranging from 3.55 to 2.36 MeV depending on
whether one uses only masses of the adjoining five nuclei,
or uses parameters optimized over more extended mass
regions. In Table I we also list the results of recent
shell-model calculations due to Glaudemans and collab-
orators at Utrecht. These calculations are notable in the
fact that they do not assume any "closed core" and they
use a translationally invariant interaction which allows
them to avoid the problem of spurious states due to

TABLE l. Our experiment and a summary of He mass predictions (GK stands for the
transverse Garvey-Kelson relation).

Author (Ref. ) Model Mass excess (MeV) 8„(MeV)
Experiment
Local GK
Regional GK
Regional GK
Global GK
Shell-model systematics

(0+2) h ro shell model (C)

This paper
This paper (from 8, 9)
Thibault, Klapisch (10)

Janecke (12)
Jelly eI al. (11)
Beiner, Lombard, and
Mas (13) Energy density method
Van Hees and Glaudemans (4) (0+1)Ace shell model (A)
Poppelier, Wood, and
Glaudemans (4) (0+ 1 ) h ro shell model (B)
Poppelier, Wood, and
Glaudemans (4)

40.80+ 0.10
43.22+ 0.25
42.75
42.61
42.03
43.49

38.0
43.08

44.08

—1.13 ~ 0.10—3.55 w 0.25—3.08—2.94—2.36—3.82

+1.67—3.31
—1.21
—4.41

1931

K.K. Seth et al., PRL 58, 1930 (1987)

180 MeV, 15°
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accessible / observed  
in pion DCX reaction

disadvantage: 
only (N,Z)→(N±2, Z∓2) possible 
⇒ activities in RI-beam facilities

15Ne 16Ne 17Ne 18Ne 19Ne 20Ne 21Ne 22Ne
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1H 2H 3H 4H 5H 6H 7H

1n 3n? 4n?

Fig. 1. A part of the nuclear chart (Z ≤ 10 and N ≤ 12). Stable nuclei and long-lived 14C, which was used
as a target in past pion DCX measurements, are represented by black squares. Gray squares correspond to
nuclides accessible by the (π±, π∓) reaction. Nuclides observed in pion DCX reactions [13] are highlighted in
dark grey.

We aim to investigate pion DCX reactions at much higher energy above the so-called ∆ resonance
region, unexplored not only for tetraneutron but also for any other nuclides. An intense secondary
pion beam with the momentum < 2 GeV/c is available at J-PARC Hadron Experimental Facility.
Due to a longer lifetime of pions in the laboratory frame, the purity of the incident π− beam and
scattered π+ can be improved, which will contribute to a reduction of unphysical backgrounds in the
region of interest. In the past experiments, several events remained in the bound region, which had
deteriorated the experimental sensitivity for a possible bound state. An irrelevant background aside
from the 4n continuum should be as small as possible, no matter whether tetraneutron is a bound state
or a resonant state.

Firstly, we will study an analog transition of 18O(π+, π−)18Ne (g.s.), whose cross section would be
much larger than that for a non-analog transition such as the 16O(π+, π−)16Ne (g.s.) and 4He(π−, π+)4n
reactions, so as to examine the energy dependence of the formation cross section and establish the
experimental procedure for a DCX measurement with a high-energy pion beam. In future, we will
perform the spectroscopy of the 4He(π−, π+)4n with a higher-intensity pion beam at the High-Intensity
High-Resolution (HIHR) beamline to be constructed inside an extended Hadron Experimental Facil-
ity, which is in a planning stage [14].

2. Analog-transition measurement at the K1.8 beamline

The 18O(π+, π−)18Ne (g.s.) reaction is one of the analog transitions, since the final state is the
double isobaric analog state (DIAS) with the isospin 1, the same as the ground state of the target.
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no RI-beam of nuclides 
beyond drip line ! 
worth studying in  

pion DCX reactions (again)?
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Fig. 1. A part of the nuclear chart (Z ≤ 10 and N ≤ 12). Stable nuclei and long-lived 14C, which was used
as a target in past pion DCX measurements, are represented by black squares. Gray squares correspond to
nuclides accessible by the (π±, π∓) reaction. Nuclides observed in pion DCX reactions [13] are highlighted in
dark grey.

We aim to investigate pion DCX reactions at much higher energy above the so-called ∆ resonance
region, unexplored not only for tetraneutron but also for any other nuclides. An intense secondary
pion beam with the momentum < 2 GeV/c is available at J-PARC Hadron Experimental Facility.
Due to a longer lifetime of pions in the laboratory frame, the purity of the incident π− beam and
scattered π+ can be improved, which will contribute to a reduction of unphysical backgrounds in the
region of interest. In the past experiments, several events remained in the bound region, which had
deteriorated the experimental sensitivity for a possible bound state. An irrelevant background aside
from the 4n continuum should be as small as possible, no matter whether tetraneutron is a bound state
or a resonant state.

Firstly, we will study an analog transition of 18O(π+, π−)18Ne (g.s.), whose cross section would be
much larger than that for a non-analog transition such as the 16O(π+, π−)16Ne (g.s.) and 4He(π−, π+)4n
reactions, so as to examine the energy dependence of the formation cross section and establish the
experimental procedure for a DCX measurement with a high-energy pion beam. In future, we will
perform the spectroscopy of the 4He(π−, π+)4n with a higher-intensity pion beam at the High-Intensity
High-Resolution (HIHR) beamline to be constructed inside an extended Hadron Experimental Facil-
ity, which is in a planning stage [14].

2. Analog-transition measurement at the K1.8 beamline

The 18O(π+, π−)18Ne (g.s.) reaction is one of the analog transitions, since the final state is the
double isobaric analog state (DIAS) with the isospin 1, the same as the ground state of the target.
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It is more clearly seen in Fig. 4 obtained in the follow-
ing way. We fitted the empty-target background by a
polynomial of the fifth order (it is shown by the thin solid
curve in Fig. 3) with !2 per degree of freedom smaller
than unity and subtracted this polynomial from the solid
histogram in Fig. 3. Figure 4 shows the obtained result.
Error bars present statistical errors for the solid histo-
gram in Fig. 3. Figure 5 shows the spectrum obtained by
direct subtraction of the empty-target background with
error bars including statistical uncertainty of the back-
ground subtraction. Experimental resolution in these
spectra was 1.9 MeV (FWHM).

In Figs. 4 and 5, the very sharp increase of the spec-
trum starting from the t!4n threshold is obviously seen.
Such a behavior does not correspond to a nonresonant
continuum, which is illustrated by curves 1–3 in Fig. 4.
When calculating curve 1, we described the motion in the

t!4n system by the five-body phase volume, dN=dE7H/
E5

7H
. The detection efficiency, which is shown in the inset

in Fig. 5, and the experimental resolution were taken into
account. Curve 2 was obtained, when the motion of t!4n
was taken as the three-body phase volume, dN=dE7H/
E2

7H. This can be considered as an extreme model for a
process, when two pairs of neutrons in the t!4n system
undergo final state interactions in singlet states, t! 2n!
2n, and when the relative motion in the both pairs of
neutrons is described by delta functions for simplicity.
If we use a more realistic distribution for the relative
motion of two neutrons in a singlet state, curve 2 becomes
less steep and more similar to curve 1. At last, curve 3
shows the most extreme case. It shows a calculation using
the two-body phase volume for t!4n, dN=dE7H/E1=2

7H
.

This can be considered as a model for a process, when
each pair of neutrons is emitted in a singlet state and
when the relative motion of two neutrons in each pair is
described by delta function. Again, usage of more real-
istic distribution for the relative motion of two neutrons in
singlet state makes curve 3 less steep and more similar to
curve 2. Also, curve 3 can be considered as a model for
the emission of a bound tetraneutron with a small binding
energy.

As seen in Fig. 4, the experimental spectrum increases
near the t! 4n threshold even more sharply than the
most extreme curve 3. This provides a strong indication
on the possible existence of 7H state near the t! 4n
threshold. In this region the cross section is
"10#2 mb sr#1 MeV#1. For further studies of 7H, apart
from the p$8He; pp%7H reaction, also reactions
d$8He; 3He%7H, and t$8He; 4He%7H seem to be promising.

In the same experiment, by detecting tritons by the
RIKEN telescope, we studied two-neutron transfer reac-
tions p$8He; t%6Heg:s: and p$8He; t%6He&$2!%. The produc-
tion of 6Heg:s: was identified in coincidences t! 6He,
while 6He&$2!% was observed as a peak at E? '
1:8 MeV in t! " coincidences. The measured cross
sections for population of the ground state and excited
2! state of 6He are shown in Fig. 6.
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FIG. 4. Spectrum of 7H after subtraction of the polynomial fit
to the empty-target background. Curves show nonresonant
continuums explained in the text.
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solid histogram was obtained with the proton target. The
dashed histogram shows the empty-target background.
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FIG. 7. Excitation energy distributions calculated under the as-
sumptions of (a) 5H, (b) 6H, and (c) 7H production channels. The
grey histograms in the 5H and 6H channels correspond to those events
lying in the regions where the resonances were already observed in
previous experiments. The grey histogram in the 7H corresponds to
those events identified as 7H production. See text for details.

information from only one of the reaction products. In the
present work, the reconstruction is done with the nitrogen re-
coil angles and energies measured with the three-dimensional
tracking of MAYA. The excitation energy distribution of the
6H and 7H systems can be obtained from the kinematical in-
formation applying a missing mass calculation. The excitation
energy is then defined as the difference between the calculated
mass of the 6H and 7H systems with respect to each 3H + 3n
and 3H + 4n subsystem masses, respectively.

The identification of the 7H and 6H events is done after
the identification of the events corresponding to the different
reaction channels with 3H and nitrogen as products. For
completeness, the production of 5H through a 1p-2n is also
investigated. Panel (a) in Fig. 7 shows the excitation energy
distribution corresponding to 5H production. This is calculated
assuming that the detected nitrogen is 15N and the subsystem
mass corresponds to 3H + 2n. The region in full grey is
defined by the width of the 5H resonance and centered
in its energy, according to previous experiments [12,13].
Consequently, the events lying on this region are associated
to the 5H channel. Panel (b) shows the excitation energy
distribution corresponding to 6H production. The calculation
was done assuming the detected nitrogen as 14N and a 3H + 3n
subsystem mass. Again, the full grey histogram corresponds
to a region defined by the 6H resonance width and energy
observed in previous experiments [14]. The events in this
region are different from those associated with 5H and they are
associated with the 6H production. Finally, panel (c) shows the
excitation energy distribution assuming the detected nitrogen
as 13N and the subsystem mass as 3H + 4n. The events lying
on the peak marked in grey around the 3H + 4n disintegration
threshold are also different from those previously associated
to 5H and 6H channels.
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FIG. 8. Phase-space calculation. (a) The six-body (solid line) and
three-body (dashed line) calculated phase-space are plotted over the
excitation energy distribution associated with 7H production. (b) The
six-body phase-space from 1p transfer (solid) and five-body phase-
space from 1p-1n transfer (dashed line) are plotted over the excitation
energy distribution associated with 6H production.

Contamination from other channels as fusion-evaporation
is estimated in a population smaller than one count in the
kinematic regions of 7H and 6H. Phase-space considerations
are also taken into account and displayed in Fig. 8. Each
phase-space for the different configurations is calculated
generating a set of events with a random distribution, between
the reaction products, of the energy and momentum available.
The experimental detection limits, such as geometry and
efficiency, are applied to the output events. Finally, the
resulting distributions are normalized to the experimental yield
for a direct comparison. Panel (a) in Fig. 8 shows that six-body
13N + 3H + 4n phase-space of the 7H channel starts to be
appreciable around 10 MeV above the 3H + 4n threshold.
The same panel also displays, for reference, a extreme case
of three body phase-space involving a bound tetraneutron,
13N + 3H + 4n. The low lying character of the resonance 7H
allows to detect some events very close to the 3H + 4n decay
threshold, which then may appear at negative energies due to
the uncertainty in the excitation energy reconstruction. In the
case of 6H the six-body phase-space coming from 7H begins to
contribute around 10 MeV above the 3H + 3n threshold, while
the five-body 14N + 3H + 3n phase-space appears at 15 MeV,
as well as the four-body 15N + 3H + 2n phase-space coming
from 5H. This results in an estimated contamination below one
count in the region corresponding to the 6H peak.

Under these considerations those events located in the
marked regions of panels (b) and (c) of Fig. 7 are identified as
6H and 7H production reactions, resulting in three and seven
events among the total data.

B. Extraction of 6H and 7H resonance parameters

The production cross sections of 6H and 7H were de-
termined as the number of detected events normalized to
the number of incident projectiles and target nuclei. This
calculation is corrected by the efficiency of the detection
system and the efficiency in the event reconstruction proce-
dure. The tracking process is strongly dependent on the ranges
and angles of the trajectories to be reconstructed, producing
different values of its associated efficiency depending on the
kinematics of the detected reactions. Both contributions, from
detection and event reconstruction, were explored for different
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M. Caamaño et al., Phys. Rev. C 78, 044001 (2008)
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FIG. 2. Missing-mass spectra of 7He from the reactions (a)
2H(8He,t) and (b) 2H(8He,t6He). The gray histograms represent the
empty-target background.

of a few tens of MeV/nucleon. Therefore, as was mentioned
in the Introduction, one might expect that the simple
one-proton pickup (d,3He) reaction on 8He measured at small
center-of-mass angles should provide a sensitive tool to search
for an exotic low-lying resonance state of 7H.

In Fig. 3(c), the 7H missing-mass spectrum from the reac-
tion 2H(8He,3He)7H is presented. The spectrum was formed
from the energy and trajectory data of the 3He recoils detected
in coincidence with tritons from the decay of the residual 7H
system. The spectrum is shown as a function of the 7H energy
above the t + 4n threshold. The gray histogram represents the
normalized background data obtained from the empty-target
measurement. The inclusive 7H missing-mass spectrum ob-
tained without applying the triton coincidence condition [see
Fig. 3(a)] demonstrates a very high background level, which
mainly comes from the target cell windows. As one can see,
the coincidence requirement dramatically reduces the number
of background events (by more than 100 times), resulting in a
signal-to-background ratio of better than 10 at low 7H energies.
This allows one to effectively select the 2H(8He,3He)7H
reaction channel from the other, numerous processes. The
solid and dashed curves (Curves 1 and 2, respectively) in
Fig. 3(c) show the nonresonant continuum distributions from
calculations of five-body (t + n + n + n + n) and three-body
(t + 2n + 2n) phase volumes, respectively. In the calculations,
the detection efficiency inherent to the 3He-t coincidence
measurements [see Fig. 3(b)] and the experimental resolution
in this reaction channel (FWHM ≈ 1.9 MeV) were taken into
account. The curves are normalized to the experimental 7H

FIG. 3. Missing-mass spectra of 7H from the reaction
2H(8He,3He): (a) without coincidence with tritons, (b) detection
efficiency in arbitrary units, and (c) in coincidence with tritons.
The spectra are shown relative to the t + 4n threshold. The gray
histograms show the empty-target background. The curves 1, 2, and
3 represent nonresonant continuums. See text for details.

spectrum at Et+4n = 18 MeV. Curve 2 can be considered as an
extreme case where the relative motion in both neutron pairs
is described by a δ function. We note that other distributions,
which were calculated by taking the final state interactions
in the (t + n) and (n + n) subsystems into account, were
found to lie between Curves 1 and 2. Figure 3(c) shows the
most extreme, unrealistic case of the two-body (t + 4n) phase
volume distribution (dotted; Curve 3), implying the motion of
a triton and tetraneutron with zero binding energy.

Despite the low number of accumulated statistics, some
remarkable features inherent to the missing-mass spectrum in
Fig. 3(c) should be noted. No clear evidence for a 7H peak is
seen at low energies; however, close to Et+4n = 0 MeV, the
experimental spectrum is much steeper than that of Curve 2,
which is an extreme case. Furthermore, below 5 MeV, the spec-
trum exhibits a “shoulder” centered at ∼2 MeV. One could say
that the low-energy part of the spectrum looks similar to that
of Curve 3, which assumes the existence of a hypothetical qua-
sibound tetraneutron. However, the explanation of a peculiar
threshold behavior in the missing-mass spectrum of 7H seems
unrealistic due to the lack of any reliable experimental proofs,
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extreme case where the relative motion in both neutron pairs
is described by a δ function. We note that other distributions,
which were calculated by taking the final state interactions
in the (t + n) and (n + n) subsystems into account, were
found to lie between Curves 1 and 2. Figure 3(c) shows the
most extreme, unrealistic case of the two-body (t + 4n) phase
volume distribution (dotted; Curve 3), implying the motion of
a triton and tetraneutron with zero binding energy.

Despite the low number of accumulated statistics, some
remarkable features inherent to the missing-mass spectrum in
Fig. 3(c) should be noted. No clear evidence for a 7H peak is
seen at low energies; however, close to Et+4n = 0 MeV, the
experimental spectrum is much steeper than that of Curve 2,
which is an extreme case. Furthermore, below 5 MeV, the spec-
trum exhibits a “shoulder” centered at ∼2 MeV. One could say
that the low-energy part of the spectrum looks similar to that
of Curve 3, which assumes the existence of a hypothetical qua-
sibound tetraneutron. However, the explanation of a peculiar
threshold behavior in the missing-mass spectrum of 7H seems
unrealistic due to the lack of any reliable experimental proofs,
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suggesting that any bound or narrow quasibound 4n state exists.
Modern theoretical approaches [18,19] do not predict a 4n
nucleus either. Therefore, it is justified to regard the observed
shape of the experimental spectrum near the t + 4n threshold
as an indication of a 7H state. The reaction cross section of
the 7H production in the low-energy region is determined to
be ∼5 µb/sr per unit count in the spectrum within the angular
range of ≃6◦–14◦ in the center-of-mass system.

Although the experimental spectrum of 7H obtained in the
2H(8He,3He)7H reaction [see Fig. 3(c)] does not exhibit such a
sharp rise just above the threshold as what was observed in the
1H(8He, pp)7H reaction [9], it demonstrates a specific behav-
ior at low energy that cannot be reproduced with reasonable
assumptions concerning the phase space. This leads us to the
conclusion that the result obtained in this experiment provides
one further piece of evidence for the possible existence of a
low-lying 7H resonance. The noted difference in the shapes of
the 7H spectra could reflect peculiarities in the mechanisms
of the (d,3He) and (p, pp) reactions exploited here and in
Ref. [9] with the use of 8He beams at energies of 42 and 61
A MeV, respectively. Both results provide some evidence that
the energy and width of this state are larger than the values
reported in Ref. [13] for the 7H ground-state resonance. One
should note, however, that that the manifestation of several
overlapping resonances near the threshold cannot be excluded.

The spectrum in Fig. 3(c) shows an apparent maximum at
about 10.5 MeV; the origin of this is unclear. Nevertheless, we
do not exclude the possibility that it might be the manifestation
of a 7H excitation continuum with energy centered around
10.5 MeV.

C. 2H(12Be,3He)11Li reaction

To check the reliability of the obtained experimental data
and the effectiveness of the chosen (d,3He) reaction in the
population of lowest states of exotic, weakly bound nuclei,
the same reaction was studied with 12Be projectiles. The
excitation spectrum of 11Li, produced in the one-proton
(d,3He) transfer, was extracted from the data on 3He recoils
emitted from the target following the passage of the 12Be
nuclei that were presented in the cocktail beam. The 11Li
spectrum obtained from the 2H(12Be,3He)11Li reaction is
shown in Fig. 4. The solid histogram in Fig. 4 shows a
well-pronounced peak corresponding to the ground state of
11Li, which can clearly be identified above the structureless
gray histogram that represents the normalized background.
The part of the spectrum on the right of the 11Lig.s. peak,
that is, that exceeding the background, most likely reflects the
population of (unresolved here) 11Li excited states reported
earlier [20–25]. A cross-section value of ∼1 mb/sr was
deduced for the 11Li ground state from these data. This value is
about 30 times larger than the population cross section of 7H,
obtained for the group of events near 2 MeV excitation energy.
Such a large difference in the cross sections could possibly be
explained by the reduction effect [6] caused by scattering on
the valence neutrons of 8He. In Ref. [6], the measured cross
section for a similar transfer reaction, 1H(6He,2He)5H, was
found to be about 1 order of magnitude less than the results of
DWBA calculations. Estimations based on the known (d + n)
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FIG. 4. Spectrum of 11Li from the reaction 2H(12Be,3He). The
gray histogram shows the empty-target background.

and (3He+n) total cross sections and the 4He and 8He matter
radii also lead to a value of 1 order of magnitude for the
reduction factor of the 2H(8He,3He)7H reaction cross section.

IV. CROSS SECTIONS

The data allow us to set a value of ∼30 µb/sr on the cross
section of the 2H(8He,3He)7H reaction channel that populates
the low-lying 7H resonance (Et+4n ! 3 MeV) at the beam
energy reported here. Similar values, ∼10 µb/sr/MeV and
∼20 µb/sr, respectively, were reported for the 1H(8He,pp)7H
reaction cross section [9] and cross-section limit achieved for
the 2H(8He,3He) reaction at a beam energy of 25 A MeV [14].
It is clear that the measured cross sections are rather low,
in contrast to typical values of a few mb/sr for one-proton
transfer reactions at small center-of-mass angles. Besides the
reduction effect mentioned earlier, there might be another
reason for such low reaction probabilities. It has been shown
by recent AMD calculations, performed by Aoyama and
Itagaki [11], that the ground state of 7H has a significant
admixture of dineutron components (t + 2n + 2n) with a
spatially extended distribution that peaks at ∼6 fm, much
farther than in 8He (∼3 fm). Therefore, one may expect a small
overlap between the initial (8He) and final (7H) wave functions,
resulting in a reduction of the reaction cross sections.

It is noted that rather low cross sections were reported for
the 7H production reactions at forward angles, where, in fact,
the largest cross section values are expected. The only work
that claims the observation of a 7H resonance is Ref. [13],
where a cross section of ∼40 µb/sr was reported for the
12C(8He,13N)7H reaction in which a quite narrow, low-lying
7H resonance (ER = 0.57+0.42

−0.21 MeV, ! = 0.09+0.94
−0.06 MeV) was

populated within a wide angular range (θCM ≃ 10◦–48◦).
To compare the cross section values for the 7H production

obtained in the present work and that reported in Ref. [13], we
performed DWBA calculations using the code DWUCK5 [26].
A set of initial parameters of Woods-Saxon optical model
potentials was obtained for the 2H(8He,3He)7H reaction by
fitting data from 8He(p,p) [22,27–30], 6Li(p,p), 6Li(d,d), and
6Li(3He,3He) [31–33] elastic scattering reactions. The final set
of the potential parameters was then fixed to fit the angular
distribution of tritons from the reaction 2H(8He,t)7Heg.s.

064606-4

1: t+n+n+n+n (five-body) 
2: t+2n+2n (three-body) 
3: t+4n (two-body)

E. Y. Nikol’Skiǐ et al., Phys. Rev. C 81, 064606 (2010)

2H(8He,3He)7H
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VS. Euseev et al. f ?r- double charge exchange 383 
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Fig. 3. Histogram with error bars: Distribution of n+ kinetic energies derived from the observed 
distribution of rrf ranges in the emulsion plates irradiated from the ‘Li target; the interval from 96 to 
103 MeV was not scanned for ?r+ because of a large o- rate; see text. The horizontal line at an ordinate of 
0.95 represents an estimate of the r+ background not related to the ‘Li target. Vertical arrows indicate 
binding energies of the hypothetical ‘H ground state; cf. reaction (2). Curves 1, 2 and 3 are phase space 

predictions based on reactions (3), (4) and (5), respectively. 

with all neutrons in the final state unbound, In the calculation a constant matrix 
element was assumed, i.e., the usual phase space distribution was calculated for a 
final state consisting of eight particles. Curve 2 in fig. 3 is the expected rr+ energy 
distribution for the reaction 

Y+‘Li+ 7r++3H+4n, (4) 

where the four final neutrons are, as before, assumed to be unbound (the final state 
consists of six particles). Curve 3 in fig. 3 is for the hypothetical reaction 

6+7Li+7r++3H+(4n), (3 

where now the four neutrons in the final state are assumed to be bound with zero 
binding energy. All curves in fig. 3 are normalized to the experimental spectrum in 
the energy interval from 20 to 65 MeV. This normalization was performed after 
subtraction of a flat (energy-independent) background from the experimental data. 
This flat background was determined from the events with E, > 65 MeV; it is 
attributed to a ?r+ background in the experimental area not related to the ‘Li target. 
The total background is estimated as 110 events, so we are left with about 150 double 
charge exchange events. Vertical arrows in fig. 3 correspond to the rTTf energies at 
which peaks would be expected in the spectrum if bound states of one proton and six 
neutrons with binding energy AE existed; negative values of AE correspond to the 
production of a “virtual” (particle-unstable) excited nuclear state. In the experi- 
mental spectrum of fig. 3 there are no significant peaks for E,, > 65 MeV. If a peak 

V. S. Evsee et al., Nucl. Phys. 352, 379 (1981)

102 MeV, 30°

7 H: From time to time there has been specu l a t i on 
about the p o s s i b l e ex i s tence o f 7 H . S ince i t has 
the same neutron s t r u c t u re as p a r t i c l e - s t a b l e 8 He 
( I s 1/2, I p 3/2 complete ly f u l l ) , and has one l e s s 
proton, one wonders whether i t comes c l o se enough 
to s t a b i l i t y to be i d e n t i f i a b l e . For t h i s purpose 
we have s tud ied the reac t i on 7 L i ( T T - , Ï Ï + ) 7 H . The 
r e s u l t i n g spectrum i s shown in F i g . 7. I t i s c l e a r 
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The i n t e r e s t i n g feature of the continuum 
spectrum in F i g . 7 i s tha t i t does not a t a l l f i t 
wi th phase space p r e d i c t i o n s 1 8 ) f o r the break-up 
channe l s , 3 H + n + n + n + n (not shown, much 
steeper r i s i n g than any shown), + n + n + n , 
or 6 H + n. On the other hand, i t i s in remarkable 
agreement with the phase space r e s u l t s f o r 5 H + n + 
n breakup. While t h i s doesn ' t permit one to c l a im 
tha t 5 H e x i s t s , i t does suggest tha t the p o s s i b l e 
s t a b i l i t y o f 5 H should be s e r i o u s l y examined. I n -
deed, i t was p r e c i s e l y t h i s mot iva t ion which promp-
ted us to look f o r reac t ions in which 5 H could 
occur as par t of two-body f i n a l s t a t e . Such a 
r e a c t i o n i s 6 L i ( T T,p) 5 H . With a l i t t l e help from 
Prof . Bethe, we were g iven the opportun i ty to study 
i t . In the f o l l o w i n g we present the r e s u l t s from 
t h i s experiment. 

( i r " , p ) React ions 

I t i s not c l e a r a t t h i s po int as to what 
extent the (TT~,p) reac t ion can be cons idered as a 
one-s tep d i r e c t r e a c t i o n . S ince the nuclear charge 
in t h i s reac t i on changes by two u n i t s , a t l e a s t 
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t ime-reversed (p,TT-) r e a c t i o n s ) , and i t i s not a t 
a l l obv ious i f (TT",p) r eac t i ons l ead ing to d i s c r e t e 
s t a t e s i n exo t i c nuc le i would have any measureable 
c ro s s s e c t i o n s . To examine t h i s s e r i ou s e x p e r i -
mental quest ion we f i r s t s tud ied the reac t i on 
9 B e U - , p ) 8 H e . 

The experimental spectrum f o r 9 B e ( i r ~ , p ) 8 H e 
r eac t i on i s shown in F i g . 8. The 8 H e ( g . s . ) i s 
c l e a r l y seen a t the expected energy (+ 100 keV). 
The c r o s s s e c t i o n , a(20°) = 43 +_ 7 nb / s r i s not 
too small e i t h e r . I t appears tha t the (TT",p) r eac -
t i o n has no g reat d i f f i c u l t y in reaching exo t i c 
n u c l e i . Th i s g i ve s us the hope tha t i f 5 H e x i s t s 
we should have a good chance of seeing i t in 6 L i 
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Extended Hadron Hall 

5 

• < 2.0 GeV/c 
• ~106 K-/spill 

Muon • 30 GeV proton 
• <31 GeV/c unseparated 2ndary 

beams (mostly pions), ~107/spill 

• < 1.1 GeV/c 
• ~105 K-/spill 

• < 1.2 GeV/c 
• ~106 K-/spill 

• <10 GeV/c separated 
pion, kaon, pbar 

• ~107/spill K-, pbars 

• 5 deg extraction 
• ~5.2 GeV/c K0 

• Good n/K 

• < 2.0 GeV/c 
• 1.8x108 pion/spill 
• x10 better Dp/p 

105 m 

“International workshop on physics at the extended hadron experimental facility of J-PARC”

1

2



Hiroyuki Fujioka (Kyoto Univ.)

26

17

HIHR Line
J-PARC ExHH

A23

Electrostatic
Separator

Prod. T

High Res.
Spectrometer

Exp. Target

Mass Slit

Achromatic
Focus

Intensity:  ~ 1.8x108 pion/pulse
(1.2 GeV/c, 58 m, 1.4msr*%,

100kW, 6s spill, Pt 60mm)
Dp/p ~ 1/10000

0.E+00

1.E+08

2.E+08

3.E+08

4.E+08

5.E+08

6.E+08

7.E+08

0.5 1 1.5 2

Be
am

In
te

ns
ity

[p
io

ns
/6

s]

Beam Momentum [GeV/c]

H. Noumi, “International workshop on physics at the extended hadron experimental facility of J-PARC”



Hiroyuki Fujioka (Kyoto Univ.)

❖ If the 4n peak is confirmed in the latest SHARAQ/RIBF 
experiment… 

‣ phase-1: analog transition of 18O→18Neg.s. (DIAS)  
at the existing K1.8 beamline 

‣ phase-2: non-analog transition of 4He→4n  
at the HIHR beamline  

‣ high intensity and high resolution 
with dispersion matching technique

Staging strategy (tentative) 27
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Letter of Intent for J-PARC 50GeV Synchrotron

Search for tetraneutron by pion double charge exchange reaction on 4He

H. Fujioka,∗ S. Kanatsuki, T. Nagae, and T. Nanamura
Department of Physics, Kyoto University

T. Fukuda and T. Harada
Osaka Electro-Communication University

E. Hiyama, K. Itahashi,† and T. Nishi
RIKEN Nishina Center
(Dated: June 27, 2016)

Candidates of a tetraneutron resonance state, composed of four neutrons, have been observed in
a heavy-ion double charge exchange reaction at RIBF. We would like to investigate this exotic state
by a pion double charge exchange reaction at the High-Intensity High-Resolution beamline in an
extended Hadron Experimental Facility, which is currently in a planning stage.

I. INTRODUCTION

The investigation of the extremes in the nuclear chart,
such as the vicinity of the proton/neutron drip line and
superheavy elements, is one of the frontiers in nuclear
physics. A tetraneutron state (4n), composed of four
neutrons, has received renewed attention in response to
the observation of four candidates with the SHARAQ
spectrometer at the RI Beam Factory, RIKEN [1], whose
significance is 4.9σ.

The binding energy relative to the 4n threshold was
hitherto constrained to be less than +3.1MeV [2], due
to the absence of the decay of 8He → 4He + 4n. Further-
more, the existence of a tetraneutron bound state is un-
likely, since any isospin-2 state is not observed in other
A = 4 systems [2]. Recent few-body calculations can-
not reproduce a bound state as well [3, 4]. According to
Ref. [3] which adopted realistic AV18 2N and Illinois-IL2
3N forces, a resonance near +2MeV with a very broad
width may exist [3].

The energy of the tetraneutron state observed at
SHARAQ/RIBF [1], 0.83± 0.65(stat)± 1.25(syst)MeV,
is centered above the threshold, but a possibility of a
bound tetraneutron is not excluded from this measure-
ment alone. A very recent calculation with the complex
scaling method could not reproduce this result, unless a
remarkably strong 3N attraction in the I = 3/2 channel
was introduced [4]. 3N (and 4N) forces will affect the nu-
clear Equation of State, which constrains the mass-radius
relation of neutron stars. Therefore, neutron-rich nuclei,
as well as neutron-rich hypernuclei, are important play-
grounds for the investigation of such a many-body force
which does not play a role in ordinary (hyper)nuclei.

In such a circumstance, it would be intriguing to ex-
amine the tetraneutron by means of a reaction different

∗ fujioka@scphys.kyoto-u.ac.jp
† itahashi@riken.jp

from the heavy-ion double charge exchange reaction uti-
lized at SHARAQ/RIBF. We propose a new measure-
ment of pion double charge exchange (pion DCX), i.e.
the (π−,π+) reaction, on a 4He target.
A brief history of tetraneutron is outlined in Section II,

focusing on past pion DCX experiments carried out at
LAMPF and TRIUMF, and the latest experiment at
SHARAQ/RIBF [1]. Section III is devoted to a short
summary of the proposed experiment, emphasizing the
novelty of a pion-beam experiment at J-PARC.

II. BRIEF HISTORY OF TETRANEUTRON

In 1960’s, a particle-stable tetraneutron was searched
for in fission products from uranium, making use of a
“hypothetical” secondary reaction, such as (4n, n) [5, 6].
Non-observation of the product of this exotic reaction
implies non-existence of a bound tetraneutron. Similar
attempts with different kinds of reaction on heavy nuclear
targets [7–9] followed thereafter, resulting in negative re-
sults.
Because these two-step reactions are only sensitive to

a particle-stable state which would cause a secondary re-
action in a massive target, a direct reaction to popu-
late either a bound or resonance state of a four-neutron
system is more preferred. (Please refer to Ref. [2]
for a compilation up to 1991.) A variety of multi-
nucleon transfer reactions, 7Li(7Li, 10C), 7Li(11B, 14O),
7Li(9Be, 12N), 9Be(9Be, 14O), and d(8He, 6Li) were also
investigated [10–13]. In each measurement, no bound
state was found below the threshold, and the spectrum
above the threshold was consistent with the five-body
phase space distribution1. Another type of the direct

1 The excitation energy spectrum in d(8He, 6Li) was reproduced
better when the final state interaction between two dineutrons
were incorporated [13].
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state (4n), whose candidates have been observed in the 4He(8He, 8Be) reaction at RIBF. First of all,
an analog transition, the 18O(π+,π−)18Ne (g.s.) reaction, will be investigated at the existing K1.8
beamline with the S-2S spectrometer. It will be an important step toward a non-analog transition,
the 4He(π−,π+)4n reaction, with much smaller cross section.
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FIG. 4. Excitation energy spectrum for the 9Be(π−,π+) re-
action. Taken from Ref. [18].

             

  

 

  

 

 

  
 

   
 

 

 

 

 

 
 

 

 

       

  

  

    

     
   

  

      

    

   

  
    
   

 

   
                   

     
  

     

    
                    

 
        

 

 

 

    

      
     

  

      
     

         
        
       

        
     

          
      

     
      

    
      

      
      

     
     

      
        
        
       

     
      

      
        

      
       

     
      

     
      
     

      
      

     
        
         

     
     
   

      
         

     
      
     

     

FIG. 5. Excitation energy spectrum for the 9Be(14C,14 O)
reaction. Taken from Ref. [24].

FIG. 6. Excitation functions at θ = 5◦ for a non-analog tran-
sition of 16O(π+,π−)16Ne (g.s.) and an analog-transition of
18O(π+,π−)18Ne (DIAS). Taken from Ref. [26].

FIG. 7. Theoretical calculation of differential cross section of
an analog 18O(π+,π−)18Ne (DIAS) transition as a function of
the pion kinetic energy. The bold line is the result with the
partial wave up to l = 5 and isovector polarization included.
Taken from Ref. [27].

DCX reaction above the ∆ resonance. However, as for
non-analog transitions, only the measurement of the cross
section of 16O(π+,π−)16Ne (g.s.) by Beatty et al. [26]
covered an energy region above the ∆ resonance.

Figure 6 is a comparison between a non-analog transi-
tion on 16O and an analog transition on 18O. The differ-
ential cross section for the non-analog transition between
350–500MeV is 20 times smaller than that for the analog
transition, but the behavior is similar to each other.

For a higher energy, only a theoretical calculation for
analog transitions is available [27] (Fig. 7). A flat be-
havior below 500MeV, seen in Fig. 6, was reproduced
well. It is worth emphasizing that a dip at 700MeV and
a maximum around 850MeV were found. If this behav-
ior holds for non-analog transitions, the beam energy of
550MeV and 850MeV would be preferred.

From the 16O data and the theoretical calculation,
it can be inferred that a different cross section of the
4He(π−,π+)4n reaction above the ∆ resonance could be
one order of magnitude smaller than that in the ∆ res-
onance, which would be less than 22 nb/sr according to
Ungar et al. [20] This is the reason why we will set the
goal of our sensitivity to be of the order of nb/sr.

available data < 550MeV (LAMPF)

D.P. Beatty et al., PRC 48, 1428 (1993)

4

FIG. 4. Excitation energy spectrum for the 9Be(π−,π+) re-
action. Taken from Ref. [18].

             

  

 

  

 

 

  
 

   
 

 

 

 

 

 
 

 

 

       

  

  

    

     
   

  

      

    

   

  
    
   

 

   
                   

     
  

     

    
                    

 
        

 

 

 

    

      
     

  

      
     

         
        
       

        
     

          
      

     
      

    
      

      
      

     
     

      
        
        
       

     
      

      
        

      
       

     
      

     
      
     

      
      

     
        
         

     
     
   

      
         

     
      
     

     

FIG. 5. Excitation energy spectrum for the 9Be(14C,14 O)
reaction. Taken from Ref. [24].

FIG. 6. Excitation functions at θ = 5◦ for a non-analog tran-
sition of 16O(π+,π−)16Ne (g.s.) and an analog-transition of
18O(π+,π−)18Ne (DIAS). Taken from Ref. [26].

FIG. 7. Theoretical calculation of differential cross section of
an analog 18O(π+,π−)18Ne (DIAS) transition as a function of
the pion kinetic energy. The bold line is the result with the
partial wave up to l = 5 and isovector polarization included.
Taken from Ref. [27].

DCX reaction above the ∆ resonance. However, as for
non-analog transitions, only the measurement of the cross
section of 16O(π+,π−)16Ne (g.s.) by Beatty et al. [26]
covered an energy region above the ∆ resonance.

Figure 6 is a comparison between a non-analog transi-
tion on 16O and an analog transition on 18O. The differ-
ential cross section for the non-analog transition between
350–500MeV is 20 times smaller than that for the analog
transition, but the behavior is similar to each other.

For a higher energy, only a theoretical calculation for
analog transitions is available [27] (Fig. 7). A flat be-
havior below 500MeV, seen in Fig. 6, was reproduced
well. It is worth emphasizing that a dip at 700MeV and
a maximum around 850MeV were found. If this behav-
ior holds for non-analog transitions, the beam energy of
550MeV and 850MeV would be preferred.

From the 16O data and the theoretical calculation,
it can be inferred that a different cross section of the
4He(π−,π+)4n reaction above the ∆ resonance could be
one order of magnitude smaller than that in the ∆ res-
onance, which would be less than 22 nb/sr according to
Ungar et al. [20] This is the reason why we will set the
goal of our sensitivity to be of the order of nb/sr.

theory

E. Oset and D. Strottman, PRL 70, 146 (1993)

x20 difference

analog

non-analog
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densit ies. It may a lso provide sensit ivity to the modifica t ions of the nucleon proper t ies in the
nuclear medium4 or revea l sign ifican t con t r ibu t ions from exchange cur ren ts. To fully exploit the
shor t wavelength fea ture of high-energy pions, measurements need to be car r ied out to substan t ia l
momentum transfer .

Because cross sect ions are quite sma ll a t la rge momentum transfer q, a h igh-in tensity machine
such as PILAC is needed. It is in the region of high momentum transfer where higher -order t erms
and, perhaps, new physica l phenomena can be explored. We believe tha t a simultaneous ana lysis
of in teract ions of a var iety of project iles (elect rons, pions, protons, kaons, and others) will lead to a
sign ifican t advance in our understanding of the st ructu re of the nucleus, the na ture of the nucleon
in the nucleus, and the react ion dynamics. PILAC will enable the nuclear physics community to
provide the pion-nucleus da ta a t a level of qua lity comparable and complementa ry to tha t expected
from other new facilit ies which will provide high-energy elect ron , kaon, proton , and ant iproton
beams.

The predominant change in the r -nucleon amplitude as the energy increases above the A(1232)
resonance is tha t the st rength of the two-body amplitude decreases dramat ica lly. Th is is evident in
Fig. 1. The fir st and major implica t ion of the weaker two-body cross sect ion for nuclear react ions
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Fig. 1. The pion-nucleon tota l cross sect ion as a funct ion
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Fig. 1. Energy dependence of the two-body XN interact ion .

a re achieved in the P3 channel but with rapidly decreasing in tensity (106 x/see a t 550 MeV). Also
indica ted in Fig. 1 is the proposed range of energies deliverable by PILAC. The flux is opt imized a t
1.05 GeV/c (109 7r+/see). The m– flux is typica lly a factor of 20 less than tha t for m+. A possible
fu ture upgrade to yet h igher energies is a lso shown. This sect ion highligh ts the PILAC scien t ific
program as developed by the PILAC Users Group and which appears in the fu ll body of th is repor t .

A. Lambda-Hypernuclei

The invest iga t ion of hypernuclei is dr iven by our desire to understand the st rangeness degree
of freedom in the nuclear medium: to explore the many body spect roscopy of a A in the nucleus, to
discover new dynamica l symmet r ies when a nucleon is replaced by a A, to comprehend the in it ia l
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FIG. 4. Excitation energy spectrum for the 9Be(π−,π+) re-
action. Taken from Ref. [18].

             

  

 

  

 

 

  
 

   
 

 

 

 

 

 
 

 

 

       

  

  

    

     
   

  

      

    

   

  
    
   

 

   
                   

     
  

     

    
                    

 
        

 

 

 

    

      
     

  

      
     

         
        
       

        
     

          
      

     
      

    
      

      
      

     
     

      
        
        
       

     
      

      
        

      
       

     
      

     
      
     

      
      

     
        
         

     
     
   

      
         

     
      
     

     

FIG. 5. Excitation energy spectrum for the 9Be(14C,14 O)
reaction. Taken from Ref. [24].

FIG. 6. Excitation functions at θ = 5◦ for a non-analog tran-
sition of 16O(π+,π−)16Ne (g.s.) and an analog-transition of
18O(π+,π−)18Ne (DIAS). Taken from Ref. [26].

FIG. 7. Theoretical calculation of differential cross section of
an analog 18O(π+,π−)18Ne (DIAS) transition as a function of
the pion kinetic energy. The bold line is the result with the
partial wave up to l = 5 and isovector polarization included.
Taken from Ref. [27].

DCX reaction above the ∆ resonance. However, as for
non-analog transitions, only the measurement of the cross
section of 16O(π+,π−)16Ne (g.s.) by Beatty et al. [26]
covered an energy region above the ∆ resonance.

Figure 6 is a comparison between a non-analog transi-
tion on 16O and an analog transition on 18O. The differ-
ential cross section for the non-analog transition between
350–500MeV is 20 times smaller than that for the analog
transition, but the behavior is similar to each other.

For a higher energy, only a theoretical calculation for
analog transitions is available [27] (Fig. 7). A flat be-
havior below 500MeV, seen in Fig. 6, was reproduced
well. It is worth emphasizing that a dip at 700MeV and
a maximum around 850MeV were found. If this behav-
ior holds for non-analog transitions, the beam energy of
550MeV and 850MeV would be preferred.

From the 16O data and the theoretical calculation,
it can be inferred that a different cross section of the
4He(π−,π+)4n reaction above the ∆ resonance could be
one order of magnitude smaller than that in the ∆ res-
onance, which would be less than 22 nb/sr according to
Ungar et al. [20] This is the reason why we will set the
goal of our sensitivity to be of the order of nb/sr.

E. Oset and D. Strottman, PRL 70, 146 (1993)

No measurement above 0.5 GeV 
except for inclusive measurements 
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densit ies. It may a lso provide sensit ivity to the modifica t ions of the nucleon proper t ies in the
nuclear medium4 or revea l sign ifican t con t r ibu t ions from exchange cur ren ts. To fully exploit the
shor t wavelength fea ture of high-energy pions, measurements need to be car r ied out to substan t ia l
momentum transfer .

Because cross sect ions are quite sma ll a t la rge momentum transfer q, a h igh-in tensity machine
such as PILAC is needed. It is in the region of high momentum transfer where higher -order t erms
and, perhaps, new physica l phenomena can be explored. We believe tha t a simultaneous ana lysis
of in teract ions of a var iety of project iles (elect rons, pions, protons, kaons, and others) will lead to a
sign ifican t advance in our understanding of the st ructu re of the nucleus, the na ture of the nucleon
in the nucleus, and the react ion dynamics. PILAC will enable the nuclear physics community to
provide the pion-nucleus da ta a t a level of qua lity comparable and complementa ry to tha t expected
from other new facilit ies which will provide high-energy elect ron , kaon, proton , and ant iproton
beams.

The predominant change in the r -nucleon amplitude as the energy increases above the A(1232)
resonance is tha t the st rength of the two-body amplitude decreases dramat ica lly. Th is is evident in
Fig. 1. The fir st and major implica t ion of the weaker two-body cross sect ion for nuclear react ions
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a re achieved in the P3 channel but with rapidly decreasing in tensity (106 x/see a t 550 MeV). Also
indica ted in Fig. 1 is the proposed range of energies deliverable by PILAC. The flux is opt imized a t
1.05 GeV/c (109 7r+/see). The m– flux is typica lly a factor of 20 less than tha t for m+. A possible
fu ture upgrade to yet h igher energies is a lso shown. This sect ion highligh ts the PILAC scien t ific
program as developed by the PILAC Users Group and which appears in the fu ll body of th is repor t .
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of freedom in the nuclear medium: to explore the many body spect roscopy of a A in the nucleus, to
discover new dynamica l symmet r ies when a nucleon is replaced by a A, to comprehend the in it ia l
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indica ted in Fig. 1 is the proposed range of energies deliverable by PILAC. The flux is opt imized a t
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moderately small mean free path 
↓ 

the spectrum will be less distorted 
by final state interaction. 

(may be important 
for a fragile tetraneutron)
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❖ With 2 g/cm2 liquid 4He target, 
formation cross section 1nb/sr ⇒ 97 events in 2 weeks

Comparison with other measurements 32
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TABLE II. Comparison among three DCX experiments.

π− energy intensity π+ acceptance
LAMPF [20] 165MeV 106/sec 25msr
TRIUMF [21] 80MeV 2× 106/sec ∼ 2π sr
J-PARC HIHR 850MeV 2.7× 107/seca ∼ 10msr

a averaged per spill (6 sec).

III. SHORT SUMMARY OF THE PROPOSED
EXPERIMENT

A plan to extend the Hadron Experimental Facility
has been discussed, in which a new beam line named
High-Intensity High-Resolution (HIHR) beam line is pro-
posed. At the HIHR beam line, an intense pion beam of
the order of 108 per spill with a very good resolution
(∆p/p ∼ 1/10000) will be provided. While the primary
purpose of this beamline is hypernuclear spectroscopy
with (π, K+) reactions, this beamline is suited for pion
DCX as well.

We will measure the 4He(π−,π+)4n reaction. The
beam energy will be 850MeV, corresponding to the
momentum of 980MeV/c. The expected beam inten-
sity is 1.6 × 108 per spill, according to the Sanford-
Wang formula2 [28]. If we use a 2.0 g/cm2-thick liq-
uid 4He target, the yield of a tetraneutron state will be
97 events/(2weeks)/(nb/sr). It indicates that the sensi-
tivity of the order of nb/sr is within the scope, benefiting
from one order of magnitude higher intensity than in past
experiments. A comparison of three DCX experiments at
LAMPF, TRIUMF, and J-PARC is given in Table II.
Different from the past DCX experiments, contami-

nant electrons in the π− beam, which were a major source
of background at LAMPF [20], will be negligible owing
to an electrostatic separator along the beamline. Fur-
thermore, π+ decay inside the spectrometer will be sup-
pressed because of a high momentum. Last but not least,
the dispersion matching technique, to be realized in the
HIHR beamline, will play an important role in improving
the missing-mass resolution, which is crucial to deduce
the width of a possible resonant state.
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FIG. 3. Missing-mass spectrum of 4He(8He, 8Be) reaction.
The red line denotes the sum of a continuum component of
a direct decay into correlated dineutron pairs and the back-
ground, which is also shown in the blue line (multiplied by
10). Taken from Ref. [1].

B. 4He(8He, 8Be) reaction

A secondary 8He beam at 186MeV/u, produced by
a bombardment of primary 18O beam onto a beryllium
target, impinged on a liquid helium target, and an ejec-
tile 8Be, decaying into two 4He’s, was measured by the
SHARAQ spectrometer [1]. This DCX reaction is char-
acterized as an exothermic reaction; the internal energy
of a beam 8He, released when converted into 8Be, is used
to excite a tetraneutron from 4He. As the beam was
bunched with the cyclotron radio frequency of 13.7MHz,
only events with one beam particle in one bunch were an-
alyzed so as to eliminate accidental background as much
as possible. Thus, the beam intensity was limited to be
∼ 2× 106/sec.

Figure 3 shows the obtained missing-mass spectrum
for the reaction. 4 events, among 27 events in total, were
concentrated near the threshold, and the significance of
the peak compared with the continuum seen above 2MeV
was evaluated to be 4.9σ. The background shown in a
blue line is due to a small inefficiency of a MWDC at an
intermediate dispersive focal plane, which measures the
beam momentum, resulting in miscounting the number
of particles in a bunch.

The energy of the tetraneutron state was 0.83 ±
0.65(stat) ± 1.25(syst)MeV, and the upper limit of
the width was also estimated to be 2.6MeV, which is
mainly determined by the experimental resolution of
σ = 1.2MeV. They determined the integrated cross sec-
tion 3.8+2.9

−1.8 nb for θCM < 5.4◦.
They plan to carry out a new experiment in near fu-

ture [23], by which the statistics is expected to be dras-
tically improved.

C. Comparison between DCX reactions

TABLE I. Momentum transfer (denoted as q) and Q-value for
different reactions.

Reaction q (MeV/c) Q-value (MeV)
4He(8He, 8Be)a 14.2 −3.2
4He(π−,π+)b 130.7–266.3 −30.9
4He(π−,π+)c 35.5 −30.9
4He(π−,π+)d 32.9 −30.9
4He(π−,π+)e 31.7 −30.9
4He(π−,π+)f 31.3 −30.9

a Same condition as in Ref. [1]
b Tπ− = 80MeV (pπ− = 170MeV/c) and θπ+ = 50◦–130◦. Same
condition as in Ref. [21]

c Tπ− = 165MeV (pπ− = 271MeV/c). Same condition as in
Ref. [20]

d Tπ− = 300MeV (pπ− = 417MeV/c)
e Tπ− = 550MeV (pπ− = 675MeV/c)
f Tπ− = 850MeV (pπ− = 980MeV/c) (to be proposed in the
letter of intent)

The momentum transfer and theQ-value are compared
for the two kinds of DCX reactions in Table I. While
both of them are smaller for heavy-ion DCX than for
pion DCX, a relatively small momentum transfer can be
realized except for the case of Gorringe et al. [21], where
large-angle π+’s were measured. In addition, the mo-
mentum transfer rapidly converges to 31.0MeV/c, which
is almost equal to |Q|/c.
A comparison is made from another viewpoint. A

very neutron-rich nucleus, 9He, was observed by both
the DCX reactions. On the one hand, a clear peak corre-
sponding to the ground state was identified in a missing-
mass spectrum for the 9Be(π−,π+) reaction with the
incident energy of 180MeV and the scattering angle of
15◦ [18] (Fig. 4), and its differential cross section was de-
termined to be 40 ± 10 nb/sr. On the other hand, the
ground state was also seen in the 9Be(14C, 14O) reac-
tion [24] as shown in Fig. 5, whose cross section was found
to be ≈ 30 nb/sr [25].
It is difficult or almost impossible to conclude which

reaction is better to populate an exotic, neutron-rich nu-
cleus. While being oversimplified, different cross sections
of the two DCX reactions can be of a similar order of
magnitude. In addition, the reaction mechanisms are
completely different; the former can be seen as πN scat-
tering and ∆ excitation in a nucleus, while the latter is
a two-proton-two-neutron exchange reaction.
In short, a state which was observed in a heavy-ion

DCX reaction may be observed in a pion DCX reac-
tion as well, and vice versa. The possible observation
at SHARAQ/RIBF has motivated us to revisit the pion
DCX reaction for populating a tetraneutron.

D. Pion DCX above the ∆ resonance

There have been measurements on analog transitions
into double isobaric analog states (DIAS) with a pion

←SHARAQ/RIBF

←TRIUMF (Gorringe et al.)←LAMPF (Ungar et al.)←J-PARC

http://j-parc.jp/researcher/Hadron/en/pac_1607/pdf/LoI_2016-18.pdf

http://j-parc.jp/researcher/Hadron/en/pac_1607/pdf/LoI_2016-18.pdf
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❖ analog transition: π−+18O → π++18Neg.s. 

‣ target: 18O-enriched water 

‣ spectrometer:  
K1.8 beamline + S-2S spectrometer (under construction) 
T. Nagae et al. Spectroscopy of Ξ-hypernuclei with the 12C(K−,K+)12

ΞBe reaction 

‣ 400 counts per day expected 
(with 107 π+/spill beam  
impinging on 2 g/cm2 H2

18O target) 

‣ to establish a method of pion DCX measurement 

‣ beam-energy scan? 
comparison with non-analog transition (16O, 12C, …)?

Concept of Phase-1 experiment 33
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❖ e+/π+ separation will be very important. 

‣ no detector installed for this purpose at present  
(ToF/ΔE doesn’t help because of high momentum.) 

‣ Lead glass Cherenkov counters 
as a promising candidate 

❖ π− → π0  : single charge exchange on target  
π0 → 2γ : instantaneous decay  
γ → e+e− : pair creation (near the target)  
The momentum of positrons can be inside the region of 
interest (around the 4n threshold in DCX reaction). 

❖ In-flight decay of π will be insignificant.

Experimental background 34
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Relevance to hypernuclear physics 35
T. HARADA, A. UMEYA, AND Y. HIRABAYASHI PHYSICAL REVIEW C 79, 014603 (2009)

Σ−
Λ

π

Λ

Λ

π

Λ
π

FIG. 1. Diagrams for DCX nuclear (π−, K+) reactions, leading
to production of " hypernuclear states: (a) a two-step mechanism,
π−p → π 0n followed by π 0p → K+", and (b) a one-step mecha-
nism, π−p → K+#− via #− doorways caused by the #−p ↔ "n

coupling.

Now let us consider the DCX (π−,K+) reaction on the 10B
target within the DWIA. To fully describe the one-step process
via #− doorways, as shown in Fig. 1(b), we perform a "-#
coupled-channel calculation [16], evaluating the production
cross section of " hypernuclear states in 10

"Li. We assume a
two-channel coupled wave function for simplicity, which is
given by

|10
"Li⟩ = ϕ"(r)|9Li ⊗ "⟩ + ϕ#(r)|9Be∗ ⊗ #−⟩, (1)

where ⟨ϕ"|ϕ"⟩ + ⟨ϕ#|ϕ#⟩ = 1 and r denotes a relative
coordinate between the core-nucleus and the hyperon. The
probability of the #− admixture in the " hypernucleus can
be obtained by P#− = ⟨ϕ#|ϕ#⟩. It should be noticed that
the core-excited state (9Be∗) in the #− channel is assumed
to be an effective state that can be fully coupled with
the 9Li core state via the "-# coupling, rather than the
9Be( 3

2
−

; 1
2 ) ground state. Thus, we assume %M = 80 MeV

effectively for the threshold-energy difference between 9Li +
" and 9Be∗ + #− channels. The mixed #−-hyperon in 10

"Li
is regarded as a deeply bound particle in the nucleus, where
the π−p → K+#− transition takes place under an energy-
off-shell condition.

To calculate the nuclear (π−,K+) spectrum, we employ
the Green’s function method [17], which is one of the most
powerful treatments in a calculation of the spectrum that
includes not only bound states but also continuum states
with an absorptive potential for spreading components. The
complete Green’s function G describes all information con-
cerning (9Li ⊗ ") + (9Be∗ ⊗ #−) coupled-channel dynam-
ics. We obtain it by solving the following equation with the
hyperon-nucleus potential U numerically:

G = G(0) + G(0)U G, (2)

where

G =
(

G"" G"#

G#" G##

)

, U =
(

U"" U"#

U#" U##

)

, (3)

and G(0) is a free Green’s function. By the complete Green’s
function, the inclusive K+ double-differential laboratory cross
section of " production on a nuclear target with a spin Ji (its
z-component Mi) [16] by the one-step mechanism, π−p →
K+#− via #− doorways, is given by

d2σ

d'KdEK

= β
1

[Ji]

∑

Mi

(−)
1
π

Im
∑

αα′

〈
F

α†
# Gαα′

##F α′
#

〉
, (4)

where a production amplitude

F α
# = f̄π−p→K+#−χ (−)∗

pK
χ (+)

pπ
⟨α|ψ̂p|i⟩, (5)

[Ji] = 2Ji + 1, and the kinematical factor β expresses the
translation from the two-body π−-p laboratory system to the
π−-10B laboratory system. f̄π−p→K+#− is a Fermi-averaged
amplitude for the π−p → K+#− reaction in nuclear medium,
and χ

(−)
pK

and χ
(+)
pπ

are the distorted waves for outgoing K+ and
incoming π− mesons, respectively, taking into account the
recoil effects [18]. ⟨α|ψ̂p|i⟩ is a hole-state wave function for a
struck proton in the target, where α denotes the complete set of
eigenstates for the system. The inclusive " spectrum in Eq. (4)
can be decomposed into different physical processes [16,17]
by using the identity

Im(F †
#G##F#) = F

†
#'(−)†(ImG

(0)
"

)
'(−)F#

+F
†
#G

†
#"(ImU")G"#F#

+F
†
#G

†
##(ImU#)G##F#, (6)

where '(−) is the Möller wave operator.
The diagonal (optical) potentials for U in Eq. (3) are given

by the Woods-Saxon (WS) form:

UY (r) = (VY + iWY g(E"))f (r) (7)

for Y = " or #−, where f (r) = [1 + exp ((r − R)/a)]−1

with a = 0.6 fm, r0 = 1.088 + 0.395A−2/3 fm, and R =
r0(A − 1)1/3 = 2.42 fm for the mass number A = 10 [19].
Here we used V" = −30 MeV for the 9Li ⊗ " channel and
assumed V# = 0 MeV to describe the effective # state of
the 9Be∗ ⊗ #− channel. The spreading imaginary potential,
ImUY , can describe complicated excited states for 10

"Li; g(E")
is an energy-dependent function that linearly increases from
0 at E" = 0 MeV to 1 at E" = 60 MeV, as often used in
nuclear optical models. The strength parameter WY should
be adjusted appropriately to reproduce the data. The coupling
"-# potential U#" in off-diagonal parts for U is written by

U#"(r) = ⟨9Be∗ ⊗ #−| 1√
3

∑

j

v#"(rj , r)τ j · φ|9Li ⊗ "⟩,
(8)

where v#"(rj , r) is a two-body "N -#N potential including
the spin-spin interaction, τ j denotes the j th nucleon isospin
operator, and φ is defined as |#⟩ = φ|"⟩ in isospin space [20].
Here we assumed U#"(r) = V#"f (r) in a real potential for
simplicity, where V#" is an effective strength parameter.
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We will attempt to determine the values of W! and V!"

phenomenologically by fitting to a spectral shape of the
experimental data.

For the 10B(3+; 0) target nucleus, we use single-particle
wave functions for a proton, which are calculated by a WS
potential [21] with V N

0 = −61.36 MeV fitting to the charge
radius of 2.45 fm [22]. Because of the large momentum
transfer q ≃ 270–370 MeV/c in the (π−,K+) reaction, we
simplify the computational procedure for the distorted waves,
χ

(−)
pK

and χ
(+)
pπ

, with the help of the eikonal approximation.
To reduce ambiguities in the distorted waves, we adopt the
same parameters used in calculations for the " and !−

quasifree spectra in nuclear (π∓,K+) reactions [18]. Here we
used total cross sections of σπ = 32 mb for π−N scattering
and σK = 12 mb for K+N , and we used απ = αK = 0, as
the distortion parameters [18]. The Fermi-averaged amplitude
f̄π−p→K+!− is obtained by the optimal Fermi-averaging for
the π−p → K+!− t-matrix [18]; we used 20µb/sr as the
laboratory cross section of dσ/d' = |f̄π−p→K+!− |2.

Now let us examine the dependence of the spectral shape
on two important parameters, W! and V!", by comparing
the calculated inclusive " spectrum for 10

"Li with the data of
10B(π−,K+) experiments at KEK [4]. The cross sections of
the data are three orders of magnitude less than those for 10

"B
in 10B(π+,K+) reactions. In Fig. 2, we show the calculated
spectra by the one-step mechanism at pπ = 1.20 GeV/c (6◦)
for the several values of −W! when we use V!" = 11 MeV,
which leads to the !−-mixing probability of P! = 0.57%
in the 10

"Li bound state. We have the peak of the bound
state with a [0p−1

3
2

s"
1
2

]2− configuration at E" ≃ −10.0 MeV,

and the peaks of the excited states with [0p−1
3
2

p"
3
2 , 1

2
]3+,1+

configurations at E" = 1–3 MeV. Because the non-spin-flip
processes with the large momentum transfer q are known to

10

20

30
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40

FIG. 2. Calculated inclusive " spectra obtained by the one-step
mechanism in the 10B(π−,K+) reaction at pπ = 1.20 GeV/c (6◦),
together with the experimental data [12]. The solid curves denote
the K+ spectra by −W! = 10, 20, 30, 40, and 50 MeV when
V!" = 11 MeV (P! = 0.57%), with a detector resolution of
2.5 MeV FWHM. The dashed curve denotes the inclusive " spectrum
obtained by the two-step mechanism.

dominate in the π−p → K+!− reaction at 1.20 GeV/c, these
spin-stretched states are mainly populated. We find that the
value of −W! significantly affects a shape of the " spectrum
for the continuum states that can be populated via !−p → "n
processes in 9Be∗ together with the core-nucleus breakup; this
" strength mainly arises from a term of G

†
!!(ImU!)G!!

in Eq. (6). We recognize that the calculated spectrum with
−W! = 20–30 MeV can reproduce the shape of the data in the
continuum region [12], and these values of −W! are consistent
with the analysis of !− production by the (π−,K+) reactions
[18]. Obviously, the parameter W! does not contribute to
the spectrum of the bound state. It should be noticed that
the contribution of the two-step processes in the continuum
spectrum is rather small (see the dashed curve in Fig. 2).

On the other hand, the "-! coupling potential plays an
essential role in the formation of the " bound state. In
Fig. 3, we show the dependence of the cross section for
the bound state in 10

"Li on the values of V!" when −W! =
20 MeV. We find that the calculated spectrum for the bound
state is quite sensitive to V!"; when we use V!" = 4, 8, 10,
11, and 12 MeV, the probabilities of the !− admixture in the
2− bound state are P!− = 0.075, 0.30, 0.47, 0.57, and 0.68%,
respectively. The positions of the peaks for 10

"Li are slightly
shifted downward by (E" ≃ −⟨U!"⟩2/(M ≃ −(M · P!− ,
e.g., −456 keV for V!" = 11 MeV, which is about 4–5 times
larger than that of 7

"Li [23]. For the order of V!" = 10–
12 MeV (P!− = 0.47–0.68%), the calculated spectra can fairly
reproduce the data, whereas it is not appropriate for a detailed
study of the structure of 10

"Li because of the simple single-
particle picture we adopted here. Such a !− admixture seems
to be consistent with recent microscopic calculations [7,8,24].
This consistency of V!" considerably enhances the reliability
of our calculations. Consequently, the calculated spectrum by
the one-step mechanism explains the 10B(π−,K+) data. This
fact implies that the one-step mechanism dominates in the

4

8

10

12

11

FIG. 3. Calculated inclusive " spectra obtained by the one-step
mechanism near the " threshold in the 10B(π−,K+) reaction at
1.20 GeV/c (6◦), by changing V!" for the "-! coupling potential.
The experimental data are taken from Ref. [12]. The solid curves
denote V!" = 4, 8, 10, 11, and 12 MeV when −W! = 20 MeV, with
a detector resolution of 2.5 MeV FWHM.
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(π+)

(n)

neutron-rich Λ-hypernuclei produced in (π−,K+) DCX reaction

Comparison between experimental data 
and theoretical calculations
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Recent result on 6ΛH 36

We expect to achieve a comparable sensitivity 
in the (π−,π+) measurement

16

the mass of 4
ΛH+ 2n, even if we considered the missing-

mass resolution. In other words, the null event region in
the present result extended up to 5804.4 MeV/c2.
We compare our result with that reported in Ref. [14].

The FINUDA Collaboration reported evidence of the
bound state of 6ΛH. In the FINUDA scenario, the 1+ state
was populated by the 6Li(K−

stopped,π
+) reaction and then

it decayed to the 0+ state via γ-ray emission. The 6
ΛH

averaged mass from the production process reported by
the FINUDA Collaboration was 5801.9 MeV [14]; how-
ever, in our result, no event was observed in the vicinity
of this mass region. In the present experiment, the 1+

state was not observed. As mentioned above, the 1+

state is dominantly populated via the (π−,K+) reaction
as well as the (K−

stopped,π
+) reaction. Although the pro-

duction reactions in the two experiments differed, it is
not easy to explain the different results, because the mo-
mentum transfers of the (π−,K+) and the (K−

stopped,π
+)

reactions are similar.
Finally, we discuss the relation between our result and

recent theoretical predictions. The existence of a bound
state of 6

ΛH has been predicted by Akaishi and Yamazaki
[19] and by Gal and Millener [20]. Akaishi and Yamazaki
predicted that the 6

ΛH hypernucleus was deeply bound,
because of the strong Λ-Σ mixing, while Gal and Mil-
lener estimated smaller Λ-Σ mixing. If the bound state
is populated via the one-step reaction, the production
cross section becomes larger as a result of the increase in
the strength of the Λ-Σ mixing. Then, the theoretical ex-
pectation by Gal and Millener is preferred according to
the interplay between the production cross section and
the strength of the Λ-Σ mixing due to the small pro-
duction cross section upper limit obtained in the present
experiment.
As Hiyama et al. [21] suggested, even the 0+ state of

6
ΛH is unbound. If the wave function of the core nucleus
5H is spatially broad, the system cannot gain sufficient
attraction, because of the small overlap between the Λ
particle and the core nucleus. The theoretical expecta-
tion indicates that the overlap between the Λ and the
core nucleus is sensitive to the mass and width of the 5H
resonance state. In fact, we can experimentally observe
such a unbound ground state as the resonance peak in the
vicinity of the bound threshold. However, the strength
of the Λ-Σ mixing is related to the overlap between the Λ
and nucleons. Thus, the spatial distribution of the core-
nucleus wave function may be critical, because the small
Λ-Σ mixing causes the small production cross section in
the case of the one-step DCX reaction. The present result
is in favor of such a scenario.

B. Production cross section of Λ continuum and Σ
quasi-free regions

The increase in the cross section from the 5He + Σ−

threshold on ward in Fig. 14 is due to the contribution
of the Σ− quasi-free production process. On the other
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FIG. 14. Missing-mass spectrum of the 6Li(π−,K+)X reac-
tion in 2◦ < θπK < 14◦ angular range at 1.2-GeV/c beam
momentum. The vertical axis is the double-differential cross
section averaged over the θπK region. A magnified view in
the vicinity of the 6

ΛH bound state region is given in the inset
plot. The error bars show the statistical errors. The system-
atic errors in each bin are represented by the bar graph at
the bottom. The two vertical dashed lines represent the mass
thresholds, 4

ΛH+ 2n and 5He + Σ−.
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FIG. 15. Raw missing-mass spectrum in angular range of (a)
2◦ < θπK < 14◦ and (b) 14◦ < θπK < 20◦.

hand, events below the 5He + Σ− threshold are recog-
nized as the Λ continuum region. In this experiment, the
Λ continuum and part of the Σ− quasi-free production re-
gion via the 6Li(π−,K+)X reaction were simultaneously
measured with high statistics.

In the KEK-PS E438 experiment [23], spectrum fitting
based on the Green’s function method was performed to
estimate the Σ-nucleus optical potential for the Σ−-27Al
system [39]. The present data allow us to investigate the
Σ-nucleus optical potential for the Σ−-5He system more
precisely, owing to the higher statistics compared to the
KEK-PS E438 one. The Λ continuum is produced via the
conversion of Σ particles in a nucleus, that is its yield
relates to the strength of the imaginary part of the Σ-
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❖ Candidate events of a resonant tetraneutron state were 
recently observed at SHARAQ/RIBF. 

❖ Pion DCX reaction was utilized for populating 
neutron(proton)-rich nuclides. 

❖ We propose to investigate a pion DCX reaction at J-
PARC in search of tetraneutron (and 7H, 9He, trineutron). 

‣ at much higher energy (850MeV) than in past 
experiments (<200MeV) 

‣ starting from analog-transition measurement with a 
18O target, because of its large cross section.
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