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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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Li(Li,C)n ⹚䑴 @ Garching/München E(Li)= MeV T. Faestermann, A. Bergmaier, R. Gernhäuser et al. Physics Letters B 824 (2022) 136799

Fig. 1. Identification spectrum, energy loss vs. residual energy, for the run with a 
central 10C energy of 20.5 MeV selected through the magnetic field. Clusters of ions 
with two, one and no electrons are denoted. For the completely stripped ions (q=Z) 
a few N=Z nuclei are labelled as well as the region of the 10C ions.

state [8]. After we had prepared our experiment, we learned that 
a similar experiment had been published in 1974 [9] with non-
conclusive result.

We produced 7Li− ions from fresh LiOH powder mixed with Nb 
in a Cs sputter ion source and accelerated them as 7Li3+ to 46 MeV 
with the MP Tandem accelerator in Garching, near Munich. Typical 
beam currents were 50 pnA on the target. As targets we used nom-
inally 100 µg/cm2 thick layers of 99% enriched 7Li2O deposited on 
20 µg/cm2 C foils. Since the 7Li2O targets were quite hygroscopic 
after vapor deposition, there was a considerable amount of H2O 
and possibly CO2 bound in the target. On the other hand, in the 
course of irradiation there was also target material vanishing. This 
could be shown by an analysis using elastic recoil detection (ERD) 
with a 127I beam [10] and by an energy loss measurement using 
an 241Am α-source. Based on these measurements we used an ef-
fective thickness of 200 µg/cm2 with equal atomic concentrations 
of Li, H and O to calculate the energy loss of the ions in the target. 
The 10C ejectiles were momentum analyzed under a scattering an-
gle of 7.0◦ in the Q3D magnetic spectrograph [11,12]. However, the 
Faraday-cup impeded forward angles up to 6◦ such that an angu-
lar range between 6.0◦ and 9.5◦ was accepted. The solid angle was 
about 9 msr. As detector in the focal plane we used a combination 
[13–15] of a single wire proportional counter for energy loss and 
position measurement and an array of (at the moment) 96 PIN 
Si-detectors, each 10 mm wide and 30 mm high for the residual 
energy and additional position measurement. Because of the large 
dispersion of the Q3D the roughly 1 m long detector covers an en-
ergy bin "E/E of only 10%. This results in a rather clean particle 
identification. The Si-detectors were read out individually, with the 
advantage that the amplification gain could be adjusted to correct 
for different response and dead layers. Because of the vanishing 
Coulomb repulsion in the outgoing channel the grazing angle in 
the lab system is only 1.2◦ , but at such small angles we could not 
use a Faraday-cup and the direct beam caused severe background. 
Still, we could expect some cross section at not so peripheral colli-
sions. Fig. 1 shows an identification spectrum, energy loss ("E) vs. 
residual energy (Eres), for one setting of the magnetic field for 10C 
with a central energy of 20.5 MeV. Due to the magnetic selection it 
shows ions in three charge states including the completely stripped 
ones at the highest Eres . The width in Eres is mainly caused by 
the angular acceptance. The locus of the 10C6+ ions is indicated. 
The only condition required for this spectrum is the correlation be-
tween the position measured in the proportional counter and that 
in the Si-detectors. Under similar conditions we have recorded data 

Fig. 2. Combined energy spectra of identified 10C ions for six different magnetic 
field settings covering energies between 19.4 MeV and 28.4 MeV with the Q3D at 
7◦ . The counts are normalized to the integrated beam current. On the top axis the 
scale for the total excitation energy of the 10C+4 n system is shown (in red). Also 
shown is the fit with two peaks. In the fit a contribution from the phase space of 
four unbound neutrons in the exit channel and a constant background are included 
(solid line). The peaks fitted at 22.84(5) MeV and 20.84(10) MeV are interpreted as 
due to the 16O(7Li,10C)13B and the7Li(7Li,10C∗)4n reaction for a combined energy 
of 10C excitation minus the binding energy of the tetraneutron of 2.93 MeV. The 
(red, dashed) peak at 18.9 MeV is drawn at the position where the 16O(7Li,10C∗)13B 
reaction is expected.

for six different magnetic field settings and therefore kinetic ener-
gies and applied similar "E-Eres conditions as in Fig. 1. From the 
position measured with the proportional counter we have calcu-
lated the energy of the 10C ejectiles. The fine binned (40 keV/bin) 
spectra are shown in the supplemental data [14]. In Fig. 2 the 
combined energy spectrum is drawn. Here we used the informa-
tion from the number of the PIN diode and transformed it to a 
spectrum linear in energy. The average energy loss in the target 
(with an assumed thickness of 200 µg/cm2 thickness) has been ac-
counted for by using the program SRIM [16]. The number of events 
per 200 keV energy bin have been normalized to the same inte-
grated beam intensity. The calibration of the magnetic rigidity of 
ions versus the position in the focal plane has been established 
by 46 MeV 7Li3+ ions elastically scattered off a 12C target at 7◦ . 
The asymmetric errors (due to the Poisson distribution) of the 
small numbers have been calculated according to the prescription 
of Feldman and Cousins [17] and we formed the weighted average 
of the data points in the overlapping regions. For the weight of the 
data points in the fits we used, in an iterative manner, the posi-
tive error bar if the fitted value was larger than the data point, and 
vice versa. We recognize only few events in the region above 25.88 
MeV where the tetraneutron would be bound. But we find peaks at 
about 23 MeV and at about 21 MeV. For positive excitation energy 
E∗ of the 4-n system we also have to consider the reaction leading 
to four unbound neutrons and the probability for that is governed 
by the phase space of the 10C plus four neutrons which may be 
influenced by correlations, e.g. of pairs of neutrons. As already as-
sumed by Kisamori et al. [6] for small excitations of the 4-n system 
and employed by Cerny et al. [9] we used an (E∗)3 dependence. 
A larger exponent would increase the significance of the 21 MeV 
peak. A fit of such a phase space term, two Gaussians plus con-
stant background to the whole spectrum, shown in Fig. 2, yielded 
peaks at 22.84(5) MeV and 20.84(10) MeV with height 9.9(1.2) and 
7.5(3.0) and width of σ1 = 0.39(5) MeV and σ2 = 0.24(9) MeV, 
respectively (throughout we use 1σ uncertainties). The dominant 
uncertainty of the peak positions is due to the not well known en-
ergy loss of the 10C in the target which we assumed as averaging 
0.45 MeV at 21 MeV. We estimate a systematic uncertainty for the 

2

O(Li,C)B

https://www.tum.de/en/about-tum/news/press-releases/details/37068T. Faestermann et al., Phys. Lett. B 824 (2022) 136799
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Fig. 8 The solid histogram represents the number of experiments
reviewed that were searching for multineutrons (36 total, mainly for
tri- and tetraneutrons) as a function of the year of publication of the
results. In yellow are those searching specifically for the tetraneutron.
The stars represent the three positive signals reported, the empty one
that was refuted [36] and the two solid ones that have not been con-
tested yet [3,4]. The pale Gaussians guide the eye through the recurring
pattern

2.7 A 60-year quest

In this section we have reviewed experiments taking place
over a 60-year period, all searching for evidence of multi-
neutron existence. Their chronology (Fig. 8) exhibits several
trends. Even if the techniques have been diverse and their sen-
sitivity has increased with time, we can see a recurring pattern
of ‘bunches’ during the first 40 years, with experiments accu-
mulating from mid to end of each decade. Some experiments
at mid-decade triggered others, and then the overall nega-
tive results lead to a stop in the program, until someone else
restarted it a few years later. Towards the end of the century
the number of experiments in each bunch decreased, showing
signs of exhaustion due to the lack of positive signals.

The number of experiments in the present century has
been much lower, although two positive signals of a bound
or low-lying resonant tetraneutron were obtained. As said in
the introduction those signals have renewed the interest in the
field, both experimentally and, and as we will see in the next
section, theoretically. Therefore, for the next extension of
Fig. 8 we expect an upcoming significant ‘bunch’ of results.
Taking into account the increasing accuracy and sensitivity
of these new experiments, the next few years will possibly
see the end of this quest whatever the outcome, at least with
respect to 3,4n.

Moreover, besides the aforementioned experiments aim-
ing at the detection of four neutrons already carried out
[56,57], complementary missing-mass experiments are also
being programmed at RIKEN, without neutron detection but
with increased sensitivity. The tetraneutron has already been
revisited using the same reaction as in 2016, 4He(8He,8Be)4n,
with several improvements in the experimental conditions

[58]. It has also been probed in the knockout of an α par-
ticle off 8He at backward angles in quasi-free conditions,
H(8He, pα)4n [59], avoiding the FSI of the 4n with the other
particles in the reaction. There are also new plans to probe
the trineutron, with the reaction 3H(t,3He)3n [60].

Among those missing-mass experiments, some are already
searching for the next heavier system, the hexaneutron. One
has already been carried out, knocking out two α particles
from 14Be in the reactions H(12,14Be, pαα)4,6n [61], and a
second one is planned in a near future, knocking out an α par-
ticle and a proton from 11Li in the reaction H(11Li, ppα)6n
[62]. Depending on their results, future experiments could be
planned in order to study neutron correlations in the decay
of hexaneutron states.

However, the hexaneutron seems to represent a mass fron-
tier difficult to cross in the laboratory. In the next section
we will see how theoretical calculations have been dealing
with the lightest multineutrons, and how they could help us
go beyond A = 6 in order to understand possible binding
energy trends in these systems.

3 Theoretical calculations

The theoretical interest in bound or resonant multineutron
states is as old as nuclear theory, and its development goes
in parallel with the technical possibility to obtain accurate
quantum mechanical solutions of few interacting particles
using reliable interactions. This is an essential ingredient
when dealing with systems very close to, or above, their dis-
sociation threshold. The progress in this domain has been
slow. The first rigorous formulation of the three-body prob-
lem in Quantum Mechanics dates from 1960 [63], and the
first realistic solution took still several years [64]. As it has
been the case in the experiments, the main efforts of the the-
ory have been concentrated on 3,4n, and to a lesser extent on
the next heavier systems, 6,8n.

Even if we can trace the origin of both theoretical and
experimental programs back to the 1960s, it seems clear
that the theoretical community has significantly increased
its interest in 3n and 4n systems following each of the two
experimental signals described in the previous section. We
will thus review the many theoretical works from that per-
spective. We will describe the activity prior to GANIL results
on the breakup of 14Be into 10Be+4n [3], then review the
different approaches that were triggered by this result, and
finally discuss the many calculations that followed the sec-
ond signal in the DCX reaction 4He(8He,8Be)4n [4]. But
before moving to the specific works, let us start with some
general considerations about the theoretical treatment of the
few-neutron problem.
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the different detection and calculation techniques that have
been used, with particular emphasis in the issues that have
been found. Finally, some aspects of the present and future
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1 Introduction

Understanding the structure of nuclei and how their proper-
ties emerge from the underlying forces between nucleons is a
major goal of modern nuclear physics. Light nuclei have long
played a fundamental role in this respect, and those exhibit-
ing very asymmetric neutron-to-proton ratios have proven to
be particularly sensitive to details of the two- and few-body
forces used in nuclear models. Therefore, the question about
the existence of multineutrons, the most extreme combina-
tions one can find, raises many experimental and theoretical
challenges. The discovery of such neutral systems as bound
or resonant states would have far-reaching implications for
many facets of nuclear physics, from the nature of the force
itself up to the way it builds nuclei, as we will see in Sect. 3,
and also for the modeling of neutron stars (see for example
Ref. [1]).

The quest for neutral nuclei may be traced back to the
early 1960s [2]. However, the last two decades have wit-
nessed a renewed and enhanced interest in studying light
neutron systems. This is essentially due to two experimental
results claiming the possible observation of bound or low-
lying resonant tetraneutron states [3,4], which motivated
new experiments but mostly new theoretical studies, lead-
ing to progress in the computation of the exact solutions of
the few-nucleon system in the continuum (see for example
Refs. [5–10]).

The main difficulty in the study of multineutron states is
that there are no particle-stable substructures, unlike stan-
dard charged nuclei. If the dineutron were bound, one could
more comfortably inquire about the existence of 3n (as n+2n)
or 4n (as 2n+2n), both experimentally and theoretically.
Despite some recent speculations [11] this seems however
totally excluded, making the progress in this field particu-
larly non trivial. This intrinsic difficulty explains the lack
of strong experimental evidence concerning the existence of
such states, and leads on the theoretical side to contradictory
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Fig. 3 Experimental results for the reactions 4He(π−,π+)4n at θ =
0◦ (circles) and 12C(π−,π+)12Be at θ = 8◦ (triangles, divided by 2).
The curves are fits to guide the eye, with a Woods-Saxon distribution
only (red) plus an additional Gaussian function (blue). The peak in the
12C channel corresponds to the formation of the 12Be ground and two
first excited states, and the range in yellow in the 4He channel to the
region expected for a bound tetraneutron. Adapted from Ref. [26]

the events in which the π+ decayed inside the spectrometer.
In search of a possible resonant behavior, the spectrum below
the 4n threshold was found to exhibit a broad enhancement
with respect to four-neutron phase space, but it was consistent
with the FSI of two neutron pairs [26].

In 1986, Stetz et al. extended the search to the trineu-
tron with the reactions 3,4He(π−,π+)3,4n [27], at several
energies and angles, but again no evidence of trineutron or
tetraneutron states was found.

In 1989 Gorringe et al. repeated Ungar’s experiment at
lower energy, to reduce the continuum DCX contribution,
but at a higher angle, corresponding to a higher momentum
transfer to the neutrons [28]. After background subtraction,
6 counts remained in the possible bound 4n window, but those
were consistent with the estimated continuum contribution.
Only an upper limit of the production cross-section could be
deduced.

In 1997, a systematic study of the 3He(π−,π+)3n reac-
tion by Yuly et al. [29] at 120–240 MeV did not show evi-
dence for a trineutron, and indicated that the DCX process
proceeds as a sequential SCX one. In 1999, Gräter et al.
studied the same reaction at lower energies, 65–120 MeV,
and found no evidence either [30].

For the sake of completeness, let us mention two special,
non-conventional uses of the negative-pion probe. Earlier,
in 1979, Chultem et al. had proposed an original use of a
π− beam in a two-step process [31]. They hoped to produce
a bound tetraneutron in the 208Pb(π−,π+)4n reaction, by

DCX on an α cluster inside lead, and then measure the tetra-
neutron absorption by another lead nucleus, leading to 212Pb.
However, they found no α particles from its decay chain into
212Bi and then 212Po. Finally, in 1991 Gornov et al. stud-
ied the 3n missing mass in the reactions 9Be(π−, t 3He) and
9Be(π−, d 4He) [32]. The missing-mass spectrum was ten-
tatively described using a very broad trineutron resonance at
3 MeV, but the very limited resolution did not allow to draw
firm conclusions.

In summary, after more than 30 years of DCX experi-
ments with pion beams, only upper limits following the non-
observation of multineutrons have been set, and the technique
is not being presently used. However, the DCX technique has
been recently revisited by Kisamori et al. using exotic nuclei
[4], as we will see in Sect. 2.5.

2.2 Fission and other activation probes

The DCX pion reactions are a very clean and powerful probe,
although the cross-sections involved are extremely low. From
the start of the multineutron program a second avenue was
taken, exploiting the two-step principle described previously.
In the first step, the multineutron is supposed to be produced
in a high-flux reaction, not necessarily well-characterized,
like spallation or induced fission. Assuming that a bound
multineutron was thus produced, together with many other
particles, we may use it in a secondary two-body reaction
that transforms a given sample in a unique way. Therefore,
we need to demonstrate that the sample was transformed,
but above all that it could not be transformed in any other
alternative way.

Already in 1963, Schiffer et al. irradiated samples of nitro-
gen and aluminum in a nuclear reactor, searching for the
reactions 14N(4n, n)17N and 27Al(4n, t)28Mg [33]. If bound
tetraneutrons had been produced in the fission of the ura-
nium fuel, they might have observed the β-delayed neutron
decay of 17N and the γ -rays from 28Mg and its daughter 28Al.
However, none of them were significantly observed above the
background.

In 1965 Cierjacks et al. carried out a similar experi-
ment, with samples of nitrogen, oxygen, magnesium and
other heavier elements surrounding a uranium target bom-
barded with deuterons [34]. For the three lighter samples,
they searched for bound tetraneutrons emitted in uranium fis-
sion through the reactions 14N(4n, n)17N, 16O(4n, t)17N and
26Mg(4n, 2n)28Mg. However, they were not able to observe
the corresponding β-delayed neutrons or γ -rays above the
background.

In 1968 Fujikawa et al. searched for bound trineutrons in
the reaction n+7Li, that would transform a barium sample
through the secondary reaction 138Ba(3n, n)140Ba [35]. Bar-
ium was in the form of a high-purity BaCO3 powder, and
the potential production of 140Ba would have been identified
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In 1965 Ajdačić et al. started to use this probe with a simple
(n, p) transfer reaction on the triton [41]. With a 14 MeV
neutron beam they detected protons from the 3H(n, p)3n
reaction. Some events were observed at a missing mass of
about 1 MeV below the 3n threshold, the first candidates
of a (quite) bound trineutron. However, knowing that the
very first experiments had failed to find a bound tetraneutron,
more likely to exist due to pairing, they concluded that their
result was “highly improbable”. One year later, Thornton et
al. repeated the same experiment with 21 MeV neutrons and
better resolution [42], and found no evidence for a bound
trineutron.

In 1968 Ohlsen et al. used a triton beam and searched
already for a more complex transfer reaction, 3H(t,3He)3n
[43]. The missing mass reconstructed from 3He lead to a devi-
ation from four-body phase space, only at forward angles, that
could be consistent with a low-energy trineutron resonance.
They were not able to exclude, however, an effect from the
reaction mechanism itself.

In 1974 Cerny et al. started to use heavier nuclei and
searched for the tri- and tetraneutron in the reactions
7Li(7Li,11C)3n and 7Li(7Li,10C)4n [44]. Concerning the
trineutron, the intense 11C channel led to a very high statistics
spectrum. Unlike the 7Li(7Li,11B)3H channel, that exhib-
ited several structures, the 3n missing-mass spectrum could
be well described by four-body phase space, plus some small
peaks from known target contaminants (that lead to 11C part-
ners different from 3n).

In the tetraneutron channel, however, the low 10C produc-
tion led to a poor separation from the tail of the much stronger
11C distribution. The resulting 4n missing-mass spectrum
could be described by five-body phase space plus the known
contaminants, as can be seen in Fig. 5. Although some events
are visible in the possible region for bound 4n, the signal was

not significant with respect to the background level. They
concluded that the purity was still much worse than in the
DCX experiments, but that by using different beam-target
combinations the way had been opened to heavier multineu-
trons.

In 1988 Belozyorov et al. improved on the main issues
of Cerny’s work, the target purity and fragment identifica-
tion, and searched for the trineutron in the 7Li(11B,15O)3n
reaction and for the tetraneutron in the 7Li(11B,14O)4n,
7Li(9Be,12N)4n and 9Be(9Be,14O)4n reactions [45]. In all
the reactions on 7Li, the missing-mass spectra above the 3n
and 4n thresholds were well described by the corresponding
four- and five-body phase space, showing no evidence for
multineutron resonances. Although the two reactions lead-
ing to 14O showed a few events below the 4n threshold, they
were consistent with the background due to pulse pileup or
to beryllium target impurities [45].

In 1995 Bohlen et al. used a 14C beam in order to probe
very neutron-rich missing masses, among them the trineutron
in the reaction 2H(14C,13N)3n on a CD2 target [46]. The
missing mass was fully described below the threshold by the
carbon contribution and above it by the decay of a broad
15N resonance. Finally, in 2005 Aleksandrov et al. repeated
Cerny’s experiment, with similar beam energy and target,
and obtained the same negative results for both the tri- and
tetraneutron [47].

This technique appeared as a good compromise between
pion DCX and activation. It could access heavy multineu-
trons from a variety of beam-target combinations, and the
potential signals were supposed to be unambiguous. How-
ever, the absence in practice of clear signals led towards a
need for higher purities, and the technique has been put aside
for the last 15 years.

2.4 The GANIL 2002 result

The experiments performed in the XX century used mainly
stable beams and targets. The beams could thus be very
intense, but building a neutral system from balanced com-
binations of protons and neutrons required reactions with
very low cross-sections. Moreover, the potential multineu-
tron signal often shared parts of the spectra with background
from contaminant species, and due to the low cross-sections
used the background contributions became too important for
a signal to be clearly established.

In 2002 Marqués et al. proposed at the GANIL facility
a new technique that could solve those issues [3]. With the
advent of radioactive secondary beams, the possible prefor-
mation of multineutrons inside very neutron-rich nuclei was
considered, similar to the preformation of α particles in the
process of α decay. Within this scenario, the until then com-
plex formation step of multineutrons could be reduced to the
breakup of one of those nuclei, with an increase in cross-
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waves and no NNN potential. These potentials indeed do
give 4n with energies of !0:91, !1:04, !0:47, and
!0:71 MeV, which are considerably more negative than
the above studies suggest. However, the 2n energies are
!0:56, !0:60, !0:35, and !0:42 MeV, respectively, so
the 4n can again decay into two dineutrons. The rms
radii of the 4n systems are all about 11.5 fm, which
may explain why these states were not discovered in
Refs. [3–5]. The variational energies for 4n with modifi-
cations to the AV18/IL2 Hamiltonian are positive; that is,
only with GFMC improvement does the energy become
negative. However, for the simpler Volkov potentials, the
!T already give negative energies and the GFMC just
improves these energies.

It must be emphasized that these almost bound 4n
results do not at all support an experimentally bound
4n. The more than 35-year-old Volkov potentials are not
realistic; they produce bound 2n, with the same binding
energies as their deuterons; they have no tensor or LS
terms; and they cannot reproduce modern phase shift
analyses in any partial wave. The one thing in their favor
is that, by having a space-exchange component, they
introduce some saturation in p-shell nuclear binding en-
ergies; however, with just one radial form they are even
simpler than the space-exchange AVX0 introduced in
Ref. [12].

The above results show that it is not possible to bind 4n
by modifying the 1S0 potential without severely disrupt-
ing other nuclear properties. The next NN possibility is
the 3PJ channel. The net effect of these is a small repul-
sion in neutron systems. Setting this term to zero had very
little effect on 4n; one would have to introduce significant
attraction to bind 4n and then again many other nuclear
properties would be unrealistically changed.

Modifications to the NNN or NNNN potentials, which
are experimentally much less constrained than the NN
potential, could be used to bind 4n. Timofeyuk added a
central NNNN potential to bind 4n, but found that it

resulted in 4He being bound by about 100 MeV [3,5].
However, as she suggests, one should try less disruptive
things. A NNN potential that acts only in T " 3

2 triples
would have the same effect on 4n as one with no isospin
dependence, but no effect on 3H and 4He because they
contain only T " 1

2 triples. A NNNN T " 2 potential
would also not affect 5He and 6Li.

I added potentials of the forms

Vijk

!
T " 3

2

"
" V3

X
cyclic

#Y$rij%Y$rjk%&P
!
T " 3

2

"
;

Vijkl$T " 2% " V4

X
cyclic

#Y$rij%Y$rjk%Y$rkl%&P$T " 2%;

Y$r% " e!m!r

m!r
#1! e!$m!r%2&2;

to the AV18/IL2 Hamiltonian. Here m! is the pion mass,
the P are projectors onto the indicated isospin states, and
V3 and V4 were chosen to produce 4n with '! 0:5 MeV
energy. These forms have the longest range that is possible
from strong interactions; the cutoff makes the radial
forms peak at 1.55 fm. Using more confined radial forms
only increases the problems reported below.

It turns out that the couplings must be quite large to
produce the minimally bound 4n: V3 " !440 and V4 "
!4750 MeV, which result in 4n energies of !0:60$5% and
!0:55$6% MeV. This can be understood as follows. If the
NN potential is used to bind 4n, the pairs can sequentially
come close enough to feel the attraction; this allows the
four neutrons to be in a diffuse, large radius, distribution.
However, a NNN potential requires three neutrons to
simultaneously be relatively close and thus the density
of the system must be much higher. Indeed, the rms radii
of the 4n for the Vijk$T " 3

2% case is only 1.88 fm, while
that for Vijkl$T " 2% is 1.61 fm. Such small radii result in
kinetic energies that are an order of magnitude more than
those for the 4n systems bound by modified 1S0 potentials;
for the Vijk$T " 3

2% case, the expectation value of the
kinetic energy is '87 MeV, while those of the NN and
NNN potentials are !49 and !38 MeV, respectively.
(The kinetic energy is found by subtracting GFMC po-
tential values from hHi [6].)

The very large coupling constants for the Vijk$T " 3
2%

and Vijkl$T " 2% potentials mean that they have a large,
even catastrophic, effect on any nuclear system in which
they can act. This is shown in Fig. 4; for example,
Vijk$T " 3

2% doubles the binding energy of 6Li and triples
that of 6He, while Vijkl$T " 2%, which can have no effect
on 6Li, quadruples the binding energy of 6He. As noted
before, both of these potentials have no effect on 4He.
Both potentials make 5H stable by more than 25 MeV
against 3H( n( n. However, the most dramatic result of
these potentials is that every investigated pure neutron
system with A > 4 is extremely bound and, in fact, is the
most stable ‘‘nucleus’’ of that A. For Vijk$T " 3

2% the en-
ergies are !62, !220, and !650 MeV, respectively,
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for 5;6;8n, while for Vijkl!T " 2# they are $358, $1370,
and $6690 MeV.

These enormous bindings indicate that matter will
collapse with such potentials. This is to be expected for
purely attractive many-nucleon potentials. One should add
a shorter-ranged stronger repulsion to obtain saturation.
Such a repulsion might improve the results for A % 6
nuclei. I studied this by using a repulsive term with
Yukawa radial forms of range 2m!. However, in order
to get any appreciable effect on 6He, the repulsive cou-
pling has to be made quite large; this then requires at least
a doubling of the attraction to still bind 4n; this results in
potentials that are so strong that the GFMC starts to
become unreliable. The apparent impossibility of correct-
ing the A " 6 results by such a term may also be seen
from the rms radii of the 4n reported above; they are
smaller than the experimental value for 6Li and reason-
able 6He radii. Thus, a short-ranged repulsion that still
leaves the 4n bound will certainly result in A " 6 nuclei
with too small rms radii.

In all of these cases, I have made isospin-conserving
modifications to the AV18/IL2 Hamiltonian; thus, there
have been T " 1 additions to the NN potential, or a T " 3

2
addition to the NNN potential, or a T " 2 addition to the
NNNN potential. One could modify the force only for nn
pairs or nnn triples or nnnn quadruples since the nuclear
force is least well determined for such systems. Such
changes would mean much larger charge-symmetry
breaking and charge-independence breaking potentials
than are presently accepted. But even so, the changes to
the NN force, if limited to just nn pairs, would still bind
two neutrons, which would change the experimental scat-
tering length from &$ 18 fm to a positive value. Such a
nn potential would still bind 6n and 8n. I estimate that it
would still increase the binding of 3H by 3 MeV while it
would have no effect on 3He. Thus, the Nolen-Schiffer
energy for the A " 3 system would be some 5 times too

large. Many of the devastating effects shown in Fig. 4
would similarly persist even if the potentials were limited
to nnn triples or nnnn quadruples.

The GFMC method is presently limited to local poten-
tials while meson-exchange potentials may contain sig-
nificant nonlocalities; thus, one might wonder if nonlocal
NN potentials could produce a bound 4n without binding
2n. As discussed, the negative-energy 4n produced by
modifying the NN force have very large ( > 7 fm) rms
radii and consist of dineutrons with rms radii of &3 fm.
These are much larger than the distances over which
nonlocalities are significant, so the limitation to local
potentials should not matter.

In conclusion, should the results of Ref. [1] be con-
firmed (Ref. [2] contains additional considerations of
background in these types of experiments), our current
very successful understanding of nuclear forces would
have to be severely modified in ways that, at least to
me, are not at all obvious.
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waves and no NNN potential. These potentials indeed do
give 4n with energies of !0:91, !1:04, !0:47, and
!0:71 MeV, which are considerably more negative than
the above studies suggest. However, the 2n energies are
!0:56, !0:60, !0:35, and !0:42 MeV, respectively, so
the 4n can again decay into two dineutrons. The rms
radii of the 4n systems are all about 11.5 fm, which
may explain why these states were not discovered in
Refs. [3–5]. The variational energies for 4n with modifi-
cations to the AV18/IL2 Hamiltonian are positive; that is,
only with GFMC improvement does the energy become
negative. However, for the simpler Volkov potentials, the
!T already give negative energies and the GFMC just
improves these energies.

It must be emphasized that these almost bound 4n
results do not at all support an experimentally bound
4n. The more than 35-year-old Volkov potentials are not
realistic; they produce bound 2n, with the same binding
energies as their deuterons; they have no tensor or LS
terms; and they cannot reproduce modern phase shift
analyses in any partial wave. The one thing in their favor
is that, by having a space-exchange component, they
introduce some saturation in p-shell nuclear binding en-
ergies; however, with just one radial form they are even
simpler than the space-exchange AVX0 introduced in
Ref. [12].

The above results show that it is not possible to bind 4n
by modifying the 1S0 potential without severely disrupt-
ing other nuclear properties. The next NN possibility is
the 3PJ channel. The net effect of these is a small repul-
sion in neutron systems. Setting this term to zero had very
little effect on 4n; one would have to introduce significant
attraction to bind 4n and then again many other nuclear
properties would be unrealistically changed.

Modifications to the NNN or NNNN potentials, which
are experimentally much less constrained than the NN
potential, could be used to bind 4n. Timofeyuk added a
central NNNN potential to bind 4n, but found that it

resulted in 4He being bound by about 100 MeV [3,5].
However, as she suggests, one should try less disruptive
things. A NNN potential that acts only in T " 3

2 triples
would have the same effect on 4n as one with no isospin
dependence, but no effect on 3H and 4He because they
contain only T " 1

2 triples. A NNNN T " 2 potential
would also not affect 5He and 6Li.

I added potentials of the forms

Vijk

!
T " 3

2

"
" V3

X
cyclic

#Y$rij%Y$rjk%&P
!
T " 3

2

"
;

Vijkl$T " 2% " V4

X
cyclic

#Y$rij%Y$rjk%Y$rkl%&P$T " 2%;

Y$r% " e!m!r

m!r
#1! e!$m!r%2&2;

to the AV18/IL2 Hamiltonian. Here m! is the pion mass,
the P are projectors onto the indicated isospin states, and
V3 and V4 were chosen to produce 4n with '! 0:5 MeV
energy. These forms have the longest range that is possible
from strong interactions; the cutoff makes the radial
forms peak at 1.55 fm. Using more confined radial forms
only increases the problems reported below.

It turns out that the couplings must be quite large to
produce the minimally bound 4n: V3 " !440 and V4 "
!4750 MeV, which result in 4n energies of !0:60$5% and
!0:55$6% MeV. This can be understood as follows. If the
NN potential is used to bind 4n, the pairs can sequentially
come close enough to feel the attraction; this allows the
four neutrons to be in a diffuse, large radius, distribution.
However, a NNN potential requires three neutrons to
simultaneously be relatively close and thus the density
of the system must be much higher. Indeed, the rms radii
of the 4n for the Vijk$T " 3

2% case is only 1.88 fm, while
that for Vijkl$T " 2% is 1.61 fm. Such small radii result in
kinetic energies that are an order of magnitude more than
those for the 4n systems bound by modified 1S0 potentials;
for the Vijk$T " 3

2% case, the expectation value of the
kinetic energy is '87 MeV, while those of the NN and
NNN potentials are !49 and !38 MeV, respectively.
(The kinetic energy is found by subtracting GFMC po-
tential values from hHi [6].)

The very large coupling constants for the Vijk$T " 3
2%

and Vijkl$T " 2% potentials mean that they have a large,
even catastrophic, effect on any nuclear system in which
they can act. This is shown in Fig. 4; for example,
Vijk$T " 3

2% doubles the binding energy of 6Li and triples
that of 6He, while Vijkl$T " 2%, which can have no effect
on 6Li, quadruples the binding energy of 6He. As noted
before, both of these potentials have no effect on 4He.
Both potentials make 5H stable by more than 25 MeV
against 3H( n( n. However, the most dramatic result of
these potentials is that every investigated pure neutron
system with A > 4 is extremely bound and, in fact, is the
most stable ‘‘nucleus’’ of that A. For Vijk$T " 3

2% the en-
ergies are !62, !220, and !650 MeV, respectively,
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Figure 4. Energies of nuclear states computed with just the AV18 NN potential, and with
the addition of the IL2 NNN potential, compared to experiment.

be narrow. The off-diagonal overlaps Ni1(τ) are small and do not show signs of steadily
increasing with increasing τ . The solutions of generalized eigenvalue problems using the
Eij(τ) and Nij(τ) are not significantly different from the Eii(τ) shown in the figure. These
results show that the (constrained) GFMC propagation largely retains the orthogonality
of the starting ΨT,i. Contrary to what might have been expected, the propagation of the
higher states does not quickly collapse to the lowest state.

4. ENERGIES OF NUCLEAR STATES

Figure 4 compares energies computed with the AV18 (no Vijk) and AV18+IL2 Hamil-
tonians to experimental values. The AV18+IL2 result shown for 12C was made using
a simplified ΨT and an approximate treatment of Vijk in the GFMC propagation; for
these reasons it is marked preliminary. We see that using just a NN potential underbinds
4He by 4 MeV; this underbinding increases to 18 MeV for 12C. The parameters of the
Illinois-2 NNN potential were adjusted to reproduce the energies of 17 narrow states for
3 ≤ A ≤ 8 [3]. As can be seen the potential provides an excellent overall reproduction of
the energies of many states up to the ground state of 12C; the RMS error in reproducing

S.C. Pieper / Nuclear Physics A 751 (2005) 516c–532c 523c

S. C. Pieper, Nucl. Phys. A 751, 516c (2005)
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״כױס杯敯ס٤ٞع٭ٖؼٚعط
●㲔꽦םهؔطةَסח2ע־磵冽 
○ He(He,Be)n: 䆋ס於ַ⪦둜敯䛜 (E>) ? [2016䇗] 
○ Li(Li,C): 兠窜敯䛜 (E<) ? [2022䇗] 
●杼鑜銶畀 鎋碷ע p. ٭ٖلٝס鑜乃⹆拨 銶畀䣆嫎מ㛻ׂ׀樟ם磵冽 
○ 䆋ס於ַ⪦둜敯䛜ֿ㰆㏇ 
○ 鈝峮⺎耆ם⪦둜敯䛜ע㰆㏇ַם
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杯侇憠ך澬㲔מ銧ֻכ׆
●磵⺬ؙ٭؟ٜؾ  ֿ 
○  β㾆㙗 (瑬1焔塛鹜燯)כ  ך兠窜敯䛜 䍏ַ注◍⛼榫ףם 
○  㰆❣מ㾆㙗䆋ע־׀ך鈝峮יכ㾆㙗 ⪦둜敯䛜מⷉ䈳כ  ךꪜ兠窜敯䛜 䍚ַ注◍⛼榫ףם 
●磵⺬ؙ٭؟ٜؾ   ⡁┕ס

B (ⶐ峎僿2.92ms) 4ס╈䓪㯸⮆ꦕؙ٭؟ٜؾ 

B = − E4n = [4mn − m(4n硌)]c2

B > 0
4n → 4H + e− + νe

B < 0
4n → n + n + n + n

B B < 1.5 MeV
S4n = 1.5 MeV
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To be, or not to be, 
that is the question.
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To be bound, or not to be bound, 
that will be the question.

E=  .±.±. MeV (RIBF) E=̿.±. MeV (München)
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Abstract The long history of the research concerning the
possible existence of bound or resonant states in light multi-
neutron systems, essentially 3n and 4n, is reviewed. Both the
experimental and the theoretical points of view have been
considered, with the aim of showing a clear picture of all
the different detection and calculation techniques that have
been used, with particular emphasis in the issues that have
been found. Finally, some aspects of the present and future
research in this field are discussed.
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1 Introduction

Understanding the structure of nuclei and how their proper-
ties emerge from the underlying forces between nucleons is a
major goal of modern nuclear physics. Light nuclei have long
played a fundamental role in this respect, and those exhibit-
ing very asymmetric neutron-to-proton ratios have proven to
be particularly sensitive to details of the two- and few-body
forces used in nuclear models. Therefore, the question about
the existence of multineutrons, the most extreme combina-
tions one can find, raises many experimental and theoretical
challenges. The discovery of such neutral systems as bound
or resonant states would have far-reaching implications for
many facets of nuclear physics, from the nature of the force
itself up to the way it builds nuclei, as we will see in Sect. 3,
and also for the modeling of neutron stars (see for example
Ref. [1]).

The quest for neutral nuclei may be traced back to the
early 1960s [2]. However, the last two decades have wit-
nessed a renewed and enhanced interest in studying light
neutron systems. This is essentially due to two experimental
results claiming the possible observation of bound or low-
lying resonant tetraneutron states [3,4], which motivated
new experiments but mostly new theoretical studies, lead-
ing to progress in the computation of the exact solutions of
the few-nucleon system in the continuum (see for example
Refs. [5–10]).

The main difficulty in the study of multineutron states is
that there are no particle-stable substructures, unlike stan-
dard charged nuclei. If the dineutron were bound, one could
more comfortably inquire about the existence of 3n (as n+2n)
or 4n (as 2n+2n), both experimentally and theoretically.
Despite some recent speculations [11] this seems however
totally excluded, making the progress in this field particu-
larly non trivial. This intrinsic difficulty explains the lack
of strong experimental evidence concerning the existence of
such states, and leads on the theoretical side to contradictory
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n γ

╈䓪㯸䷑㵣嫎

AZ → A+1Z

4n n

ր٤ٞع٭ٖؼٚعط䷑㵣嫎ց

AZ → A+2Z

（例）

n
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劬⮆逰+䷑㵣嫎מ bound tetraneutron 䫒碟
⹚䑴 n n n, n

Schier et al. thermal n+U (Al̜Mg) N̜N 
Al̜Mg

Cierjacks et al.  MeV d+U
N, O̜N 

Mg̜Mg 
Rh̜Rh 

Bi̜Bi, Bi
Détraz  GeV p +W ,,,,Zn̜Zn

Turkevich et al.  MeV p+U Pb̜Pb
De Boer et al.  MeV He+Te Te̜Te
V.K. Rao et al. thermal n+U

,Pb̜,Pb 
,Rb̜,Rb 

K. Otozai et al. thermal n+U, n+Be̜He(̜α+n)+α Al̜Mg
Novatsky et al.  MeV α+U Sr̜Sr 

Al̜Mg
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Schiffer et al. ס㲔꽦
● N(n,n)N, Al(n,t)Mg ⹚䑴ס榟䡗擻 N, Mg 䫒碟  
●掩乢釐碛ס珷8־cmס⛣糋ٜ٭ٞعِؓ ך CHN .g מ拨㵣 
●掩乢釐碛╈䑏ך⫁ٜه٤بס 냕硾䈱1.4ّؗؼِٜؓסg מ拨㵣 
● N ס鷐氦╈䓪㯸, Mgס䷑⭳γ稗ע僗䙫מ鈝峮 
●杯侇憠ךず┉סյ溿狒愿٤ٞع٭ٖؼٚعطֽׄמ䫒碟

J.P. Schiffer and R. Vandenbosch, Phys. Lett. 5, 292 (1963)

https://doi.org/10.1016/S0375-9601(63)96134-6


14

Schiffer et al. ס㲔꽦

Volume 5, number 4 P H Y S I C S  L E T T E R S  15 July 1963 

which would be in r ad ioac t ive  equi l ibr ium with Mg 28. 
A sl ight  i n c r e a s e  above background was obse rved  at  
about 1.35 MeV in the g a m m a  s p e c t r u m ,  but no in- 
c r e a s e  above background was found at  1.78 MeV. On 
the a s sumpt ions  that only t e t r a  neut rons  f r o m  the 
fuel  e lement  can contr ibute  and that the c r o s s  s ec -  
tion fo r  p roduc ing  Mg 28 is  40 mb,  we conclude that  
the number  of t e t r a  neut rons  per  f i s s ion  is  l e s s  than 
5 x 10 -9.  

Table 1 
Relative frequencies of various known and postulated par-  

ticles in fission. 

Particle Number observed per 105 fissions 

CL 

d, P e  3 
t 

n4 

n4 
n 2 

500 (U 235 + thermal n) 
330 (Cf 252, spontaneous fission) 
7 4 (Cf252~ 

< 115 ic~52i 

o oor -o  
0.04 in the text) 
0.0005 (from Mg 28 activity) 
0.0005 (from Mg28 activity) 

Tab le  1 s u m m a r i z e s  our r e s u l t s  together  with known 
probabi l i t i es  fo r  emit t ing other  pa r t i c l e s  in f i ss ion.  
One may  a rgue  that the re la t ive ly  higher binding of 
the alpha pa r t i c l e  would tend to f avor  it with r e s p e c t  
to n4. This  effect  should be  m o r e  or l e s s  compen-  
sa ted  by the ~ 20 MeV Coulomb b a r r i e r  fo r  alphas.  
Both pro tons  and t r i tons  we re  obse rved  with f r e -  
quencies  above 1% of the f requency  of alpha p a r -  
t i c les  ; the l imi t  fo r  t e t r a  neut rons  is  m o r e  than 
f ive  o r d e r s  of magni tudes  lower.  Since no r ea son -  
able m e c h a n i s m  which sugges t s  i tself  would tend to 
inhibit the emiss ion  of t e t r a  neut rons  in f i s s ion  with 
r e s p e c t  to other  p a r t i c l e s  by such a l a rge  f ac to r ,  we 
conclude that  the exis tence  of such pa r t i c l e s  is  un- 

l ikely.  As in mos t  expe r imen t s  of this so r t ,  how- 
eve r ,  a negat ive  r e su l t  cannot be r ega rded  as  
conclusive and fu r the r  exper imen t s  a r e  needed to  
give  additional weight to our resu l t .  

Our r e s u l t s  may  a lso  be  used to se t  a l imi t  on 
the number  of p a r t i c l e - s t a b l e  di neut rons  emit ted 
in f i ss ion .  In the f i r s t  m e a s u r e m e n t  one might  
pe rhaps  expect s o m e  act ivi ty  f r o m  the O16(n2,p)N 17 
reac t ion  f r o m  the O16 in the luci te  sample .  How- 
eve r ,  the Qvalue  fo r  this is  -4 MeV and the re fo re  
it i s  not a ve ry  sa t i s f ac to ry  test .  In the second ex- 
pe r imen t ,  the A127(n 2, p)Mg 28 reac t ion  has  a pos i -  
t ive  Q value and the re fo re  should be  observed.  The 
lack of Mg 28 act ivi ty  can be  in te rp re ted  as  showing 
that  the number  of di neut rons  in f i s s ion  has the 
s a m e  l imi t  as  the one se t  fo r  t e t r a  neut rons  f r o m  
this act ivi ty.  This  l imi t  s e e m s  to be  s e v e r a l  o r d e r s  
of magnitude below the value se t  by ea r l i e r  exper i -  
ments  6) a t tempting to detect  di neut rons  in f i ss ion ,  
mos t ly  because  these  looked for  ac t iv i t ies  induced 
by di neutron cap ture  (for which the c r o s s  sec t ions  
would be cons iderably  lower) and the m e a s u r e m e n t s  
we re  done in r e a c t o r s  with lower neut ron f luxes.  

We a r e  indebted to P r o f e s s o r  R. H. Dali tz  fo r  
c~lliug this p rob lem to our attention and to Dr .  G. R. 
Ringo, Dr .  G. J .  Pe r low and Dr .  D. Kurath  fo r  help- 
ful  d i scuss ions .  
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劬⮆逰ֵסג 
 ٤榟䡗曍ٞع٭ٖؼٚعط
< 5 × 10−9

ք♞㲊օ ⹚䑴了ꪫ犉 
N(n,n)N  mb 

Al(n,t)Mg  mb 
ꄆ姡ױ⻠מ⸉㯸劬 (D, O)  ס⹚䑴了ꪫ犉 ˟ 0.5 b 䇖㏯舅榺车爊 25cm
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劬⮆逰ס٤ٚؗ
§34.  原子核分裂 277 

である． 99.27% を占める 2seu は＊），遅い中性子では核分裂を起こさ
是け

たfこし灼々 1 M e V 以上の速い中
性子によっては核分裂を起こす（図 179).

な；；、中性子による分裂生成物は，図 172 の

質盈分布が示
すように真二つに割れる確率は

少fょ<,
非対称の質量分布を示す．

分裂破片は一般に中性子過剰である
ので，

次々 t--.,. 

また分裂に際して，何個かの中性子が放出さ

れることも碓かめられた． この事実は，後述
する核分裂の連鎖反応の見地からきわめて重

要である． 1回の核分裂によって解放される

‘り 200MeVのエネルギーのにない手を表 18 図 172 遅い中性子による 2 s 5 u の
＂ 分裂生成物の質量分布
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に示した．
表 18 遅い中性子による 2S5 U の核分裂エネルギーの平均的な配分

分裂破片の運動ニネルギー (A-96, A-140) 
分裂中性子の運動ニネルギー (2 "-'3個）
即発の r線エネルギー ( - 5本）
分裂生成物からのB線のニネルギー ( - 7 本）
分裂生成物からの r線のニネルギー ("-' 7 本）
分裂生成物からのニュートリノ のエネルギー
核分裂の全ニネルギー

165士5 M e V
5土0.5
6土 1
8土1. 5  
6土1
12土2.5

202土6 M e V

核分裂片からすぐ飛び出して くる中性子のエネルギースペクトル lu(E) は，

s  32. 5で述ぺた蒸発現象として考えることができるが，分裂片自身が大きな運
動エネルギーをもって走っていることを考慮しなければならない結局エネルギ
ースペクトルは，半経験的な式

/n(E)d E= const (34. 1) 
rょ
1... ってよく再現される（図 173). ここでエネルギー E の単位は M e V . 中性
子の平均ェネルギーは l M e V 程度となる．
＊） このほかに 2uu が 0.0057% 存在する．
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ースペクトルは，半経験的な式

/n(E)d E= const (34. 1) 
rょ
1... ってよく再現される（図 173). ここでエネルギー E の単位は M e V . 中性
子の平均ェネルギーは l M e V 程度となる．
＊） このほかに 2uu が 0.0057% 存在する．

⪙儒宨魋ւ⸉㯸劬擻杼㰢փ

●  
●䇖㏯2.5⠕סⷉ氦╈䓪㯸䷑⭳ 
●硜200 MeV ٭؟ٜؾؙס䷑⭳ 
●⭳ⱱ 10MW ס⸉㯸愿עך夵熮  ㍑ס劬⮆逰 
●榟䡗曍  יזֵך夵熮   ⠕٤ֿٞع٭ٖؼٚعطס榟䡗

n + 235U → AZ + A′ Z′ + xn

10 × 106/(200 × 106 × 1.6 × 10−19) = 3 × 1017

10−9

108
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Ⅱ．分裂する原子核と変化する形

1．二つの原子核への断裂まで
一つの重い原子核が二つに分裂する過程を取扱う理論
は種々ある。中性子などが入射して励起しほぼ平衡に達
した原子核を複合核と言うが，まずこの複

・
合
・
核
・
の
・
か
・
た
・
ち
・

の時間変化を，摩擦のある確率過程に応用できるよう拡
張されたニュートンの運動方程式(ランジュバン方程式)
で計算することを考えよう。この方法1)では経過する時
間の各点で状態が熱平衡になるものと仮定する。量子分
子動力学法を用いた千葉の試算では，核分裂過程の時間
スケールである 10-(20～21) 秒と比べると非常に短い時間
(3～3010-24 秒)で原子核内部の核子運動が熱平衡に至
ることがわかっている。図 1は 235U に熱中性子が入射
して形成される複合核 236U が 3 次元ポテンシャル上で
伸び縮みを繰り返しながら核分裂に至る様子を示してい
る。ポテンシャル面は三次元濃淡図で描かれておりポテ
ンシャル面上の太い実線はランジュバン法で得られた核
分裂に至る道筋である。道筋の要所々に示した白抜きの
瓢箪は対応する座標点での原子核のかたちを表してい
る。図 1の道筋に注目すると，基底状態近傍の始状態か
ら断裂に至るまでにポテンシャルの低い場所を彷徨いな
がら最終的に谷筋に沿った経路をたどっている。
ここで紹介したランジュバン法は原子核を構成する
個々の核子の動きは考えず，原子核の形状のみを変数と
する非常にシンプルな理論である。にも関わらず，パラ
メータ調整を必要とせずにアクチナイド領域のさまざま
な核分裂片(核分裂直後の二つの原子核)の質量数や全運

動エネルギーの実験的な性質を精度良く再現できる。そ
の為，実験による測定が困難な核種での核分裂の性質の
予言が期待できるのである。最後に，原子核のようなミ
クロな世界を支配する量子効果，すなわち殻構造と対相
関はこの計算にも合理的に取り込まれていることは強調
しておく必要がある。そもそも量子力学に依らずして図
1のようなポテンシャル面は計算できない。

2．断裂後の経緯―即発中性子放出―
複合核が二つの原子核に断裂した後は，｢即発中性子，
即発ガンマ線，遅発中性子，遅発ガンマ線などを放出し
ながら安定な原子核に至るまで壊変を繰り返していく｣
というのは教科書にも載っている通りである。しかしな
がら核分裂中性子の 99 ％以上を占める即発中性子が｢ど
んなタイミングで，どこから｣放出されるのか，という点
は今も未解明の難しい問題なのだ。この謎を解明すべ
く，筆者らはランジュバン法とは別に，個々の核子自由
度を微視的に取扱える反対称化動力学模型(AMD 法2))
を用いた核分裂の研究も行っている。AMD法は微視的
模型とも呼ばれ，軽～中重核の核反応と核構造の両方で
成功を収めてきた純日本産の原子核理論である。図 2で
は AMD 法による複合核 236U の核分裂の様子を並べて
ある。
図 2では基底状態にある原子核①に時間の経過に伴っ
てネックが形成され②，複合核は③，④，⑤と伸び縮み
を繰り返しながら断裂⑥に至り，断裂直後の核分裂片か
ら即発中性子が放出される様子⑦，⑧が核子密度の核子
密度の高低を濃淡で示した図で表されている。ここで
ネック断裂の直後⑥から即発中性子放出⑦までのタイム
スケールを見ると約 100 fm/c つまり 3.3310-22 秒であ
る(fm/c は原子核・素粒子分野でよく使われる時間単
位)。複合核形成から断裂に至るまでのタイムスケール
が 10-(20～21) 秒であることを思い出すと断裂から大変短
い時間で即発中性子放出が起き得ることが筆者らの研究
で分かってきた。
話を即発中性子の謎に戻そう。即発中性子の放出機構

( 26 ) 日本原子力学会誌，Vol.62，No.9 (2020)

500

図 1 二中心模型によるポテンシャル面の様子と，ポテンシャ
ル面上での 4 次元ランジュバン法による核分裂軌道の様
子。図中に現れない残る 2つの二中心模型の変数で最小化
した 3D ポテンシャル面および軌道上の形状は各々共同研
究者のMark Usang 氏，張旋氏にご提供いただいた。

図 2 AMD 法による 236U の核分裂の様子。ネックの断裂直
後に励起した核分裂片の表面から即発中性子が放出されて
いる。AMDの計算結果は共同研究者の陳敬徳氏からご提
供いただいた。

䢴䢷䢯䢴䢻䣡䣸䣱䣮䢸䢴䣡䢲䢻䢯䣅䣡ゎㄝ䣡䣒䣍䢰䣵䣯䣦䢢䢢䣒䣣䣩䣧䢢䢶 䢴䢲䢱䢲䢺䢱䢲䢹䢢䢳䢳䢼䢴䢹䢢䢢䣸䢵䢰䢸䢲

る。例えば AMD 法で時間発展を頑張ったとしても
ネック断裂直後までが限界であり，そこから 10 桁以上
も時間を隔てた E崩壊を記述するには別途それに適し
た理論につなぐ必要がある。ありがたいことに核分裂障
壁を超えてから準静的な状態になるまでのタイムスケー
ルは 10-21 秒のオーダーと非常に短い。そのため断裂直
後から先は統計模型と呼ばれる強力な理論モデル計算に
つなぐことができるのだ。実際に筆者らの研究グループ
では，即発中性子放出や遅発中性子放出については，ラ
ンジュバン法の計算結果を統計模型の王道とも言うべき
Hauser-Feshbach 法3)につなげて計算を行なっている。
ただしネック断裂から先の詳細は｢分裂する原子核の形
を追う｣という本稿のテーマから逸れるため割愛する。

Ⅲ．分裂した原子核の形
前章では核分裂過程の進み方を断裂に至るまでの原子
核の形に着目して解説した。本章では断裂直後の原子核
つまり核分裂片の形について述べる。本稿の冒頭で触れ
たように，ウランの中性子誘起核分裂では即発中性子放
出後の核分裂生成物の収量分布(独立収率)が核分裂片の
質量数の関数として二山構造を持つことが広く知られて
いる。この二山構造は原子核の魔法数で決まる重い核分
裂片の山と，そのペアである軽い核分裂片の山から成
る。軽いほうの山のピーク位置は複合核の総質量数から

重いほうの山のピーク位置を除いたおつりとして決まる
ため，ウランの中性子誘起核分裂の独立収率で本質的な
のは重いほうの山のピーク位置である。さてウランの重
い山の平均ピーク位置は二重魔法数 132(陽子数 Z50，
中性子数 N82)から少し離れた質量数 140 近傍に来る
ことを思い出していただきたい。
ウランの重い核分裂片の平均質量数 140 の内訳を見る
と，陽子数 Z54 のキセノン(Xe)を中心に Z52～56
のような陽子魔法数 Z50 から少しだけずれた元素が
ピークを形成することが実験的に知られている。一方で
二重魔法数より少しだけ陽子数や中性子数の多い領域
(質量数A140～150，陽子数 Z52～56，中性子数N

84～88)では，基底状態が変形していることが近年の実
験や理論4)で明らかになってきた。
図 6では，ランジュバン法で計算した熱中性子誘起

235U 核分裂における核分裂片の楕円変形度分布Q20(A)
を質量数の関数として示した。原子核の変形は，大まか
に Q20 と洋梨型のくびれ具合(八重極変形)を表す Q30
で表現できる。後者はとりあえず洋梨型変形度と呼ぼ
う。ランジュバン法で複合核 236U の断裂直後の Q20 や
Q30 を調べると，楕円変形度Q20 は図 6 のように核分裂
片の質量数に強く依存した分布を示すのに対し，洋梨型
変形度 Q30 は質量数に依らずほぼ一定(Q302)である。
蛇足だが，ランジュバン法で得られたQ30 の値は実験や

( 28 ) 日本原子力学会誌，Vol.62，No.9 (2020)
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図 5 中性子入射核分裂の時系列をまとめた模式図。参考までに時間軸は 1 fm/c3.335610-24 秒で読替えられる。

図 6 複合核 236U(左)と 306122(右)における核分裂片の楕円変形度Q20 の様子。

溍㖚 湳꺜㯸, ⶉ蜗 ䷧ ր劬⮆逰ס杼鑜溿狒僃⯥稗 ⮆逰⸉㯸劬ס㚺䎬鴑יזց 仼儖⸉㯸ⱱ㰢⚡鎾ATOMOΣ 䄢 (2020) 9⺘ https://doi.org/./jaesjb.._
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Figure 1.6.6.: Measured and predicted yields of ternary particles from 235U(nth,f). See caption of
figure 1.6.1 for details.

allow a direct monitoring of the experimental conditions. Any electronic artifacts or instabilities
of the separator can be easily detected. On the other hand, if the separator is set to A/q < 2,
only fully stripped neutron-deficient isotopes can pass and no other isobars are available which
would allow a monitoring of the intensity. Set to A/q = 2 for detection of N = Z nuclei, a high
background of scattered stable nuclides 12C, 14N and 16O is present, especially at lower energies.
Moreover, from trajectory calculations it is expected that neutron-deficient nuclei have very high
average kinetic energies which would require voltages well beyond the maximum settings of the
LOHENGRIN condenser. Thus, only the low-energy tail of the energy distribution can be probed
and one has to rely on the predicted energy distribution to deduce a yield. To deduce the upper
limits, an unfavorably high average kinetic energy was assumed in accordance with the trajectory
calculations of ref. [Bau92b, Bou94].

A dedicated set-up with a thick energy degrader foil mounted in front of the target to match the
kinetic energy to the high-energy limit of the LOHENGRIN spectrometer would allow an increase
of the sensitivity by at least one order of magnitude.

3He

Several older measurements gave upper limits for the fission yield of 3He [Weg61, Cos67, Whe67,
Kug72, Vor72, Vor75], see table 1.6.1. Only in ref. [Cam69] a high yield for 3He from 233U(n,f)
was reported: about 1.8 % of the LRA yield. However, this measurement was done with a simple
∆E-Eres telescope without additional particle separation. The alleged “3He events” are clearly
due to scattered alphas which show up on the ∆E-Eres plot in the “3He banana” (see figure 4 in
[Cam69]).

With the present work the upper limits for the yield of 3He from 235U(nth,f) and 233U(nth,f) could
be confirmed and improved by a factor six in the latter case. Also for 245Cm(nth,f) an upper limit
could be given.
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~2×10-3 /fission

~2×10-7 /fission

~2×10-10 /fission

Ulli Köster, Ph.D thesis, 
“Ausbeuten und Spektroskopie radioaktiver Isotope  
bei LOHENGRIN und ISOLDE” 
https://mediatum.ub.tum.de/doc/602843/document.pdf
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Fig. 2 Mass distribution of
ternary particle and binary
fragments in the 249Cf(nth, f)
and 235U(nth, f) reactions as a
function of fragment mass. The
shell model explains the two
hump distribution with
enhanced yields for masses
around A =80 – 110 and
A =120–140. The left side of
the figure shows the yields of
lighter third fragments in
coincidence with two binary
fission fragments, for two
systems as indicated, from
Ref. [12]

“The Nuclear Fission Process” [11], covering all important
aspects of this process. The fact which dominates the mass-
distributions of the fission fragments are the shell effects for
the nuclei with the charges Z = 20, 28, 50, and the neutron
numbers with N = 20, 28, 50 and 82. Thus the mass distri-
bution of binary fission is asymmetric as shown in Fig. 2.

In addition this figure (from Ref. [12]) shows the yield
for light fragments with masses from A = 4 up to A = 30,
observed in coincidence with binary fission channels. These
are typically emitted perpendicular to the fission axis, deter-
mined by the velocity vectors of the two heavy fragments.
These events usually have been defined as “ a ternary fis-
sion” [12]. The “true ternary fission” of heavy nuclei dis-
cussed in the present survey, has been predicted many times
in theoretical works since the early 1950–60’-ties, a decay
with an increasing probability for increasing total charge of
the nuclei.

2 Binary and ternary fission

2.1 General considerations, shell effects,
hyper-deformation, sequential decay

Fission involves a rearrangement of nucleons in a collective
macroscopic motion (evolution in shapes) towards an elon-
gated, deformed structure with energies dominated by the
liquid drop aspects and the quantal properties of nuclei, the
shell effects. These aspects have been described earlier, as
an example we cite the work of Swiatecki [13] and of Diehl
and Greiner [14]. In the first it has been indicated that apart

of binary decays, ternary (and multiple) decays are ener-
getically possible in heavy nuclei. The probability for the
decay depends on the barriers for the individual combina-
tions of fragments and on the phase space in these decays.
Quite important is the variation of fission properties in depen-
dence on the total mass and charge of the fissioning nucleus
and the appearance of shells, particularly for protons. For
the heavier nuclei the fission decay may become the domi-
nant decay channel. As already mentioned an important step
for the understanding of the fission process is the appear-
ance of shell structures in heavy deformed nuclei, as intro-
duced by Strutinsky [8,9]. This very unique approach has
been essential for nuclear structure studies by describing the
super- and hyper-deformed shapes. Further super- and hyper-
deformation played an important role in the more recent
studies in γ -spectroscopy of high spin states [15]. In a
different domain of nuclear masses a manifestation of the
large hyper-deformed configurations in lighter nuclei [16]
is observed due to clustering in nuclei with N = Z , and
N = 2 × Z observed with α-clustering for high values
of the angular momentum. As an example, in the study
of binary decays of highly excited 56Ni - nuclei at high
spin, ternary decays from hyper-deformed excited compound
nuclear states have been reported.

The hyper-deformed configurations at low spin show
important manifestations with the occurrence of fission iso-
mers [17–19], which have been studied extensively 40 years
ago [20–22]. Thus it appears that the ternary decay passes
through hyper-deformed shapes of the fissioning nucleus (see
Fig. 3).

123

F. Gönnenwein, Nucl. Phys. A 734, 213 (2004) 
W. von Oertzen, A.K. Nasirov, Eur. Phys. J. 56, 299 (2020)
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Η tetraneutron beamline 
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cf. 新居氏のスライド
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●鲣䇗٤ٞع٭ٖؼٚعط (n) ס氦釤ס㕔⼔ֿ注域ַַך 
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