an,-1 TUNL-Preliminary Draft 1129/2022 ony-1

Adopted Levels

In the following discussion, the notatidim will be used to represent a possible bound or resonant atdteir neutrons and will be
called a tetraneutron. A thorough review on the quest fatadisring®n andn systems is found i2021Ma23 The A=4
evaluations 1968Me031973Fi041992Ti02 all contain some discussion 8h. See als®004Gr03 It is expected that the ground
state of the tetraneutron, either bound or resonant, woaNé F=0* and T=2; see 1980Be222003Pi092016Hi03, for example.
Calculations reported i2003Pi09suggest that the tetraneutron might look “...like two wydséparated dineutrons.” Clustering into
two dineutrons seems to be expected; see (Lashko and Riliptys Atomic Nuclei 71, 209 (2008)) and references thergiso
see2003Be46 2005La27 and figures 3 and 4 and discussion2i0il7Gal0

The fact that the deca§He—*He+*n does not occur requires that the binding energ§robe no more than 3.1 MeV, using the
mass tabl2021Wal6 See references ih992Ti02 An argument is presented in (Vlasov and Samoilov, Atomiergy 17, 687
(1964)) that, because the binding energy of the proton aviegreases when two neutrons are added to a nucleus, it Gs#ilybe
to have a*n bound state. This argument is reference@003Be06

As shown in the experimental articles cited below, mostcess for evidence dfn states, using a variety offtiérent methods,
have yielded negative results. However2@02Ma21 studying the decay of*Be to 1°Be plus four neutrons, six events were
observed that were interpreted as evidence of the emis$iarbound tetraneutron. Referring 2802Ma21 the author 02003Ti03
writes, “...the breakup?Be—1%Be+*n represents one of the best possible tools to search foraméeitron.” This is becauséBe
consists of four loosely bound valence neutrons afBBe core. A similar argument can be made abftiie as a*He core plus a
tetraneutron; see2005Ma972016Sh3%. A theoretical study of proton-tetraneutron elastic ratg reported irR004Sh09cast
doubt on the tetraneutron interpretation of results reubih 2002Ma21

In 2010Ni1Q the “H spectrum from the reactiofH(®He 2He)'H was measured by observing thide and the®H from the decay
of 7H. It was found that the curve that best fit the obserUddspectrum was that of a two body decay’H+*n — thus giving

indirect evidence of the existence of the tetraneutron.
As reported in2016Ki01, evidence of a resonafih state at about 0.8 MeV above the four free-neutron enerty avividth not

more than 2.6 MeV was observed in the missing mass spectrutre HeHe 8BeY'n reaction. In2017Th03 Thoennessen
considers this to be the experiment in which the 4n resonenfiest observed. For more on this result, see (Bertulanikaitho,
Nature 532, 448 (2016)). A set of follow-up measurementsgenway to confirm th016Ki01 observations.

The first new result ir2022Du08 reports an E (4n)=2.4 MeV 6 resonance witi'~1.75 MeV, in fair agreement witB016Ki01
The experiment from RIKEN used tHéd(8He, ) reaction to obtain thén system missing mass spectrum, but with improved
statistical significance. The progress report for a secaER experiment using théH(8He,2pY H—t+*n reaction is found in

2021Hu28
An additional result fron2022Fa0lsuggests a bounth state produced in th&Li(”Li,1°C" (3354)f'n reaction. The interpretation

of a peak located between the ground- and first-excitedssaft®’C on the spectrograph focal plane is novel, but a number of
systematic questions prevent adoption of this botmdevel without additional support. See al2620Yu05

Theory:

In 1963Ar06 the authors discuss possibleT states in A4 nuclei, including®n; see also1963Sc351964G025 and (von Hippel
and Divakaran, Phys Rev Lett 12, 128 (1964)) for similar alsions.

A variational calculation ofn as a pair ofn with semi-realistic NN interaction was reportedlii65Tal4 It was found that no
bound or resonarfin state is produced. A similar calculation using the resngagroup approach was reportedi870Th12with
the same result. I2003Be46“n was modeled as a molecule of a pair of weakly bofimdA variational calculation concluded that
it is unlikely to have a bound state. No search was made fos@enemnce. Somewhat along the same line, the study reported in
(Lashko and Filippov, Phys of Atomic Nuclei, 71, 209 (2008])the two clusters 2a2n and 3r-n has the potential of giving #n

resonance.
Shell model calculations reported 1980Be22 using interactions that reproduce the binding energiedofH and“He, predict

“n to be a 0 state that is unbound by about 18 MeV.

In 1981Ji02 a four-body hyperspherical basis approach was used tetiga¢e ther* +*He—n* + 4n(4p) reactions; the four
nucleons were found to have total orbital momentugOLand the final state interactions were described as signifién
2003Ti03 the author used the hyperspherical function method arlistieaNN interactions and found that a boufd state doesi

exist.
Studies of 3n and 4n systems using Jost functions in the @mpbmentum plane were reported1i897So027 For physically

reasonable two-body interactions, no true bound statessmnances were found, but the authors report finding a ssbtbid
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resonance implying that #n resonance could occur inside a nucleus, for example. Tdatitm of the subthreshold resonance
depends strongly on the interaction used. A somewhat siilamore detailed study is reported 2005La27 using
Faddeev-Yakubovsky equations with similar results. Interlatudy, the same groug@16Hi03and Carbonell et al, Few-Boby Syst
58, 67 (2017)) added a=B3/2 NNN into the 4n system and found that such an interactionldvbave to be unphysically strong to
produce a narron resonance. Following the report of a resonanc20h6Ki01, the parameters of th2016Hi03model were
adjusted by2017Lallin an attempt to reproduce the results; no physically plalessolution was found leading to the conclusion,
“any enhancement of the reaction cross section involvingn4he final state should have an alternative dynamical esgpian”.

A four-body complex scaling method was utilized B§O3Ar18in a study of*N, °H and®He. No realistic NN force leading to a
bound or resonarfin state could be found.

Greeris Function Monte Carlo calculations are reporte@@®3Pi09with realistic NN and NNN interactions, but did not produce a
bound“*n. The author also found that modifications in NN interactitinat might lead to a bourfth would have major féects on
models of other nuclei, thus adding more evidence agaiesexistence of 4n bound state.

In 2006Si33 the *n system was explored by developing a four-fermion systeth short-range pairwise potentials. A bound
system could be found using unrealistic potentials, whiaeely-unbound system was slightly less problematic.

The authors 0R016Sh35using a modified no core shell model with the JISP16 NN imttva (see Shirokov, et al., Phys Lett B
644, 33(2007)), obtained a 4n resonance near 0.8 MeV withdéhvaif about 1.4 MeV.

In 2017Gal0the authors report studies of two, three and four neutrstesys using quantum Monte Carlo methods with.®
effective field theory interactions to look for resonances.ngsivo diferent approaches, they obtainedraresonance at 2.1 MeV
2 by one method and 2.0 MeW0 by the other. There is no mention of the width of the resonaibeir model predicts the
resonance energy for a trineutron state is lower than th#teofetraneutron.

Using the no-core Gamow shell model (NCGSM) and a densityirgtoup approach with continuum states in both models and a
variety of realistic two-body interactions, the authors26fl7Fol3obtained resonance energies around 7.3 MeV and widths about
3.7 MeV. A later NCGSM study ir2019Li50using a larger model space took both internucleon coroglatand continuum
coupling into account and found a resonance energy aro?dNeV and width near 2.38 MeV. Their model predicts the
resonance energy for a trineutron state is lower than th#teofetraneutron.

An approach using exact-continuum equations for tramsitiperators, initially developed by (Grassberger snd SasydWucl. Phys.

B 2 (1967) 181), was utilized i2018De24 2019De27to investigate the dependence mmforce strength. No resonant behavior
was found for reasonable strength.

In 2020Hi09 2021Hi04 the 3- and 4-neutron systems were analyzed using adiaigigrspherical methods to analyzed the
long-range behavior of the adiabatic potentials. No supfmra resonance was found; howevep & dependence was found
suggesting an increase in the density of low-energy countingtates that the authors suggest is a generalized comseqok
Efimov physics. This phenomena is suggested as the origineoémhancement observed 2916Ki01

See other studies ih968Ba481977Ba471981Ka391988In041989Gul161989G018

Positive experimental results: (Seereaction data sets).

Negative experimental results:

2H(BHeSLi)4n:

2004W010,2005B109: 8He nuclei were produced by the SPIRAL facility at GANIL B$C fragmentation and accelerated to 120
MeV and focused on a GDtarget. The observed spectrum was fairly well represenyetid three body?Li-nn-nn simulation but
also showed some structure at about 2.5 MeV above the fouramethreshold. Some structure was also seen in the negative
energy region which could correspond to a bodndbut might be a backgroundfect. The author comments that statistical

uncertainties did not allow for firm conclusions. See &803Wo013 2004Wo010
2007F0ZY: 8He nuclei were produced at the GANIL-SPIRAL facility BYC fragmentation and accelerated to 122 MeV and

focused on a deuterated target. The observed 4n missingspaessum showed no evidence of a bodndsystem, but did show
evidence of correlations between the four unbound neutasrtsvo n-n pairs.

He(x™ 7")4n:

1965Gi10: E(r~) was 176 MeV at the CERN 600 MeV synchrocyclotron. The outgai* spectrum was obtained with no
evidence of tetraneutrons.

1967K a20, 1968K a35: E(r~) was 140 MeV from the Lawrence Radiation Laboratory cycioirThe outgoingr* spectrum was
measured with no evidence of a tetraneutron. An upper bouanits@roduction was obtained. A report 1981PeZUfound issues
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with the overall cross section scale reportedl®$8Ka35 but did not contradict the non-observation ofraresonance.
1984Un02: E(n~) was 165 MeV at Los Alamos meson physics facility. The ouigai™ momentum spectrum was measured at 0
No evidence of tetraneutrons was found; phase space résubi®ed two 2n pairs outgoing. See alk®86Ke20
1986Ki20: The pion energies used were 180 and 240 MeV from Los Alamo®mpeBysics facility ; no mention is made of
tetraneutrons.
1989Go17: The pion energy at TRIUMF was 80 MeV and the outgoirfgwere observed at lab angles betweef &ad 130. A
search was made in the 0 to 3 MeV region where evidence ohtiteons might be expected, but no evidence was found.
2005Ki20: For Er)=180, 240 MeV and scattering angles fronf26 130, the diferential cross section was measured at Los
Alamos pion facility. No evidence of tetraneutron prodaotiwas seen.

"Li("Li,0C)4n:

1974Ce06: E("Li)=79.6 MeV at Lawrence Berkeley laboratory, the outgolfg spectrum showed no indication of tetraneutron
production.

1988A111,2005A115: E(“Li)=82 MeV at the Russian Research Centre Kurchatov Instithéeptitgoing!°C energy spectrum was
reproduced by a five particle phase space. There were natiatis of tetraneutron production.

7Li(11B,140), ?°Be(®Be,10), "Li(°Be,12N)4n:

1986Bed4,1986Be54,1987BeY J,1987B040,1988Be02: In each of these reactions using heavy ion beams from theOk@€otron at
Dubna, the authors compared the observed outgoing paspeletrum with a five particle phase space calculation andnsaw
evidence of the existence of tetraneutron states.

N(n,n)I"N, 27A1(%n,3H), (*n,*HNN)2Mg;

1963Sc35: Using fission fuel elements at Argonne National Laborattrg, authors irradiated ££14N4 samples and looked for
evidence oft’N decay resulting frord*N(*n,n)l’N. They also irradiated an Al sample and looked for eviderfc@mlg decay
resulting from eithe?”Al(“n,2H)28Mg or 27Al(*n,pnn¥8Mg. Observing eithet’N or 28Mg decay would give evidence of the
existence of'n as a fission product. No such evidence was found.

nay(d,4n)X:

1965Ci01: The reactiond“N(*n,n), 180(*n,t), 28Mg(*n,2n), 1%3Rh(*n,2n), 299Bi(*n,n), 209Bi(“*n,2n) were investigated following
bombardment of natural uranium with 50 MeV deuterons at$tahe cyclotron looking for evidence for the production of
tetraneutrons. No evidence was found.

103Rh(n,4n)199RN, 209Bj(n,4n)20%B;:

1952Su10: Using 16 MeV deuterons from the University of Pittsburghloyon, the authors obtained fast neutrons frée(d,n)
that interacted witH%3Rh and2%9Bi targets. They found no activity froftP°Rh or296Bj to suggest that tetraneutrons might have
been produced by eithéP3Rh(n,4nf%°Rh or299Bi(n,4nY9Bi.

130Te(3He 4n)X:
1980De36: A 130Te target was irradiated with a 44 MedHe beam from the AVF cyclotron of the Free University of Ammeam.
If “n bound states were produced, then the reaciiSfe(*n,2n):32Te should occur. No evidence &#2Te production was found.
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4n Levels

Cross Reference (XREF) Flags

A HEHep) D TL(L, %)
B 2HCHeHet) E  C(“*Bel%Be),CEHe/He)
C  “*He@He?®Be)

E(level) J r Erel(4n) (MeV) XREF Comments

0 0" 1.75MeV37 2.3760 ABCDE XREF: B(?)D(?)E(?).

E(level)I": From Eg((4n)=2.37+0.38(statx0.44(sys) MeV
(2022Du03g. A result with significantly lower statistics was
interpreted as Bf)e=0.83:0.65(staty:-1.25(sys) MeV
(2016Ki01). andI'=1.75£0.22(stat:0.30(sys) MeV.

The theoretical analysis supporting a tetraneutron statbis
vicinity is somewhat uneasy; the ab initio no-core shell glod
approaches i2016Sh35and 2019Li50and the quantum Monte
Carlo approach o2017Gal0are the only models known to
predict a tetraneutron resonance near the reported energy.
However, the models d2017Gal0and2019Li50indicate
trineutron resonances at even shallower energies than the
tetraneutron state, which would make them observablegdimere
is so far no evidence for a trineutron resonance, the rétialoif
these models require further experimental support. Other
theoretical models fail to produce a tetraneutron resanaear
the reported energy region.
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IH(BHepa)  2022Du08

2022Du08 XUNDL dataset compiled by TUNL (2022).
The authors searched for evidence of tetraneutron resesdncanalyzing the missing mass spectrum of quasi-el2dg¢p,pr)*n

reactions.
A 156 MeV/nucleon8He beam from the RIKEMBigRIPS fragment separator impinged on a 5 cm thick liquidrbgen target that

was positioned at the SAMURAI spectrometer target posititiiree planes of position sensitive Si detectors providatigbe
identification and trajectory information for scatteredtons and*He ejectiles resulting from quasi-elastic knockout reaj
additional information from the SAMURAI focal plane deténed the proton andHe momenta so that the missing-mass spectrum
could be deduced. A relatively low yield of 422-fHe events and lowféciency for detecting neutrons prevented implimentation
of a p+r*He+4n exclusive event coincidence requirement.

The deduced missing mass spectrum has two dominant comgomedrEe(4n)=2.370.38(stat:0.44(sys) MeV, a
I'=1.75:0.22(stat}0.30(sys) MeV peak is observed that is associated with anuntb4n resonance. At higher energies a broad
20-30 MeV group is observed that is associated with a nooRae®, direct four-body decay to the continuum. No furthenciure
is observed in the spectrum.

The authors compared their results with a prior report @f(#1)=0.83£0.65(stat:1.25(sys) MeV and'<2.6 MeV by 016Ki01)
along with various theoretical predictions. It is perhapgssing that the suggested observation of a 420 keV bounslydtem
reported by 2022Fa0) was not mentioned; the missing mass spectrum obtaineckiprésent quasi-elastic knockout reaction
approach should be sensitive to bound and unbound statespsitagion of such a state should be observable, but the stegbe
state could not be found in the present work.

“n Levels

E(level) r Erel(4n) (MeV) Comments

0 1.75 MeV37 2.3760 E(level)I": From Eg((4n)=2.37+0.38(statx0.44(sys) MeV and
I'=1.75:0.22(statx0.30(sys) MeV.
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2H(®HeS3Het)  2010NiZT,2010Ni10

The authors were searching for evidence fstates using thdH(EHe 3He)'H—t+4n reaction at B{He)=42 MeV/nucleon at the
Center for Nuclear Study at the University of Tokyo. The excitation spectrum was determined from kinematic arnslgtthe
residual®He and the’H produced in the decay dH.

The "H excitation spectrum was compared to phase space curvesiasseither 5 body final stat€Hl+4 neutrons), 3 body final
state H+2 di-neutrons) or 2 body final statéH-+tetraneutron). The curve best representing the obsengat&specially at lower
"H excitation energy, was the 2 body curve, thus giving irdievidence for the existence of tetraneutrons.

4n Levels

E(level)
0?
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‘He(®HefBe)  2016Ki01

A beam of 186 MeYhucleonBHe ions, produced by fragmentation of20 beam in a berylium target at the RIKEBIgRIPS
facility, impinged on a 136 mign? liquid He target located at the SHARAQ-SO target positiohe #Be reaction products decayed
into 2« particles; events within the 8 mrad acceptan2e0{) of the spectrometer were momentum analyzed and detectée at
focal plane using cathode-readout drift chambers thatveda projectiles separated by at least 5mm. A measurement of the
Time-of-Flight through the spectrometer on an event-bgrébasis permitted characterization of the reaction katés that
permitted 1.2 MeV energy resolution in the missing massgnegsolution. There was an additional 1.25 MeV systematic
uncertainty in the reconstructed energy.

The present reaction was selected since it can productntbgstem “at an almost recoilless condition that is cruagalgfopulating
very weakly bound systems (states).” Two components arerebd in the missing mass spectrum: a relatively narrow patk
four counts located in the<E4n<2 MeV region ¢-=3.8 nb+29-18), and a broad continuum extending abovg:2 MeV. The
analysis found that the lower peak appears to involve 8Big(J7=0") in the final state, while the continuum region involves both
8Be(J"=0") and®Be(J"=2"). Furthermore, the analysis is consistent with 4-body yleeher than decay to a pair of dineutrons.

4n Levels

E(level) J r Comments

0 0" <2.6 MeV E(level): from Efn)ei=0.83:0.65(staty:-1.25(sys) MeV.
0=3.8 nb+29-18.
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7Li("Li,1%C)  2022Fa01

2022Fa01 XUNDL dataset compiled by TUNL (2022).

The authors searched for evidence of the tetraneutronmsyssing the’Li(”Li,1°C)*n 3-proton pickup reaction.

A beam of 46 MeV’Li*3 ions from the Garching Tandem accelerator impinged on 99f6hed 100ug/cm? “Li»O vapor
deposition layer targets that were formed on@fcm? carbon foil backings. Th&%C reaction products were momentum analyzed
using a Q3D magnetic spectrograph that was position@eat’, covered an angular range of 6 9.5 and had an acceptance
of ~9 msr. The spectrograph focal plane detectors utilized glesiwire proportional counter and an array of 10 mm wide add 3
mm high PIN Si detectors to obta#?C particle-identification and focal plane position infotina.

Due to the hygroscopic character of,O deposits, non-negligible amounts 0f® and CQ were expected in the targets; in fact
effective thicknesses near 2@@/cn? were measured indicating the presence of target contaiminakhe kinematics for
6Li(7Li,19C)3n(phase-spaceiLi(’Li, 19C)4n(phase-spacelLi(’Li, 19C)*n, 12C(’Li, 1°C)°Li, 1%0(’Li,1°C)13B and
170("Li,19C)14B were considered in analyzing the focal plane data.

The measured®C energy spectrum included two prominent groups at 20.84 [@¥nd 22.84 MeV5. The widths are reported as
0=0.24 MeV 9 and 0.39 MeVs5 for the EAOC)= 20.84 and 22.84 MeV groups, respectively, and these valgesamsistent with
the systematic energy spread induced by reactionsfiareint depths in the target. While the 22.84 MeV peak cormedpdo the
expected location of®0("Li,10C)13B events, the 20.84 MeV group could only be associated wigh'thi( ’Li, 1°C)*n reaction, but
the description is complex.

The 20.84 MeV group corresponds to an excitation energy 28 RleV above the 4-neutreﬁ°Cg,s, threshold; it also falls below
the 4-neutrorl®C*(3354 keV) first excited state threshold. The authors dedir(FWHM)<0.24 MeV for the 20.84 MeV group,
and they argue that such a narrow width is unreasonable farstate that is unbound by 2.93 MeV. The authors explain their
observations as #n state bound by 0.42 MeV produced with fH€*(3354 keV) first excited state.

To test their results, they repeated the measurement watiQD spectrograph set t&=5°. The reaction kinematics at this angle
moved the two groups closer, as expected, and supportedtdrerietation involving a bound tetraneutron.

Lastly they compare their results with the previdus(’Li, 19C) studies of {974Ce06 E("Li=79.6 MeV)) and 2005AI15
E("Li=79.6 MeV)), which reported no evidence for tetraneutroneolmtion. They suggest that the low energy utilized in the
present study, E(i=46 MeV)), was key to the increased production.

4n Levels

E(level) r Erei(4n) (MeV) Comments

0? <0.24 MeV -0.4216 E(level): The negative relative energy implies a bodndsystem.
Decay mode not specified.
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C(**Be19Be),C(8He*He)  2002M a21,20030r 05,2005M aZ Z

2002Ma21 The 1°Be plus 4 neutron breakup events, resulting fronf'Bé)=35 MeV/nucleon bombardement of a C target at
GANIL, were were analyzed i2002Ma21 The authors obtained a few events which could be interprasebound tetraneutrons
with a lifetime of at least 100 ns.

20030r052005MazZ Additional discussion is presented of the results rejpbite2002Ma21

Bouchat, PhD Thesis, 2005, Universite Librede Bruxelles: A similar experiment was done using a 15 Me\cleon®He beam.
Preliminary results were that 18 events of possible tetrsioe production were observed.

Marques, Few Body Syst 44, 269 (2008): The author presents additional discussion of the expetsrdincussed i2002Ma2land
(Bouchat, PhD Thesis, 2005, Universite Libre de Bruxelles)

4n Levels

E(level)
0?
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