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Experimental resultsExperimental results
In one plus year after irradiation complete: counting of In one plus year after irradiation complete: counting of TbTb big big 
sample with sample with HPGeHPGe spectrometer (spectrometer (GC 2019GC 2019 detector)detector)
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Experimental results Experimental results ––
background background 
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Experimental results Experimental results ––
Tb sample measurementsTb sample measurements
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Experimental resultsExperimental results
Peak like structure is fixed for 944.2 Peak like structure is fixed for 944.2 keVkeV energy of energy of 
gammagamma--rays, possible candidatesrays, possible candidates::
•• 4848V:V: TT1/2 1/2 = = 1515..97 97 daysdays, , stronger line of  stronger line of  983983..5 5 keVkeV is is 

missingmissing;;
•• 156156Eu: Eu: TT1/2 1/2 = = 1515..119 9 daysdays, , stronger line of stronger line of 881111..88 keVkeV is is 

missingmissing;;
•• 15158g8gTb: Tb: TT1/2 1/2 == 180 180 years, reaction product from years, reaction product from 151588Dy (Dy (nn,,pp));;

151588DyDy isotope content is isotope content is 00..1%1% in natural in natural DyDy abundance;abundance;
experimental data in experimental data in EXFOR EXFOR are absent;are absent; TENDLTENDL--2017 2017 
evaluationevaluation mass of Tb sample should be inadequatemass of Tb sample should be inadequate;;

•• 15158g8gTb Tb from from thethe 151599Tb (Tb (nn,2,2nn)) nuclear reactionnuclear reaction..
Low cps in gamma peakLow cps in gamma peak -- (1(1..44÷÷11..88))••1010--44 1/1/ss::
•• backgroundbackground: : 17 17 ±± 324324..56%56% forfor 11,,73730,0,000000..9393 seconds seconds 

measurementmeasurement;;
•• peak areapeak area:: 74 74 ±± 3636..1919%% forfor 408408,,165165..4848 seconds seconds 

measurement.measurement.
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Experimental resultsExperimental results
11..5 5 yearsyears of sample and background measurements;of sample and background measurements;
Very good results repeatability relating to the: Very good results repeatability relating to the: 
•• presence of 944.2 presence of 944.2 keVkeV peak in instrumental gammapeak in instrumental gamma--spectra spectra 

with the sample;with the sample;
•• absence of 944.2 absence of 944.2 keVkeV peak in background spectra.peak in background spectra.

Appearance of peakAppearance of peak--like structure with 944.2 like structure with 944.2 keVkeV energy for energy for 
measurements from measurements from 400400,,000000.00.00 ss and up toand up to 11,,150150,,000000.00.00 s.s.
Value of neutron energy in Tb sample Value of neutron energy in Tb sample –– 66..85 85 МеМеV.V.
Gamma line with the biggest yield is fixed for decay of Gamma line with the biggest yield is fixed for decay of 158g158gTbTb..
BUTBUT: : reaction threshold for reaction threshold for 159159TbTb((nn,,22nn)):: 88..18 18 МеМеVV or or 
11..33 МеМеVV above the energy of neutrons in Tb sampleabove the energy of neutrons in Tb sample!!!!!!
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Experimental resultsExperimental results

Experimental set up to execute the measurementsExperimental set up to execute the measurements
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Hypothesis on a bound Hypothesis on a bound dineutrondineutron existenceexistence
Analogously to theAnalogously to the threshold of threshold of ((nn,,dd)) reactionreaction, , which is which is 
22..225 225 MeVMeV lower of lower of ((nn,,npnp)) reaction threshold due to the reaction threshold due to the 
binding energy of the deuteronbinding energy of the deuteron

Interval estimate of the binding energy for the Interval estimate of the binding energy for the dineutrondineutron: : 
1.3 1.3 MeVMeV < < BBdndn<< 2.82.8 MeMeVV

Published inPublished in: : IgorIgor KadenkoKadenko. . PossiblePossible observationobservation ofof thethe
dineutrondineutron inin thethe 159159Tb(n, Tb(n, 22n)n)158g158gTb Tb nuclearnuclear reactionreaction.  .  
EPL, 114 (2016) 42001EPL, 114 (2016) 42001
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Hypothesis on a bound Hypothesis on a bound dineutrondineutron
existence (in cooperation with ATOMKI, Hungary: existence (in cooperation with ATOMKI, Hungary: 

Dr. Dr. A.FenyvesiA.Fenyvesi, , Mr.B.BirMr.B.Biróó))
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Hypothesis on a bound Hypothesis on a bound dineutrondineutron existenceexistence

Published in: Published in: M. Y. M. Y. ColbyColby andand R. N. R. N. LittleLittle.  Phys. Rev. 70, 437 (1946).  Phys. Rev. 70, 437 (1946)
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Published inPublished in : : M. Y. M. Y. ColbyColby andand R. N. R. N. LittleLittle.  Phys. Rev. 70, 437 .  Phys. Rev. 70, 437 
(1946)(1946)

Hypothesis on a bound Hypothesis on a bound dineutrondineutron existenceexistence
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Theoretical prerequisitesTheoretical prerequisites

Hundreds of publicationsHundreds of publications::
•• The The dineutrondineutron was the subject to search since 1946 was the subject to search since 1946 

including reactions with light nuclei of including reactions with light nuclei of BorromeanBorromean type type 
((66He, He, 88He, He, 77LiLi,, 1111Li, Li, 1111Be, Be, 1414Be, Be, 1717B, B, 1919B, B, 2222CC) ) as well in as well in 
reactions on and in fission of heavy nuclei reactions on and in fission of heavy nuclei ((AA≥≥209209))

•• UpUp--toto--date research direction: date research direction: dineutrondineutron correlationscorrelations::
““The The didi--neutron correlation is a spatial correlation with neutron correlation is a spatial correlation with 
which two valence neutrons are located at similar position which two valence neutrons are located at similar position 
inside a nucleusinside a nucleus””

•• Different estimates of Different estimates of dineutrondineutron binding energies: from binding energies: from 
dozens dozens keVkeV up to up to 3 3 МеМеVV
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Theoretical prerequisitesTheoretical prerequisites
Interpretation of Interpretation of dineutrondineutron states in light nuclei: including states in light nuclei: including 
reference to paper of reference to paper of A.B.MigdalA.B.Migdal ““Two interacting Two interacting 
particles in a potential wellparticles in a potential well””.. Soviet Journal of Nuclear Soviet Journal of Nuclear 
Physics, Physics, volvol.16, .16, IssIss.2, .2, February February 19719733,, pppp. . 238238--241241

▼▼
““In a related development, In a related development, MigdalMigdal (1972) has proved that a (1972) has proved that a 
potential containing two interacting unbound particles potential containing two interacting unbound particles 
allows many bound states if the particles are sufficiently allows many bound states if the particles are sufficiently 
close to the threshold. When this principle is applied to two close to the threshold. When this principle is applied to two 
neutrons loosely bound to a nucleus, the resulting states neutrons loosely bound to a nucleus, the resulting states can can 
be interpreted as be interpreted as dineutronsdineutrons at the nuclear surfaceat the nuclear surface””
(A.S. Jensen et. al., REVIEWS OF MODERN PHYSICS, (A.S. Jensen et. al., REVIEWS OF MODERN PHYSICS, 
Vol. 76, January 2004)Vol. 76, January 2004)
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Theoretical prerequisitesTheoretical prerequisites

Actually in this paper of A.B. Actually in this paper of A.B. MigdalMigdal::

•• ““It is shown that under certain circumstances there It is shown that under certain circumstances there 
appears an additional bound state, which does not exist in appears an additional bound state, which does not exist in 
perturbation theoryperturbation theory. . Possible applications to nuclear Possible applications to nuclear 
theory are discussed, in particular theory are discussed, in particular the possible existence the possible existence 
of a of a dineutrondineutron near the surface of some nucleinear the surface of some nuclei..””

•• ““It is shown that in the case when the potential well is It is shown that in the case when the potential well is 
produced by a nucleus, there appears a state which has to produced by a nucleus, there appears a state which has to 
be interpreted as a bound state of two neutrons near the be interpreted as a bound state of two neutrons near the 
nuclear surfacenuclear surface..””
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Theoretical prerequisitesTheoretical prerequisites
The energy range of additional states to bind the two The energy range of additional states to bind the two 
neutrons in the neutrons in the dineutrondineutron according to according to MigdalMigdal::
[[00÷÷00..44]] МеМеVV

The mass rangeThe mass range: : 
““The problem, solved in the present paper is a special case The problem, solved in the present paper is a special case 
of the threeof the three--body problem, when body problem, when one of the three particles  one of the three particles  
has a considerably larger mass than the other twohas a considerably larger mass than the other two, so that , so that 
the action of the heavier particle on the lighter ones can be the action of the heavier particle on the lighter ones can be 
considered as an external field.considered as an external field.””

Is this condition met forIs this condition met for 66He, He, 88HeHe,, 77LiLi…… ??????
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Theoretical prerequisitesTheoretical prerequisites
““The physical nature of this additional level consists in The physical nature of this additional level consists in 
the following. The particles form a bound state even in the following. The particles form a bound state even in 
the case when their attraction is insufficient for the the case when their attraction is insufficient for the 
formation of a bound state outside the wellformation of a bound state outside the well......””
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The dependence of the The dependence of the 
binding energy binding energy εε of two of two 
particles (particles (εε==λλ22) on the binding ) on the binding 
energy energy εε00 of the oneof the one--particle particle 
level  in the well (level  in the well (εε00= = λλ00

22/2). /2). 
For For λλcc>>λλ00>0 there are two >0 there are two 
branches for the twobranches for the two--particle particle 
energyenergy
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Last years researchLast years research
Paper of Paper of G.F.SteynG.F.Steyn et al,et al, NuclNucl. . InstrumInstrum. Methods Phys. . Methods Phys. 
Res., Sect. BRes., Sect. B, 319 (2014), pp. 128, 319 (2014), pp. 128--140140::

•• The wellThe well--known stackknown stack--foil technique was employed foil technique was employed 
for measurements of the for measurements of the 159159Tb (Tb (pp,3,3nn) ) 157157DyDy reaction reaction 
crosscross--sections within sections within 1414 -- 66 66 МеМеVV with with 66 66 МеМеV V 
initial energy of proton beaminitial energy of proton beam

•• CrossCross--sectionsection: : σσ11=1=1..1717±±00,,1111 mbmb for for 
EpEp11=15=15..4747±±11..7878 MeMeВВ whilewhile the reaction threshold isthe reaction threshold is: : 
1717..14 14 MeVMeV ((only only 00..11 11 МеМеVV overlappingoverlapping))
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Last years researchLast years research
Paper of Paper of F.TF.Táárkrkáányinyi, , A.HermanneA.Hermanne, , F.DitrF.Ditróóii, , S.TakS.Takáácscs, , 
A.V.IgnatyukA.V.Ignatyuk, , Appl. Appl. RadiatRadiat. . IsotIsot.., 127 (2017), pp.7, 127 (2017), pp.7--1515::

•• The same stackThe same stack--foil techniquefoil technique, , reaction:reaction: 159159Tb (Tb (pp,3,3nn) ) 
157157Dy, Dy, the proton energy range: the proton energy range: 55..55 -- 34 34 МеМеV for V for 
incident proton beam energy incident proton beam energy 34 34 МеМеVV

•• CrossCross--sectionsection: : σσ22=90=90±±1010 µµbb forfor EpEp22=14=14..8686±±00..8585 MeMeVV
((without any overlappingwithout any overlapping!!!).!!!).

•• The most likely explanation: The most likely explanation: a new nuclear reaction a new nuclear reaction 
type and channeltype and channel: : 

159159Tb (Tb (pp, , 22n+nn+n) ) 157157DyDy
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Last years researchLast years research
Paper ofPaper of F.TF.Táárkrkáányinyi, , A.HermanneA.Hermanne, , F.DitrF.Ditróóii, , S.TakS.Takáácscs, , 
A.V.IgnatyukA.V.Ignatyuk, , Appl. Appl. RadiatRadiat. . IsotIsot.., 127 (2017), pp.7, 127 (2017), pp.7--1515::

•• Statistical significance of a Statistical significance of a dineutrondineutron detectiondetection: : the the 
conditioncondition SSpp=S=Sbb++55ΔΔSSp p is met is met for number of counts for number of counts 
153 153 and moreand more in a gammain a gamma--peakpeak due to due to 157157DyDy decay decay 
((TT1/21/2=8=8..1414 hourshours;; EEγγ=326=326..33 33 kkeeVV; ; kkγγ=93%=93%))

•• DineutronDineutron decaydecay: : , , this transition is this transition is 
superallowedsuperallowed

•• New interval limits for the binding energy of the New interval limits for the binding energy of the 
dineutrondineutron: : 22..22 MeMeVV < < BBdndn<< 2.8 2.8 MeMeVV

eedn ν~2 ++→ −

FrenchFrench--Ukrainian Workshop, 26Ukrainian Workshop, 26--28 September, LAL, France, 201828 September, LAL, France, 2018

TarasTaras Shevchenko National University of KyivShevchenko National University of Kyiv



28

Last years researchLast years research

Interval assessment of a Interval assessment of a dineutrondineutron radius: radius: 
From these energy limits and a very well known From these energy limits and a very well known 
theoretical expressiontheoretical expression

where where mmnn is a neutron mass, an interval estimate of a is a neutron mass, an interval estimate of a 
dineutrondineutron radius radius rrdndn may be obtainedmay be obtained

( )dnndn Bmr ⋅= 22 h
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Last years researchLast years research

For upper value of the binding energy For upper value of the binding energy 
((BBdndn= 2.8 = 2.8 MeVMeV) this gives the lower estimate of a ) this gives the lower estimate of a 
dineutrondineutron radius radius rrdn,ldn,l = 3.85 fm, while for lower value = 3.85 fm, while for lower value 
of the binding energy (of the binding energy (BBdndn= 2.2 = 2.2 MeVMeV) the upper ) the upper 
estimate of a estimate of a dineutrondineutron radius radius rrdn,udn,u equals 4.34 fm. equals 4.34 fm. 

Then 3.85 fm < Then 3.85 fm < rrdndn< 4.34 fm and the < 4.34 fm and the dineutrondineutron by by 
spatial structure is similar to a "friable" deuteron spatial structure is similar to a "friable" deuteron 
with it's with it's rrdd = 4.3 fm.= 4.3 fm.
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Last years researchLast years research

77..8 s8 s2020..5 s5 s33..55
22..5 s5 s66..5 s5 s33..00

22..8822..22
EEmaxmax--dndn ,,ММееVV

lglg ((ffdndn•• tt1/2 1/2 dndn ))

Interval estimate of a Interval estimate of a dineutrondineutron halfhalf--lifelife: : 
2.5 s< 2.5 s< tt1/21/2 dndn< 20.5 s< 20.5 s

ffdndn •• tt1/21/2 dndn –– comparative halfcomparative half--lifelife;; SargentSargent’’ss rulerule

( ) dnmaxd

ddnmaxdn
EA

AEf

−

−
⋅−−

++⋅=
lg1005.0

02.078.0lg0.4lg
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For development of For development of 
idea to measure idea to measure 
crosscross--section values section values 
in the outgoing in the outgoing 
channelchannel::
σσ33=7=75 5 ±± 3030 mbmb for for 
nuclear reaction nuclear reaction 
151599Tb Tb (n,(n,22n) n) 15158g8gTbTb
and neutron energy and neutron energy 
66..858500±±0.0020.002 МеМеVV

Last years researchLast years research
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Last years research Last years research –– in cooperation with in cooperation with 
ATOMKI, HungaryATOMKI, Hungary

This summer the following experiment was conductedThis summer the following experiment was conducted::
•• Three foils made of 0.9999 Au were irradiated in a Three foils made of 0.9999 Au were irradiated in a 

neutron field generated with MGCneutron field generated with MGC--20 cyclotron20 cyclotron
•• Subject of the study:Subject of the study:191977AuAu ((nn,,22nn))119696Au nuclear reactionAu nuclear reaction
•• Reaction threshold: 8.114 Reaction threshold: 8.114 MeVMeV, neutron energy: , neutron energy: 

2 2 MeVMeV below the thresholdbelow the threshold
•• Expected results: availability of the following most Expected results: availability of the following most 

intensive gamma peaks due to intensive gamma peaks due to 1196m,g96m,gAuAu decay in the decay in the 
instrumental spectrum:instrumental spectrum:
-- EEγγ=3=355.755.73 3 kkeeVV; ; kkγγ==8787%%;;
-- EEγγ=3=333.033.03 3 kkeeVV; ; kkγγ==22.922.9%%;;
-- EEγγ==426.10426.10 kkeeVV; ; kkγγ==6.66.6%%
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Last years research Last years research –– in cooperation with in cooperation with 
ATOMKI, HungaryATOMKI, Hungary

EEγγ=3=355.755.73 3 kkeeVV; ; kkγγ==8787%%, statistical significance: 6.2, statistical significance: 6.2 σσ
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Last years research Last years research –– in cooperation with in cooperation with 
ATOMKI, HungaryATOMKI, Hungary

EEγγ=3=333.033.03 3 kkeeVV; ; kkγγ==22.922.9%%, statistical significance: 4.7 , statistical significance: 4.7 σσ
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Last years research Last years research –– in cooperation with in cooperation with 
ATOMKI, HungaryATOMKI, Hungary

EEγγ==426.10426.10 kkeeVV; ; kkγγ==6.66.6%%, statistical significance: 3.8, statistical significance: 3.8 σσ
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Features of the outgoing channels in some Features of the outgoing channels in some 
nuclear reactionsnuclear reactions

Classical representation of nuclear reaction Classical representation of nuclear reaction ::
•• Hans Hans PaetzPaetz gengen.. SchieckSchieck. Nuclear reactions: An . Nuclear reactions: An 

introduction. Springer, 2014.introduction. Springer, 2014.
•• C.A. C.A. BertulaniBertulani, P. , P. DanielewiczDanielewicz.. Introduction to Introduction to 

Nuclear Reactions. Nuclear Reactions. IoPIoP, 2004., 2004.
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The The dineutrondineutron is trapped is trapped 
in one of several level in one of several level 
within within ((6666÷÷400400) ) kkeeV V 
energy rangeenergy range
This level keeps the two This level keeps the two 
neutrons in a bound neutrons in a bound 
state during some time state during some time 
as a single particle: the as a single particle: the 
dineutrondineutron
The The dineutrondineutron is allowed is allowed 
to beta minus decay with to beta minus decay with 
an electron and the an electron and the 
deuteron escapedeuteron escape

Features of the outgoing channels Features of the outgoing channels 
in some nuclear reactionsin some nuclear reactions
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15158g8gTbTb as a nuclear reaction as a nuclear reaction 151599Tb (Tb (nn,,22nn)) product is product is ECEC andand
ββ++-- decayingdecaying inin 83%, 83%, ββ---- inin 17%17% of total decaysof total decays
Possible reactionPossible reaction: : 15158g8gTbTb + + ее -- 151588 GdGd ((stablstablee))::

For a For a dineutrondineutron halfhalf--life it is possible, that during first life it is possible, that during first ∼∼100 100 ss: : 
NNTbTb((tt)) ≈≈ NNdndn((tt)) AATbTb((tt))==λλTbTb NN0 0 exp exp ((-- λλdndntt))

Features of the outgoing channels in some Features of the outgoing channels in some 
nuclear reactionsnuclear reactions
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Observation ofObservation of 157157DyDy as a product of the as a product of the 159159Tb (Tb (pp,3,3nn) ) 157157DyDy
nuclear reaction for proton energies below the reaction nuclear reaction for proton energies below the reaction 
threshold does not exclude the possibility for existence of   threshold does not exclude the possibility for existence of   
the following reaction channelthe following reaction channel: : 159159Tb (Tb (pp,,33nn) ) 157157DyDy
Search for the Search for the trineutrontrineutron could be justified in the could be justified in the 
following energy range provided the binding energies for following energy range provided the binding energies for 
the the dineutrondineutron and the and the trineutrontrineutron are knownare known::

Some conclusive remarks from Some conclusive remarks from MigdalMigdal’’ss paper:paper: ““One One 
might think that an analogous mechanism leads to bound might think that an analogous mechanism leads to bound 
states which are more complicated than the states which are more complicated than the dineutrondineutron......””

Features of the outgoing channels Features of the outgoing channels 
in some nuclear reactionsin some nuclear reactions
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Experimentally proved the possibility of Experimentally proved the possibility of dineutrondineutron
existence in a bound state as a particleexistence in a bound state as a particle--satellite of satellite of 
recoil nucleus in the outgoing channel of nuclear recoil nucleus in the outgoing channel of nuclear 
reactions on reactions on 151599TbTb with protons and neutrons in the with protons and neutrons in the 
input channelinput channel
Independently observed the Independently observed the dineutrondineutron in the outgoing in the outgoing 
channel of the channel of the 191977AuAu ((nn,,22nn) ) 119696Au nuclear reactionAu nuclear reaction
The interval estimates are obtained for the binding The interval estimates are obtained for the binding 
energy, halfenergy, half--life and radius of the life and radius of the dineutrondineutron as well as as well as 
crosscross--sections for generation of the sections for generation of the dineutrondineutron
Assumption is made about a possible interaction of  Assumption is made about a possible interaction of  
dineutrondineutron decay products with the heavy nucleus in decay products with the heavy nucleus in 
the outgoing channel to fostering itthe outgoing channel to fostering it’’s s ““faster decayfaster decay””

ConclusionsConclusions
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Many thanks for your attention and Many thanks for your attention and 
questions!questions!
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