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Bo3MoKHBIE IKCIIEPUMEHTHI 10 MOUCKY CHHIVIETHOIO e TPOHA U
nmpoodJemMa CymecTBOBAHUS HEUTPAJBbHBIX sIep

* BBegeHue. HVKI’IOH-HVKI’IOHHOE B33MMOAEVICTBME NpUn O4YeHb
HU3KUX SHEPIrnuax.

* Teopua apPpeKTMBHOro paguyca.

 OnucaHue NN B3ammogencTema ¢ NMOMOLLbIO MOAENU
R-matpuubl.

* TeopeTnyeckue npeacKkasaHuA.

* [IOUCK CUHINEeTHOoro ﬂ,EﬁTpOHa B pPaANALULNOHHOM 3axXBaTe
HEﬁTpOHOB NMPOTOHAMM.

* JKCNEepPUMEHTbI N0 NOUCKY ANHEUTPOHA U HEUTPaNbHbIX Aaep.
* BO3MOKHble 3KCNnepuMeHTbI.



Bo3MokHbIE IKCTIEPUMEHTHI 110 MOMCKY CMHIVIETHOTO JeTPOHA U NpodJemMa
CYILIECTBOBAHUS HENTPAJIbHBIX sI/Iep

HyKNOH-HYKNOHHOE BBEWIMOAEVICTBVIE npun o4eHb HU3KUX SHEepPrmax.
IIonHBIN CIMH IBYX HYKJIOHOB! J=5+S,+L

Ecimu L =0, T0 BOSMOXKHEL ~ J S;+S,=1 tpumersoe:  [NP(°S,)]

2 COCTOSIHUY. U

J = S;+S,=0 cuamernoe: [nn, np('s,), pp]

[TosiHOE ceueHue pacCessHus:

2-J7+1 2-J +1 3 1
o, + O =—0,+—0,
2-(2-1+1) 7 2-(2-1+41) ~ 4" 4

O-scat:4'7z.'“:‘2 O-:%Gt—i_%as:ﬂ.(B.‘Ft‘Z_'_‘FS‘Z)

F — ammuuTyna paccesHus.
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Bo3MoskHbIE IKCTIEPUMEHTHI 110 MOMCKY CMHIVIETHOIO eTPOHA U NpodJemMa
CYIIECTBOBAHUS HEHTPAJIbHBIX sI/IEP

HyKJIOH-HYKJIOHHO€ B3aUMOAeiCTBHE IPH 0YeHb HU3KHUX
IHEPIUsX.

Awmiuutyna paccesuus (mpu E, —— 0):

1 1
|: j— ~ p— -
p-ctgd—1-p  g(k)—1I-p
1 . m,-m
p:%\/Z'ﬂ -E —umnynec _ neiumpona. ,u=ﬁ—npueedéﬂuaﬂ_Macca
n+ p

S - marpurIa: S=1+ ZIDF(p)
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HyKJI0H-HYKJIOHHOE B3auMOJAEHCTBHE
[PY OYEHb HU3KUX IHEPrUsX.

“Effective range theory”. H.A. Bethe, “Theory of effective Range in
Nuclear Scattering”, Phys. Rev. v. 76, No.1,

p. 38-50, 1948.
* AMNANTYAA
pacceaHms: = 1 B 1
11 . —j
4 =rp2—ip 9(P)-Ip
p= 12 uE a 2
- neutron impulse.
1 1

g(k)——g+—rp +Pp* +Qp°

a — ONTUHA PACCeAHU,
I — aghghekmuenwtit paouyc.


Выступающий
Заметки для презентации
a-scattering length
ρ – effective range



Bo03MoOKHBIE IKCIIEPUMEHTHI 10 MOMCKY CHHIJIETHOIO IeUTPOHA M mpolJeMa

CYyLIeCTBOBAHUSA HEUTPAJBbHBIX s1/IEp

JKcnepuMeHTa/ibHble 3Ha4YeHUA NapamMeTpPoB paccesHuUA.

np(3S,)

NN AnuHa paccesaHus, | 3dpdekTuBHbIN | P Q
Dwm. paguyc, Pm.
-7,822 £ 0,004 |2,83+0,017 0,051 + 0,028 +
PP 0,014 0,013
(180) -23,719 + 0,013 | 2,76 £0,05
-18,7 £ 0,6
n n 165£0.9
5,414 + 0,005 1,75+ 0,05 0,13 + 0,09
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HyKJIOH-HYKJIOHHOE B3auUMOJeiCTBUE

IIPA OYCHDb HU3KHUX JHCPI'UAX.
22

N
= o0 Total
S 27 n+p - N+p
c
S 18-
B 1
B 164 .
& ] singlet
O 14—
O i
12 -
10-
8]
6 4
4; _rﬂFﬂEﬁ
5
O LI ! L L ! LI
1 10 100

Neutron energy, keV

CeueHue paccesiHUsI HEUTPOHOB MPOTOHAMM.




NN B3aumMoaeiicTBre NPU HU3KHX IHEPTrUASX

n — p — cross section

a [barms)

| I | | I |
104 10? 104 10% 108 10/

Feuiran kinetic anergy (V)

Flgure 4.8 The neutron-proton scatiering cross section at low energy. Data
taken from a review by R. K. Adair, Rev. Mod. Phys. 22, 249 (1850), with additional

recent results from T. L. Houk, Phys. Rev. C 3, 1886 (1870).
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HyKJIOH-HYKJIOHHO€ B3aUMOAeCTBHE NMPH 0OY€Hb HU3KUX IHEPTrUsX.

S-matrix S =1+2IpF

Ilpu oTpuiaTeIbHON JHEPT UM E <O =» p=lk (K —HEHCTBUTENLHOE YHUCIIO)

1 1
[Tonroca S- MaTpPUILIBL: P rc° +x =0
JIBa momoca Juis Kaxoro | State k, 1/Fm E, MeV Comment
CIIMHOBOTO COCTOSIHUS 0.23 5 995 Deuteron
33,
2 =TT oy a >0 | oo [-344 |7
) - 0.044 - 0.080 Virtual
S
0 level
a, <0 0.68 -19.2 ?




NN B3aumoaenicTBUE MPU HU3KUX IHEPIUAX

[lomroca S — MaTpuILbI. Im(p)

381

7 1S, Virtual level
/ >
T Re(p)

© Bound state (deuteron)
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Bo3MoOKHBIE YIKCIIEPUMEHTHI 10 MOUCKY CUHIJICTHOI'O
AeATPOHA U MPOodJIeMa CYIECTBOBAHUS HEUTPAJIbHBIX sjIep

Bonpocnl.
e Kak n3mepuTb SHEPIM1IO0 BUPTYaIbHOTO YPOBHA?
e Kakon dU3n4YeCcKnin CMbICa APYrUx MNoaOCOB S - MaTpuULbl?

e KaK npoaBaseTca BUPTYya/ibHbIM YPOBEHDb B 3/IEKTPOMATHUTHbIX
B3aMMOAENCTBUAX?

e Peakumua paamMaLmMOHHOro np 3axBata NPOUCXOAUT U3 CUHT/IETHOTO
cocToaHuA. Kak yyecTtb B Teopmmn spPeKTUBHOIo pagnyca paamaumoHHbIN
3aXxBaT?

Jnst Ternosbix mefitponos: o, = 334 £ 0.5mb
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REVIEWS OF MODERN PHYSICS VOLUME 25§F, NUMBER 4 OCTOBER, 1953

Interpretation of the Virtual Level of the Deuteron
5. T, Ma*
Division of Physics, National Research Council, Ottawa, Canada
2 h?
ar 2u u

E =

r

“Only 1f there is no bound state capable to account

for the low-energy cross section one is entitled to give definite

statements about the existence of antibound states™

V. de Alfaro. T. Regge. "Potential scattering”,
North-Holland Publishing Company - Amsterdam, 1965, p. 72.
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NN B3aumomeiicTBMe NMPH HU3KUX IHEPTUAX

G.M. Hale, L.S. Brown, M.W. Paris, “Effective field theory as a limit of R-matrix
theory for light nuclear reactions”, Phys. Rev. C89, 014623, 2014.

REa)-¢ 7(a()a—) E

2180 (E) _ e_Zi,p,a 1+1- p-a- R(E, a)
1-1-p-a-R(E,a)

€

g2=a-7/2

1
p-cot50<E)=?(Eﬂ,—E)

a 0 E,=127MeV



NN B3aumMoaeicTBre NIPU HU3KHX IHEPTrUASIX

JIBa kanana (ympyroe paccesiHHe M 3aXBar) . A=a-1b
4 7z
CeueHue 3axBara. ., =— (3axoH 1/V)
P

CedeHue paMallMOHHOIO 3aXBaTa TEIIOBBIX HEUTPOHOB IPOTOHAMH:

- TIpsmoii mepexox 1Sy(continuum) — 3S,(ground state)
(aHEprus cBs3u aeiTpoHa 2224.56 k3B).

&,, =334+0.5mb b= 2.7-10% M,

%
70(M) = 270 (i, —up){jgzj 7 -a)




NN B3aumMoaeiicTBre NpU HU3KUX IHEPIrUAX
BupryanbHbli YPOBEHB HUIIN PE30OHAHC?

4
- 1 1 P
B 1 1 2 - _2p 2 2 .1 4p 4b
— +=rp? —i — = = +
a—ib 2 b-=1P P ra 2 r raz)
1 I

n

= _ (popmymna bpetita - Burnepa)
2p E_Er_|%(rn+ry) (popmyra bp p

DHeprus pe3oHaHca. .
HevitponHnas mupuna  PaguanuoHHas MpuHa

2 b’ n 4-b »’ 2
=— E,; I, =— o .

ar 2. Z_ﬂocx/T Tra e (G Fm?)
S.T. Ma, Rev. Mod. Phys., v.25, p.853, 1953.

C.b. bop3akos, “B3anmoieiicTBue HEUTPOHOB HU3KOM SHEPTUU C MPOTOHAMU U BO3MOXXHOCTh
cymiectBoBaHus pe3oHanca ¢ J* = 07", Cooomenus OUAM, P15-93-29, /1y6Ha, 1989;

E

r

r-4P
r

C. b. bopzakos, fAnepnas ¢usmka, 1. 57, c. 517, 1994,
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Bo3MoOKHBIE IKCIIEPUMEHTHI 10 MOUCKY CUHIJICTHOI'O
AedTPOHA U MPodJIeMa CYIIeCTBOBAHUS HEUTPAJbHBIX sjIep

AHdanorus. n+°He—>He + n; n+He > T + P;
JIJ1s1 TETUIOBBIX HEMTPOHOB: Oy (n+3He —>T+ p)z 5400 _b
3 B, =20.6_MeV
A.A. Beprman, A .W. Ucaxkos, n+"He T
4 /4 +
FO.I1. Moo, ®.J1. IlTamupo, He (J"=07)
KITD, 33, 1957, 9. T+p B, =19.8_MeV

C.b. bop3axkos, X. Maneuku, JI.b. I1ukensHep,
M. Crammmucku, 9.U. llapanos, “OcobeHHocTn
OTKJIOHCHHMSI OT 3aKkoHa 1/V ceueHus peakuuu
n+°He > T + p. Bo30yxxnéunsiii yposens “He.
D, 1. 35, BBIN. 3, c. 532, 1982.

[IposiBigeTcsa B peakiuu

T+p—->T+p
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NN B3aumogeucTeue nNpm HU3KNX SHEpPruax

F.J. Dyson, N. H. Xuong, Phys. Rev. Lett. v. 13, No. 26, 1964.

Y=2 STATES IN SU(6) THEORY*

Freeman J. Dysont and Nguyen-Huu Xuong
Department of Physics, University of California, San Diego, La Jolla, California
(Received 30 November 1964)

VoLuME 13, NUMBER 26 PHYSICAL REVIEW LETTERS 28 DeEcEMBER 1964

Table I, Y =2 states with zero strangeness predicted by the 490 multiplet.

Particle T J SU(3) multiplet Comment Predicted mass
Dy, 0 1 10% Deuteron A
Dy 1 0 27 Deuteron singlet state A
Dy, 1 2 27 S-wave N-N* resonance A+6B
Dy 2 1 35 Charge-3 resonance A+6B
Dy 0 3 10* S-wave N*-N* resonance A+10B
Dgy 3 0 28 Charge-4 resonance A+10B
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NN B3aumoaeiicTBHe NP HU3KUX IHEPTUAX

6q states with the baryon number B=2

1. F.J. Dyson and N.-H. Xuong. PRL 13, 815 (1964)
-== r—0J=3 """ T=3J=0 " AA-threshold
D.; dibaryon (d*)
—m=T=1J=2 122051 NA-threshold
D,, dibaryon
T=0 J=1 T=1 J=0

e T . . ™ NN-threshold

16.02.2024

deuteron singlet deuteron

From report of O.A. Rubtsova et. al.
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NN B3aumMoaercTBHe NIPH HU3KHUX JHEPTrUSIX

 F.J. Dyson, N. H. Xuong, Phys. Rev. Lett. v. 13, No. 26, 1964.
e K. Maltman, N. Isgur, Phys. Rev., D29, No. 5, p.952, 1984.

“Nuclear physics and the quark model: Six quarks with chromodynamics”,

Binding energies: B,=2.9 MsB B(1S,) = (0.4+/- 0.4) MeV
* A.N. Ivanov, M. Cargnelli, M. Faber, H. Fuhrmann, V.A. lvanova, J. Marton,
N.I. Trotskaya, J. Zmeskal, “Quantum field theoretic model of metastable

resonant spin-singlet state of the np pair”,
e-Arxiv: nucl-th/0407079, 2004. E=-79 +/- 12 keV

« R. Hackenburg, Preprints BNL, BNL-77482-2007-IR; BNL-77483-2007-JA;
e-arXiv:1710.01803 [nucl-th], 2017.
oh+p—o>d+2y)=27ub

Eyl = 66 keV; Ey2 = 2157 keV
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NN B3aumopeiicTBMe IPY HU3KUX IHEPrUsIX

T. Yamazaki, Y. Kuzamashi, A. Ukawa, Phys. Rev. D84, 054506,
2011.

We address the issue of bound state in the two-nucleon system in lattice QCD. Our study is made in the
quenched approximation at the lattice spacing of ¢ = (.128 fm with a heavy quark mass corresponding to
m, = 0.8 GeV. Todistinguish a bound state from an attractive scattering state, we investigate the volume
dependence of the energy difference between the ground state and the free two-nucleon state by changing
the spatial extent of the lattice from 3.1 fm to 12.3 fm. A finite energy difference left in the infinite spatial
volume limit leads us to the conclusion that the measured ground states for not only spin triplet but also
singlet channels are bounded. Furthermore the existence of the bound state is confirmed by investigating
the properties of the energy for the first excited state obtained by a 2 X 2 diagonalization method. The

scattering lengths for both channels are evaluated by applying the finite volume formula derived by
Liischer to the energy of the first excited states.

g — | 75(0:5)(0.9) Mev for S,
7 1 4.4(0.6)(1.0) MeV  for'S,’

16.02.2024 20



CHHIVICTHBIN €U TPOH, INHEUTPOH U HEUTPAJIbHBIEC AAPA.

* S.R. Beane, E. Chang, W. Detmold, H.W. Lin, T.C. Luu, K. Orginos,
A. Parreno, M.J. Savage, A. Torok, A. Walker-Loud,
”Deuteron and exotic two-body bound states from lattice QCD”,
Phys. Rev. D85, 054511, 2012.
em_ =390 MeV; B ;=11+5+12 MeV;
B =7.1%521%7.3MeV

16.02.2024
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CHHIVICETHBIN JeTPOH, AMHEUTPOH U HEUTPaJIbHbIE AApa.

JIn0apuoHHbIE PE30HAHCHI.

Kykynun B.1. (MI'Y)

Macca nubaproHa B JCHTPOHE, TO €CTh B KaHamax 3S,-3Dy, a
TaKKe B CHHIVICTHOM KaHaie 1S, nomkHa OBbITh OYCHb OJM3Ka
macce aByx HykinoHoB (1.88 I»B), Torma kak Macca TOJBIX
IM0apUOHOB B ATHX KaHajlaX COBCEM Jpyras, U COCTaBIIAET,
BeposiTHO, 2.1 — 2.2 1»B. bnaromapss M€30HHBIM U OapHOHHBIM
neTisiM, macca ‘“‘ojeroro” JauOapHOHA CABUTaeTCsS BHHU3 K
AKCIIEPUMEHTAJIbHOMY 3HAYE€HHUIO, COOTBETCTBYIOIIEMY JHEPIrUu
CBSI3U JICUTPOHA WJIM CUHIJIETHOIO JIEUTPOHA.



Bo3MoOKXHBIE IKCIEPUMEHTHI 110 MOUCKY CHHIJVIETHOI'O
AedTPOHA U MPOodJIeMa CylIeCTBOBAHUA HEMTPAJIBbHBIX siAep

Dibaryon resonances.
H. Clement, “On the history of dibaryons and their final observation”,

Progress in Particle and Nuclear Physics 93, 2017, p. 195-242.

BupTyaibHbI ypOBEHb = TMOApPUOHHBIN PE30HAHC.
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Bo3MoOKHBIE IKCIIEPUMEHTHI 10 MOUCKY CHHIJVIETHOIO e TPOHA
1 npoodjieMa CylecTBOBAHNA HEMTPAJbHBIX siiep

Macchl ABYX HYKJIOHOB.

mc2, MeV
2N
1879.13 2m,
N+

1877.84 " MM
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, m(,°S
1876.54 2%1 )
2p P
1875.61 —_— d(;°S)

BupryajbHblil ypOBEHb UJIN IMOAPHUOHHBINA Pe30HAHC?
Macca HelTpOHA 00JIbIIIE MACCHI TPOTOHA Ha 1.293 M»B.
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Bo3MOKHbBIE IKCIIEPUMEHTHI 110 MOMCKY CMHIJIETHOI0 ICUTPOHA U MpodJjemMa
CYyLIeCTBOBAHUA HEUTPAJIbHBIX s1/IEP

IIoMCK CMHIJIETHOIO JIEUTPOHA B PAAMAIIMOHHOM N-P 3axBarTe

PaanaunOHHbIN 3aXBaT. n+p __ 0
M = [ (So)M Ly, (°S,)dr T 1S0 -66 keV

v, = x.Sin(kr +o6,)/k
Ve = XL reXpEysh

M1

M1= (ze—:m)B (1, +yn)Zi:&i +%(ﬂp —ﬂn)Zilcifgi}

o2 _ (re—a ) (k+ay)
o, (k*+a’)(r—a;)’

1S3 -2224 keV

27 _10° -10"*

C)_j/

JI7151 TETIOBBIX HEHTPOHOB! o, =334+0.5mb
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T. Belgya, S.B. Borzakov, M. Jentschel, B. Maroti, Yu. N. Pokotilovski,
L. Szentmiklosi, Phys. Rev. C99, 044001, 2019, “Experimental Search for the
Bound State Singlet Deuteron in the Radiative n-p Capture”

Wnest sxcriepyuMeHTa: TOMCK pajuallMOHHOTO 3aXBaTa ¢ BBUIETOM Kackaja u3
JIByX raMMa KBaHTOB.
OCHOBHOM TIepexo/1 - IHEPrusi raMma kBaHTa 2223.25 k3B.

VYcraHoBKa 1A aHajau3a 10 MTHOBEHHBIM IraMMa KBaHTaM
bynamneurrckoro HeMTpoHHOT0O IEHTPA;

ITorox Heirporos 107 n/(cek - cm?);

MuliieHb — MONMMATHIICH (IHamMeTp 2 CM);

HPGe netekTop ¢ aHTUKOMITOHOBCKOM 3aII[UTOM.

Search for the two step gamma transition 3S,(continuum) — 1S, (metastable) —
- 3§, (ground state) in addition to the direct one 'Sy(continuum) — 3S,(ground state)
with the energy 2223 keV.



Experimental Search for the Bound State Singlet Deuteron in the Radiative
n-p Capture TT—1"
Neutron guide

Planar Ge detector CH, or H,O target
[ /
/ T
O HPGe
Pb shield SLi containing

plastic

Neutron
trap

(Cxema 3KCIEpUMEHTA.

Pb shield
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Experimental Search for the Bound State Singlet Deuteron in

the Radiative n-p Capture

1
E Sample CH, 2203 2é|;|<ev
S AQ95 19s.dat ' ~
t en=114h
107 -
511
. SE(2223)
10°
: DE(2223)
1779
M
105 ‘: %
o  s0 1000 1500 2000 |

Energy, keV




Polyethylene, 120 h

8x10°

6x10°

=

4x10° -

2x10°

N

i

Il

ot

W

/

il
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190 000

Polyethylene, 120 h

180 000

170 000

160 000

150 000

140 000

130 000
2100
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Experimental Search for the Bound State Singlet Deuteron in
the Radiative n-p Capture

H,0 target. measur. time 117194 s = 32h 55 min
6x10*
5x10° /ﬁ\
o 4x10°
f
2x10* i
1x10* L

1900 1950 2000 2050 2100 2150 2200 2250
E_[keV]



Experimental Search for the Bound State Singlet Deuteron in
the Radiative n-p Capture.

OCHOBHOH IIEPEXOL: 8(222325 keV) =2.8" 108 OTCUYETOB.
_ 3 x \/Niz &,

2
’ N, ’ &

0,, <2 ,ub B unTtepBanie 2099 — 2209 xsB q1s sHEepruy raMma KBaHTOB

(cootBeTcTBYeT MHTEpBaNy 15 — 125 my1s sHEprUM CBA3M).
OOHapy:keHa Hen3BeCTHAasI JIMHUA ¢ JHeprueid 2212.9 k3B
Probably it is that line which we are searching for.

R S(2213) o o
S(2223)

OTtHoureHue “ruroraaeu’’ MUKOB:



Experimental Search for the Bound State Singlet Deuteron

In the Radiative n-p Capture

The possible explanation of the line 2212.9 keV is the next process:
as a result of photoeffect an X-rays appear which fly out of the detector
and 10 keV is lost. But the probability of such process is very small.
We tested this effect on our detector with help of very active Na-24 and

found nothing at the level 10-.



Experimental Search for the Bound State Singlet
Deuteron in the Radiative n-p Capture

Our result implies that there is no evidence for two-proton transition in the
np capture with one of gamma-rays in the region 2100 — 2209 keV with
branching ratio R < 6 «10° or with the cross-section o,,,, < 2 pb (two
standard deviations)

There is no nuclide which gives the gamma quanta with the
energy 2212.9 keV! Probably this line is from hydrogen.

We must find second line with the energy approximately 10.4 keV.

Heo0xonuMo MpoBECTH SKCHEPUMEHT 10 ITOUCKY KacKaja 2-X ramMmma

KBAHTOB C UCITOJIL30BAHUEM COBIAIEHUMN!
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Experimental Search for the Bound State Singlet Deuteron in

the Radiative n-p Capture

1369 2754 keV

1000000

T T T T I T T T T I T T T
0 5000 10000 _ 15000 *
Amplitude

Gamma quanta spectrum from 2*Na source.



Experimental Search for the Bound State Singlet Deuteron in
the Radiative n-p Capture

3500 - /
- E Na-24
c 3 —
S 3000 Leas— 29 D
© d=20cm

2500 - 2744 keV

g 2+1368.6
2000 5 l l/,{l

1500

ﬁw*v\ e
STV Eg, s PO
E-I-I-Wiﬂfvfﬂ\l} v H Ylwi\ﬂ# H\HXI
1000 3
500 -
O & ! ! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! !
2730 2735 2740 2745 2750

Energy, keV

YacTh CIEKTpa raMMa KBaHTOB OT HCTOYHHKA 2*Na.

IIposepxka ...



JIMHEUTPOH Y JErYaulliie HEUTPAJIbHBIE AAPA.

N. Feather, Nature (London), “Properties of a Hypothetical
Dineutron”, 162, p. 213, 1948.
1. Bo3Mo:xkHO€e BpeMs KH3HH 1-5 cek.
2. MakcuMaJibHAsl JHEPTUs CBSI3M JAMHENTPOHA oNpeaeasieTcs U3
YCJIOBHMSA, UTO JUHEUTPOH pacnaaaercsa Ha JeUTPOH, 3JIEeKTPOH

U AHTUHEUTPUHO.
YuuThiBasi, 4YTO Macca HeiiTpoHa 0oJibIe Macchl MPoToHa Ha 1.293 M»aB,

MO?KHO BBIMUC/IMTD MAKCUMAJIBHYI0 JHECPIUI0 CBA3H HHHeﬁTpOHa:

B,=2m, - m(*n) <= m_-m +B;-m=3.01 MeV



JIMHEUTPOH Y JIErYanlliie HEUTPAJIbHBIC AAPA.

M. Sakisaka, M. Tomita, “Experiments on Possible Existence of a Bound

Di-Neutron”, J. Phys. Soc. Japan, v. 16, p. 2597-2598, 1961.
d +t—°He +2n

Hcrons30Baics akTUBAILIMOHHEIN MeTo. B KauecTBe MHAMKAaTOpa Ucmonb3oBaics 2/Al.

I[Tpu 3axBare AMHEHTPOHA TOKHA HAOIIOAATHCS aKTUBHOCTE 22Al.

Tputuii-turanoBasi MUIlIeHbL OOMOapAUpoBaachk AeUTpoHamu ¢ sHeprueit 160-185 k3B.
MuteHps OblIa OKpYy>KeHa 3aIUTON, coaeprkaiieii mapadun wim Boxy. Odpazer u3 Al
HaXoIWJICS Ha paccTtosHuu 12.5-27.5 cM oT mutienn 1 011 okpyskeH Cd dhombroit TommmHoM
1 mMm. TTocne obmyueHus Obljia OOHapYy>KeHa HaBeJCHHAs: aKTUBHOCTD C TIEpHOJIaMU
noaypacrnaga 6.6 MuHyT 1 18 MuH. ABTOpBI CA€JIay BBIBO/I, YTO AKTUBHOCTH C 6.6 MUH.
o0ycioBieHa paciaaoM 2°Al, KOTOPEII MOSBHUIICS B PE3yIIbTAaTe 3aXBara IUHEUTPOHA U

OLICHMJIM DHEpIuio cBsa3u  E(?n) =2.90 — 3.01 MbB.



CHHIJICTHBIN IEUTPOH, JMHEUTPOH M HEMTPAJIbHBbIC AAPA.

C. Detraz, “Possible existence of bound neutral nuclei”, Phys. Lett., 1977,

66B, p. 333.
p+W  Cumxporpon LIEPH, E,=24TB.

Wrmukarop: 45070 (%n xn)?Zn 2Zn—>2Ga+e +v,

2Ga: T, =14.10(2) h. O6HapyxeHbI 5 TUHUI B CIIEKTPE raMMa KBaHTOB.

Bo3MoxxHa peakiys ’n+"°Zn—"%Zn.

CERN Orsay
_ Ge(L1)
3 2 9
o f !
. = ."I ----- #'Q Q
= Ji (64-T70) ) 72
Zn sample Zn?

(—="Ga =)
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CHMHIVIETHBIN e TPOH, IUHEUTPOH U HeHTPaJbHbIE SAAPA.

K.K. Seth, B. Parker, “Evidence for dineutrons in extremely
neutron-rich nuclei”, Phys. Rev. Lett., 66(19), p. 2448 - 2451,
1991.

Cer u Ilapkep uccieaoBajm B3anuMoaeiicTBHe Me30HOB ¢ siapamu °Li u “Be.
B skcriepuMeHTe U3MEPSUTUCH CIIEKTPhl ME30HOB M IIPOTOHOB, OOPa3yIOIINUXCS B
pe3yabTaTe CICAYIOIMINX PEAKIUA:

a) SLi(m-,n*)®H; b) °Be(m-, p)eHe; c) °Li(n-, p)°H.
e/13MepeHUs MPOBOAUINCH MPU SHEPTUU HaJIETAIIMX Me30HOB 220 M»aB (s
peakiuu a) ¥ 125 M»sB (peakuuu b u €). KOHEUHBIM IPOTYKTOM BCEX TPEX
peaKIuil SBISIOTCS HeCTaOMIbHBIC siApa. BeIxoa perucTpupyeMbIX 4acTHII B
3aBUCUMOCTH OT 3(PHEKTUBHOM MACCHI JIYUIIIE€ COIacyeTCsl C
IKCIIEPUMEHTAILHBIMH JaHHBIMH, €CJIU MPEIOI0KUThL 00pa30oBaHUE
AMHEHTPOHA. DHEPIUs CBI3Y JUHEUTPOHA MPEANOJIaraaach paBHOW HYJIO.



Bo3MokHbIe IKCTIEPUMEHTHI 110 MOMCKY CMHIVIETHOI0 JIeTPOHA U NpolJemMa
CYIIECTBOBAHUS HEMTPAJIbHBIX sA/1€P

Mucoma 8 XIATP, rom 42, swin. 7, crp. 303 - 305 10 oxrabpsa 19852
IMUCCUA ”THHEHTPOHA”
- U3 BO3BYXIEHHOTO COCTOSHUSA AJIPA ®He

O.B.bouxapes, A.A.Kopuenunnuxos, E.A.Ky3omun,
H.I Myxa, A.A.O2n06aun, JLB.Yyaxos, I.b.Anvko8

B paGote aKcliepHMEHTANBHO HCCTemOBaNCA paciafi Bo3GyxaeHHOro cocTosuus 2* Anpa 6Hoa,,
00pa3oBaHHOTO B peakum TLi {d, 3He) 6Hrs"‘.npu aHeprvy peitTponoB 30,5 MaB. IlokasaHo, uro
MEXAHH3IM 3MHCCHA [IMHEATpOH 2 {T=1,5 =0) obpacuser 45% cnyyaep pacnana.
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Bochkarev O.V. ... Physics of Atomic Nuclei (s$1®), v. 46, No. 1(7), 1987.
TPEXUYACTHUYHBIN PACIIAL COCTOSIHUS 2+ SIIEP ®He, °Li, 6Be
BOYKAPEB O. B., KOPULIEHUHHHUKOB A. A., KY3bMHH E. A., MYXA W.

I., OIJIOBJIUH A. A., YYJIKOB JI. B., AHBKOB I. b.,
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Bo3MoKHbIe IKCTIEPUMEHTHI 110 MONCKY CMHIVIETHOI0 JeiTPOHA U npolJemMa
CYIleCTBOBAHUS HEHTPaIbHBIX siiep

Two-neutron exchange observed in the *He + *He reaction.
Search for the ’di-neutron’’ configuration of °He
G.M. Ter-Akopian ', A M. Rodin, A.S. Fomichev, S.I. Sidorchuk, S.V. Stepantsov,

R. Wolski, M.L. Chelnokov, V.A. Gorshkov, A.Yu. Lavrentev, V.I. Zagrebaev,
Yu.Ts. Oganessian

do/dQ F.

(mb/sry 4He(%He,5He)a

nE Egy=151 MeV
102 | -

100 |
102 ¢

104 ¢

10-6 PRI RTSTETP STSTNEE AP R EPEPE BT | P I ST
0 40 80 120 O (deg)
Fig. 4. Experimental data (symbols) and theoretical calculation
(lines) for the elastic scattering *He(151 MeV) + *He.

16.02.2024 43



Bo03MOKHBIE IKCIIEPUMEHTHI 10 MOUCKY CHMHIVIETHOIO JAeTPOHA
1 npoodJieMa CylieCTBOBAHUA HEUTPAJIbHBIX s1/Iep

A. Siepeetal.

“Neutron-proton and neutron-neutron quasifree scattering in the n-d breakup
reaction at 26 MeV”, Phys. Rev. C65, 034010, 2002,

Wctounuk Heifrponos: “H(d,n)’He T *ﬁﬂz*  opem
E,=27.3_M>sB, E,=(26+4)_MoB 00 ! ,q _-
Hccnenyemas peakuus: g 600 - |
n+d—> p+n+n g | t
g “Wr )

200 I
% S w0 152 2

E, (MeV)

FIG. 4. HE data of Fig. 3, projected onto the E,; axis. The sold
curve represents the finite-geometry Monte Carlo prediction using
CD-Bonn, the dotted line 1s the MC result normalized to the experi-
ment by multiplication with a factor of 1.18. Only events with E, ;
and E, ;=6 MeV have been included in the analysis.

16.02.2024 44



Bo3MoOkHBIE IKCIIEPUMEHTHI 10 MOUCKY CHHIVIETHOTO IEHTPOHA U
npoosemMa cyumecTBOBaHMSI HEMTPAJIbHBIX sijIep

PHYSICAL REVIEW C 83, 034004 (2011)

The nn quasifree nd breakup cross section: Discrepancies with theory and
implications for the 'S, nn force.

H. Witala, W. Gl ockle

Large discrepancies between quasifree neutron-neutron (nn) cross section
data from neutron-deuteron (nd) breakup and theoretical predictions based
on standard nucleon-nucleon (NN) and three-nucleon (3N) forces are
pointed out. The nn 1S0 interaction is shown to be dominant in that
configuration and has to be increased to bring theory and data into
agreement. Using the next-to-leading order S, interaction of chiral
perturbation theory, we demonstrate that the nn quasifree scattering cross
section depends only slightly on changes of the nn scattering length but is
very sensitive to variations of the effective range parameter. In order to
account for the reported discrepancies one must decrease the nn effective
range parameter by =12% from its value implied by charge symmetry and
charge independence of nuclear forces.



Bo3MOKHBIE IKCIIEPUMEHTHI 10 MOUCKY CHHIJVIETHOIO JeTPOHA
1 poodjieMa CylecCTBOBAHNA HEUTPAJbHBIX s1Iep

H.W. Hammer, S. Konig, “Constraints on a possible dineutron state from

pionless EFT”, Phys. Lett. B736, 208-213, 2014.

We investigate the sensitivity of the three-nucleon system to changes in the
neutron—neutron scattering length to next-to-leading order in the pionless
effective field theory, focusing on the triton—3He binding energy difference
and neutron—deuteron elastic scattering. Due to the appearance of a proton—
deuteron three-body counterterm at this order, the triton—3He binding energy
difference remains consistent with the experimental value even for large
positive neutron—neutron scattering lengths while the elastic neutron—deuteron

scattering phase shifts are insensitive. We conclude that a bound
dineutron cannot be excluded to next-to-leading order Iin
pionless EFT.
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Low energy NN interaction.

L.P. Kok, “Accurate Determination of the Ground State Level of the 2He
nucleus”, Phys. Rev. Lett., 45, 427, 1980.

p+p— p+p E = -0.140-i-0.467 M>B

Resonance.
P+p—>p+p E,=0.4 MeV; ['=0.15 MeV
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Bo03MOKHBIE YIKCIIEPUMEHTHI 10 MOUCKY CUHIVIETHOI'O
AedTPOHA U MPOodJIeMa CYIIECTBOBAHUS HEUTPAJIBHBIX sAAep

D.V. Aleksandrov et al. MccrmenoBanu ucnyCKkaHHe HEHTpaNbHBIX sSSP B
CIIOHTaHHOM nejieHnu. OHU HCIOJIB30BATH UCTOYHUK 2°°Cf MHTEHCHUBHOCTBIO
107 akToB menenus B cekyuny. Obmydanuck oopasisr 2°Mg (¢ maccamu ot 0.1
1o 6 r), xotopeic ObLIH ToMereHbl Were placed at 3 mm distance from the
source were used as indicators.

“Al+* n—>Mg + p+ (X=2)n

Cnexktp ramMma KBaHTOB wu3Mepsuicsi ¢ nomoinblo HPGe nerexropa
oobemoMm 120 cm®. Beuta obHapyskeHa nunHus ¢ sHeprueir 1342.27 keV.
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Bo03MOKHBIE IKCIIEPUMEHTHI M0 MOUCKY CHHIJICTHOI'O
AedTPOHA U MPodJIeMa CYHIECTBOBAHUS HEUTPAJBHBIX sAAep

O6Hapy>KeHHe JTerKHX HeHTDOHHBIX Adep B deJeHHH o0 U q-4acTHHAMH. . . 749
(a)
10°}F
N
10°F
10}F
E
= 0601 1368 (b)
50
40}
30t 1779
1342
20 l l
1460 2243
1400 1600 1800 2000 2200
E (keV)

Puc. 2. {(a) — DHepreTHueckutt CrIieKTp J-KBAHTOB AKTHBHPYeMOro ofpasma 2 Al, o6IyueHHOTO NPOAVKTAMH BLIHYYKIEHHO-
238711 =
ro gedeHus U a-dacTHnas#. (b) — BelaeTeHHBI VYACTOK 4-CNeKTpa B JHanasone sHepruit 1330-2250 k3B, Crpeakauu

OTMeYeHEl v-JIHHHH, COIpOBOKIaIme F-pacnan siaep - Mg (1342 ksB) u 2®Al (1779 k3B)

f
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ANHENTPOH U HeUTpaJbHble Aapa.

Experiments with radioactive nuclel.

F.M. Marques et al. have observed 6 events when tetraneutrons

appeared. B sToMm sKkcriepuMeHTe Iy4ok siaep Be.
F.M. Marques et al., Phys. Rev. C65 (2002) 044006.

A. Spyrou et al. mabmomanu pacmax °Be ¢ omHOBpEMEHHBIM
BBIJIETOM JIByX HEHUTPOHOB.

A. Spyrou et al., Phys. Rev. Lett. 108, 102501 (2012)

Analogous process have been observed in the reaction
260 — 240 +2n .

Theory:
N.K. Timofeyuk, “Do multineutrons exist?”, J. Phys. G29, L9 — L14, 2003.



Bo3MOKHBIE IKCIIEPUMEHTHI 110 MOUCKY CHHIJIETHOIO ICMTPOHA U
npoodJieMa CylmecTBOBAHUS HEUTPAJbHBIX s/AeP

b.I'. HoBankui, E.JO. Hukoasckuii, C.b. Cakyra, /I.H. CTtenanos,
“Bo3MoxHOe 00HApY:KeHHEe JIETKUX HEUTPOHHBIX si/Iep B JAeJIeHUH
238 g-yacTunamu’’, [lucbma B ZAKITD, 1. 96, BbIN. 5, ¢. 310-314, 2012.
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B03MOKHBbIE IKCIIEPUMEHTHI 0 MOUCKY CHHIVIETHOIO JeMTPOHA U
npoodJieMa CylmecTBOBAHUS HEUTPAJIbHBIX si/Iep

JAMHEeNTPOH M Jieryanuue HeuTpajJabHbIe SaApa.

|. Kadenko, “Possible observation of the dineutron in the °Th(n,2n)89Th

nuclear reaction ”, Europhys. Lett., 114, 42001, 2016.

En < Bthr (n,2n)
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Bo3MOKHBIE IKCIIEPUMEHTBI 10 MOMCKY CHHIJIETHOTO AeHTPOHA
1 MpodJieMa CyleCTBOBAHUS HEMTPAJbHBIX siIep

Statistically significant observation of and cross sections for a
new nuclear reaction channel on ’Au with bound dineutron

escape

[HOR M. KADENKO 1@, BARNA BIRO?. ANDRAS FENYVEST

! International Nuclear Safety Center of Ukraine; Department of Nuclear Physics, Taras Shevchenko National University of Kviv —
St. Volodymyrs ka, 64/13, 01601, Kyiv, Ukraine
? Institute for Nuclear Research, Hungarian Academy of Sciences (MTA Atomki), Bem tér 18/c, H-4026 Debrecen, Hungary

PACS 21.45.Bc - Two-nucleon system
PACS 25.90.+k - Other topics in nuclear reactions: specific reactions
PACS 27.10.+h -A <5

Abstract — A new nuclear reaction channel on *’Au with the neutron as a projectile and a bound
dineutron (*n) in the output channel is considered based on available experimental observations. The
dineufron is assumed to be formed as a particle-satellite. separated from the volume but not from the
potential well of *®Au nucleus. The dineutron was identified by statistically significant radioactivity
detection due to decay of #Au nuclei. Cross sections for the ™ Au (n.’n) "Au reaction are
determined as 180 = 60 ub and 37 £ 8 ub for [6.09-6.39] and [6.175-6.455] MeV energy ranges.
correspondingly. Possible outcomes of dineutron detection near the surface of deformed nuclei are also
raised and discussed.
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Bo3MOKHBIE 3KCIIEPHUMEHTHI 10 MOUCKY CHHIJIETHOIO e TPOHA U
npoodJjieMa CylecTBOBAHNA HEUTPAJbHBIX s1Iep

|.M. Kadenko, B. Biro, A. Fenyvesi, “Statistically significant observation of and
cross sections for a new nuclear reaction channel on ¥ Au with bound dineutron
escape”, EPL, 2020, v. 131, No. 5, 52001.

2d+2d— He+;n
ITopor peaxrmu — Au(n,2n)**°Au  E,, = 8.11372 M»B.

T, =6.183D
Nuclide E, keV l,, % S+AS o, ub
196 AU 332.983 229+0.5 307+119 180 £ 60
355.684 87 867 + 133

2-¢ o0nyueHue: o =37+8 b
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Bo3MoKHBIE IKCIIEPUMEHTHI 10 MOUCKY CHHIJIETHOI'O
AeUTPOHA U MPOodJIeMa CYIIECTBOBAHUS HEUTPAJIBHBIX sAAep

IMouck AMHEHTPOHA B peaKIuu n+d—°n+p.

[lepBbIii SKCIIEpUMEHT 1O MOWCKY JMHEHTpoHa B peakmuu N+d — n+d Obul
npoenén JI.B. Imaszroy m JI.I. docrepom. OHM HU3MEPWIM CEUYEHHE PEAKIINU
paccesnus N+d B mHTEpBajc 3HEPruil HEUTpoHOB 2.25-15 M5B (B nabopaTopHOi
cucteme; 241 touka, TouHocTh 1.2-5.6%). IlonydeH BepxHUI Ipenes Ha CCUCHHE

peakiuu ¢ BbuieTom auHenTpona 100 - 1000 mukpobapH.

Pacuér: R. Alzetta, G.C. Ghirardi, A. Rimini, Phys.Rev., v. 131, p. 1740, 1963.
Okcnepumenrt: Glasgow D.W., Foster D.G., Phys. Rev., v. 157, p. 764, 1967.

[IpyuMedanue: He OBLIM TOYHO H3BECTHBI JJIMHBI PACCESHHUS HEUTPOHOB Ha
JIEUTPOHAX.
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Bo3MoOkHBIE IKCIIEPUMEHTHI N0 MONCKY CHHIVIETHOTO JIeHTPOHAa 1 npolJieMa
CYILeCTBOBAHUS HEUTPAJBbHBIX s/Iep

JIérkue HeUTpasbHbIE AApa.

b.I. Hosaukwui, E.}O. Hwukonsckui, C.b. Cakyra, /.M. Crenanos,

“Bo3MOkHOE OOHApYKEHHE JIETKUX HEUTPaIbHBIX saep B aenenun 238U a-
yactunamu’’, Ilncema B JKOTO, 1. 96, BeII. 5, ¢. 310-314, 2012.

b.I. HoBankuii u ap. HaOMromaIu JIETKUE HEUTPAIBHBIC $1/IpA, BO3HUKAIOIIIHE
B peakuun aeiaenus 28U anbda gactumamu ¢ sHeprueit 62 MaB. Oo6pasen
88Sr cmyXun MHIUKATOPOM. ABTOPHI IpEAToNaraiy mnepeaady 4 HeWTPOHOB.
PerucTpupoBaanch HeCTaOMIbHBIE sapa 2SI,

b.I. Hoaukuii, C.b. Cakyra, [.H. CrenanoB, “OOHapyXeHHE JErKUX

HEUTpaJIbHBIX spep B AeineHud 28U @-uacTHI[AMM METOIOM aKTHBALUU
u3zoromna 2’Al”, ITucema B XKOT®, 1. 98, BoIn. 11, ¢. 747-751, 2013.
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Bo3MOKHbBIE IKCIIEPUMEHTHI 10 MOMCKY CMHIJIETHOI0 ICUTPOHA U MpodJjiemMa
CYyLIeCTBOBAHUA HEUTPAJIbHBIX s/IEP

The group from Tomsk Polytechnic Institute investigated the
decay of 2°2Cf and observed 232U, which can appear as result of
the octaneutron emitting only:.

Arguments for Detecting Octaneutrons in Cluster Decay of 2*2Cf Nuclei
G.N. Dudkin, A.A. Garapatskii and V.N. Padalko
Tomsk Polytechnic University, 634050 Tomsk, Russia
E-mail: dudkin@tpu.ru

Abstract

A new method of searching for neutron clusters (multineutrons) composed of neutrons bound by nuclear forces has
been introduced and implemented. The method is based on the search for daughter nuclei that emerge at the nuclei
cluster decay of ***Cf to neutron clusters. The effect of long-time build-up of daughter nuclei with a high atomic
number and long half-life was utilized. As a result, the cluster decay of ***Cf to a daughter nucleus **U (half- life of
T, -= 68.9-years) was discovered. It is assumed that the emergence of 2321J nuclei is attributed to emission of neutron
clusters consisting of eight neutrons - octaneutrons. The emission probability of octaneutrons against a-decay

probability of #*>Cf is defined equal to ic/h, = 1.74-1075.
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Bo3MosKkHbIE IKCTIEPUMEHTHI 110 MONCKY CMHIVIETHOI0 JeiiTPOHA U npolJemMa
CYIleCTBOBAHUSI HEHTPaJIbHBIX siiep

Bo3moxHBIE OKCIICPUMCHTHI.

1. h+p—->d+y,+y, E +E,=2224_ xoB (0<E,E, <2224_xoB)

2. PesonanchHoe paccesHue ramma KBautos, y+d —d*(;S)—d+y.

3. n+d->°n+p

4, d+t—, He+ln
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Bo3MokHBIE IKCIIEPUMEHTHI 10 MOMCKY CHHIVIETHOIO e TPOHA
U mpodjieMa CyleCTBOBAHUSA HEHTPAJbHBIX siiep

T. Faestermann, A. Bergmaier, R. Gernhauser, D. Koll, M. Mahgoub,
“Indications for a bound tetraneutron”, Phys. Lett. B 824, 136799, 2022.

"Li+'Li=®C+%n

B(*n)=0.42+0.16 _MeV

M. Duer et al., “Observation of a correlated free four-neutron system”,
Nature, 606, p. 678, 2022.
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YOK 539.172.4

NOUCK ITUHEUTPOHA BO B3AUMOJIEHCTBHU
HEHUTPOHOB C IEUTPOHAMH

C. b. bopzaxoe, L. [Nanmenees, A. B. Cmpenikoe

ITucema B QYASA, Ne 2[111], c. 45, 2002.
n+d—°n+p

Hcnonp30oBascs NponopUUOHAIBHBIN CYUETYMK C TA30BOM CMECHIO, KOTOPas COCTOsJ1a

w3 1.5 arm. D,, 0.5 arm. Aru 102mm. pr. ct. 3He.

2
DHEprust NpoTOHA! E, = E(Bz -B, +E,)

no; N,
n, N;

Np ZCDnndetE N3 — (DnnSGStg Oy =

JIna onpedenenusn HellmpoHHO20 ROMOKA 8 OemMeKmop 000as1s1emcsa Hedonvuioe

Kkonuuecmeo *He (n+3He —T + ).



Bo03MoOKHBbIE IKCIIEPUMEHTHI 110 MOUCKY CHHIVIETHOIO JeMTPOHA
U npo0JieMa CylecCTBOBAHUS HEUTPAJIbHBIX sIJEp
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Thank you for your attention!



Jleryanwume HeUTpaJsibHble aapa.

80

60

| Relativistic LO: T .l R
_90| — With CSFF . T
' e Nijmegen np
- - --With SFF phase shift

_ J,1|:] I | | | | | | | | | I
0 50 100 150 200 250 300

Tia, (MeV)

da3a paccessHAsI HEUTPOHOB IIPOTOHAMM B CUHIVIETHOM COCTOSIHUM.
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Bo3MoKHBIE IKCIEPUMEHTHI 10 MOMCKY CHHIVIETHOIO e TPOHA
U mpodjieMa CyleCTBOBAHUA HEHTPAJbHBIX siiep

nN+p—->n+p n+p—o>d+y

y+d —o>n+p y+d >d+y

1. Ross M.H., Shaw G.L., “Scattering Length and Effective Range Theory
for Multichannel Processes”, Annals of Phys., V. 9, p. 391, 1960.
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Bo3MoOkHBIE IKCTIEPUMEHTHI 10 NMOMCKY CHHIVIETHOTO JeiiTPOHA U
npoodsemMa CynecTBOBaHMSI HEMTPAJIBbHBIX siJIep
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