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Low energy NN interaction.

“Effective range theory”.
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Scattering parameters

Scattering length Effective P Q
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Cross-section, barns

Low energy /N/V interaction.
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Low energy /NV/V interaction.

S-matrix S =14+ 2ikF

FE<O —> k =ik
, 1 1 5
Poles of S-matrix —— ——pr+x =0
a 2
Four poles:
b State K, 1/Fm E, MeV Comment
0.232 -2.225 Deuteron
3S, 0.911 -34.4 ?
-0.044 -0.080 Virtual
level
] 'Sy
Sy a<( 0.68 -19.2 ?




REVIEWS OF MODERN PHYSICS VOLUME 25, NUMBER 4 OCTOBER, 1953

Interpretation of the Virtual Level of the Deuteron
5. T. Ma*

Divisien of Phvsics, National Research Council, Otawa, Canada

“Only if there 1s 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.



Low energy /NV/V interaction.

Virtual level or resonanse?
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S.T. Ma, Rev. Mod. Phys., v.25, p.853, 1953.

S.B. Borzakov, Physics of Atomic Nuclei, v. 57, p. 517, 1994.
(C. b. bopzakos, SAnepuas duszuka, T. 57, c. 517, 1994).



Singlet deuteron

* K. Maltman, N. Isgur, Phys. Rev., D29, No. 5, p.952, 1984.

Binding energy: B;=2.9 MaB B('Sy) = (0.4+/- 0.4) MeV

* A.N. lvanov et al., e-Arxiv: nucl-th/0407079, 2004.

E=-79 +/- 12 k3B

- R. Hackenburg, Preprints BNL, BNL-77482-2007-IR, BNL-77483-2007-JA .
on+p—o>d+2y)=27ub

Ey1l =66 keV; Ey2 = 2157 keV



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

Radiative capture ntp 0

M = [y, (S)HM1-y,(S,)dr i 1S0 -66 keV

W, =y, sm(kr+o,)/ k

Wf = Zscf exXp (_7/51) Ml

~ en | 1 1
Ml=(—)| =(u, + 25.+— — E&.f.
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For thermal neutrons: o, = 334 +0.5mb



Singlet deuteron

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 @ = 0.128 fm with a heavy quark mass corresponding to
m, = 0.8 GeV. To distinguish 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.

vp — | 75(0:5)(0.9) Mev for*S,
” 4.4(0.6)(1.0) MeV  for'S,’



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

Idea of the experiment:
Search for the two-step ~-ray transition
3S1 (contimuum) —!Sg (metastable)—>S; (ground state)
1n addition to the direct one
1Sy —3S; with energy 2223 keV

Cold neutron prompt gamma activation analysis facility of the
Budapest Neutron Center;

Neutron flux 107 n/(sec - cm?);

Target — polyethylene (diameter 2 cm);

HPGe detector with anticompton shield.



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

Available online at www.sciencedirect.com

scrmncs (@ormscre NIV B

Beam Interactions
with Materials & Atoms

ELSEVIER Nuclear Instruments and Methods in Physics Research B 213 (2004) 385388

www elsevier.comflocate/nimb

Cold neutron PGAA facility at Budapest
Zs. Révay *, T. Belgya, Zs. Kasztovszky, 1.L. Weil, G.L. Molndr

Institute of Isotope and Swrface Chemistry, CRC HAS, H-1525 Budapest, P.O.Box 77, Hungary

Abstract

The new cold neutron prompt gamma activation analysis (PGAA) facility provides improved capabilities for routine
prompt gamma analysis and for the investigation of radiative neutron capture. The versatile beam chopper makes
possible time-of-flight measurements and the acquisition of prompt and decay spectra simultaneously. The chopped
beam PGAA technique combines the advantages of the in-beam measurement and the greater simplicity of decay

gamma spectra.



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

Neutron guide

Planar Ge detector CH, or H,O target

Pb shield oLi cpntaining
plastic

Neutron
trap

Principal scheme of the experiment.

Pb shield




Experimental Search for the Bound State Singlet Deuteron in

the Radiative n-p Capture
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Energy calibration using 22 ~-peaks

arising from neutron capture by hydrogen and nuclei of 1sotopes
of Ge, ¥CL, 12C, N, Al 2"Pb

Estimated shielding of Ge detectors by the ° Li-containing plastic
from neutrons scattered by the target was about 10°,

nevertheless we observed about 250 photopeaks.

Nuclear data:
Nndc.bnl.gov



Experimental Search for the Bound State Singlet Deuteron in

the Radiative n-p Capture
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n(°Li.a)t (= 2.T3MeV)
t°Li* Be)n, Q= 16.02MeV
H°Li.20)n, Q= 16.15MeV

Estimated fluence of fast (E, ~ 14MeV)

on HPGe detector was about 10° cm 2

(nn), (n,p), (n.c0), (n,2n)



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

Main transition: S(2223,2 5 keV) =28-10% counts
. 3x \/Vz 2
=0,

1 &,

2y

o,, < 2 /ub In the interval 2099 — 2209 keV for gamma energy
4 (interval 15 — 125 keV for binding energy).

There 1s no nuclide which gives the gamma quanta with the energy 2212.9 keV'!

Probably it is that line which we are searching for.

_0C2D) 5540
$(2223)

Ratio of peak areas:



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-.



Conclusions

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 6,,,, <2 ub (two
standard deviations)

There 1s 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 keV.



Thank you for your attention!



Physics of Atomic Nuclei (A®D), v. 46, No. 1(7), 1987.
TPEXYACTUYHBIA PACIIAJI COCTOSIHUS 2+ SIAEP He, °Li, °Be
BOYKAPEB O. B., KOPHIEHUHHUKOB A. A., KY3bBMHH E. A., MYXA H.

I., OIJIOBJIUH A. A., YYJIKOB JI. B., AHbKOB I. b.,
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Low energy /NN interaction.

The masses of the nucleon pairs.

2n
0 2m,
_|_
13 | P m,+m,
................................ M*(1S,)
2.6 F
2p 2mp
35 + M
; d
E 4 D( Sl)

MeV



Neutron Radiative Capture.

Target CH2 P '_
6LiF - o/

//// L] /
]
//////

/
e

' neutrons i
I Pb S

Polyethylene
with boron

HpGe detector Concrete

Cxema ycranoBku Ha UBP-2M.



n+p—d+y

AMNANTYAHDIN CNEKTP rAaMMa-KBaHTOB.



Channel E, keV S +/-dS Element comment
621 511..0 Annig.
718.5 595.4 30321 +/- 716 Ge

1006 844 14472 +/- 434 56Mn Act.
1163.5 984.0 1541 +/- 255 27Al

1296 1099 12939 +/- 354 59Fe

1384 1171.5 1015 +/-740 60Co

1417 1201.3 24211 +/- 419 DE(H)

1567 1332 1091 +/-257 60Co

1902.4 1622.5 2117 +/-188 27Al

2005.4 1712.3 SE(H)

2083 1778.9 53176 +/-485 27Al Act.
2120 1810.6 1894 +/- 340 56Mn

2470 2112.8 600 +/-200 56Mn Act.
2598.6 2223.3 1817211 +/- 5278 1H
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- R. Hackenburg
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Singlet deuteron.

S.B. Borzakov, N.A. Gundorin, L.B. Pikelner, N. V. Rebrova,
K.V. Zhdanova, ISINN-16, Dubna, June 11-14, 2008.

on+p—>d+2y)T75ub

Our preliminary result on the bound state singlet deuteron.

obtained in the experiment at the pulsed reactor IBR-2:
Tsingt = (17 = 6) pub at £, = 2165 keV, £3,=58 keV ?

S.B. Borzakov, N.B. Gundorin. Yu.N. Pokotilovski
Phys. Part. & Nucl. Lett. 12 (2015) 536.



- D - diy E =2223 keV
§ 1 t=382h
o - 511
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Spectrum of the gamma quanta measured with the CH2 target.



Dineutron and Singlet Deuteron.

Sakisaka M., Tomita M. -J. Phys. Soc. Japan, 1961, 16, p.2597.
AreeB IO.A. wu np. - IIpenpuntr KMAU 85-4, AH YCCP, Kues, 1985.

Detraz C. - Phys. Lett., 1977, 66B, p. 333.

‘nt+""Zn—"Zn Mg a1>Si *Mg(‘n,'*n)*"Mg

P28r—7%Y



Dineutron and Singlet Deuteron.

J.B. AnekcanapoB u np. [18] uzydanu uCryCKaHUE HEUTPAIBHBIX SIEP B
CIIOHTAHHOM JI€JICHUMU.

Onu HCHonb30BaNnM B KadecTBe HcTouHuKa 2>2Cf muTeHCcHBHOCTBHIO 107
JIEIEHUH B CEKYHIY. AKTHBAaTOPOM CIIYKHJIH 00pa3iel 2°Mg Becom ot 0.1 10 6
I, PacIoJIaraBIInecs Ha PACCTOSHUU 3 MM OT UCTOYHUKA.

A+ n—" Mg + p+(x—2)n

271 wyaca. Crnektp ramMmMa KBaHTOB wu3Mmepsiics ¢ mnomombo HPGe
nerekropa oobemoM 120 cm3. Brina oOHapyskeHa TuHus ¢ 3Hepruein 1384 keV.



Dineutron and Singlet Deuteron.

Obpapyxenne JerKHX HeBTPOHHEBIX AIepD B JeIeHHH 28 a-vyacTHHAMY. . . 7449
(a)
103_
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E
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2.
~ 60
= 1368 (b)
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20 l l
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I#Dﬂ Iﬁho 1800 2000 22h0
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Puc. 2. (a) — DHepreTnueckutt CeKTp J-KBAHTOB AKTHBHPYeMOro obpasua 2’ Al, o6IyueHHOro NPOIYKTAME BLIHYYKIEHHO-
23811 = .
ro gedenusa U a-dacTHnasH. (b) — BelaeTeHHBI V9acTOK ~4-CMIeKTpa B Ouanasone sHeprrit 1330-2250 k3B, Crpeaxayu
; 28 28 S
OTMeYeHEl V-JIHHHH, COIpoBozKIamume J-pacnan ssmep © Mg (1342 x3B) n " Al (1779 x=3B)



Dineutron and Singlet Deuteron.

Search for the dineutron in the reaction  n+d—"n+p.

IlepBass TmOIBITKA IIOMCKA JUHEUTPOHA B PEAKIUHU B3aMMOJECHCTBUSA
HEUTPOHOB C JAelTpoHaMHu Obuta mpeanpuHsaTa Imasro m docrepom. OnHu
U3MEPUIIM CEUCHUE PACCESIHUS HEUTPOHOB JEUTpOHAMH st 241 3HaYeHUM
SHEepPruM B uHTEpBaje 2.25-15 M»aB (B 1abopaTopHOil cucTeMe) ¢ TOUHOCThIO 1.2-
5.6% u moSlydynusid BEPXHUU TPENENI CEUCHUS PEAKIHU C BBUIETOM JIUHEUTPOHA
100-1000 mkO.

B mocnegnee BpeMsl MIUPOKHM (PPOHTOM BEIYTCS U3MEPEHUS C ITyYKaMU
HecTaOWIbHBIX saep. @.M. Mapkym ¢ coaBropamu HaOmoganmd 6 COOBITHUN
HOSIBIICHUS TETPAaHEHTPOHOB. B 3TOM sKcIiepuMenTe my4ok siaep “Be.

A. Coupoy ¢ coaBropamu HabOmomanu pacmang '°Be ¢ omHOBpeMEHHBIM
BBLJICTOM JIByX HEUTPOHOB. AHAJOTUYHBIN MPOIECC HAOTIOAJICS B peaKIuu

260 — 240 +2n..

b.I. HoBamkuii ¢ coaBropaMu OOHApY>XKWJIM JIETKUE HEUTpAJIbHBIE spa B
nenenun 238U anmpa vacTumamu ¢ dHeprueidr 62 M»sB. MHIUKATOPOM CIIyKHI
obpaser;, cogep:kamuii %Sr, mpuuém mpeamoIaranoch, YTO OCYIIECTBIAIACEH

peakiys nepenadu 4-x HeHTpPOHOB. B pesynsrare nosBiIsIuCh HECTAOUILHBIE SApa
92Sr



Dineutron and Singlet Deuteron.

OpurvHalJbHBIM MOAXOJ OCYIIECTBIEH B pabore rpymnmnbl U3 TOMCKOTO
[Monurexauueckoro uHCTUTYTa. OHU HCCIIEAOBAIN MPOAYKTHI pacmana »>>Cf u
oOHapyxmin 232U, KOTOPBIIi MOT MOSIBUTHCSA TOJBKO B pE3yJbTaTe UCITYCKaHUS
OKTOHEUTPOHOB.
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FIG. 6. Differential cross section for the 'H(n, vy )*H
reaction [(a) is from the Nal(Tl) measurement, (b) is
from the second measurement with the big Ge(Li) detec-
tors].



