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B OUSAU oTKpbITHI
HOBbIC¢ KAHAJIbI peakUnumn
SIICPHOI0 CUHTE3A

BbIcokast BeposITHOCTh CHHTE3a s1/Iep M30TOIIOB BOAOPO/IA B MIO-
OHHBIX MOJIEKyJax OblIa TeopeTHdecku npezackazana O. Y. dpankom
n A. JI. CaxapoBbsIM B KoHILIE 1940-X IT. ¥ O3/1HEE SKCIIEPUMEHTAb-
HO TMOATBEpiKIeHa B dkcriepumenTe JI. AnmbBapeca (1957 ). [lepsrie
CTpOTHE Hay4HbIC MPEJCTaBICHHUS O CIOKHOW IIEMOYKE PEeaKIui,
BBI3BIBAEMBIX MIOOHOM B cpezie m30TonoB Bogopona H/D/T (sie-
HHE MIOOHHOTO Karayiusa), CIOXKHINCh B padorax /. /[xekcona,
A.B.3empnorya u C. C.I'epmtetina k Havary 1960-x T

C 1964 1. B JISIT OUSAN no mannmatuse B.I1. Ikenenoa
Ha4YaJINCh CUCTEMATHUYECKHE SKCIIEPUMEHTAIBHBIE MCCICIOBAHUS
MIOOHHOT'O KaTalli3a, Pe3ylIbTaTbl KOTOPBIX IO TPaBy OTHOCSTCS
K (yHIaMEHTAIBHBIM JOCTHIKECHUSIM (U3UKU: OBLIO OTKPBITO SIB-
JICHHWE PE30HAHCHOTO 00pa30BaHMsI ME30MOJICKYJI ACUTEPHS; BIIEP-

L. N. Bogdanova, K. I. Gritsai, D. L. Demin,
V.N. Duginov, A. D. Konin, T. N. Mamedov,
A. I. Rudenko, M. P. Faifman, A. A. Yukhimchuk

New Channels of the
Nuclear Fusion Reaction
Discovered at JINR

High fusion probability for nuclei of hydrogen isotopes in
muonic molecules was theoretically predicted by F. Ch. Frank and
A.D.Sakharov at the end of the 1940s and later experimentally
confirmed by L. Alvarez (1957). The first strict scientific concepts
regarding a complex chain of reactions induced by a muon in a mix-
ture of hydrogen isotopes H/D/T (muon catalysis) were formulated
in the papers of J. Jackson, Ya. B. Zel’dovich, and S. S. Gershtein in
the early 1960s.

In 1964, V.P.Dzhelepov initiated systematic experimental re-
search of muon catalysis at the Laboratory of Nuclear Problems,
JINR, which resulted in what could be rightfully regarded as fun-
damental achievements in physics: resonant formation of muonic
deuterium molecules was discovered, a high rate of the muon catal-
ysis cycle in a mixture of deuterium and tritium (D/T) predicted by

-]
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BbIC HKCIIEPUMEHTAIILHO TOATBEPKACHA MpeCKa3aHHas B
OUAN JI. U. [ToHOMapeBbIM U TEOPETUKAMU €0 TPYIIIbI
BBICOKAsi CKOPOCTh IIMKJIa Mro-kaTanu3a B D/T cMmecu jaeii-
TEpUsl M TPUTHUS; BIIEPBBIC MOJyUCHBI CIIMHOBAsI M TEMIIC-
partypHasi 3aBUCHMOCTH CKOPOCTeH 00pa30BaHHsI ME30MO-
JIEKYJ B )KUAKOM W TBEPJOM JICHTEPHH.

OTu pe3yabTaThl CTUMYIHPOBAIM HCCIENIOBAHUS IO
MIOOHHOMY KaTalli3y Ha NPOTSIKEHUH ACCATHICTHH Kak
B OTEYECTBEHHBIX HAY4YHO-HCCII[OBATEIBCKUX ILIEHTPAX
(O, TUAD), Tak u 3a pydexom (BemmkoOpuranus,
Kanana, CIIA, lBetiniapus, Smonus).

Jnsg  nanbpHEHIIEro W3y4YeHHs MIO-KaTallu3a IIpH
IJI0A0TBOPHOM coTpynHuuecTBe yueHsix JUAIT OUAU ¢
skcniepumentaropamMu 3 BHUND® (Capos), nHauarom
B.T"3uHOBEIM, OBLTa cO3[MaHA CHENHATIbHAS YCTAHOB-
ka TPUTOH (ymoctoennas mepsoit mpemun OWSUN 3a
2002 t.). Ha aToM 000pymoBaHWU TPOBEICHBI CHCTEMa-
TUYECKHE MHCCIICOBaHMS SIBICHUS MIO-KaTalu3a, B pe-
3yJbTaTe KOTOPHIX OBLIM TOJyYEHBI MapaMeTphl IHKJIA
MIo-Karaiu3a B cmecu D/T B mIMpOKOM auamna3oHe dKcIie-
PUMEHTANBHBIX ycinoBuil (Temmeparypa 20—800 K, maBie-
nue 1o 1500 arm), a HAKOTUICHHBIH SKCIIEPUMEHTAIBHBIN
MaTrepHai SBISIETCS] PEKOPIHBIM M0 00bEMY M MO TOYHO-
CTH B CBOJIKC MHUPOBBIX JAaHHBIX. Takyke BIEpBbIC OBLIH
MIPOBE/ICHBI UCCIICIOBAHNUS SBICHUS MIOOHHOTO KaTajm3a

AT THE LABORATORIES OF JINR

B mioTHOW TpoiHoi H/D/T cMecn m30TOmOB BOAOpOAA,
HaOJIIoaIich Tpe/CKa3aHHble Uil TAaKoi CMecH OIH-
TepMajibHbIe d((EKTH U ClIeNIaH BBIBOA O BO3MOXKHOCTH
pasbasnenus D/T cmecu BOIOPOIOM Ha YpOBHE MOpSsiIKa
10% B memsax KOHOMHHU TPUTHS, YTO BayKHO IPH paspa-
0OTKE MCTOYHUKOB SIIEPHOIl SHEPTUH C UCIIOJIb30BAHUEM
Mio-katanu3a. C peKopIHON TOYHOCTHIO OBIITH M3MEPEHBI
napaMeTphl [UKJIA B CPEe YUCTOTO TPUTHS, U3yUeH Me-
XaHU3M PEaKIM CHHTE3a sAep TPUTHS, U ClIeJIaH BBIBOJ
0 CYIIECTBEHHOH (& — N KOPPEIALUH B KOHEYHOM COCTO-
SHUM Takoil peakunu. Taxke BIEpBbIe ObUIA TIONydYEeHA
JKCIIEpUMEHTAJIbHAs OLICHKa BBIXOJa KaHajla PaJnalioH-
HOTO 3axBara jeiitpona dd — *He +y 1o OTHOIIEHHMIO K
OCHOBHBIM KaHaJaM dd -peakiiuy, MIpoTeKaroIeil B MIOOH-
HOW MOJIeKyne ddyt.

MIOOHHBIH KaTaiau3 sBisieTcsl SQQPEKTUBHBIM METO-
JIOM HW3Y4eHHs peaklHuii CHHTE3a H30TOIIOB BOAOPOJA,
O0COOCHHO TIPH HU3KHX, «aCTPOPU3IUIECKUX)», YHEPIHAX
CTOJIKHOBEHHH siziep. C ero moMomnpio yaaaoch BIIEPBEIC
NOMy4uTh (JIMOO YTOUHHUTH) KOHCTAHTHI PA3IMYHBIX peak-
UM NIPU ONPEETICHHBIX CIIMHOBBIX COCTOSHMAX SIIEp, a
TaK)Ke OOHApYXHUTh KaHAJIbl CHHTE3a, 3allpeIlCHHbIC PH
CTOJIKHOBCHHUU CBO6OI[H])IX Aaaep.

K HacrosimeMy BpeMEHH BCE BO3MOXKHBIE sIEpPHBIC
peaknuy, Karajan3upyeMble MIOOHOM B CMECSIX M30TOIIOB

L.I.Ponomarev and colleagues at JINR was experimen-
tally confirmed for the first time, and spin and temperature
dependences of muonic molecule formation rates in liquid
and solid deuterium were obtained for the first time.

For decades, these results stimulated muon catalysis
researches both in our country (JINR, PINP) and abroad
(United Kingdom, Canada, United States, Switzerland,
Japan).

The muon catalysis research at DNLP continued in
fruitful cooperation with experimenters from VNIIEF
(Sarov) initiated by V. G. Zinov. Systematic studies on the
specially developed TRITON facility (2002 First JINR
Prize) resulted in obtaining parameters of the muon ca-
talysis cycle in a D/T mixture under a variety of experi-
mental conditions (temperature 20-800 K, pressure up to
1500 atm) and acquiring experimental data of record high
amount and accuracy. Muon catalysis in a dense triple
H/D/T mixture of hydrogen isotopes was investigated for
the first time, epithermal effects predicted for this mixture
were observed, and a conclusion was drawn about a pos-
sibility of diluting the D/T mixture by hydrogen to a level
of about 10% to save tritium, which is important for de-
veloping nuclear energy sources based on muon catalysis.

EI

Parameters of the cycle in pure tritium were measured with
a record accuracy, the mechanism for fusion of tritium nu-
clei was studied, and considerable @ —n correlations in
the final state of that reaction were inferred. Also, the yield
of the radiative deuteron capture channel dd — “He + 7
with respect to the main channels of the dd reaction in the
muonic molecule ddu was experimentally estimated for
the first time.

Muon catalysis is profitable for studying fusion reac-
tions of hydrogen isotopes, especially at low, “astrophysi-
cal”, nuclear collision energies. It helped obtain or refine
constants of various reactions at particular spin states of
nuclei and find fusion channels forbidden in collisions of
free nuclei.

By now, all kinds of muon-catalyzed nuclear reac-
tions in mixtures of hydrogen isotopes have been well
studied. An exception is fusion of proton and tritium nu-
clei. The latest experiment on the study of muon catalysis
in the H/T mixture was carried out by an international
team of experimenters at PSI (Switzerland) in 1993 [1].
Two exit channels of this reaction were observed: M1
transitions with emission of a gamma ray and, for the
first time, EO with conversion on the muon. The mea-
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BOJIOPOAA, M3YYEHBI JOCTATOYHO XOPOIIO, KPOME peak-
UMi cuHTe3a siiep nporoHa u tpurus. Ilocnennuil skc-
MIEPUMEHT TI0 U3y4YeHHI0 Mio-Katanm3a B H/T cmecn Obut
MPOBEJICH MEXTyHAPOTHOM IPYNION SKCIIEPUMEHTATOPOB
B PSI (IBefiapus, 1993 1) [1]. B pesynsrare nsmepe-
HUH HaOMIOMATUCH ABa BRIXOTHBIX KaHalla 3TOM pPeaKInu:
MI1-niepexompl ¢ UCIyCKaHHEM T'aMMa-KBaHTa M BIIEPBBIC

AT THE LABORATORIES OF JINR

E0 — c¢ xoHBepcueill Ha MIOOHE. VI3MEpEHHbIE BBIXObI
STHX KaHAJIOB pf-Peaknud CYIIECTBEHHO IIPEBBIIIAIOT
OXXHTAeMbIC 3HAYCHUS, OCHOBAHHBIC HA IKCIIEPUMEHTAIb-
HBIX JJaHHBIX 110 PaJUALIUOHHOMY 3aXBaTy pf «Ha JIETy» U
peakuuu n + 3He, 3epKaJIbHOM 10 OTHOUIEHUIO K pajna-
LUOHHOMY KaHaJly peakuuu p +f, Tak e KaK U BBIYHC-
JICHHBIC HA OCHOBE JAHHBIX MO 1 + 3He (e,e’)pt peakuuu

Puc. 1. a) Cxema dKcrIeprMEHTaIbHON YCTaHOBKU: [—3 — cuerdnky my4ka MiooHoB; E1, E2 — snekrponnsrii Teneckor; F — dmisrp myuxa
Mi00HOB; G1, G2 — neTekTopbl raMMa-KBaHTOB; M — nietekTop MrooHOB; H/T — MUIIEHB ¢ UAKOH CMECHIO H30TOIOB Bofopoa. b) Dkc-
TIePUMCHTAIIBHBIH SHEPIeTHIECKHUI CIIEKT 2JIeKTPOHOB/TIO3UTPOHOB peakiuH (3), 3apuKcHpoBaHHBIX AeTekTopoM E1, Heo603HaueHHBIH K
COOTBETCTBYET NPOXOKICHUIO TOJBKO OHOTO MapTHEpa — 3IEKTPOHA MM ITO3UTPOHA M3 MApBL. ¢) DKCIepHIMEHTAIbHbIN SHEePreTHIecKui
CIIeKTpP MIOOHOB KOHBEPCHH B peakiuu (2), 3apukcupoBaHHbIX Aerekropamu E1 u M

a

N,
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e*e pair energy in E1, MeV
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Fig. 1. @) Schematic view of the experimental facility: /-3 are the muon beam counters, E1 and E2 are the electron telescope, F is the
muon beam filter, G1 and G2 are the gamma detectors, M is the muon detector, and H/T is the target with the liquid mixture of hydro-
gen isotopes. b) Experimental energy spectrum of electrons/positrons from reaction (3) detected by the detector E1; the unlabeled peak
corresponds to the passage of only one pair partner, an electron or a positron. ¢) Experimental energy spectrum of conversion muons in

reaction (2) detected by the detectors E1 and M

sured yields of these pt reaction channels are apprecia-
bly larger than the expected values based on the experi-
mental data on the in-flight radiative capture p¢ and the
reaction 7n + 3He, which is a mirror reaction relative to
the radiative channel of the p + ¢ reaction, and also the
values calculated from the data on the n+3 He(e,e’)pt
reaction (for the conversion channel). No explanation
for this disagreement has been found so far. In addition,
the conversion channel with the formation of e e~ pairs
was not observed though its yield was predicted to be
about the muon yield [2].

The so far unsolved problems in the description of the
muon-involving pt fusion aroused interest of the DNLP
scientific experimental group headed by D.L.Demin, and
they proposed investigation of the p¢ fusion channels

pir—*Heu+ 7y +19.82 MeV (E, =19.77 MeV), (1)
ptie—*He + 11 +19.81MeV (E, =19.22 MeV),  (2)
pty—4Hep + et + e~ +18.79 MeV. (3)

EI

The TRITON project was prepared and soon sup-
ported by the JINR Programme Advisory Committee for
Nuclear Physics (2011).

The team established for conducting the experiment
had an appreciable background to allow successful imple-
mentation of the project. By that time, Demin’s group had
accomplished the experiment at DLNP on the search for
the rare radiative deuteron capture reaction using specially
designed gamma detectors with a measurement range up
to 30 MeV. With this unique experience, the Dubna ex-
perimenters were prepared for studying characteristic
features of the pr reaction. The experimental methodol-
ogy was proposed by V. V.Fil’chenkov. The experimental
target was designed according to the JINR specification.
Electron—positron pair and muon detectors were devel-
oped to suit the compact experimental geometry (Fig. 1,a).
The problem of parameterization of angular correlation of
pair emission in the p +¢ reaction was solved and per-
formed with the Monte Carlo simulation of physical pro-
cesses in the facility. Electronic equipment and software
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(Ut KOHBEPCHOHHOTO KaHaia). OObsICHEHHE STOMY (aKTy
He HaiiieHo 1o cux nop. Kpome Toro, He Habmoancs ka-
HaJl KOHBEPCUH ¢ 00pa3oBaHueM map ¢ e ™, XOTs ero Bbl-
XOJI IIpEJICKa3aH Ha YPOBHE BBIX0OJa MIOOHOB [2].
OcraBmmecsi HEpeICHHBIMU TPOOIEMBl OMHCAHUS
pt-CHUHTE3a C y4acTHEeM MIOOHA 3aMHTEPECOBAIH Hay4YHO-
sKcriepuMeHTanbHyto Tpynmy JISII mon pykoBoacTBoM
J.JI. lemuHa, KOTOpasl BBICTYNUJIA C IPEJIOKEHUEM HUC-
CIIeOBATH CICAYIONINE KaHAIbl PEaKnuy pf -CHHTE3a:

iy —*Hep + 7 +19,82 MaB (E, =19,77 MaB), (1)
ptre—*He + 1£+19,81 MoB (E,,=19,22 M3B),  (2)
pty—*Hep+ et + e~ +18,79 M»B. (3)

Brut moarotosnen npoext TPUTOH, Bckope moanep-
’kaHHbIM [IporpaMMHO-KOHCYIBTaTUBHBIM KOMHTETOM I10
sinepHoit puzuke OV (2011 1).

Konnextus, co3naHHbIl Ui MPOBEIEHHs JKCIEpH-
MEHTa, UMeJI CYIECTBEHHBIN 3a/e1 AJs yCIEeHIHOH pea-
au3anmy npoekra. K Tomy BpeMeHH rpymina 3aBeplinia
B JUAII sxcriepuMeHT 1o 0OHApYKEHUIO PEIKON peakiuu
panuanMoHHOIO 3axBara JEHUTPOHA C HCIOJIB30BaHHEM
CO3JIaHHBIX JETEKTOPOB raMMa-H3JIyd4eHHs C TUara3oHOM
n3Mmepenuii 10 30 M»oB.OcHoBbIBasiCh Ha YHHMKaJIbHOM
OIbITe paboTe ¢ HUMHM, JYOHCHCKHE IKCIICPUMEHTATOPBI
OBUTH TOTOBBI K M3YYEHHIO XapaKTEPHBIX 0COOCHHOCTEH

were developed. Much was done for proper arrangement
of the Phasotron infrastructure, including restoration of the
proton beam “stretcher”. To analyze experimental data, the
group has close contacts with both Russian muon-physics
theorists and foreign colleagues from Polish and Czech re-
search centres. A detailed description of the experiment at
its preparatory stage is given in [3].

In May 2016 an experiment on the search for muon
catalysis in an H/T mixture was carried out on the DNLP
Phasotron, JINR, in collaboration with VNIIEF specialists.

Earlier known pt fusion channels (1), (2) with the
yield of single gamma rays and conversion muons were
observed in the experiment (Fig. 1, ¢). Now the analysis of
the experimental results is under way, but the following
important conclusions can already be drawn:

1. The pt fusion channel with the yield of electron—
positron pairs (Fig. 1, b) has been observed for the first time.

2. Evidence for existence of a new channel with the
yield of a gamma-ray pair

pti —*Hep + 7 + 7 +19.82 MeV (4)
has been obtained for the first time (Fig.2).

AT THE LABORATORIES OF JINR

EI

pt-peakuuu. MeTOONIOTHIO SKCHEPHUMEHTA TPEIUTOMKHI
B.B. ®uisueHkoB. MuliieHs i 3KCIIEpUMEHTa pa3pabo-
tanmu B0 BHUND® no texuudeckomy 3amanuio OVAN.
Brumn paspaboTaHel HEOOXOMUMBIE TETEKTOPHI AICKTPOH-
MO3UTPOHHBIX Tap ¥ MIOOHOB JUIsi TpeOyeMOH KOMITaKT-
HOW reOMeTpHH 3KCIepuMeHTa (puc. 1, a), anekTpoHuKa u
MPOrpaMMHOE OOECIIeUeHNE, aHAIUTHYECKH pEIICHA 3a-
Jlava TapaMeTpu3aliy yIJI0BOH KOPPENSIN BbUIETA Tap
B peakuuu p + ¢, MPOBEICHO MOJEIMpOBaHKE (hu3nye-
CKHUX IIPOLIECCOB B yCTaHOBKe 1o metoxy Monre-Kapio.
Bonpimass pabGora Obla BEIIONHEHA MO HaNaake WHOpa-
CTPYKTYPBI (ha30TpOHa, B TOM YHCIIE BOCCTAHOBJIEHA «pac-
TSDKKa» IPOTOHHOTO Iyuka. /Uil aHaiau3a SKCrepuMeH-
TaJIbHBIX JAHHBIX Y TPyl €CTh TECHBIH KOHTAKT KaK C
POCCHICKUMH TEOpETHKaMH, padOTAIOUIMMHU B 00IacTH

Puc.2. DxcniepMMeHTaIbHbIM CyMMapHBIN CIIEKTP HEPIUH map-
HBIX TaMMa-KBaHTOB B Peakiyy (4), CIOKEHHBIH U3 COBIABLINX
10 BpeMeHHu coObIThil B ramma-znetekropax G1 u G2

Ny,

10 20 30
2~ energy in G1 + G2, MeV

[

Fig.2. Experimental summed energy spectrum of gamma-ray
pairs in reaction (4): events in the gamma detectors G1 and G2
coinciding in time are added up to the summed energy spectrum

3. The experimental results confirm Zel’dovich and
Gershtein’s theoretical predictions (1960) about product
yields in muon-involving nuclear reaction in cold hydrogen.

The authors of the experiment and the DLNP Directo-
rate express their gratitude to the personnel of the Scientific
Self-Sustained Division of the Phasotron Department,
Radiation Safety Department, Radioactive and Fissionable
Materials Department, and Electrotechnological Depart-
ment at DNLP and to the JINR Security Department for
the help and support in preparation and conduction of the
experiment. The development of the TRITON facility was
supported by the International Science and Technology
Centre; the development of detectors and conduction of
experiment, by the Russian Foundation for Basic Research.
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MIOOHHOH (DM3UKH, TaK U C 3apyOeIKHBIMHU KOJI-
JeraMu M3 HayYHO-HCCIICTOBATEIECKUX IICH-
TpoB Ilonbmm u Yexuu. JleranpHoe onucanue
SKCIEPUMEHTA Ha CTaJuH MOATOTOBKU COJEp-
KUTCA B padote [3].

B mae 2016 1. MOMCKOBBI SKCTIEPUMEHT 110
MIOOHHOMY KaTaiuzy B cmecu H/T Obut mpose-
neH B Jlyone Ha dazorpone JIAIT OUAU B co-
TpyAHUYECTBe co cnernuanictamu BHUND®.

B skcniepumenTe HaOMoaINCh N3BECTHBIC
paHee KaHaNbBI peakiuu pf-cunaTe3a (1), (2) ¢
BBIXO/IOM OJMHOYHBIX TaMMa-KBaHTOB M MIOO-
HOB KOHBepcuu (puc. 1,¢). B HacTosiee Bpemst
MIPOBOJUTCS 00pabOTKa Pe3ylbTaToOB IKCIICPH-
MEHTa, HO yXe celdac W3 MpeABAPUTEIHHOTO
aHaJIM3a JaHHbIX CIEAYIOT BayKHBIC BBIBOJIBI:

1) BOepBBIC MPHU HCCIICAOBAHUU PEAKIIUIT
pt-cuHTe3a OOHApyKeH KaHal C BBIXOIAOM
3JIEKTPOH-TIO3UTPOHHBIX map (puc. 1, b);

2) BIIEpBBIC TIOIYYCHO YKa3aHHE Ha CYIIe-
CTBOBaHME HOBOTO KaHaja C BBIXOAOM Mapsbl
ramMmma-KBaHTOB (puc.?2):

pti—4*Hep+y +7+19,82 MsB;  (4)

3) moxy4eHHbIEe pe3yNbTaThl IOATBEPIKAa-
0T TeopeTnueckue mpenckasanus . B.3enb-
nosuya u C. C.Tepmrreiina (1960 r.) o mponyk-
Tax BBIXOJIA B SAEPHBIX PEAKIHUAX B XOJIOTHOM
BOZIOPOJIE C y4aCTHEM MIOOHOB.

ABTOpBI 3KCiepuMenTa 1 nupeknus JIAIT
BEIpaXkaroT OnaromapHocTh KoyuiekTuBaM HXIT
O®, OPb, OPIIB, Cb OUU u OTO JIAII 3a
MOMOIIb U MOJAEPIKKY MPH MOATOTOBKE U IIPO-
Be/leHHN dKcriepuMenTa. Co3JaHue ycTaHOB-
ku TPUTOH mognepkano rpantom MHTLI,
a paboTa JEeTEeKTOPOB M IPOBEJICHUE CaMOro
akcriepuMenTa — POOU.
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