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JIkcnepumeHT BECQUEREL:
CTATYC U MePCNEeKTUBHbIE 3a1a4H

dparMeHTaIys peNSTUBUCTCKHUX siAep, Habmonaemas
B AJEpHON Myabcuu (SI3), cIyXKUT UCTOYHHKOM aHCaM-
Ou1eil terdaifimx saep, MpeiCTaBISIOINX HHTEPEC ISt CO-
BPEMEHHOI siIepHOii (PU3UKH U siepHOM acTpoduzuku. 9
TI03BOJISIET M3y4aTh 00pa30BaHNe TAKUX aHcaMOiIel Bo Bceit
TIOJTHOTE C PEKOPAHBIM YIVIOBBIM PAa3pELICHUEM U UICHTHU-
¢ukanumeit nzororoB He u H. Cambie mepBbie uccienoBa-
HUSI B3aUMOICHCTBUH PEJIITUBUCTCKHUX SIIEP COCTOSUTHCH B
xoHIe 1940-x rT. pu aHanm3e cioeB 513, 00mydaBIIUXCS B
ctparocdepe. Torma ske ObUTH 0OOHAPYKEHBI COOBITHS pa3-
Baja sfAep KOCMHUYECKOTO MPOUCXOXKICHUS, COMeprKalline
TPYHIIBI CIIE0B PETATUBUCTCKUX 0-YACTHI], CKOHIIEHTPH-
POBaHHBIX B y3KOM yITIOBOM KOHYce. [IposBisisich Kak npu-
pOZHOE SIBIICHHWE, OHHM OTPaXKalOT (-4aCTUYHYIO KJacTe-
pH3aLHIO B SACPHON CTPYKTYpe, SIBISIFOLIYIOCS OOBEKTOM
WCCIIEOBAHUIN 110 HACTOSIIEE BPEMSI.

B 1970-x rr. Havamguch o0aydeHus cromok SO er-
KUMHU siipamu Ha cuaxpogazorpone (OUSN) n Bevalac

(LBL), a B 1990-X IT. — CpeIHUMH ¥ TDKEIBIMU SIAPAMHU
Ha AGS (BNL) u SPS (IEPH). OTmeuanoch nposiBieHue
SIIEPHOI CTPYKTYpHI B KOHYCE IpEAeNbHON (parMeHTa-
. OgHAKO AIEKTPOHHBIE KCIIEPUMEHTHI B 3TOM Ha-
MPABJICHUN HATAJIKUBAIOTCS HA NMPUHLIUMNHAIBHBIE CIOXK-
HOCTH, OOYCIJIOBJICHHBIC KBaJpPaTHYHOH 3aBHCHMOCTBIO
HMOHM3ALUY OT 3apsiioB A1ep, KpaliHe MaJlol yIIoBoil pac-
XOJMMOCTBIO PENSTHBUCTCKUX (PPArMEHTOB M 3a4acTyIO
MPUMEPHBIM COBNAJEHHEM I10 MAarHUTHOH ECTKOCTU
¢ simpamu Imydka. IloaToMy pe3yabTarsl, MOJydYEeHHBIE B
1970-1990-x rr. MmetomoM SO, u coxpaHuBIINECS (BaiIbl
JAHHBIX B aCIIEKTE COCTaBa PENSTHBUCTCKON (hparMeHTa-
IIUH OT JIETKUX JI0 CAMBIX TSXKEJIBIX siIep He YTPaTHIIN aK-
TYaJIbHOCTH, a O0JTy4EHHBIC CIION MOTYT IPUMEHSTHCS IS
YIITYOJIEHHBIX HUCCIIEIOBAHHH.

C navana 2000-x rr. Mmetoxn SO npumeHsercst Ha Hy-
kiotpore OMSMN B sxkcnepumente BECQUEREL ntst usy-
YEHHS B PENSITUBUCTCKOM MOIXOJE KIACTEPU3ALUH JIETKHX
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The BECQUEREL Experiment:
Status and Future Challenges

The fragmentation of relativistic nuclei observed in
nuclear track emulsion (NTE) serves as a source of en-
sembles of the lightest nuclei, topical for modern nuclear
physics and nuclear astrophysics. NTE allows one to study
production of such ensembles in full with record angular
resolution and identification of He and H isotopes. The
very first studies of interactions of relativistic nuclei took
place in the late 1940s when analyzing NTE layers irradi-
ated in the stratosphere. At the same time, break-up events
of nuclei of cosmic origin containing groups of tracks of
relativistic a particles concentrated in a narrow angular
cone were discovered. Manifesting as a natural phenom-
enon, they reflect the a-particle clustering in the nuclear
structure which is the research subject to date.

In the 1970s, exposures of NTE stacks to light nuclei
at the Synchrophasotron (JINR) and Bevalac (LBL) be-
gan, and in the 1990s to medium and heavy ones at AGS
(BNL) and SPS (CERN). The manifestation of the nuclear
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structure in the cone of limiting fragmentation was noted.
However, electronic experiments in this direction run into
fundamental difficulties due to the quadratic drop down of
ionization on the charges of the nuclei, extremely small an-
gular divergence of relativistic fragments, and often an ap-
proximate coincidence in magnetic rigidity with the beam
nuclei. Therefore, the NTE method retains its uniqueness
as the composition analysis tool in the relativistic frag-
mentation cone. In this aspect, the results obtained in the
1970s—1990s by NTE and the preserved data files have not
lost their relevance, and the irradiated layers can be used
for in-depth studies. One can hope that the progress of im-
age analysis will intensify the use of the NTE method in
the near future.

Since the early 2000s, the NTE method is used at the
JINR Nuclotron in the BECQUEREL experiment to study
the clustering in light stable and radioactive nuclei in the
relativistic approach. Known and new structural features
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CcTaOMIBHBIX W PaJIMOAKTUBHBIX sifep. OCOOEHHOCTH H30-
tonos 7*Be, 810118 10.11C_12,14N prigpunucek B BeposT-
HOCTSIX KaHAJIOB MX auccoruannu. nentuduxanus pens-
THBUCTCKUX pacnanos SBe u B yka3ana Ha BO3MOKHOCTb
MOKCKA TPOEK 0i-4acTHIl B cocTosinuu Xoitna (HS) B persi-
TUBUCTCKOH JFICCOIIAAITIH.

8Be u HS paccmarpuparoTcsi Kak IpOCTEHIIME CO-
CTOSIHUSI 0-YaCTHYHOIO KOHIeHcara bo3e—DWHIITElHA.
Kak 40-koHJCHCAT paccMaTpUBACTCs MIECTOEC BO30YKICH-
Hoe coctosuue OF smpa '°O mpm 660 k3B Hax 4a-mopo-
rom. Ero a-pacman Mor Obl HITH B MOCIIEIOBATEIIEHOCTH
160(0§) — 12C(05) — ®Be(0) — 20 wm xe
160(0g) — 28Be(0") — 4a. Kpome Toro, sipa °B u
HS MOTryT CIly’KHTh OCHOBAMH B sIIEPHBIX MOJeKyiax *Bp,

Pacnpenenenne uncna 30-tpoex Ns3, M0 MHBapHAHTHOM
macce Qzq B 316 «Genbix» 3Be3nax 12C — 30 (crutomr-
Hast 1uHMsA) U B 641 «Genoit» 3se3ne 1°0 — 4a (Tpuxo-
Bast uHMs) ipu 3,65A I'2B; Ha BcTaBke — yBelMUCHHAS
gacth Qz, < 2 MaB, HopMupoBaHHas Ha YHCIa «OEIBIX)
3Be3] Ny

N3./0.2 MeV

Distribution of the number of 3a-triples N5, over invariant
mass Qs in 316 “white” stars 12C — 3a (solid) and 641
“white” stars 10 — 40, (dashed) at 3.65A GeV; in inset,
enlarged part Q3, <2 MeV normalized to the numbers of
“white” stars Ny

of the isotopes "Be, &101B, 10,11C and 214N are re-
vealed in the dissociation channel probabilities. The iden-
tification of the relativistic decays of 8Be and °B pointed
out the possibility to search for triples of a particles in the
Hoyle state (HS) in the relativistic dissociation.

8Be and HS are considered as the simplest states of
the a-particle Bose—Einstein condensate. The sixth excited
state 0§ of the 190 nucleus at 660 keV over the 4a thresh-
old is considered as a 40-condensate. Its decay could go
in the sequence 190 (0g) — 12C(05) — 8Be(0;) — 2a
or 100 (0§ ) — 28Be(0") — 4a. In addition, the *B and HS
nuclei can serve as bases in the nuclear molecules °Bp,
9Ba and '2C(03 )p. Like the a-condensing states the un-
stable states with an odd number of protons can meet ex-
citations immediately above the corresponding thresholds
having electromagnetic decay widths.

All these states can be studied uniformly in the pe-
ripheral interactions of relativistic nuclei. According to
the widths, 8Be, B, and HS nuclei are real fragments in
relativistic dissociation. The products of their decay ap-
pear along ranges from several thousands (3Be and HS) to
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9Ba u 12C(03)p. Kak U 0-KOHIEHCATHBIM COCTOSHHSM,
HEeCTaOMIBHBIM COCTOSTHUSIM C HEUYETHBIM UHCIIOM TIPO-
TOHOB MOTYT OTBEYaTh BO30YKICHHUs Cpa3y HaJ COOTBET-
CTBYIOIIMMH TOPOTAMH, HMMCIOIINE 3IEKTPOMArHUTHBIC
HIMPUHBI PacmajoB.

Bce 3TH COCTOSHHS MOTYT €IMHOOOPA3HO HCCIEeNO-
BaThCsl B MEPUPEPUUCCKUX B3aUMOJCHCTBHUAX PEISATHBHU-
crekux saep. CornmacHo mupuHam sapa $Be, °B u HS ss-
JSIFOTCSL TIOTHOLICHHBIMU (DparMeHTaMU PeISITABUCTCKOM
qucconnanud. I[IpoayKkTel UX pacnajga o0pasyloTcs HpH
npo6erax ot Heckonbkux Thicsy (*Be u HS) 110 Heckoib-
kux gecsaTkoB (°B) aTOMHBIX pasMepoB, T.e. 3a BpeMs Ha
MHOTO TOPSIIKOB OOJbIIee, YeM BpeMsi BO3HHKHOBCHUSI
npyrux (parmenTtoB. He Oynydm HEmOCpenCTBEHHO Ha-

. 0.2
|II" >
Al .
T -
II :Jld :[Llrlﬁ € 01
1
I Lt
l| | 1l | —
Jhr -lpul_l
I v 0
LI liL
[
I
Ll'J ll'|‘-| |
i 14 I
Hw”vﬁﬂﬂ ) le.L
|_'_‘-"I-I"—|J-m""-"LI"1|-L'_"hJ-L RN
12 16 18 20
Q:m,MeV

several tens (°B) of atomic sizes, i.e., over the time many
orders of magnitude longer than the time of the appear-
ance of other fragments. Not being directly observable,
they should manifest themselves as pairs and triples of He
and H nuclei with the smallest opening angles due to the
smallest decay energy.

Using the available angular measurements of the co-
herent dissociation events 2C — 3a and 0 — 4q, the
application of the invariant mass method can be easily
extended to the identification of relativistic decays of the
Hoyle state. In the latter case, HS decays can manifest
themselves in the dissociation 100 — 12C* (— 3a) + a.
Both distributions over the invariant mass of 3a-triples
Q3 show similarities (see figure). In both cases, distribu-
tion peaks are observed in the region Qs, < 0.7 MeV where
the HS signal is expected. The contribution of HS decay to
12C — 30 is (11 + 3)%, and in the case of 10 — 4a it is
(22 £2)%.

Being tested in the studies of the light nuclei, a similar
selection is applicable to the dissociation of heavier nuclei
to search for more complex states. In turn, the products
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omonaembivu, 8Be, °B u HS 10IKHBI OPOSBIATHCS KakK
napsl ¥ TpOiKH pensiTuBUcTCKUX (parmentoB He n H ¢
HaMMEHBIIMMH yIJIaMH pa3jieTa BCIIEACTBHE HAaUMEHBIIICH
SHEPTUH pacmaja.

Vcnonb3yst uMeronecs: yriaoBble H3MEPEHHs COObI-
THii KorepeHTHOM auccotmannn 2C — 3o u 10 — 4aq,
METOJ] MHBAPUAHTHON MaccChl HECIIOKHO PACIIPOCTPAHUTh
Ha MICHTHQHKALMIO PEIATHBUCTCKHX pPacHagoB COCTOS-
Hus Xoiina. B mocnennem ciayuae pacnaast HS moryT npo-
ABUTBCS B Auccouyanuy 160 — 12C* (— 3a) + a. O6a pac-
npeneNieHus 10 HHBapUaHTHON Macce 30-Tpoek Qs mpo-
SIBJSIFOT CXOZICTBO (pPUCYHOK). B 00oux ciydasix Habmro-
JIAfOTCs TIMKK pacnpenesieHnii B odnactu Q3. < 0,7 MaB,
rae oxumaercs cursan HS. Ha stoif ocHOBe BKiaxm pac-
naga HS B 12C — 3a cocrasnser (11 £ 3)%, a B ciyuae
160 — 40— (22 £ 2) %.

Bynyun ampoOMpOBaHHBIM TpH H3YYEHUH JIETKHX
s7iep, MoA00HbBI 0TOOP MPUMEHUM K JTUCCOLMALUK Ooiee
TSDKEJIBIX siJiep [UIsl NTOUcCKa 00JIee CIIOXKHBIX COCTOSTHHH.
B cBoto ouepenp, MPOAYKTaMH 0-4aCTHYHOTO WJIM IIPO-
TOHHOTO Paclajia 3TUX COCTOSHUI MOIIIU OBl CITY>KUTb CO-
crosiane Xoitna un ?B u 3atem *Be. BosmoxkeH BapuaHT
pacriazia ¢ BO3HHMKHOBEHHEM OOJIBIIE OJHOTO COCTOSHHUS
13 9TOH Tpo¥ku. HauanbHBIM 3TamoM IMOWCKOB B JII0OOM
cilydae JIOJDKEH CIY)KUTh OTOOp COOBITHH, conepiKaiinx
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pensTuBuctckue pacnansl $Be. C UCMonb30BaHHEM UMe-
FOIICHCST CTATUCTUKHU TI0 siipaM Si U AU WACHTHPHUIIUPO-
BaHbI JIECATKHU pacnagoB 8Be u 9B. B 10 xKe BpEMsI YUCIIO
30-TpOeK, OTHOCHMBIX K paclajaM COCTOSHHS Xoiina,
COCTaBIISIET €JMHUIIBI, YTO TpeOyeT HapalluBaHUsS CTaTH-
CTUKH JI0 COBpeMEHHOTO dKkBHBanenTa $Be. Torya craner
OCYIIIECTBUM ITOMCK BO30YKICHHOTO COCTOSHHUS 160 ( Og ).
Ha sToM nyTH HET NPUHIMITHAIBHBIX MPOOJIEM, MOCKOJb-
Ky UMEETCSl IOCTAaTOYHOE KOJIMYECTBO paHee OOIyueHHBIX
cioeB S0, mpu monepevHOM CKaHHPOBAHIH KOTOPEIX Tpe-
Oyemas CTaTHCTHKA O-aHCaMOJIeH JOCTIKIMA.
[TonyueHHble pe3yabTarhl MO3BOJISIOT OLEHUTH HEp-
CIIEKTHBBI TPEACTABJICHHOTO IOAX0Ja B COBPEMEHHBIX
mpobnemax spepHOi ¢usnkn. Cpemu BaXHEHIINX U3
HHUX — TIPOBEpPKa TEOPETHUYECKHX MPEACTaBICHUI O Mare-
PHH, BO3HHUKAIOIIEH B PE3ylbTaTe COSIAMHEHHsI HYKJIOHOB
B KJIaCTEpPbI, HE UMCIOIINE BO30YKIEHHBIX COCTOSHUH 10
nopora cBsa3u. 1o Jerdaiimue sapa ‘He (o-yacTuisl), a
Taroke aeiTponsl (d), TpuTtons (t) u sapa 3He, nm 2enuo-
not (h). Tpeackazana 3BOIIOIMS COCTABA JIETYalIIINX U30-
TOIOB IPH SAJIEPHOI IIIOTHOCTH MEHEE HOPMAJIBHON U TEM-
neparype HECKOJIBKO Mera’JeKTPOHBOJIBT. [Ipoxokaenue
yepe3 Takyro (ha3y MOXKET OKazaThCs HEOOXOAMMBIM Ha
MMyTH K CHHTE3Y TKENBIX sinep. VaeHTndukanus u30To-
nos 123H u 3*He MeT0os0M MHOTOKparHOTO paccesHus

of a-particle or proton decay of these states could be the
Hoyle state or °B, and then 3Be. A possible decay variant
is the occurrence of more than one state from this triple. In
any case, the initial stage of searches should be the selec-
tion of events containing relativistic ®Be decays.

The available statistics on Si and Au nuclei have iden-
tified dozens of 8Be and ?B decays. At the same time, the
small number of 3a triples is attributable to the decay of the
Hoyle state, which requires increasing statistics to the cur-
rent ®Be equivalent. Then, the search for the excited state
160 (0§ ) will become feasible. There are no fundamental
problems along this path since there are a sufficient number
of earlier exposed NTE layers, with transverse scanning of
which the required a-ensemble statistics is achievable.

The results obtained make it possible to assess the
prospects of the presented approach in modern problems of
nuclear physics. Among the most important of them is the
verification of theoretical ideas about matter arising from
the combination of nucleons in clusters that do not have
excited states up to the coupling threshold. These are the
lightest “He nuclei (a particles), as well as deuterons (d),
tritons (t) and *He nuclei, or helions (h). The evolution of
the composition of the lightest isotopes is predicted at a

nuclear density less than normal and a temperature of sev-
eral MeV. Passing through such a phase may be necessary
on the way to the synthesis of heavy nuclei. Identification
of 1.23H and 3*He isotopes by multiple scattering allows
expanding the analysis of cluster states in the direction of
the properties of the rarefied matter.

It is hoped that the rapid progress in image analysis
will give a whole new dimension to the use of the NTE
method in the study of nuclear structure in the relativistic
approach. The solution of the tasks set requires investment
in modern automated microscopes and the reconstruc-
tion of NTE technology at a modern level. At the same
time, such a development will be based on the classical
NTE method, the foundations of which were laid seven
decades ago in cosmic ray physics. This whole complex
of problems united by questions of identification of unsta-
ble states was presented at the recent topical meeting on
cluster physics [1,2]. Suggestions for development of the
BECQUEREL experiment in the framework of the JINR
topic on the physics of relativistic heavy and light ions at
the Nuclotron—NICA accelerator complex were reviewed
at the January session of the PAC for Nuclear Physics.
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MO3BOJISIET PACIIMPUTH aHAIU3 KJIACTEPHBIX
COCTOSIHMI B HaIlpaBJICHUU CBOWMCTB pa3peikKeH-
HOU MaTepuu.

CTOUT HAAESITHCSI, YTO OBICTPBIN MPOTPECC
B aHANN3€ M300pakeHHI MO3BOJUT TNPHIATH
COBEpPILEHHO HOBBIM pa3Max HCIIOJIB30BaHUIO
MeToza 513 npu uccie10BaHuH SIIEPHOM CTPYK-
TYpBl B PENATHBHCTCKOM Mojaxoxae. Perrenue
MOCTaBJICHHBIX 3a/1a4 TpeOyeT WHBECTHLHUIl B
COBPEMEHHBIE ABTOMATH3HUPOBAHHBIE MHUKPO-
CKOITBI ¥ BOCCO3[JaHHE HAa COBPEMEHHOM YpPOB-
He TexHojoruu S10. Bmecte ¢ Tem Takoe pas-
BUTHE OyneT 0a3upoBaThCs Ha KIACCHYECKOM
Mmetozie 19, OCHOBBI KOTOPOTO OBUIM 3aJIOKe-
HBl CEMb JECSATUIICTHH TOMY Ha3aj B (H3HKe
KOCMHMYECKUX Jyded. Becb 3TOT KoMILIEKC
npoOiieM, OObEIUHEHHBIX NPOOJIEMON WJIeH-
TUQUKAMN PEJISITUBUCTCKAX HECTAOMIIbHBIX
COCTOSIHMHM, OBUI TpeJCTaBlieH Ha HelaBHEM
TEMAaTH4YEeCKOM COBEIIAHWM IO KIACTEPHOI
¢uzuke [1,2]. IlpemioxkeHuss Mo pa3BUTHIO
skcniepumerTa BECQUEREL B pamkax Tembl
OUSIN no ¢usuke pensiTUBUCTCKUX TKEIBIX
U JIETKUX MOHOB Ha YCKOPHTEIHHOM KOMILJICK-
ce HyknoTpoH—NICA ObUIM pacCMOTPEHBI Ha
ssuBapckoit ceccun ITKK 1o simepHoit usuke.
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