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PHYSICAL REVIEW C 72, 045801 LEUJSJ

Multifragmentation reactions and properties of stellar matter at subnuclear densities

A. S.Botvina' and I. N. Mishustin®
Unstitute for Nuclear Research, Russian Academy of Sciences, RU-117312 Moscow, Russia
*Franifurt Institute for Advanced Studies, JW. Goethe University, D-60438 Franifurt am Main, Germany
I Kurchatov Institute, Russian Research Center, RU-123182 Moscow, Russia
(Received 20 June 2005; published 24 October 20035)

We point out the similarity of thermodvnamic conditions reached in nuclear multifragmentation and in
supernova explosions. We show that a statistical approach previously applied for nuclear multifragmentation
reactions can also be used to describe the electroneutral stellar matter. Then properties of hot unstable nuclei
extracted from the analyzis of multifragmentation data can be used to determine a realistic nuclear composition
of hot supermova matter
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PHYSICAL REVIEW C VOLUME 41, NUMBER 6 JUNE 1990

Electromagnetic dissociation of relativistic heavy ions

W. J. Llope and P. Braun-Munzinger
Department of Physics, State University of New York at Stony Brook, Stony Brook, New York 11794

In particular, electromagnetic excitation of modes
based on the nuclear giant dipole resonance (GDR) may
lead to very exotic final states? in which neutrons oscil-
late against protons with a very large amplitude. The ex-
istence and decay mechanisms of such states is unknown
at present. However, this electromagnetic process
efficiently excites collective states so that little or no tem-
perature is produced during the very short time scale (of
order 1 fm/c) of the collision. One may thus hope to use
this type of reaction to search for fragile, weakly bound
exotic states such as multineutron clusters which might
be formed in the decay of the possibly strongly excited
multi-GDR states.
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PHYSICAL REVIEW C VOLUME 41, NUMBER 6 JUNE 1990

Electromagnetic dissociation of relativistic heavy ions

W. J. Llope and P. Braun-Munzinger
Department of Physics, State University of New York at Stony Brook, Stony Brook, New York 11794
(Received 12 January 1990)

A framework is developed for the quantitative analysis of the electromagnetic dissociation of rela-
tivistic nuclei. This includes treatment of multiple excitations of the giant dipole resonance, cou-
pled with calculations of the fragmentation probabilities in the framework of the statistical model.

250 T ' T 1 T I T | R ] l | G AL ] l T T ] L] T I T T T l L=
28 208 E
200 Si on " Pb, 146 GeV/nucleon -3
o First Order -
100 3
50 =
0 b o b o b g g o 143
20 40 80 80 100 120 140
_—
>
g lo b T ' L [ L5 53 ) ‘ L2 22 | ‘l | =% r i e = § ‘ | L 75 I T
S F E
E 08 Second Order 4
~ 08F =
't E_ 3
g o4f 3
=~ o0zE =
& 00k k b
o 20 40 80 80 100 120 140
0-012 e ¥ I \ IGR Y ) I | = l | O §L L ] 0 B rfr Al l LB ' L™
0.010 |~ -
0.008 — Third Order B
0.008 =
0.004 |— -
0.002 3
oooo : 1 I N T 1 l | WS 1 | I i L1 J LA L l A DX
20 40 60 80 100 120 140
E (MeV)

FIG. 3. The total differential Coulomb excitation cross sec-
tions for #*Si on ®Pb at E,,/4=14.6 GeV for the first-,
second-, and third-order processes.



Dubna: Relativistic Nuclei

Polaris — d'
EBIS —-N,Ar Fe...

Internal
target




®ororpadusn B3aumMonaeiicTBug sapa °C ¢ HMIyJabCOM
4.5A I'»B/c B nponmanoBou my3bIipbkOBOii kamepe (JIBD
OUsIN, 1974 1.).






Photo of human hair superposed on nuclear star induced
by relativistic sulphur nuclei in nuclear track emulsion
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ELEMENTARY PARTICLES AND FIELDS
Experiment

Electromagnetic Dissociation of Relativistic ®B Nuclei
in Nuclear Track Emulsion
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°p

Fig. 1. Scheme of the electromagnetic dissociation of a relativistic ® B nucleus in the field of a silver nucleus: (a) approach of the
nuclei at an impact parameter b; (b) quasireal-photon absorption by the ®B nucleus; and (¢) dissociation into two fragments, p
and "Be.
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FIG. 1: Example of peripheral interaction of a 1.2 A GeV *B—"Be+p in a nuclear track emulsion

(“white” star). The interaction vertex (indicated as IV) and nuclear fragment tracks (H and Be)

in a narrow angular cone are seen on the upper and bottom microphotograph.






§ . Nus % ('nin Nus %
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MaB MaB

2He+H 6.0 30 73 1.724 14 27
He+3H 25 5 12 8.6 12 23
Be+H 6.6 1 2 0.138 25 48
B - - 1 2
Li+He 4.5 5 13 3.7 - -
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PHYSICAL REVIEW C, VOLUME 61, 054606

Systematic study of *B breakup cross sections

Henning Esbensen
Physics Division, Argonne National Laboratory, Argonne, [llinois 60439

Kai Hencken
Institut fir Physik, Universitat Basel, 4056 Basel, Switzerland
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FIG. 8. One-proton removal cross section (solid curve) for B
on a Pb target, as a function of the beam energy. The dashed curves
show the contributions from stripping, nuclear induced diffraction,
and the E1 and £2 Coulomb dissociation. The two data points are

from Ref. [8].
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1.Y. L. Parfenova and Ch. Leclercg-Willain, «<Hyperfine anomaly in Be isotopes
and neutron spatial distribution: A three-cluster model for °Be», Phys. Rev. C 72,
054304 (2005).

2.Y. L. Parfenova and Ch. Leclercqg-Willain, «<Hyperfine anomaly in Be isotopes in

the cluster model and the neutron spatial distribution», Phys. Rev. C 72,
024312(2005).

Jouan codbiThilt @y, u 6,, cocrapasiior 0.56 £ 0.04 u 0.44 £ 0.04. ITH BeJTUYHHBI
AeMOHCTPUPYIOT cooTBeTcTBHe Becam 0f wm 2° cocrosiHMii, NPHHATHIM B
TeopeTHYecKHX padorax [1,2]. OHu yka3pIBalOT NPUCYTCTBHE dTHUX COCTOAHHMH KaK
KOMIIOHEHT OCHOBHOI'O cOCcTOsiHHs sipa “Be.



Pe3iomMme

BrepBbie BHIMOJIHEHO HCCIEI0BAHNE CTPYKTYPHI 2¢ + N siapa °Be MmeToaom
PeNSATHBUCTCKOI ¢parmentanuu. B ocnoBHoM, pparmentanust °Be — 2a (81 %) mporekaer
uepes cocrosinus 0* u 2+ saapa 8Be ¢ GIM3KMMH BEpPOSTHOCTSIMH.

JIJ1s1 KorepeHTHOM auccoumanuu °Be — 2a Ha TSEKeJBIX sipax HAa0/II01aeTcst
YMEHbIICHHE CPeHEro 3HAYCeHH S NMONEePeYHOro MMIYJabca Py, a-mapsbl 10 CPABHEHHUIO €
B3aMMOIeCTBUAMHU HA MPOTOHAX MUILIEHM.

J1JIs1 OCHOBHOM 4aCTH COOBITHH KOTCPEHTHOM IMCCONUANMN pPaclipeie/ieHue BeJUIHH
CYMMAPHOI'0 ONEPEYHOr0 UMIYJIbCA Py, AP ¢-4aCTHI, MOXKeT ObITh 00BSICHEHO B paMKax

CTATUCTHYECKON MOJEJIHM HEAOCTAIIUM MONEePeYHbIM UMITYJIbCOM HEHTPOHA — pparmMeHTa sapa
‘Be

OTcyTCcTBYET 3HAYUMOE pasjinyue pacnpenejeHu no P, 1 cOObITHI KOTepeHTHOM
aucconuanuu yepes cocrossaust 0 m 2* sygpa 8Be. 310 06CTOATENIHLCTBO YKA3LIBAET HA CXOKHIA
MEXaHU3M BO3HUKHOBEHHUS ¢-TIAP U KX OTHOBPEMEHHOE NMPUCYTCTBHE 3TUX COCTOSTHUM C
OJIM3KMMH BeCaMH B OCHOBHOM COCTOSIHHH siipa °Be.

B nejioM, npeacraBieHHbie JaHHbIE MOKHO PACCMATPUBATEL KAK J0KA3aTEILCTBO TOIO,
4TO B CTPYKTYpe siipa °Be ¢ BBICOKOI BEPOSITHOCTBLIO HMEETCs KOP B BHJIE ABYX COCTOSIHU s1apa
8Be v BHEIIHEr0 HEATPOHA.

IlosryyeHHBIe Pe3yJbTATHI COIVIACYIOTCS C TEOPETHYECKMMHU Pa00TaMHU MO OMUCAHUIO
CTPYKTYPHI s1pa °Be, npeanoiaraloliiuMy NPUCYTCTBHE B €10 0CHOBHOM COCTOSIHHH COCTOSIHHS
0" u 2* sigpa ®Be npuOIM3NTEILHO ¢ OIHHAKOBLIMH BECaAMH.
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Beta Decay of a C? Nucleus*

M. S. Swawmi, J. Scaneps, aNp W. F. Fry
Department of Physics, University of Wisconsin,
Madison, Wisconsin

(Received June 29, 1956)

Fic. 1. A photograph of an event interpreted as the beta decay
of C° The C° nucleus (track F) was produced in star (4) and
disintegrated into a proton, two alpha particles, and a positron
(tracks 1, 2, 3, and 4, respectively).



Hammer tracks in
cosmic ray events:

5Be produced in
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IC exposure

Distribution of 160 ""white" stars N, in charge configurations ) Z.,

Zfl' };ws
2Za 5/4/3[2]1
7 o= -7 1
T (Liyy =1T7) 1 -]-]1-12 1
7 1 -]-11]5s 3
-~ a) 2 I~
6 (Zlnr — 6) 1 - - 1 15
6 - | - 3| - 16
6 -1 -11]-13 2
6 -] -11]4 28
6 -l -1 =122 24
Qe 6 I I N R 6
9) S (Zpl' =5) -1 - 1 2
5 (Zye = 5) o] -2 3
5 I I I I 2
5 -1 -1-111]3 19
5 -1 -1-1211 13
4 -] -T1]2 5




counts

counts

6
Z,=6
Z,=4 Z,=5
5
4 5
3 E
2 b
1} :
0 5 10 15 20 25 30 35 N40
5

& -electrons density for beam particles and relativistic fragments
with charges Z;. > 2 from "white" stars Y Z,, =5+ land4+1+1

10

0

C — 3He

0 10 20 30 40 50

80

70

80 90 " 100
Ber X 10" rad

Polar angles 0 for doubly charged fragments in the ""white" stars C — 3He

counts

He beam

===== He fragments
----------- H fragments
........ 3°'He

Illl1‘I|'TTIT[IIYIIIIIIIIIIIIITIIIIIIIII
H
¢
5\

.Alglllll‘ 4 N
ST SDEme TR VR Shisy THCh: ke Swomr UMM Ham ()

plic, GeV

ppc for beam *He nuclei, H fragments of the "white" stars Y Z, =5+ 1 and
4+ 1+ 1, He fragments of the "white" stars 3He and from the 32He event

counts

C — 3He

Wy g

| I .| | P P 2 | I Y M 1 o
20 40 60 80 100 120 140 160 180 200 220 240
O, 107 rad

Opening angles @, between fragments in the “'white"* stars C — 3He



IS5N 1063-7758, Physics of Atomic Nuclei, 2007, Vol. 70, No. 7. pp. 1226-1220. (T) Pleiades Publishing, Ltd., 2007.
Original Russian Text (€) N.G. Peresadko, Yu.A. Aleksandrov, V. Bradnova, 5. Vokal, S.G. Gerasimov, V.A. Dronov, P.I. Zarubin, I.G. Zarubina, A.D. Kovalenko, V.G. Larionova,

AL Malakhov, P.A. Rukovatkin, V.V, Rusakova, S.F. Kharlamov, V.N. Fetisov, 2007, published in Yadernaya Fizika, 2007, Vol. 70, No. 7, pp. 1266-1270.

ELEMENTARY PARTICLES AND FIELDS
Experiment

Fragmentation Channels of Relativistic "Be Nuclei
in Peripheral Interactions
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MeV
1.6

0.9

25.3
21.2
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TABLE III: "Be fragmentation channel (munber of events)

Channel

‘He-+*He
He+*He
1He+2p
He+d+p
‘He+2p
*He+d+p
‘He+2d
SHe+t+p
ap-d
2p+2d
SLi+p

S11m

2He

Iy =

30
11
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0
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et
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T,:0.05-2 MeV

The detection of such “ultracold” Ha states is a serious
argument in favor of the reality of the phase transition of
a clusterized nuclei to the dilute Bose gas of a-particles.
It gives a special motivation to explore lighter na systems
produced as potential “building blocks” of the dilute a-

particle Bose gas.
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3.65A GeV ““Ne 2+2+2+2+2




n, 0 0 1 2 3 >3
n, 0 1 0 0 0 0
F+H 26 (19.5) @ 9 (15.0) 13 (44.8) 2 - 1
O + He 54 (40.6)  19(31.7) | 2(6.9) 2 1 1
O +2H 12(9.0) | 7(11.7) - - - -
N+He+H | 12(9.0) | 7(1L.7) | 4(13.8) 1 - -
N +3H 3(2.3) 3(5.0) . - - R
C + 2He 5(3.8) 3 (5.0) 3(10.3) 1 « .
C+2He+2H | 5(3.8) 3(5.0) 3(10.3) - . -
C+4H 2 (1.0) - : < 2 E
B+ Li+H 1(0.8) - - - - -
B+2He+H | 2(1.5) 1(1.7) - = = E
B + He + 3H 2 (L.5) 1(1.7) - - - -
B +SH 1(0.8) - 1(34) - - -
2Be +2H - 1(1.7) - - 1 -
Be+Li+3H | 1(0.8) - 29
Be+3He | 2(L5) : Ne 322A GeV ]
serneran1os - 4100 Inelastic Interactions
Li+3He+H 8 1(1.7) - 2 B .
5He 32.3) = 1(3.4) 2 = 1
4He + 2H 1(0.8) 5(8.3) 2(6.9) - - -
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