


1. INTRODUCTION

Much attention has been given 1ate1y to the problem of pro-
bable existence of nuclear matter superdense state. The pro~-
bability of nuclear states,w1th increased density was first:
stated 35 years ago by Feenberg and Primakov who proceeded
‘from qualitative considerations and analogles/1 This work
vhas brought to neither theoret1ca1 nor ‘experimental’ consequ-
ences and during 25 years: nuclear. phys1cs has been actually
1gnor1ng the problem of nuclear matter- superdense state. Later
the situation changed due to the growing interest in mesic
degree of freedom in-a nucleus. Migdal and his colleagues fol-
-lowed by a number of other authors have developed a theory of
" pion condensation (see reviews /%3 with complete bibliograp- -
‘hy). In accordance with this theory, in case the density of
nuclear matter exceeds some critical value n,,there takes place:
a rearrangement of the system’s ground state followed by the
appearance of pion condensate. The energy gain at this phase
transition can lead to a stationary or qua81statlonary state

at a density n  which is five-eightfold greater than the normal
“one. Theory ié‘not able to calculate accurately the total .
energy of the superdense state which depends dramatically on
‘the parameter of short-range nucleon-nucleon correlation g’.
The exper1mentally obtained information on the value of this
parameter is inaccurate and contradlctory /4-6/ Nevertheless,‘
one ‘cannot exclude a possibility that a superdense state is
bound stronger than an ordinary one. In this case, there should
exist an independent world of condensed nuclei, stable and
radioactive.

The properties of these unusual nuclei differ significantly

" from those, studied by physics until now, that is why the at-
tempts to dlscover them experimentally seem to be of utmost
importance. : ‘

‘Another model 1ead1ng to the probable exlstence of super-
dense nuclei of a different type has been. suggested by Lee’
and W1ck/7/ They consider the phase. tran51t10n of a'-f1e1d re-
lated to the hypothetic scalar o fmeson. 

Now there are dozens of theoretical papers devoted to the
problem of "anomalous nuclei, Experimentalists are less active
in this respect. The majority of their works are reviewed in
ref./% . A search for superdense: nuc1e1 has been carried out in
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,natural samples/911/ among the products of hlgh energy par—
ticle interaction with matter/12-15/among fission products/1617/
- These studies exclude with great assurance the natural exis-
‘tence of superdense nuclei with a binding energy exceeding
100 MeV per nucleon. The search for superdense nuclei with
moderate binding energies is a more complicated problem and
little has been done yet in solving it.
The most promlslng method of superdense nuc1e1 synthe31s
‘are the reactions 1nduced by heavy ions with the energy of
several hundred MeV per nucleon.. The dynamlcs of nuclei ‘col-
lisions, variations of - nuclear matter density dur1ng inter-
action have been analysed in d number of papers ‘within the
frameworks of different cascadermodels/ 8-21 in hydrodynamic
approx1mat10n/2223/ It has been demonstrated that under these
‘conditions one can obtain a density exceeding the cr1t1ca1 n,
which, evidently, equals (1.5-3)n¢’2%:25/, The situation is less
‘«favourable for’ obtaining compress1on if one uses re1at1v1st1c
"nucleons as progectlles. But  ‘even in . this - case one
"cannotexclude the possibility of reachlng the phase transition
po1nt by means of nondomlnant reactlon channels or secondary
- processes.
The‘Present work is a: cont1nuat10n of. our prev1ous rese-
arch’28/ A beam of 8-9 GeV protons has been used for produc1ng
fsuperdense nuclei. We have been basing on the assumption that
the main mode of dlslntegratlon of a radioactive: superdense
‘nucleus: is the beta—decay/s/ Migdal et al. have shown that
.the position of beta—stab111ty line for superdense nuclei is
shifted towards neutron: deficiency from the ‘B -stability valley
of- ordlnary nuclei and can be evaluated by the f0110w1ng re~
latlon

. a_(n ‘
&, '=;L[1+'_qu-sl_:A2/3]‘1’ : o W
:'/ 2. 4a”(n;s), . : . )
Here: 'a (ns) the Coulomb energy parameter in the Weizsacker
formula, and a,(n.) the parameter of symmetry energy taken at
the condensed state density n.. The second term in the brac-
kets is equal to 2.6:103 a2/8° at n =Tng.The B-decay energies
"of anomalous nuclei are growing and their half- -lives are de- -
crea51ng much faster than those of ordinary isotopes while’
moving away from the stab111ty line. Nevertheless, as has been
demonstrated’ 1n/8/ one can expect to find relatively long-
lived beta-active superdense nuclei. Basing on this we have
used the off-line mass separation to single out superdense
nuclei from products of nuclear reactions. .
The investigation has been: carried out for two e1ements
Rb and Cs. Such a choice has been’ dlctated by two reasons.
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‘nuclei is p0531b1e for A>A

the counter assembly to the buffer: memory in such a way that

F1rst, accord1ng to/27/

the ex1stence of bound superdense

min =20-~70.  Second, ‘these elements
can be separated with:a good degree of select1v1ty from other
elements’ ‘by- using surface ionization. '

The range of ‘mass number for ‘the search is' -defined on the
basis of ‘evaluation of beta-stability line position for" super—.
dense nuc1e1 by formula (1). The anomaly can manifest: 1tse1f
by the appearance of- re1at1ve1y long -lived beta-act1v1ty, §
since '"normal" isotopes in this region have small; ‘1ifetimes.
Another possibleé manifestation’ of anomaly are ‘nonintegral va-
lues of the mass number. This is caused by the fact that

‘binding energles of anomalous (e A ) and. ordlnary(cUA) nuclei.

with a given number ‘of nucleons can differ significantly.
This will bring to mass difference AM{eg—¢,)A.For A=100 the-
difference of binding’ energles per nucleon |c - |> 1 MeV -
will'result in‘a detectable sh1ft of anomalous 1sotope peak

1n the mass Spectrum. o

2. EXPERIMENTAL PROCEDURE :

The 1nterna1 proton beam of the JINR synchrophasotron has

‘been used. The energy of protons is (8-9) GeV. The target has

been made.of a tantalum foil (4 pm thick) rolled into a.cylin-
der (diameter 3 mm) The weight of the. target 'is (1.5-2.0) g L
By means.of . a pneumat1c probe the target has been inserted.
per10d1ca11y into the zone of the beam. The: ‘total proton flux
through the target in each exper1ment has been (5- 7)-1014 It

-has been determined by measuring. the y-act1v1ty of **Na, pro-

duced in the aluminium foil, fixed in front. of the target.

-After -(5-8) h irradiation. the target was removed from the ac-

ce1erator vacuum chamber. and inserted into .the ion source of -
the mass separator YASNAPP. .In the focal p1ane there has been
a special type collector. It was a meta111c rod (900 mm long
and of 12 mm ¢) onto which magnetic tape was winded spirally
w1th a step:of 3. mm (or 1.5 mm). After act1v1ty collection the
rod was removed from the separator chamber, the tape was un-—
w1nded and thus, the cont1nuous dlstrlbutlon of ‘activity turned
to .be dev1ded into 3 mm (1.5 mm) segments spaced with respect-
to each other by 38 mm. This enables one to measure simulta--
neously and pract1ca11y 1ndependent1y the activities of the.
ne1ghbour1ng segments of the . focal plane in-a geometry which
is close to 2m with a space’ resolutlon of 3 (1.5 mm): ;

" The distribution of beta—act1v1ty on the collector ‘has’

been detected with' 120 standard-Geiger beta-counters SBT—]]

with' transversal dimension 28 mm. A spec1a1 interface 301ned
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ﬁeach counter had its own memory address. The per10d1ca11y

accumulated 1nformat10n was dlscharged into EC-1010 computer.
This scannlng system is described in detail in 7287,

The scanning of the whole collector has been carried.out
in 3 steps during approx1mate1y 1.5 h, To calibrate the mass
scale and identify the peaks in the mass spectra, the time

" dependence of beta-activity has been measured and the half-

. ribed in

lives for each peak have been determined. At the first stage

of these research an ion source with sirface ionization desc-—
29 has been used. The .ionizer was made of tungsten.
It has been heated to 2500°C by electron bombardment from

.- two rlng cathodes. Such a h1gh temperature provided the ne-

cessary rate of - act1v1ty diffusion from the target, which was
made for these experiments as a bunch of tantalum wires
(50 um thick). With this source .there has been observed

"‘a comparable y1e1d of alka11, alkali-earth and rare-earth

elements. More than that, in the ranges of mass numbers
32< Ag44 and 65<A< 91 there have been detected some peaks
at nonintegral values of A,which have been assigned to multi-

‘charged ions of heavier isotopes. The reason for the appea-

“~rance of multicharged ions = is the electron beam induced io-

“nization in the area of ionizer outlet.

In the present 1nvest1gat10n the ion:source has been mo-

"d1f1ed to suppress multicharged ions and'to obtain a high

~enough degree of selectivity of a1ka11 elements separatlon.

“-With this purpose a tungsten jonizer has been replaced by a

“tantalum one;, which:is ‘heated by .electron bombardment from one

‘ cathode, sh1fted .to 28 mm from'the outlet. Besides, the tar-

get has been -also changed: the wire has been replaced by 4 um
thick foil. The use of such a target provided a high enough’
rate of alkali elements diffusion at weaker heating of the

" ionizer. The temperature was 2000°C in the target area and on-~

-1y 1400°C near the‘outlet.

- This modification of the ion source ensured good selectivi-
ty of alkali element separation at high enough absolute effi-

‘ciéncy. The Table shows a change in separation efficiency of

elements next to the alkali elements when changing from high

iftemperature ionization mode(n ) to selectivity mode(n,). The:
" table gives the results of an- experlment

, prov1d1ng the best
select1v1ty. ;
Note,'that according to estimations the absolute efficiency
of Cs separatlon in the present research has been (10-30)7%
which is by one order of magnltude h1gher than in the mode

'of hlgh temperature 1onlzat1on u51ng a w1re target.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The ratlo of separation eff1c1enc1es of d1fferent
. elements for: two modes of the ion ‘source -

A= 66—:—90

Mass numbers Ae1b1+137
Elements ' ‘Gayl’i fStﬁ Y In Ba La
/1y - 10-8 1073 1072 5.10=% 7.10%¢ 3.1078

3.1. The .Range 100 < A <138 -

This: range of mass numbers has been covered by the collec-
tor in the- exper1menta1 searches for superdense Cs nuclei, In
accordance with formula (1) it is expected that beta-stable
superdense Cs: has*A=117418That is: why spec1a1 attention has
been .given: to ‘the, 1nvest1gat10n of the mass spectrum around

./thlS value-. of A

Figure 1. shows the d15tr1but10n of ﬁ-act1v1ty along the
separator . focal plane ‘obtained in the h1gh temperature mode
of the ion source operatlon. Figure 2 is obtained by use of

~ a modified 'ion source -ensuringthe’ a1ka11 element selective

separatlon. In- the ‘second ‘case, when comparing.it" with:the
first one,.the countlng Tate for cesium-isotopes:is" approxima-
tely 10 times higher while rare earths are practically not
observed. In this connect10n one regards -as ‘anomalous :the be-
haviour of the. peaks of mass numbers 116} 1177120, 121, 122,
Ba51ng4on the measurement of: decay»curves these peakS’were
assigned -to the isotopes. of antimony,: tellurium, ‘iodine and
xenon. <This identification was confirmed ‘through measurlng
the - X-ray spectra. The change from the mode of hlgh ‘tempera-
ture surface 1onlzat10n to:a. softer mode did not give any con-
51derab1e suppression of the peaks of Sb-Xe. . The reason for
this is still unclear. One can'say- def1n1te1y that- such beha-
biour- of the peaks of these elements; having ionization poten—'
tial in the range of 8.6-12.1: eV,. cannot be understood w1th1n
the framework of surface ionization mechanism.:. ° IR
-These. mysterlous peaks), unfortunately, fall into the mass’

"number range which is most 1nterest1ng for the search of su~

perdense Cs.:To- get a clearer p1cture there has been ‘carried
out an experiment with double separatlon. With this:purpose
a4 pm thick tantalum foil serving as a collector was‘inserted
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Fig.1. The distribution of beta-activity on the col-
lector of mass separator for the products of tantalum.
target spallation induced by a 8 GeV protons (100<A<138),

A high temperature ion source with surface ionization
has been used.. The right hand scale refers to’ the

‘shaded spectrum. Below the ordinate axis the time of
‘starting the measurement of different .part of the
spectrum. counted from the end of irradiation is in-
dicated. - . : BN

into- the focal plane of the mass separator. The two pieces.

corresponding to mass number ranges 113<A<124 and 128<A<135 .

were cut ocut of this foil. These two pieces of. collector foil
have been inserted into the ion source and the separation
was. repeated. We have specially excluded from the second-se-
paration the part of the:collector foil, which carries most

~ intensive Cs ‘peaks(125J27Cs),.in'order;to.suppress the ‘tail
- from ‘these peaks in the mass number range of interest.. The .-

- Spectrum obtained in this experimeht is~sh6wn,in‘fig.3.“1n qhe5
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'Fig.Z: The same as in fig.1 but the -mode of selective
alkali element separation has been used. :

there are no peaks at-all apd the_counting
rate here is determined fully by the counter background. A
dashed curve demonstrates -the picture which could pPresent
the left-hand wing of intensive peaks 1%5, 1274 if" they -
are inCluded into the second separation. R

None ‘of these experiments gave definite indications to the:
existence of anomalous Cs.-We estimated the upper limit of gy~

perdense - Cs yield Y in . the assumption that 4t decays: only

through electron emission and"that'the'cohtribution'from-che

l{écapturé is insignificant. 'In this case the efficiency of _
decay registration is’détermined’cqmpletely by ‘the counters’ .

\gedmetqy, The,halflife,wésﬂaSsumed,to be equal to 5 h. We
~used. '

12 CS“as'a}referEnCé isotope. Its yield was noted by Yb;

To define the value of Yy .corresponding to the measured count-

;ing_paté,¥the-efficienc§ of 127cy ~registration.was;calculatedi~~

- Hon”thekbasistf:the'knowh decayischeme“offthisvnuclide.‘The"'
,\registrd;idn'effiéiency[is~défined by the relative probability.
of positron,dgcaylandfby the”émiSSion_of,conversiOn~e1eétrons.5"
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Fig:B.The same as in fig.1 but 'double ‘mass seba—~
;aplonLhasxbegnAused;,Belowithe;abscissa axis there .
-~ are shaded areas indicating those parts of the

"'spectrum for
- - performed.

which double mass separation has been

| Fig.4. The upper limits for the

5 relative yield (left-hand scale)”
“E a?d;for;the‘prodUCtion Cross sec-—
i» tion' (right-hand scale) of super-
Z dense- Cs (as a function of the -
© ‘mass number), assuming- Ty =5 h.

1 Relative yield is taken with res-

m s

+

, pect to the 127cg yield.
120 A R ‘ :

Basing.on the experiments with single mass separation we
have.obta;ned the ratio Y/Y.: in the function of the mass
numbeF qemonstrated in Fig.4. In the range 112<A<122 the up-
Per limit of ‘anomalous Gg yield in the units of 127Cs yield

'8;>

up ‘to 1075, To transform these relative

values ‘into absolute cross sections. one should know the cumu--
lative cross section of 127Cs production. For this, there are

. no direct experimental data and it has been evaluated by the -

Rudstam formula/3&Cnorma1iZedffor the experimental data on
the independent yields of several isotopes of 1, Cs, Ba, La /3
The obtained upper limit for the cross section of anomalous
Cs production is 5.10732¢;m2, The sensitivity reached in the
experiment with double separation is lower due to decrease of
total efficiency. The upper limit of superdense Cs 'yield is
5:1075 ywith respect to the yield of !27Cs. But the estimate
is valid for a wider range of.mass numbers: 113 <:A<124  and

131 <:A< 133, '

3.2. Range 64 <:A<86

"This mass number'fange has been covered by ‘the collector

. in the experimental searches for Rb superdense nuclei. In

accordance with estimated by formula (1). it is expected that
beta-stable superdense RH}has.A=77+78{,That is why the area -
of the mass spectrum near this value is of ‘special interest.
Figure 5 shows the result of one measurement of beta-acti-
vity distribution on the mass separator collector in this
range of :A. The mode of selective alkali element separation
was used. Besides, strong lines of the known Rb isotopes one
can see distinctly in he .spectrum only a weak peak of(G&Ga

‘which is approximatelyvlo-4'from the peak of isb..Noaaﬁomai

rval . 69<A< T8
at the level exceeding 107% with respect .to the yield of °IRb.
This evaluation has been‘carried out in the assumption  that
there 'is a 1007 probability of anomalous nucleus beta decay
and of 5 hour halflife. For other halflives in our experimen—
tal conditions one obtains higher values of the upper limit
of anomalous nuclei yield. This can be seen in Fig.6 which
presents the dependence of the evaluation of cross section
upper limit for the production of superdense beta-active iso-
topes of Cs and Rb on the supposed halflife. . _

Up to now all experimental attempts to find Superdense nuc-
lei (including those described in this paper) have not: brought
positive results. But from our point of view this cannot: pe
regarded ‘as a basis for the statement that the theoretical -
supposition of the possibility that suéh'nuclei"do]exiSt;,is i
incorrect. New.experimental approaches should ‘be developed to
give e final answer to this question. .’ R

lies have been found in the mass number int
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