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) Abstract: .

We suggest that the properties of anomalons, the highly
reactive heavy-ion reaction fragments observed in emulsions, can be
explained by considering them to be "pineuts", i.e;3 a " bquhd

hadroniically to a neutron cloud extending out from the nuclear fragment.

#*0On leave from National Supercohducting Cyclotron Laboratory and
Departments of Chemistry and Physics, Michigan State University,
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"Anomalons" is the name given to.certain relativistic

projectile fragments from high-énergy heavy—idn collisions —- those

fragments that have anomalously short reaction mean free paths .(mfp's)

immediately following their formation [1,2]. These were first
postuléted in 1954 from cosmic-ray efidence [3] and were seen
subsequently by other groups 5canniﬁg cosmic-ray emulsions [4-8].
Because of limited statistics and_possible‘systématic uncertainties in
and among'the various.experiments, these cosmic-ray results never.
attracted overmugh attention. With the advent of'accelerafor—produced '
relativistic heavy-ion beams, however, it has beqqmé,possible to .perform
experiments that are more nicely controlled and'haVe much greater
statistics. Three more or less independent groups [1,2; 9; 10] have.

already. reported positive results.on observing anomalons, and many

experiments, both with emulsions and with counters, are .in progress by

other groups [11].

Thé properties of anomalons can be summafizgd basicall&-as
follows (using numbers from Ref. 2, although Refs. 2, 9, and 10 are in
essential agreement): Wheﬁ a high-energy. (=1-2 AGeV)iheavy—ionmbeam :
(e.g., 160,_56Fe) impinges on an emulsion, the primary heavy ions.
exhibit "normal" reaction mfp's, but, following a reaction stqr; the
secoﬁdary and later generation projectile frégments do not. During the

first few cm after their production, the mean free path‘fof reactions is
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~abnormally small. The results are consistent with there being a small
__(z6%) component having an anomalbusly short mfp~(22.5 cm). This
reduction in interaction mfp implieé a‘corresponAingly large increase

in the reaction cross-seétion. Such an effect has not been observed for
heavy-ion beams at lower energies, although extensive searches for
andmalons produced below 1 AGeV héve not_Been made. By the time some §
cm has been traversed, the mfp's again agree withvthose of the~brimary
projectiles.  This impiies that the anomalons either have all interacted
or are decaying>with'a lifetime of 210710 sec. No "observable" decay
particles appéar to have been emitted along thé tfack, from which it can
| bé>inferred‘fhat the decay piéceeds by hneutral" emission, if any. The
charges §f the anoéélons were détermine& by standard methods of nuclear
emulsion feseérch, and.they were found to iieibetween 3 and 26, with the
fractional effect on the cross-section greatest for the lower charge
‘values,ffalling off until essenﬁialiy "hormél" behévipr is réached at
charge 26.  (The effect for chérge 2 is small, if‘it éxists at éll, ahd"
that for chérge-1.is also qugstionable, although an anomalous componenf
.mayvhave been seen in the work of Judek [1,11].) Finally, the anoﬁalon
tendeﬁcy persists from generation to géneration,-i.e.,‘tertiary'and
later generations of fragmeﬁts préduced,by the'interaéfions of anomalbus"
éecondaries show an even greater tehdenqy toward anomalously short mfp's
- for tertiary and later generations the mfp is in fact shorter by 215%
over that of the_pfimariés [2].

Reference 1 concludes: "We are thus left in a predicament.
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Conventional nuclear physics as well as systematics fail to explain the
observations..." Aqtually, there have been a number of suggeéted |
explanations [f2—18]. They range from postulating quasi-molecular
nuclei and "bubble" nuclei to postulating the e*istence of a new ﬁuaﬁtum
number, Mbstly; however,'they focus'on rearrdngements of quafk states
and on quantum chrohodynamics. The diffiéulfy is‘thét none of'thémv
adequately explains fhe expefimental observations? |

To be considered viable, any explanation must be able to

‘account for the following six points:

1) The énergy range of pradﬁcfion; i.e,; E = 1—2 AGeV.-l
2) Thé.énomaldusly shortmmfp's themselves. (If this were
purely a size effect, an increa#e éf.¥50% in reaction cross—-section would
imply:a decrease of 270% in thé nucleér density.) |
3) The average iength 6f the’“décéy" péths, imblyiﬁg a mean
lifetime of 210710 sec. | |
4) No charged‘particles emitted in the "decay'" of anoﬁalons.
5) The enhancement of the’anomalonveffect for fragments of
low charge; thever, with a drop-off df or ekclusioﬁ of chargés 2 and 1.
:'6) 'The existence of a memory effect; i.é;, enhancement of
the anomaloﬁ.effecf for tertiary and later generations'produced by
secondary fragments that were aﬁomélons themselves.
" We propdse here a ppssible explénation'of anomalons. it falls
within the framework of "conventional ﬁﬁclear physicg and requires no

exotic or esoteric additions. Further, at least qualitatively, it explains

¥
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thé aforementioned six points:

Anomglons could weil result from a nuclear hglo of "pineuts",
hadronically bound states of a 7~ and a few'neutrons-surrounding a
nucléus. Aiéhough the s-wave 17 -n interéctiqn is repulsive, the p-wave
is attractive [19]. Thus, the.possibility exists that neutron-rich
nuclei (or nuclei with loéally neutron~-rich domains, such as the neck '
in a fissioning.system) might have a sufficiently attr;étiVe velocity—_
dependeht potential to allow ﬂ;—xn hadronicall& bound "polyneutfon"
éystems; Thié possibility»waS'fifst considered bvaricson and Myhrer
[20], who noﬁed that_a finite piece of nuclear matter might bind a n; at
lower than nucle;r density and wifhout absorption (or with dimihished
absorptiQn). (Normaily, e?en if such:states were to e*ist, oné would
eﬁpect them to be strongly démped becapsé of the strong absorption.)
Based on a'pérticular pafametrization'of the optiéal potential, they
" concluded that, although strongly-bound m -nuclear states ought'to‘éxisf.
in somé neupron—rich medium—weigﬁt nuclei, such states would be the
exéeption rather than the rule. Shortly thereafter, Friedmaﬁ, Gal, and
Mandelzweig [21,22], using a;different_parametrizdtion taking intdl
\accoﬁnt new, precise.data on 2p 1evels in pionic.atoms, concluded that
strongly-bound n~-nuclear systemswshouid be the rule fatherbthan the
» exception. The widths they obtaihed for such_states, howevey, were
.prohibitivquyiarge for their observ;bility except possibly in heavy
nuclei; There have since been suggestions for.expériments in which to

look for n -xn ("pineut") systems -- these focused on searching for
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negatively-charged free m—polyneutrons [23], which cannot decay by the .
strong interaction. (If the bindlng energy were to exceed the Ty mass
difference of 33 0 MeV, the weak —decay channel closes, as well.)
Relat1v1st1c heavy—lon collisions prov1de the best opportunity
for formlng such states, for it has been found that not only are m7's
produced in copious quantltles in these collls1ons, but also they are
Coulomb—focused near the same veloc1ty as the progectlle and-target
fragments (as opposed to n*'s, which are defocused) [24 25]. Thus,'the
target nuclei are bathed in a locallzed, intense flux of ©~'s. Further,

the exc1ted nuclear fragments may have neutrons in barely—bound orbitals

,with wave—functions tailing out well beyond the normal nuclear radius.

(The Coulomb potentlal will relatlvely suppress the analogous ta111ng
out of the proton wave— functlons ) Whether or not free r —xn clusters
are bound, the condltlons are optlmal for forming a nuclear stratospheric
halovenriched.in pineut clusters. d;

| This explanation of:anomalons meets.the six requisite
conditions as follows:

1) The production energy range is satisfied. The - 's are

produced abundantly above the 4(1232) threshold (%0.7 AGeV lab). Note

that the anomalon observations are below the region of abundant

associated production of kaons and lambdas and below the threshold_for

producing anti-protons, so alternative explanations in terms of quark

rearrangements encounter more serious difficulties.

2) We know that ordinary pionic atoms lifetimes are not
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long enough to allow such atoms to qdaiif& as anomalons, unless‘they'
were to héfe the v~ in rathér high Rydberg orbitals. .For example, Fig.
8 of Backeastoss f26] shows widths of =1 keV and 0.7 eV for the 2p and
3d levels, respectively, of Z = 20. Possiblytthe 4f levels-could
approach having anomalon lifetihes, but there seems no likelihood of
injeétiﬁg w"s;into high Rydberg orbitals in the numbers needed to
explain the 6% anomalon component; We thus turn for a model to a 7 -
diheﬁtron (or possibly w‘—polyneutron).cluster orbiting the nuéleus at
érdistance such that tﬁe oveflép'of the 7~ with any proﬁon Qave—funcfioﬁ
is small. This larger object would cleérly exhibit ahvenlarged crosé—
section 6n emulsion nuclei, but it would cause reactions of the érdinary
sort, as required bf observations on anomaloné. Examination of the
shell-model level diagrams of Meldner [27,28] shows usually at least bne
.oscillator shell of bound but unoccupied neutron levels ébove the-
normally occupied levels. For excited‘nuclei or nuclei nearer the
neutrén drip line we hay fiﬁd slighfly bound, large neutron orbitals
available. vawe appro#imate neutron wave funétions by a simplé
e#ponential, the r.m.s. radius = 3.23 Bn'l/2 fm, with Bn in MeV.

-3) The mean life of a free T is 26 nSe;, and in a "free"»
pineut system (without protons aﬁd absorption), this Qouid be increased
as the binding énefgy is increased. (The phase space for weak decay
- would décreasé until the m-u mass difference was r¢ached, wﬁergupon such
a "free" system would become stable With reSﬁect to this decay mode.) In

the proposed pineut/anomalon systems, however, there are protons, and the
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limiting factor will be keeping the " -p wave-function overlap as small
as possible.  Lifetimes of 210-10 sec might be attained for non-s-wave

pineut orbitals outside the parent nucleus. That this is true is

demonstrated by the_behavidr of s on the lightest elements t29,301.

The intrinsic odd parity of the pion necessitates that it annihilate
from at least a p-state, which introduces geometrical complications
that retard the decay. [See also under point 4).]

'4) The predominant decay mode of the orbiting pineut might

well be a neutral decay, with the m mass being given to a pair of neutrons,

as occurs with pionic ZH. This decay mode occurs by interaction of the
1~ with the virtual’n+ of a‘proton-in a correlatedvp—n pair, necessary
for the consérvatibn of moméntum, (This capture mode is most often
accompanied by some phpton emission.) 'There is also the possibility of

a 2y branching mode if the n‘véhafge.exchanges on a proton to form a w9, .-

which subsequently decays. This decay mode occurs of necessity with pionic

IH, but it has also been seen from pionic 3He, where the p-n correlation

introduces geometrical complications. These decay modes are discussed in

greater detail elsewhere [31-33].
5) The peaking of the effect for low-charge fragments follows
straightforwardly, fof_the pineut halo would have the greatest effect as

part of a small fragment. The effect would lessen as the size of the

\

fragment increased, so that the mfp's of anomalons would tend to become

rathef independent of charge, as has been, in fact, observed. On the
other hand, the diminished effect (if any effect does exist) for charges

smaller than 3 also follows, for heré the requisite neutron excess (or
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tailing of thg neutron wave-functions) is not available.

6) The existence of memory enhancement is also a
straighpforwardvconsequence of our model. A prime requisite for the
anomalon effecf is this neutron excess (or tailing). This would be
expected to persist moré‘or less frém generation to generation.

Several predictions and testsvdf our explanation come to
mind immediately. First, the anomalon efféct should be enhanced
whenever there is an excess of neutrons. :Thué, the effeéts from
neutron-rich beams. such aé “8ca should Be investigated, and comparisons
between, say, 4QC_a énd’480a beams shouldibe md@e. Also,.very heavy
beams such as 238U should be tested, for thesé provide Very neutron-
rich domains, esﬁedialiy in their necks while fissioning. Second,r
_photons from the radiative capture or charge exchange mode‘should be
looked for. -A shadowed, drift'expefiment downstream from the target
could pogsibly énable these fo be seen above the bhoton'background
“from other effects, for example,.those originating from the-debay bf
free w%'s. - Third and finally, the falling §ff of the énomalon effect
with very small charge should Sé examined very'carefully, inasmuch és
our model predicts thét the effect should be quite small, if not
vanishingly small, for “He and‘esﬁecially for 3He.

Our proposed explanation of anomalons as pineuts must perforce
remain qualitative at this time for two reasons. Fifst, quantitative
calculations of pineut properties are beyond present theory and will

require time for development. Second, even the experimental anomalon
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data are themselves only qualitative at this point, so considerably
more expérimentalfdata are needed. The existence of anomalons is by‘
now reascnably well established.-- although there are still some
doubtefs[ll]. If they dobexist, they mark a new‘ahd ekciting frontier
in nuclear sciehce. ‘We hope our suggestions will aidvin extending this

frontier.

This work was supported by the Director, Office of Energy
Research, Division of Nuclear Physics of theHOffice of High Energy:
and Nuclear Physics of the U.S.‘Department of Energy under Contract

DE-AC03-76SF00098.
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