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1. INTRODUCTION

In 1980 an experiment’ performed at the Bevalac accel-
erator in Berkeley unexpectedly confirmed results'® which
have appeared from time to time in experiments with cosmic
rays and which are interpreted as an indication that there
exist anomalous nuclei with interaction cross sections al-
most ten times larger than geometrical. The data of Refs. 1-6
on anomalous nuclei from cosmic rays were not considered
reliable as the result of poor statistics. In the accelerator
experiment’ (see also the detailed article in Ref. 33) a target
of nuclear plates was irradiated parallel to the surface of the
plates by oxygen and iron nuclei accelerated to energy ~2
GeV/nucleon. In the collisions the nuclei were broken into
fragments. The mean free path to the next interaction with
emulsion nuclei was measured for nuclear fragments with
charges 3<Z<26 emitted in a forward cone with opening
angle 0.1 rad. It turned out that in the first few centimeters
after formation of a fragment it has an appreciably smaller
mean free path than the primary nuclei. At greater distances
from the point of formation, the mean free path of the frag-
ments becomes equal to the mean free path of the primary
nuclei. This unusual behavior of the mean free path is ex-
plained if'we assume that in 6% of the events exotic objects
are formed (so-called anomalons”) with anomalously large
interaction cross sections (and accordingly with a small
mean free path) which rapidly leave the secondary beam as
the result of intensive interaction with the emulsion nuclei.

These results evoked special interest (and some skepti-
cism). The point is that they refer to an area of physics in
which no anomalies of any kind were foreseen, and they were
obtained in comparatively simple and traditional experi-
ments, reminding one of the discovery of buried treasure in a
plowed field. Recently there have been a number of addi-
tional experimental studies®’* which have been devoted to
the problem of anomalons, as well as more than ten different
theoretical models'®2° (see also the review of Ref. 267). In
the present article we shall present experimental data and
discuss the present-day status of the anomalon problem, and
also touch on theoretical approaches to this problem.

Y'This name appeared as the result of a misprint in the program of a meet-
ing at Irvine: anomalons instead of anomalous.?®

YSince completion of the present article, several experimental stud-
ies?*344>~43 and theoretical articles’>~** have been published on this sub-
ject.
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2. EXPERIMENTAL DATA

Before proceeding to the experimental data we shall
make clear what is meant by a mean free path A (L ) which
depends on the distance L from the star, and how it is mea-
sured at distances from a star significantly less than the mean
free path itself and for such small intervals.

If A does not depend on L, than the probability w(L ) for
a particle in an emulsion to travel a distance L without inter-
action dies out exponentially is given by:

w (L) = e-Li, (1)

The data’'° indicate that the simple formula (1) is al-
ready not valid for a beam of fragments, but here is a devi-
ation from an exponential law. The nonexponential depen-
dence »(L ) is conveniently described by introducing a mean
free path A (L ) which depends on L, and which is related to
(L ) by the formula

L
w(L)-—:exp(—STd(LT)). (2

The departure of w(L ) from an exponential corresponds pre-
cisely todeparture of A (L ) froma constant. However, extrac-
tion of A (L ) from experimental data is usually accomplished
not by analysis of data by means of Eq. (2), but by means of
the following procedure. Let us consider in the emulsion
layers an interval AL situated at a distance L from the point
of formation of a fragment with charge Z in the direction of
its emission. Let us calculate the sum S of the track lengths
of the secondary fragments in the interval AL. If the frag-
ment has interacted in this interval, in calculation of S, the
distance from the beginning of the interval to the point of
interaction is taken, and if the fragment has traversed the
interval without interaction—the interval length AL is tak-
en. If the fragment has interacted at a distance from the point
of formation less than L, it will not contribute to this inter-
val. The mean free path A (L) is found from the relation
A(L)=Sz/N_z, where N is the number of interactions of
second-generation fragments with charge Z in a given inter-
val (beam nuclei are considered to be first generation). Using
Eq. (2), it is not difficult to verify that the ratio S, /N actu-
ally gives A4 (L ) (for a number of fragments produced N— co
and for AL—0).

The need of finding A (L ) for a fixed charge Z is due to
the fact that A will depend substantially on the mass number
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TABLE 1
References | Frigalander | Jain ¥ L | Aguarwal | Barker 1, 5.

Number of interactions 5000 3500 (2GeV)

of beam nuclei 2500 (1GeV)
Number of observed 1460 2100 2072

fragments
Number of interactions 856 557

of fragments

A of the fragment and this dependence must be separated
from the dependence of A on L (strictly speaking, it is neces-
sary to fix just the mass number A4, but in experiments only Z
is measured). Such an analysis would be possible for the con-
dition that the number of events with a given Z is large. The
total numbers of nuclear fragments emitted forward with all
charges 3<Z <26 are given in Table I. We note that to obtain
statistically well justified results on the dependence of A on
L, not only the number of primary interactions, but also the
number of secondary interactions must be sufficiently large
in each narrow interval AL, which was taken to have values
from 1 to 2.6 cm (Refs. 7-11) for a mean free path A 2 10 cm.
The number of interactions of secondary fragments with a
given Z, i.e., all events are divided into 24 groups with
Z = 3-26 in this interval AL with the statistics given in Ta-
ble 1, amounts only to a few events on the average and only in
the best cases exceeds 10. Therefore the statistical reliability
of Refs. 7-10 has no margin of safety which would permit
one to obtain the dependence of 4 on L for fragments with
fixed charge. Instead of this, those studies investigate a re-
duced mean free path A, from which the dependence on Z is
removed acording to the empirical formula

M(Z) = Az, (3)

which was obtained from an analysis of the mean free paths
of the beam nuclei, with 5=04440.02,’
b=0.42 + 0.024,%°and b = 0.34 4 0.03.!° We shall call the
parameter A in Eq. (3} A, for beam nuclei and A, for frag-
ments. Values of A, for beam nuclei are given below in col-
umn 3 of Table III. To avoid misunderstanding we empha-
size that the charge Z in Eq. (3) determines the mean free
path before the collision, due to the strong interaction, and
therefore in a certain sense serves as a characteristic of the
mass number 4. The reduced mean free path A discussed
below {in what follows, where this will not result in confu-
sion, we shall omit the word “reduced”} was determined
from the expression

zzj AgNzzb N §yz0
A L = = Z 4
(L) Z 7y ; T (4)

In Fig. 1 we have shown the data of Refs. 7-10 (the data
of Refs. 7-9 were obtained in the Bevalac accelerator, and
the data of Ref. 10 were obtained in cosmic rays). The dashed
lines are the values of the mean free path A, of the primary
nuclei. It can be seen that the mean free path of the fragments
A, differs from A |, and this difference exists mainly for small
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L. Thevaluesof A, for L <2.5cmareless than A, for L > 2.5
cm by 3.4 standard deviations.” The number of interactions
of fragments near the point of production turns out to be
greater than expected for an exponential law of beam attenu-
ation.”” " It is just these mutually related effects which are
interpreted’~'° as the manifestation of formation of anoma-
lons. The anomalon mean free path A4, is extracted from
these data in the following way.

If there is an admixture a, of anomalons in the secon-
dary beam, the probability for any beam particle with charge
Z to traverse a distance L without interaction is given by the
formula

w(L)=ae LMt q.e (5)
where a + a, = 1. Equating the expressions (5) and (2), we
find A (L):

aexp (—L/A)4ag exp (— L/h,) (6)

ML) = GAyenn (L0 T (wafhe) o3P (— LD *

Then ¥ is calculated (for AL—0 N, is proportional to the
denominator in Eq. (6)) and then after substitutioin of N,
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FIG. 1. Reduced mean free path of nuclear fragments as a function of the
distance L from the point of production of the fragment. a) Data of Ref. 7
{the point A = 29.5 + 2.1 cmat L = 20cm is not shown); b) data of Ref. §;
c) data of Ref. 9; d) data of Ref. 10. 1—Mean free path of beam nuclei; 2—
model of Ref. 7 with 6% admixture of stable anomalons with A, = 2.5 cm;
3—model of Ref. 10 with decay anomalons; 4—best fit of the data accord-

ing to y * on the assumption of constant mean free path of fragments.
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and A, (determined from Eq. (6)) into {4) with inclusion of
the formula (3) and the probability of formation of a frag-
ment with charge Z the reduced mean free path A (L) is
found. The anomalon mean free path A, was assumed to be
independent of Z.>' Comparison of the calculated curve A (L)
with the data, and minimization of y %, gives @, = 0.06 and
Aa = 2.5cm.”° The corresponding theoretical curves taken
from Refs. 7 and 10 are shown by the dot-dash lines in Figs.
la and d. We emphasize that in this phenomenological mod-
el no conversion of anomalons into normal nuclei is as-
sumed, i.e., the anomalons are assumed to be stable on the
time scale of their passage through the emulsion {~ 107'°
sec). In this model anomalons leave the beam only as the
result of their intensive interaction with emulsion nuclei.

An alternative model was suggested in Ref. 10. There it
is assumed that the entire 100% of the fragments have cross
sections enhanced by 1.54 times in comparison with normal
cross sections but are unstable and are converted into ordi-
nary nuclei after a time corresponding to a characteristic
distance 0.85 cm (~3-107"! sec). The results of a fit of the
data of Ref. 10 in this model are shown in Fig. 1d by the
dotted line. In this model the effect should be accompanied
by the emission of anomalon decay products and should de-
pend on energy as the result of the relativistic slowing down
of time.

To verify whether the effect observed in Fig. 1 is the
result of systematic error, the behavior of the mean free path
A, of the beam nuclei was checked as a function of the dis-
tance from the point of first detection. The data of Refs. 8
and 10 on A, are shown in Fig. 2. In both studies in the first
‘centimeter there is a small excursion toward larger values of
A, which hardly can be assigned any significance.

To confirm the existence of a dependence of A on L, in
Ref. 7 (and also in Ref. 8) the following analysis, which does
not depend on the validity of Eq. (3), was made. All events’
were broken down into 30 groups with fixed fragment
charges (6 charges for the 0 beam* and 24 charges for the
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FIG. 2. Reduced mean free path of beam nuclei as a function of the dis-
tance L from the point of first detection. a) Data of Ref. 8 (beam of *°Fe
nuclei); bj data of Ref. 10 (cosmic rays).

3 Analysis of the data of Refs. 7, 8, and 10 carried out in Ref. 25 indicates
that the anomalon mean free path A, also depends on Z. With parametri-
zation of A, in the form (3} it is found in Ref. 25 that b>0and b '=db /
dZ <0. The data of Refs. 7, 8, and 10 do not permit more definite values
of the parameters b and b’ to be established.

“The number 5 given for the charges in the 'O beam in Ref. 7 is probably a
misprint, since it is inconsistent with the histogram of Fig. 2 in Ref. 7 and
with the total number of groups, which is equal to 30.
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5Fe beam). For each group the procedure described was
used to determine a pair of values of the mean free path A, for
L <2.5cmandA, for L>2.5 cm, and 30 values of the ratio
A/A, were obtained. The purpose of the analysis of Ref. 7
was to compare the experimental distribution of A,/4, with
the theoretical distribution (calculated for the condition
A = const) and to find the quantitative characteristics of any
possible deviation. The theoretical distribution of 4,/4, was
calculated as follows. It was assumed’>* that the quantities
2N,A,/A and 2N,A,/A are distributed in the same way as y 2
with 2V, and 2N, degrees of freedom (here NV, and N, are the
numbers of interactions of fragments in the intervals L < 2.5
cmand L >2.5cm, and A, and A, are random quantities). In
particular, this assures equality of the average values:
A, = A, = A. With these distributions of A, and 1, the prob-
ability P (x) of observing a value of the ratio A,/4, smaller
than a given number x is given by the F distribution (the
Fisher-Snedecor distribution):

M@:SN@&=F@,M@2NQ (7)
0

The explicit form of the distribution (7) can be found for
example in Refs. 27 and 33. Then instead of x one introduces
a new variable P (0<P< 1) in terms of which the theoretical
distribution of the probability density v(x) in (7) is trans-
formed to a constant. Obviously the relation between this
new variable P and the old variable x is given just by Eq. (7).
Then in terms of the variable P one constructs the probabil-
ity density of the experimental distribution of the ratio A, /4,
and compares the locations of the centers of gravity of the
theoretical distribution (its center of gravity occurs at
P = 1/2) and the experimental distribution.

In Ref. 7 the interval 0< P< 1 was broken down into five
parts of 0.2 each, and for each ratio A,/4, the value of P was
found on the basis of Eq. (7). In this way the number of ratios
A,/A,fallingin each interval 4 P was determined. This distri-
bution of AN /AP as a function of P is shown in Fig. 3a. It is
evident that the distribution differs considerably from the
constant distribution dN /dP = const shown by the dashed
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FIG. 3. Distribution of the ratios 4,(L <2.5 cm}/A,{L > 2.5 cm) with re-
spect to the values of the variable P given by Eq. (7). a) Data of Ref. 7 (the
point with error bars is P=0.323 +0.053); b) data of Ref. 8,
P=0.33 + 0.06). The dashed line is the expected distribution for
A (L) = const. The dot-dash vertical line shows the expected value of P,
which is 0.5.
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line, and is concentrated mainly at small P, which according
to Eq. (7) corresponds to small x, i.e., 4, <A,. The point with
error bars in Fig. 3a is the value P = 0.323 + 0.053 obtained
by averaging Pover the experimental distribution of AN /AP
and differs from the value P = 1/2 expected for a uniform
distribution by 3.4 standard deviations, which corresponds
to a probability 3-10™* of this being a statistical excursion.
This result, regardless of the validity of Eq. (3), confirms that
the mean free path of the fragments in the first few centi-
meters after the point of production is actually shorter than
at greater distances. The results of the analysis of Ref. 8
based on 24 ratios A,/A, are shown in Fig. 3b and lead to a
value P = 0.33 + 0.06 which differs from 1/2 by 2.8 stan-
dard deviations, which in turn corresponds to a confidence
level better than 99%. A similar analysis shows that the
mean free path of fragments of the third and higher genera-
tions is still shorter by 15%.” We emphasize that this analy-
sis is based substantially on the distributions given above for
the lengths A, and A,. With poor statistics appreciable devia-
tions from these distributions are possible (Ref. 42).”!

Another estimate of the level of reliability was obtained
in Ref. 10. By modeling the process with a Monte Carlo
procedure carried out by computer on the assumption that
A, = A, the number of interactions of fragments in the first
interval of length 1 cm was calculated. In the experiment'
179 fragments interacted in this interval, out of 1778 having
a potential path greater than 1 cm. A Monte Carlo calcula-
tionn'® gave a significantly smaller number of interactions,
and the number 179 was reached only in one out of 2000
trials. This result does not depend on the values of the pa-
rameters in Eq. (3). Monte Carlo events in a model with un-
stable anomalons'® gave a number of interactions close to
that observed.

The characteristics of the primary (parent) interactions
and the secondary (both normal and anomalous) interactions
are on the whole similar.® The following properties of these
interactions are also observed®:

1) Mean free paths of fragments produced in primary
interactions of two types were studied. a) In collisions with
light elements of the emulsion (C, N, O). These interactions
are accompanied by a number N, of nonrelativistic tracks
(with £ < 0.7) which is less than or equal to 7. b) In collisions
with heavy elements (Ag, Br), i.e., with N, > 7. It turns out
that the greater part of the anomalous fragments are pro-
duced in events with ¥, <7, i.e., in light elements of the tar-
get. In fragments produced in events with N, <7, the mean
free path 4, for L < 2.5 cmis 2.5 standard deviations shorter

5'The distribution of the mean free paths A expressed in terms of the distri-
bution of y 2 with 2NV degrees of freedom is determined by a series of
experiments with a given fixed number ¥ of interactions of the nuclei.
The numbers of beam nuclei are random and can be different in different
experiments of this series. The mean free paths of the primary beam are
determined under just such conditions. The conditions of the experi-
ments of Refs. 7-10 appear closer to the opposite situation, in which the
number of fragments produced, which comprise the secondary beam, is
fixed (since this number now determines the statistical reliability of the
data’™'%; see Table I) and the numbers of fragment interactions are ran-
dom (i.e., not fixed in a given series). A series of such experiments leads to
some distribution of lengths A which can influence the results of the
statistical analysis of the data of Refs. 7-10, especially with breaking up
of the entire statistics into small groups of events with fixed charges.**
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FIG. 4. Reduced mean free path of fragments at a beam energy of 1 GeV/
nucleon.’

than A, (L > 2.5 cm), and for N, > 7 the mean free paths A4,
(L <2.5 cm)and 4, (L > 2.5 cm) are approximately equal.

2) The distributions of the multiplicity in secondary in-
teractions for L < 2.5 cm and L > 2.5 cm are extremely close,
but the peak of the distribution for L < 2.5 cm is shifted to the
region of somewhat smaller multiplicity.

3) The distribution of the charges of fragments pro-
duced in light elements (N, <7) has a small enhancement in
the region of small charges for events with L <2.5 cm in
comparison with events for L > 2.5 cm.

4) The fraction of “white stars” (i.e., events with
N, = 0) in secondary interactions is about 3.5% larger for
fragments produced in collisions of beam nuclei with light
elements (N, <7) than for fragments produced in collisions
with heavy elements (¥, > 7).

5) The distribution of the multiplicity in all “white
stars” for L < 2.5 cm has a peak at a smaller multiplicity than
for L>2.5cm.

There is an indication of a threshold nature of the ef-
fect®: with a beam energy 1 GeV/nucleon the mean free path
of the fragments does not depend on L and within experi-
mental error coincides with the mean free path of the beam
nuclei (Fig. 4). It should be noted that in Ref. 10 the spec-
trum of cosmic rays began at 400 MeV /nucleon, but a de-
crease of the mean free path of fragments for L < 2.5 cm is
observed.

A negative result’' was obtained for fragments with
Z = 2: the mean free path of fragments with Z = 2 turned
out to be equal to the mean free path of helium nuclei and has
no tendency to decrease at small L (Fig. 5). This work was
carried out at Berkeley in beams of >Fe and “°Ar with ener-
gy 2 GeV/nucleon with a statistics of 3393 primary interac-
tions giving tracks with Z =2 in a cone of 0.1 rad. This
number of events is 1.5-2 times greater than the statistics of
each of Refs. 7-10. According to the statement of the auth-
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FIG. 5. Mean free path of fragments'' with Z = 2. The dashed line is the
mean free path of *He nuclei.
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ors of Ref. 11, the results obtained by them is inconsistent
with the data of Ref. 28.

Up to this point we have been discussing data obtained
in fragmentation of nuclei in nuclear emulsion. Recently the
results have been published for an experiment carried out at
Dubna,' in which the cross sections for interaction of frag-
ments with Z = 2-6 produced in collision of carbon nuclei
with momentum 4.2 GeV/c per nucleon with propane
(C;H,) were studied in a propane bubble chamber. In com-
parison with the preliminary results,'*!? the data of Ref. 14
were obtained with improved statistics. Interaction cross
sections were determined for each group of fragments with a
given charge. As the result of technical difficulties associat-
ed with superposition of tracks on each other near the pri-
mary star and of stars from different fragments produced in
the same primary interaction, it was necessary for identifica-
tion of fragments and determination of their interaction
cross sections to move away from the primary star by 10 cm.
The cross sections were determined on the basis of the mean
free pathsin the interval 10 L <30 cm. The results of Ref. 12
(for Z = 2-4) and of Ref. 14 (for Z = 5 and 6) are given in
Table II and in Fig. 6. The dashed line in Fig. 6 has been
drawn through the known experimental points for beam nu-
clei. The mass numbers of fragments with 3<Z <5 were tak-
en equal to twice the charge. For fragments with Z = 2 the
experimental point was placed between the mass numbers,
3 <A <4, and for fragments with Z = 6 it was placed in the
interval 11 < A4 < 12. The horizontal lines show the probable
interval of variation of the mass numbers. From the data of
Ref. 14 it follows that the cross sections for interaction of
carbon fragments with charges Z = 5 and 6 are 10% larger
than the expected value. For Z = 2, as in Ref. 11, there is no
effect.

In Ref. 14 the characteristics of ¥ rays accompanying
the production of fragments with charges Z = 5 and 6 were
also studied. Emission of y rays is expected in the transition
of anomalous fragments to ordinary nuclei. These authors
observed an excess of ¥ rays with energy £, < 70 MeV in the
antilaboratory system above the background from decay of
7° mesons. However, analysis of the existing experimental
data on y rays in events where multiply charged fragments
are not produced showed that in the same kinematic region
there is an appreciable contribution of ¥ rays arising as the
result of hadronic bremsstrahlung. The data of Ref. 14 do
not permit separation of the expected anomalon radiation
from bremsstrahlung.
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FIG. 6. Cross sections for interaction of fragments of carbon nuclei'>'4 as
a function of their mass number 4 (circles). The triangles and the dashed
line show the cross sections for interaction of beam nuclei.

An attempt to observe y radiation from anomalons was
made also in Ref. 15. The energy of the >Fe beam was set at
940 MeV/nucleon (in Ref. 15 doubt is raised as to the valid-
ity of the result of Ref. 9 regarding the absence of the effect at
1 GeV/nucleon). The fragments were produced in a steel
target in which about 1.63-10° beam particles interacted.
The collimator window was placed downstream from the
target and directed to the secondary beam. Therefore the
apparatus could record only ¥ rays from anomalons radiat-
ing in flight beyond the target at a distance from the target
between 1.4 and 2.4 cm, and detection of bremsstrahlung
from the target was excluded. The results of the experiment
are negative: the expected y radiation was not observed. The
model with decaying anomalons'® is excluded at the 95%
confidence level if the y-ray energy lies in the range
70 < E, <2000 MeV and the anomalon lifetime is in the
range 7-10~'? < 7 < 3-10~7 sec, which corresponds to a path
0.3 <L <200 cm. In a model’ with a 6% admixture of ano-
malons, their electromagnetic decay is excluded if
140 <E, <2000 MeV and 2-10" <7< 1.8107'° sec
{0.9<L <9 cm).

We note that normal excited states of nuclei are de-
excited in a time less than about 10~!2-10~!3 sec. For this
reason it is impossible to explain the decrease in the fragment
mean free path as the result of excitation of normal states
and accordingly of an increase in their radius.

At the present time studies of the properties of nuclear
fragments are being continued and new experiments are be-
ing planned.?® In this connection we note that in spite of the
arguments given in Refs. 7-10 and presented above in favor
of the dependence of the fragment mean free path on the
distance from the star, the data of Refs. 7-10 still do not
provide complete confidence that this dependence actually

TABLEII
Fragment charge Z 2 3 4 5
Number of observed 2892 645 517 1774 1272 ]
fragments
ross section forinteraction| 2,06 3,39 3,90 4,65 5,30
F of fragments, in barns | +0,08 +0,25 +0,32 +0,20 | 20,27
ICross section for interactior{ 2,260 4,780
of beam nuclei with =+0,050 +0,060
A =2Z,in barns
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TABLE II1
,_L, 2 3 4 5 6 1 8
References | W% > Apem [x2 An| P O2(AD) | Az,cm] x2 (agl 2122
points. AL
Friedlan7der E. M. 8 0,44+0.02 [30,441,6 18,6 | 0,015 | 27,9 | 8,5| 8%
]a?ltl g%'L.,DasG.B 0.424:0.024(32,4+1,7| 18.1 | 0,002 1294 | 6 9%

Aggarwal M. M.
et al.®

Barber H. B. et
al. 1o

0,4210.024)32.4£1.7] 7.8 | 0,2
0.342-0,03 [25,1+1,7| 26.0 | 0.0002

> rin

2971 2,8 8%
21.3| 6.5 169

exists. As has already been mentioned, the analysis present-
ed in Fig. 3 depends on the probability distribution P (x),
which may differ from (7). To this we can add that the as-
sumption that A, is independent of L is consistent, on the
basis of the y 2 criterion, with the data of Refs. 7-10 no more
poorly than the model with an admixture of anomalons. We
recall that the expected value of y 2 in the case of N degrees of
freedomis y 2 = N + 2N . Thedot-dash lines in Figs. 1aand
d describe the data”'®with y * = 2.4and y > = 4.4 with 8 and
6 points, respectively. The results of a fit made by us to the
data of Refs. 7-10 within the framework of the hypothesis
A, = const are shown in Fig. 1 by the solid lines. Values of
A, and the corresponding y ? values are given in columns 6
and 7 of Table III. It can be seen that the hypothesis
A, = const gives optimal values of y *(A,) and consequently,
like the anomalon model, is in good agreement with the ex-
perimental data. From this point of view the smaller value of
A, for L <1 cm in Figs. la, b, and d, which differs from
A, = const by more than one standard deviation, is a statisti-
cal excursion. The probability of such an excursion in each
individual case is not small, as follows from the values of
x %(A,) given in column 7 of Table I1I. However, the fact that
in three studies % '° out of four"~!° there is an excursion just
in the direction of smaller values of A, seves as a serious
objection to this interpretation. On the other hand, this ob-
jection can be offset by the data shown in Fig. 2 on the mean
free paths A, of the primary nuclei.®'° In both cases for L < 1
cm there is a statistical excursion in the direction of larger
values of A,. We note that these data are in agreement with
the hypothesis A, = const with y > = 7.4 with 7 points and
xy 2 = 5.1 with 6 points, respectively, i.e., at the same level as
the data’'® on A, agree with the hypothesis A, = const.

On breaking up the data of Refs. 7-10 on fragment
mean free paths into groups with L <4 and fitting each group
by means of the hypothesis A, = const, different values of A,
are obtained for L<4, but with errors which overlap in the
case of Refs. 9 and 10.

In column 4 of Table III we have given values of y %(4 )
for the mean free paths of the primary nuclei, calculated
from experimental values of the fragment mean free paths.
The corresponding probabilities of a statistical excursion are
given in column 5 of Table III. It can be seen that there is a
statistically reliable difference between the mean free paths
of the fragments and those of the primary nuclei. This differ-
ence, as can be seen from column 8 of Table III, amounts to
about 10%. For a final solution of the question of the depen-
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dence of A, on L, improved statistics and complete exclusion
of possible systematic errors are required.

3. THEORETICAL APPROACHES

The theoretical models proposed for explanation of
anomalously large interaction cross sections of nuclear frag-
ments are very diverse and quite speculative. Therefore we
shall confine ourselves to listing them and giving brief de-
scriptions. The list of models given below is not exhaustive.

In Refs. 16-20 an increase of the cross sections is ex-
plained by excitation of color degrees of freedom. It is as-
sumed that colored quarks interact with each other very
strongly. Compensation of color in nucleons, which are
colorless objects, leads to a weakening of this interaction,
and the nuclear forces are similar to Van der Waals forces
between neutral atoms. In collisions of nuclei, a rearrange-
ment of their structure occurs, with formation of multiquark
states with hidden and even explicit color, and around such
objects there are significant fluctuations of the color gluon
field, which leads to large interaction cross sections. The
large lifetime is related to the necessity of a substantial rear-
rangement of the structure of a state for its conversion into
an ordinary nucleus.

Reference 16 discusses such highly excited six-quark
states with hidden color with mass greater than the sum of
the masses of the two nucleons by approximately 1 GeV.
Reference 17 also considers a six-quark state with J* =07,
called by the authors a diquark deuteron or “demon”, which
is constructed of three pairs of quarks and has a mass less
than the 7NN threshold. It is assumed'’ that the demon is
contained inside the nuclear fragments. In Ref. 18 in the bag
model anomalons are related to heated quark matter. In Ref.
19 it is suggested that anomalons are colored nuclei. They
are produced in pairs and are heavier than ordinary nuclei,
which explains the threshold at 1 GeV/nucleon.® Reference
20 advances the hypothesis that anomalons have fractional
electric charge.® It is assumed? that the threshold for for-
mation of fractional charges in nucleus-nucleus collisions is
less than in pp or e*e™ collisions.

Reference 21 considers a nonstatic but metastable state
of nuclear matter (the o-r phase) which generates a coherent
pion field with a large effective Compton wavelength.

®This hypothesis is not confirmed by the experiments of Refs. 34 and 44.
According to Ref. 34 the fraction of fractionally charged anomalons
with Ae = 0.3¢ in the first two centimeters after their formation does not
exceed 3-1072 {at the 95% confidence level).
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In Refs. 22 and 23 the anomalously large interaction
cross sections of fragments are a consequence of the increase
of their geometrical size. Reference 22 considers the fact that
nuclei with Z = 3-5 which are included among the frag-
ments actually have a radius R and accordingly a parameter
r, somewhat greater than the values which follow from the
formula R = ry 4 '/? on extrapolation of this formula from
the region of large A corresponding to beam nuclei. This
leads to a reduction of 10-20% in the mean free path of the
fragments and makes the mean free path independent of L,
which is consistent with the experimental data. For Z = 6~
10 a decrease of the fragment mean free path is not observed
in Ref. 10, and for Z>12 the observed decrease of the mean
free path can be explained, according to Ref. 22, by forma-
tion of nuclear quasimolecules (highly deformed cluster
states with low angular momentum). The radius of the nu-
clear quasimolecule ?S is a factor of two greater than the
radius of the °0 nucleus. The hypothesis of Ref. 22 is criti-
cized in Ref. 40. An answer to the criticism is given in Ref.
4].

In Ref. 23 it is shown that in nucleus-nucleus collisions
it is possible to form nuclear isomers of low density and
anomalously large size with a radius approximately three
times that of ordinary nuclei. The excitation energy of such
states is about 5-6 MeV/nucleon. There are no isomers with
small values of Z (for example, with Z =2, in agreement
with the data of Refs. 11 and 14) and also with 4> 60.
Isomers with Z Z 10 are capable of splitting, and this process
can be observed in emulsions. There should be an accumula-
tion of isomers and a further decrease of the mean free path
of fragments in the third and subsequent generations as ob-
served in the experiment of Ref. 7. Nuclear isomers of low
density are discussed also in Ref. 38.

Reference 24 considers nuclei which have an unusual
shape. The cross sections for interaction of nuclei which
have taken the shape of a pancake or doughnut?* are several
times larger than the cross sections for interaction of spheri-
cal nuclei, even at the normal nuclear density. A decrease of
the density of such nuclei is possible, and this will lead to still
larger interaction cross sections.

We emphasize that the theoretical models (except for
Ref. 22) are directed toward explanation of the existence of
nuclear fragments with tenfold enhanced cross sections.
However, there is still no absolute confidence that the mean
free path of the fragments depends on the distance to the
point of production, and the explanation of the experimental
data by a 10% increase of the cross sections of a large part of
the fragments cannot be excluded. Such an increase of the
cross sections will lead to a mean free path close to that
shown by the solid line in Fig. 1. However, even a 10% effect
represents a large value for traditional nuclear physics. To
obtain a 10% effect it is sufficient that the mass number of
the fragments be approximately 20% greater than 2Z. Iso-
topes with this or even higher neutron excess exist,*>' but
the probability of their production at 2.1 GeV/nucleon®?
and at lower energies®! is small and apparently is not suffi-
cient to explain the magnitude of the effect.

An experiment which is critical to the choice of the
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model will consist of a reliable verification of the existence or
absence of a dependence of A on L.

4. CONCLUSIONS

The experimental data presented in Section 2 indicate
that the mean free paths of nuclear fragments, with the ex-
ception of fragments with certain charges, are less than the
mean free paths of the beam nuclei. The data also indicate a
dependence of the fragment mean free path on the distance L
from the point of formation of the fragments. However, the
decrease of the fragment mean free path has been established
more reliably than its dependence on L. The limited statis-
tics do not firmly convince us that this dependence exists,
whereas for theoretical interpretation of the data it is very
important whether or not the mean free path depends on L.
Therefore the question of whether or not anomalons exist
cannot yet be considered finally solved. The observation of
anomalons, if they really exist, would open new horizons in
nuclear physics, hazy outlines of which may already be visi-
ble. The continually increasing activity of experimental in-
vestigations permits one to hope that the question will be-
come definitively clear in the course of the next few years.

The author is grateful to Yu. A. Murin for sending the
data of Ref. 32, to L. B. Okun’ for helpful ciritcal remarks,
and to L. S. Shapiro for discussions.
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