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Observation of Anomalous Reaction Mean Free Paths 
of Nuclear Projectile Fragments in Research Emulsion 

from 2A GeV Heavy Ion Collisions 

Yasha Jack Karant 
Ph.D. Thesis 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 
ABSTRACT 

From an analysis of 1460 projectile fragment collisions in nu
clear research emulsion exposed to 2.1 A GeV 0 and 1.9 A GeV 5 6 F e 
at the Bevalac, evidence is presented for the existence of an anomal
ously short interaction mean free path of projectile fragments for the 
first several cm after emission. The result is significant to beyond 
the 3 standard deviation confidence level. 



1 

I. Introduction and History 

Sporadic observations in nuclear research emulsion evidencing a 
short mpan free path component among relativistic projectile **-agments 
of high energy heavy ions in the cosmic radiation have been reported 
since 1954. ~ Because of limited statistics, possible systematic 
uncertainties, and the impossibility of such a component within known 
nuclear physics, these observations were never widely accepted. The 
aim of this Bevalac experiment was to obtain sufficient statistics un
der controlled conditions to obtain an answer to the question (signif
icant at the level of a few percent component): is there evidence for 
a short mfo (mean free path) component among PFs (projectile frag
ments) at 2 A GeV? 

Fortunately, both the validity of the technique and its results 
on primary beams are well established. The basic method is the along 
the track scan. One simply follows each track until it either inter
acts or exits the detector. An interaction in such a scan is defined 
to be the emission of at least one hadronic track, either from the 
'projectile or a struck nucleus in V e emulsion. Usually, one observes 
considerably more than one emitted track; because of this, interac
tions in emulsion are called "stars . 

Several preceding experiments had obtained in this fashion the 
mfps of primary beam nuclei to a st tistical precision of 3*. Specif-

4 12 14 16 ic to this result, mfps of He, C N, and 0 had been obtained at 
LBL 1" 2 and 1 6 0 at NRC 1" 3. As part <f this experiment, primary 4 0 A r 
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and 5 6Fe mfps were measured at LBL and 4He and 5 6Fe at NRC. In all 
cases, the measurements were done at about 2 A GeV, although some were 
also done at other energies to obtain energy dependence information. 
As will be shown, the 2 A GeV primary beam measurements are in excel
lent agreement with the measurements on PFs beyond about 5 cm from 
their emission point. However, below this distance, one observes sig
nificant and regular deviations from both the primary beam measurements 
and the "long distance" observations. Further, the results of the two 
independent observations, PFs from Fe at LBL and 0 at NRC, are 
in agreement. 

In outline, this work will be organized in six parts. This first 
brief part merely sets the stage for what follows. Part II discusses 
what one would expect to observe for PFs based on known nuclear phys
ics, while Part III discusses the systematics and techniques actually 
used in this research. Part IV is a statistical discussion of the 
formal methods needed to analyze the data in a cogent fashion, and in
cludes a section on Monte Carlo simulations to test the formalism and 
its physical approximations in light of the material in Parts II and 
Til. Part V is a statement of the results using the methods of Part 
IV, while Fart VI presents the physical conclusions of the investiga
tion. 
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II. Underlying Physics 

To establish that an observation is anomalous, one first needs 
to know what is normal. In this case, one needs to know the normal 
interaction behavior of nuclei in emulsion, particularly nuclei of 
kinetic energy between 1.5 and 2 A GeV. This is given in its simplest 
form by the total (or inclusive) reaction mfp, normally symbolized by 
"x". 

One measures mfps, not cross sections, because emulsion is a 
known mixture of various elements from H to Ag . While the 
measurement techniques and the statistical properties of x shall be 
discussed in later sections, the mfp has a simole physical interpreta
tion in terms of number densities and cross sections, namely: 

f n, o j B S | (II-l) 
1 = 1 

Here N is the number of different nuclides in the emulsion, n. 
is the number/unit volume of nuclide "i", and n nqc is the cross 
section for the projectile to interact in an observable fashion with 
component "i". °no<: is defined to include the detection efficiency. 
Note that x and o are inversely related, so that a large a gives a 
short x. It is to be stressed, however, that one measures x, not a •; 
nonetheless, a knowledge of the properties of x carries over to infor
mation about o. 



To an excellent approximation, the anR(-'s in question are just 
a constant fraction of the reaction cross section. Two properties of 
heavy ion reaction cross sections are of importance to this work: 
from about 0.5 A GeV to > 2 A GeV i) o Q R S are essentially constant 
and ii) they are wrll described by a geometrical dependence. 

In its simplest approximation, the reaction cross section is ex-
11 3 pressed in the Bradt-Peters form, 

r 2 fa 1' 3 + A 1 

"12 = * ro ( A 1 A 2 i-r? (A^ / 3 + A * / 3 - n ) 2 (11-2) 

where r and n are constants and A,,A, are the baryon numbers of 
target and projectile. If A * / 3 >> A*' 3 - n 

A2/3 

Since A <* Z near the v a l l e y o f s t a b i l i t y (VOS), one might guess 

t h a t 

o = Z 2 ' 3 

This suggests as a first approach, a behavior of the form 

x = AZ" b (11-3) 

with b =» 2/3. In fact, this does adequately fit the primary beam 

data, with b * 0.4. 
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The equations to be solved for estimating A and b are presented 
in Section IV. Using these, one obtains two fits; one for LBL, the 
other for NRC. 

At NRC: A* = 28.9 2.5 cm, b* = 0.43 ± 0.04 
At LBL: A* = 32.2 2.5 cm, b* = 0.44 ± 0.03 

While the consistency of the observations is evident, one must realize 
that these are measurements of nuclides limited to the VOS. 

Classical nuclear physics predicts that not only VOS nuclides are 
present in PFs but also isotopes away from the VOS as well as various 
excited states with lifetimes C T ^ 1 cm. lo incorporate the devia
tions these effects might produce in the mfps (which are really a fun
ction of Z, A and quantum state) one has two alternatives. 

The obvious, empirical method would be to measure all these mfps. 
It is equally obvious that the logistics of such a measurement would 
be intractable. An alternative, albeit somewhat less secure, option 
is to obtain calculated values based oi realistic models that use 
other experimental data, such as form factors and detection effi
ciency . This is what was done. The results are displayed in 
fig. II-l, along with the fits to data and observations. While the 
general trend is reproduced, there does appear to be a theoretical 
prediction that the Z = 3,4,5 isotopes will fall below the fitted 
lines. Additionally, isotopic "noise" is visible. In section VI-C, 
dealing with the Monte Carlo simulation, the methodology for dealing 
with this will be discussed. 
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III. Systematlcs and Method of Observation 

In this section, three main points are discussed: the quantities 
which were measu-ed, how the measurements were actually conducted, and 
the systematic problems posed by these measurements. This begins with 
a consideration of the method of scanning actually adopted. 

At both NRC and LBL, an unbiased forward along the track scan was 
used. This means that a primary track was picked up on the scan line 
as it entered the stack; the scan line was typically 2 mm from and 
parallel to the leading milled edge of each pellicle. The track was 
examined to insure that it did not interact before the scan line. At 
LBL, primaries were followed until they either interacted or left the 
pellicle; at NRC, primaries were followed until tht.. interacted or 
left the stack. When the primary interacts, any PF produced is class
ified as a secondary. When a secondary PF interacts, any PF produced 
is a tertiary, and so on. All PFs of Z 2 3, regardless of generation 
(secondary, tertiary,...), were followed until they interacted or left 
the stack. 

Both stacks were Ilford G-5 emulsion, made up of pellicles nomi
nally 600 vm thick at exposure. The NRC stack had 50 pellicles 15 x 
30 cm 2; the LBL stack had 42 pellicles, 7.5 x 12 cm 2. The stacks 

were processed separately at LBL but using basically the same proce-
2 

dure. A 1 mm grid was photographed on each pe l l i c le before being 
removed from i t s respective stack, mounted on glass and processed. 
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Projectile fragments are nuclei produced by a relativistic heavy 
ion collision essentially at the velocity of the projectile. Spec
trometer studies have shown that the average momentum shift in the 
laboratory frame of a PF relative to its parent is on the order of 
-150 MeV/c at = 3 A GeV/c nucleon ; hence, the major cause of 
energy loss is ionization. This point shall be examined in the dis
cussion of the energy spectra of the PFs. At the energies used in 
this work, PFs of Z _> 3 are confined to a narrow forward cone. 
PFs were only accepted within the forward 6° cone; in the processed 
pellicles, one must correct for the shrinkage factor in the pellicle 
thickness between exposure and scanning. 

One must also be able to measure charge since the mfp is a func
tion of oaryon number A and hence Z. At the time of detection of eacn 
PF track, its charge was visjally estimated as light, medium, or 
heavy, but actual cnjrge determination was done as a separate step of 
the measurement after the topology of the event was completed. This 
assured a second observation of the vertex. 

To determine the reproducibility of the charge measurements, the 
•method of repeated observations was used at L3L. By this method, a 
track was chosen at random which had been first measured to give 
charge Z,, say. Subsequent independent observations were made on 
different segments of the same track, yielding measurements Z_ ... Z N. 
The deviations 1,-Z-, Z,-Z,, .. .Z,-Z N were histogrammed, and since for 
the different Z.s the results of 2.-Z; were compatible, one fin
al histogram was produced (fig. Ill — la). This yielded an empirical 
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charge reproducibility of 1 charge from 6 <_ 1 £ 26. These deviations 
were obtained at different depths and plates to verify the correction 
for development gradients and test the hypothesis of plate-to-plate 
uniformity. Further, they were examined for a systematic shift with 
distance into the stack; such a shift could indicate a change in track 
structure due to a slowing fragment. No such shifts were found, lend
ing further credence to the assumption that one was in fact dealing 
with relativistic PFs. 

The procedure used at NRC was comparable, except that a higher 
statistical accuracy was obtained, in part because of the smaller 
charge range here reported (3 <_ Z <_ 8). As can be seen from fig. 
Ill—lb, charges were measured to a statistical accuracy of 1/3 charge 
beyond charge 5 and about 1/4 charge for Z = 3 and 4. 

An important question is whether or not a systematic error in the 
charge measurements would have affected the interpretation of the re
sults. Obviously, this would make the absolute determination of the 
mfp of PFs of charge Z to be in error. However, if one makes compar 
isons internal to the same observations, this systematic effect is 
mitigated. In fact, this procedure was tested by several methods. 
First, by direct observation, the charge measurements do not depend on 
dis;ance from the emission point of a PF. Second, one may assume a 
sy.ter.iat''c shift of 1, 2 and 3 charge units and compare the relative 
inter-al r%s.)lts; while this does affect the absolute mfp value at a 
given charge, it indeed has no significant effect on the relative an
swers. Observation that were 3 standard deviations apart remained 
so. 
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Since there was no magnetic field of sufficient intensity to 
obtain meaningful rigidity measurements with the detectors used, no 
direct measurements of momentum were possible. While multiple scat
tering would be the only technique available here to directly measure 
energy, it is not nearly sensitive enough under the conditions 
of this investigation to provide proof that one is dealing with rela-
tivistic PFs . Nonetheless, some multiple scattering measure
ments were done at NRC and were entirely consistent with the calcu
lated energy spectra. 

To calculate the energy spectra, several pieces of information 
were utilized. First, the spectrometer measurements on momentum d->s-

T TT C 

tributions of PFs were used. Here, a py shift of about -150 
Me'.'/~ total momentum was observed in the laboratory frame, with an RMS 
width of about 450 MeV/c to the p distribution. Consider a mass 10 
PF with a parent nucleus of 2.5 A GeV/c or total momentum of 25 GeV/c 
assuming the persistence of velocity. At the -3 RMS deviation level, 
it would be shifted downward by -1.5 GeV/c or about 6% of its total 
momentum. In terms of kinetic energy, this is about an &% degrada
tion. Hence, one can conclude that even in a worse case analysis 
(-3 RMS deviations), the effect of kinetic energy/nucleon loss at 
emission of a PF relative to its parent is small compared to the 
rather larger losses caused by ionization in the emulsion. Assuming 
the values given in ihe literature for the specific ionization con
stant, energy spectra for the PFs in the experiment were cal
culated, displayed in fig. 111—2ab. As can be seen, none of the PFs 
would have had an energy below 1 A GeV and few below 1.5 A GeV. 

\ 
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I sha l l conclude t h i s sec t ion w i t h a d iscuss ion o f the scanning 

i t s e l f . As mentioned above, an unbiased forward scan was used in both 

l a b o r a t o r i e s . An i n t e r a c t i o n was def ined as the emission of at leas t 

one charged hadronic t rack at the v e r t e x . Distances were measured by 

p ro jec ted range in 1/10 o f a g r i d coord inate (100 um) at LBl and ay-

stage coord inate at NRC. At LBL, the g r i d coordinates were checked 

against d i r e c t stage measurements. 

A l l data a t LBL were rescanned by a d i f f e r e n t observer using a 

somewhat d i f f e r e n t technique from the i n i t i a l scan. Since one could 

imagine the p o t e n t i a l p i t f a l l o f d i f f e r e n t i a l scanning e f f i c i e n c y (a 

scanner being more observant immediately f o l l o w i n g a v e r t e x ) , the 

scanners backscanned a l l non in te rac t i ng PFs and proceeded backward 

from a l l observed i n t e r a c t i o n v e r t i c e s . About 3 more s ta rs were 

obta ined in t h i s f a s h i o n , but the d i s t r i b u t i o n of these s ta rs was the 

same as the r e s t , not being conf ined to long distances (which would 

have had to be the case i f the cause of the anomalous r e s u l t s was a 

d is tance dependent scanning e f f i c i e n c y ] . Scanner-to-scanner compar i 

sons l i kew ise y ie lded cons is ten t r e s u l t s . In keeping w i th the fac t 

' t h / + two separate experiments are i nvo l ved , no systemat ic rescan was 

done between NRC and LBL; however, several i n t e r e s t i n g ev ° - t s were 

cross examined w i thou t any d i f f i c u l t y being found. 

To d imin ish scanning loss at NRC, the method of m u l t i p l e charge 

measurement was used. Charges were p e r i o d i c a l l y measured a lo rg the 

t r a c k ; whenever a charge change was i n d i c a t e d , the preceding sect ion 

o f t rack was examined fo r a candidate ve r tex . This n a t u r a l l y increased 
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the de tec t ion e f f i c i e n c y f o r c e r t a i n classes o f s ta rs at NRC r e l a t i v e 

to LBL, name'y s ta r s w i th a small charge change to the next generat ion 

PF. In both exper iments, the scanning was done under=500X magn i f i ca 

t i o n , w i t h quest ionable v e r t i c e s examined under higher power. In t h i s 

f a s h i o n , s p a t i a l r e s o l u t i o n to <_1 um is ob ta i nab le . 

I de fe - d iscuss ion o f c e r t a i n p o t e n t i a l ver tex m i s i d e n t i f i c a t i o n 

and backgrojnd problems to Sect ion V I . 
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IV: Statistical Methods 

A. Method A 

The most basic concept of th is experiment is the mean free path; 

hence, one needs a means to estimate th is quantity. Assuming a mix

ture which has a length scale of inhomogeneity small compared to the 

distance scale of the interact ion, the mean free path appears as thd 

parameter x in the d i f fe rent ia l equation 

Here, one has a number N of part icles incident on a slab of thickness 

dx and some physical process, characterised by x, which removes f l ux . 

The solution to this equation is well known to be the negative expo

nent ia l ; spec i f i ca l ly , the probabi l i ty density is given by 

f(x)dx = e _ x / x ^ (IV-2) 

This form of probability density leads to several consequences. Fore
most is the property that the negative exponential "has no memory". 
Physically, this means that any infinitesimal slab dx is equivalent to 
any other in which the particle may suffer an interaction, irrespec
tive of the location of the slab. The fact that a particle has not 
interacted up to dx has no influence on its fate in dx. 
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Given any sample of tracks in a finite length detector, one may 
consider two classes of tracks: i) those that did interact and ii) 
those that did not. Further, one may ask whether to use information 
regarding only the total numbers that did (and did not) interact or 
also the distribution of interaction.distances. The first method of 
estimation, which shall be denoted as Method A, uses both a moment of 
the interaction distance distribution as well as information about 
those tracks that did not interact. The idealized method is this: 

1) Assume x is a constant. 
2) Follow tracks until N interactions are obtained, N > 1, 
3) Sum up the total path length followed of both the interac

ting and noninteracting tracks, where the path length of a track of an 
interacting particle is the length from its initial observation until 
its interaction point. Call this sum S 

4) De fine the estimate of the mfp x = S../N. 
One needs the distribution of x given N and x; since (N,x) are 

fixed, this amounts to the distribution of S... The simplest case is 
that of an infinite detector. Here one wants 

(S N) = M x j ) . . . /e(x n) 
N N dx. -X./x 

f{S N) = /efx,)... /e(x n) efS.j) s(SKJ - £ x. ) || -^ 

(IV-3) 

Note that this has dimensions (length". , wnich is correct, since the dif
ferential dS. has dimensions length. The above is the convolution of 
the densities. To obtain insight into the above integral, consider 
the case N = 2. One wants 
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A _ x / x - ( S 2 - x ) / x S -S /x 

io e e 7 = ~ e ( IV-4) 

By c o n s t r u c t i o n , 

/" d S 2 " l JO c \ L 

S 0 - S , / j 
e ' - 1 

so 1 asser t t h a t the p r o b a b i l i t y f o r observing S;? <_ X is 

'0 - x-
P(0 < S 2 <_ X) = / dS 2 ~ e 

S^ - S J x 
( IV-5) 

An examination of classical distributions reveals a great simi-
o larity of eqn. IV-5 to the x distribution 

,1 
P ( X 2 / v ) = * • , / " " • 

2 W 2 r ( | ) -A 
dt t ^ 2 " 1 e ~ t / 2 

-'0 
(IX-6) 

Let u = 4 

—r 
r(2) Jo 

2 2 r ( 2 ) 
dt t e - t /2 

Now l e t 

2S 
S 2 / x = t / 2 - t = - ± , d t = | dS 2 

So 

= 4 7 o * 
2dS 2 2S 2 - S 2 / x 

S 2 e 
-S 2 /x dS 2 

Hence, one may p r o f i t a b l y con jec ture tha t 2S../X i s d i s t r i b u t e d 
2 

l i k e x > w i t h M = 2N DOF. In f a c t , i t i s ra the r simple to see tha t 
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this must be the case. It is clear by inspection that a single expo
nential deviate from a distribution with parameter x (i.e., S.) is 

p isomorphic with a variable 2 S./x which is distributed like x with 2 
2 DOF. Further, it is an elementary property of the \ family that the 

2 2 

sum of any set of x deviates is i t se l f a x deviate with DOF equal to 

the sum of the DOF of each member of the set. By combining the iso

morphism of the d is t r ibut ion of S, with the x d is t r ibu t ion , a^d using 

the above mentioned property of the x d is t r ibut ion, the result immedi

ately fol lows. 

Having established the dist r ibut ion of S,, in an i n f i n i t e detec

to r , one can now apply i t to the case of a f i n i t e detector. As long 

as there is an essential ly unlimited number of tracks so that in any 

repeat experiment one can go to the N interact ion, then the d i s t r i 

bution must be the same. To establish this fact physic j l ly , I invoke 

the no-memory property. Simply regard each track length in an i n f i n 

i te detector as made up of noninteracting segments plus the last seg

ment., which terminates in an interact ion. In an in f in^e. detector-

each track must interact , causing N to be identical to the number of 

tracks; in a f i n i t e detector, N is related to the f 1 uence * by the 

binomial d is t r ibut ion at fixed fluence, so that one in principle re

quires an arbi trary number of particles to ensure absolutely in a l l 

cases that one reaches N. In fac t , let T be the distance available 

for observation and P- = 1 - e~ / x ; then N is distr ibuted 

( ; ) p ? ( i - p T ) ( * - N ) 
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As a p r a c t i c a l mat te r , I consider the d i s t r i b u t i o n of 2S N /x to be 
2 

X wi th 2N DOF; one thereby has fo r use the whole c l a s s i c a l armory of 

? * 
the A f a m i l y . In p a r t i c u l a r , suppose one has measured x , , w i th N, * 
i n t e r a c t i o n s and x , w i th N ? i n t e r a c t i o n s , both from a popula t ion w i th 

supposedly the same x . 
* * 

Let f . ? 5 X-./X-. One sees tha t f , ? is d i s t r i b u t e d l i k e the F 

var iance r a t i o w i th 2N. and 2N- DOFs. C l a s s i c a l l y , 

/ 2 S „ , \ / /2S M 

F 
/ 2 S N , / \ / / 2 S N , / \ 

( I V - 7 ) 

N 2 J- x l / x 2 = F 1 2 

Most impor tan t , t h i s r a t i o F i s independent of any assumed value o f x. 

One of the great values o f using c l a s s i c a l d i s t r i b u t i o n s is that 

t h e i r cumulat ive d i s t r i b u t i o n func t ions (CDF) are wel l known and hence 

ava i l ab l e in standard computational tab les and a lgo r i t hms . The CDF is 

normal ly associated w i t h a p r o b a b i l i t y fo r a continuous random v a r i 

ab le ; i f one uses the one-sided in teg ra l from the lower l i m i t of the 

poss ib le values o f the v a r i a b l e t o the observed value and the observa

t i ons obey the physics used to der ive the CDF, then one has the very 

impor tant r e s u l t , namely: 

T-.e d i s t r i b u t i o n of p r o b a b i l i t y values is uni form frcm 0 > 1. 

In p a r t i c u l a r , the uni form d i s t r i b u t i o n 11(0,1) has mean = 1/2 ard 

RMS d e v i a t i o n = 1 / / I 2 . I f one has N measurements from a d i s t r i b u t i o n 

assumed t o be 11(0,1), one can cons t ruc t the sample mean m. A basic 

t e s t i s to ca l cu l a te the q u a n t i t y 
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o - (m - 1/2) |/ITS (IV-8) 

if N > o, a is essentially a gaussian deviate of mean 0 and variance 

1, and tests if the sample mean significantly differs from its expec

tation value of 1/2. 
2 

One specif ic application of the x d is t r ibut ion is the use of the 

method of maximum l ikel ihood to estimate values of (A,b) in x = hl~ 
* 

from a set of x (Z) measurements, say with N stars each. F i rs t , 
o 

take the logarithm of the probabi l i ty density of thex d is t r ibut ion 

[eqn. IV-6] , 

In f = in 1/2 - £n r (N) + (N - i ) £n Nx 

* b 
- N £ n A + N b £ n Z - N x Z 

Taking derivatives with respect to A and b and le t t ing S = x (Z)N , 
* * 

one obtains A , b as solutions of 

? S zZ b £ S zZ b InZ 
1 ( IV-9a) 

Z N Z 7 N Z * n Z 

X h z b 

1 ( IX-9b) 1 N, 
Z L 

Having established that the estimate x = S../N depends essen

t i a l l y only on the true mfp x and N and is independent of detector size, 

one can subdivide a data sample and consider x (n) with n some var

iable of which x has a known theoretical d is t r ibut ion. Likewise, one 
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may cons t ruc t A ( n ) . In p a r t i c u l a r , n may p r o f i t a b l y be taken to be 

the d is tance a f t e r the po in t o f f i r s t observat ion o f a t r a c k ; c a l l t h i s 

d is tance "Dp". In t h i s case i t i s c lear t ha t a constant x (or A ) i s 
+ 

independent o f Dp, and hence x should a lso be independent o f Dp. 
* 

One may thus consider x binned in d is tance i n t e r v a l s D = D, £ Dp <_ D ? , 

which should g ive a cons i s ten t r e s u l t f o r \ i r r e s p e c t i v e o f D. or D ? . 

This method o f examining x (D) , and e s p e c i a l l y A (D) ( fo r a f i x e d value 

o f b ) , w i l l be termed method A ' . 

To conclude t h i s s e c t i o n , a second, and more conven t i ona l , appl i -

2 2 

ca t i on o f the x d i s t r i b u t i o n i s no ted . The use of x as the parent 

d i s t r i b u t i o n o f 2S../X at f i x e d 2N s ta r s has already been ment ioned. 

This use i s not i n the standard method o f a g o o d n e s s - o f - f i t t e s t . 

However, g iven a ser ies o f observat ions of S„ and N and an assumed v a l -
2 

ue o f x , one can cons t ruc t a t e s t o f goodness o f f i t v i a x in i t s more 
2 

t y p i c a l a p p l i c a t i o n . For c l a r i t y , term t h i s » . 

Under the n u l l hypothesis t h a t x i s c o r r e c t , the i n t e g r a l proba

b i l i t y P( x 2 , 2 N ) i s d i s t r i b u t e d U(0 ,1 ) . Hence, to every P. ( " i " de

no t ing the observat ion number) one may un ique ly assign a o - , where a-

,is d i s t r i b u t e d normal ly w i t h mean 0 and var iance 1. This i s done by 

f i n d i n g t h a t o- such t h a t P(a- ) = P-, where P ( 0 i s ca l cu la ted from 

the gaussian ( e . g . , P i = 0.84134 <=> D i = 1.00; P, = 0.15866 < = > 0 i = 

2 2 2 
- 1 . 0 0 , e t c . ) . Now & = la-, and i f the n u l l hypothesis is co r rec t e 

o 
obeys a x d i s t r i b u t i o n . The D0F are a lso d i r e c t l y ob ta ined: i f x i s 

given independent o f the observat ions in ques t ion , D0F = number o f ob

s e r v a t i o n s ; i f x i s ex t rac ted from the observa t ions , D0F = number of 

observat ions - 1 . 
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B. Method B 

Thus far the statistical analysis has been limited to methods 
that include both interacting and noninteracting tracks. It is also 
necessary to consider other forms of analysis, both for the additional 
insight they give into the nature of this effect and because certain 
types of information are simply not available in any other way. For 
example, if one wishes to compare some statistic on distributions of 
tracks with some characteristic (say those that terminate in stars of 
multiplicity >N versus those <N), one of necessity must deal with sam
ples of only those particles which interacted. 

For simplicity, convenience, and conformity with physics conven
tions, 1 shall demand that any statistic claimed to be a continuous 
"probability" is distributed U(0,1) if the hypothesis under which it 
is calculate'1, is true. While this requirement may seem pedantic or 
obvious, many applications in the field of PF mfp ' s have subtly ig
nored this. The problem arises as follows. Suppose one has two mani
festly independent events, say, 1 and 2, and under the hypothesis H, 
-one has probability P., the other P ? > where P. is distributed U(0,1). 
Naively, one says that the probability of 1 and 2 is P., = pi'p->- T h e 

difficulty is that while P., does go from 0 to 1, it is not a priori 
uniformly distributed under H; t.iere is nothing special about lp,, P~ 

and all products of probabilities tnat give P.„ are acceptable. In 
this case, where events 1 and 2 are truly independent, there is a sim
ple procedure to return to the uniform distribution U(0,1). Let P., 
P., ... P N be the N independent probabilities, each U(0,1). Then 
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h 2 = -2 £ in P. (IV-10) 
i = l 1 

is distributed like x with 2N DOF. One now constructs P(h 2 < ; 2, 2N) 
and this P is distributed U(0,1) if H is true. 

To see that this must be the case, one uses the formalism of 
method A. For each value of the probabilites assumed U(0,1), p. say, 
consider x. . - in p.. Each of these x. must be an exponential deviate 
from a distribution with parametr, x = 1. It has already been estab-
1ished that 

•> N 

i £ xi 
x i - l 1 

is d i s t r i b u t e d l i k e \ w i th 2N DOF. Of course, 
N N N 

V L . - V m p. . - ;n H P . 
i=l 1 iTl 1 i=l 1 

Begin w i t h the s implest case: the observat ion o f a s i ng l e i n t e r 

ac t i ng t r a c k . Under the n u l l hypothes is , there is a known s ing le mfp 

x. One measures two q u a n t i t i e s : the length to the i n t e r a c t i o n , X, 

and the p o t e n t i a l pa th , T, which is the maximum length the i nd i v i dua l 

t rack could have been observed w i t h i n the stack (which may change w i th 

each i n d i v i d u a l t r a c k ) . S ta r t w i t h the d i f f e r e n t i a l equat ion 

dN _ 1̂ 
Tx = ~ x 

which has s o l u t i o n 
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N - N 
A 

Jo 
dx - x / x 

>(X) = 1 - e " X / ' E P 1 ( X x ) ( IV-11) 

Howeve r , t n e maximum P o b s e r v a b l e i s 

P(T) = 1 - e " T / X = P j ( T ' x ) 

n e n c e , 

P ( X . T ) » P j ( X I x l / P j f r . x ) = P j ( X T , x ) IV-12) 

Thus, the use of a f i n i t e detec tor necess i ta te^ the renot raal i z a t i o n of 

P(X) by the well-known f a c t o r P(T). From t h i s one can cons t ruc t the 

p r o b a b i l i t y dens i ty 

f (x T,x ) dx = 
- x / x , e dx 

x ( l - e ^ ) 

and thus the logar i *hmic l i k e l i h o o d f unc t i on 

in L( x |T ,x) = — - in x - In ( l 

Given an i n d i v i d u a l (X ,T) , x i s the s o l u t i o n of 

T/x ̂  
/ 

(IV-13) 

(I --14) 

X = X 
1-e -T/X 

In general, one plots In L versus either 7b 
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A l l o f the above r e s u l t s sha l l be c a l l e d the one-chain formula . This 

i s so named because i t addresses only one t rack at a t ime . 

However, the s ing le t rack i s not the only topology w i t h which one 

must d e a l . Another common topology is the N-chain. The N-chain is 

the topology when one has N - (one chai . i js in a row. Consider the 

case tha t w i l l be o f p a r t i c u l a r use here , the two-chain topo logy. Let 

X be the i n t e r a c t i o n length o f the f i r s t l i n k w i th mfp x , Y the length 

of the second l i n k wi th mfp x , and T the p o t e n t i a l path from the s t a r t 

of the f i r s t l i n k . The re l evan t d i f f e r e n t i a l equations are 

<JN, - N , 
-,—i = — i (IV-15a) dx x x 

dN, -N, N. 

y x 

wher^ the l a s t equat ion s imply means tha t the loss in N. is the i n -

e in N„. 

There are severa l d i f f e r e n t p r o b a b i l i t y d i s t r i b u t i o n s one may 

crease in N„. 

con s t r u c t from X ?nd Y given the mfps and T. One is P(X), another 

P(Y), which uses the X and Y in fo rmat ion from each two-chain event 

sepa ra te l y . On the other hand, one may combine a l l the in format ion 

i n t o one v a r i a b l e , 3 = X + Y, and consider P ( S T , x y , x ) and the l i k e 

l ihood from t n i s . Since the charges Z , Z are what one a c t u a l l y mea-
x y 

sj'-es, and one then assumes > = -'•? , x = ,'.Z~ , one may write 
x y 

P,(S!T,Z,, Z v, A,b) and examine tne likelihood as a function of one pa
rameter, A , say. 
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There are two cases to consider i) x ± x and ii) x = \ = x. 
x y x y 

To derive the S d i s t r i b u t i o n s , elementary in tegra t ion y i e l d s : 

1 ) VivV^-vU'* 
1 / " Z / X x " Z / \ \ 
~ I K e x - x „ e y ] (IV-16a) 

i i ) P ? a | x ) = 1 - - s ' U > - e _ l 7 x 

x 
(IV-16b) 

i ) P 2 ( S | T , x x , x y ) = P 2 ( S i x x > V ' P 2 ( l ! \ x , x y ) ( IV-17a) 

i i ) P 2 ( S i T , x ) = P 2 ( S ! x ) / P 2 ( T ] x ) (IV-17b) 

One may s i m i l a r l y cons t ruc t P-values f o r X and Y a lone. 

For x x = x y 

/ 

1 - e 

- e - -

-x /x v x„ -T/x 

VXx 

V y 

whi le f o r x = x - x 
x y 

(IV-18a) 

P 2 ( * i T ' x ) = P 7 T T I T L1 " 
- x / x x -T/x (IV-18b) 

In e i the r case 

1-e 
-> ' /> . 

P 2 ( y | T . x , x y ) = — T T - x i y r -
1-e 

(IV-19) 
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P a r t i c u l a r l y note t ha t P, and P, are independent, and a sca t te r p l o t 

o f ( P o x . p p v ) should populate un i f o rm ly the u n i t p lane. One t e s t o f 

t h i s which I do use is t o ca l cu l a te 

(N - N 

m + N I <> >< 

Here, N is the number o f events fo r which P , v < 1/2 and P o v < 1/2; 
<< cA — i.1 — 

N , P „ x > 1/2 and P-„ > 1/2 , e t c . C is thus a dev ia te from a m u l t i 

nomial d i s t r i b u t i o n w i t h <C> = 0. 

One may ask why a two-cnain formula i s needed a t a l l . Using eqn. 

[ I V - 1 0 ] , i t would seem t h a t the q u a n t i t y In P. + In P , y , where P, 

is j u s t the one-chain fo rmu la , eqn. [ I V - 1 2 ] , f o r the i nd i v i dua l poten

t i a l paths associated w i t h each l i nk (T and T-X, r e s p e c t i v e l y ) , would 

be the s t a r t i n g p o i n t . The d i f f i c u l t y here is the d i f f e r e n c e between 

a p r i o r i and a p o s t e r i o r i s e l e c t i o n . I f one considers a l l topo log ies 

t oge the r , i r r e s p e c t i v e o f genera t ion , then e i t h e r an event-by-event 

c a l c u l a t i o n (where an event i s a connected topology) or a t r a c k - b y -

t rack c a l c u l a t i o n w i l l y i e l d p r o b a b i l i t i e s d i s t r i b u t e d U(0,1) i f the 

popu la t ion in f a c t comes from the hypothesis under which these prob

a b i l i t i e s are c a l c u l a t e d . I f the populat ion comes in f a c t from an 

a l t e r n a t e hypo thes is , the power of these d i f f e r e n t formulae to d i s 

c r im ina te between a hypothesis and an a l t e r n a t e w i l l d i f f e r . On the 

other hand, i f one r e s t r i c t s cons idera t ion to one p a r t i c u l a r topology 

a p o s t e r i o r i , and r e j e c t *rom cons idera t ion a l l other t opo log ies , then 

one must use formulae s p e c i f i c to the topology in ques t i on . T h i s is 

what has been done w i th the two-cha ins. 

( IV-20) 
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Consider next the question o f the number of i n t e r a c t i o n s , t h a t i s , 

N (x ) . As already establ ished, N(x) = N ( 1 - e " x ' x ) , or i d e n t i f y i n g N 

with the f luence * 

N(0 < x £ X) = * (1 - e X / A ) s <}> P 1(X > ) . ( IV-21) 

It is obvious that at fixed fluence i , N obeys a binomial distribution 

from 0 to *with parameter p = P,(X]x). In particular, consider a 

X 

Suppose the incident numbers of particles was * , and one observed N 

contiguous set of distance intervals, 0 < x <_ X,, X, <_ x <_ „,, 

stars in the first interval, N„ in the second, up to N in the nth. 
' 2 n 

Let 

D. E X, D, i X, - X, , ..., D : X„ - X , . 1 ' 2 2 1 n n n-1 

Further, let 

*1 = V h ' H -h =n ' :n-l " V l 
Then, one finds immediately that 

'V-ViW^ { I V - 2 2 3 ! 

wi th an RMS dev ia t i on from the b inomial d i s t r i b u t i o n , 

RMS(Nn) = / ? „ _ ! P 1 ( D n O i l - P j (D n x ) : ( IV -22b ; 

Since * are each independent (as the actual observat ion of the f l u 

ence is used), one can obta in the f i t of the observat ions i n t e r v a l Dy 

i n t e r v a l , and thus assign an RMS dev ia te 

N - <N > 

"n _ RMS(N ) ' r v - ? 3 ) 

wmch fo r large enough <N> and '. , - <\> is nor-na!'.. d i s t r i b u t e d . 
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In the case o f the two-chain fo rmula , the s i t u a t i o n is more com

p l i c a t e d . The second l i n k depends on the f i r s t in that the charge of 

the second is not known u n t i l the f i r s t has i n t e rac ted . Hence, one 

must renormal ize . Let 

Fu r the r , l e t ;(Z » Z ; ' re the number of ir$c<^ of generat ion n~\ 

witn charge Z , which emi t ted a p a - " t ' d e Jm generat-on i . o ' cnarge ; 

One has thus requ i red tha t Z i n te rac t and e - ' t Z , • •mou*. -?d j i " mc 
x y ^ 

Z ' n t e r a c t . One is i n te res ted m 
y 

< N , 0 > = : <z » z = , . " i ,-. : , - z -
12 x y ; , it ' e 

wne^e T is tne t o t a ' octe' f a ' i a t - '••->- t i e e " r - s s ' o r a o i - t of t i e f a 

Z . Aqa ' i ' < , , , tne a c t j a ' n j i c e r o"' , r . ' . = ' j c t ' o r i , ooe.'S 3 :; i n o.~. • a' 

d l S t r l B u t i o n . 

-tow:.^ -", m any j " rfe" cnarne' .S iy , Z > Z , o-- T- tne r ase ~* 

one-cnains, Z at a f i xed " , tne w s j l d v j n - > / "e o . ' t e s ~ a ' ' . ~j 

improve s t a t i s t i c s , poo' tne data. AssjTie ma*. zr,~ tes ts « i t n repeat 

"sanples o* the same topology and potenma' patns. *ne», ' e t t m g „ tie 

an index tna t denotes not ' me topclogv '.no o o t e n f a ' patn one cons id 

ers 

= - E ! - - • * - £ • • - . • • - £ • . • 
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Let p 5 <N>/J: N obeys a b inomial d i s t r i b u t i o n from 0 to i w i t h param

eter p. A d d i t i o n a l l y , I w i l l make use of a s t a t i s t i c 

R i N/<N>, ( IV-25) 

which has an PMS d e v i a t i o n obtainea from tne b inomia l d i s t r i b u t i o n of 

N; R has the useful proper ty that <R> = 1 . 

The f i n a l t op ic w i l l be es t imat ion of a _.,.7iponen t x wi th f r a c 

t i o n a . The most events obta in f o r i nd i v i dua l i n t e r a c t i n g PFs, which 

of course are one-chains. Hence, one needs to use a -nodif ied one-

cha'n formula to ob ta in P values and l i k e l i h o o d f j n c t i o n s . Assu r- H ng 

eac" trac< has p r o b a b i l i t y ^ of having ^ f p x , one i i ne3 i a te l y de-

( l-a)(l-e z) * ad - e a j 

Frofr t h i s , ' : is s t r a i g h t f o r w a r d to ca l cu la te the l i k e l i h o o d as tne 

product of t i e dens i ty 

MX) = 
1 " X / X 7 1 - X / i a (l-«) i-e ' * . | e a 

7 

(l-o)(l-e z) * a (l-e 

for each (X,T) value given the charge Z of the track. 

(IV-27) 
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C. Monte Carlo Simulat ions 

A l l o f t he preceeding ma te r i a l in t h i s sec t ion is a r e s t r i c t i o n 

to "exact " s t a t i s t i c s , "exac t " i n quo ta t ions because they are in a 

somewhat i d e a l i z e d w o r l d . In a l l methods depending on the hypothesis 

A ( Z ) =AZ~ , both t h i s form and the assumption t ha t the exponent b i s 

the same f o r PFs as VOS occupants i s an i d e a l i z a t i o n . In the nonpa-

ramet r i c P( F) by l abo ra to ry and measured charge, on iy an assumption 

o f r e l a t i v e homogeneity en te r s . F i n a l l y , one does not in f a c t con

s t r u c t the Method A r e s u l t s by the r igorous method ( t o t a l path length 

up to but not beyond N s t a r s ) , s ince one includes a l l path length ob

served, i n c l u d i n g t h a t beyond the l a s t s ta r and one works at f i n i t e 

f l uence . 

How should one t e s t whether or not these i d e a l i z a t i o n s have any 

p h y s i c a l l y s i g n i f i c a n t e f f e c t on the r esu l t s? One p o s s i b i l i t y u to 

attempt pver improved a n a l y t i c approaches. Since the number o f phys

ics e f f e c t s one wishes to inc lude may grow, t h i s would invo lve a grow

ing complex i ty o f the s t a t i s t i c a l methods w i thou t any necessary gain 

in one's physical understanding. Another p o s s i b i l i t y is to use the 

i dea l i zed methods and analyze the r e s u l t s of s imu la t ions (which may 

v i o l a t e the i d e a l i z a t i o n s ) by these methods. In t h i s p o r t i o n , the 

l a t t e r approach is e l e c t e d . 

A Monte Carlo s imu la t ion computer program was w r i t t e n . The ou t 

put o f t h i s program was data in the i d e n t i c a l computer format as the 

ac tua l data of the experiment and hence could be analyzed by the same 
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programs tha t were used to o t a i n the r e s u l t s . In a d d i t i o n to t e s t i n g 

phys ica l hypo thes is , t h i s method gives an a d d i t i o n a l check on the i n 

t e g r i t y o f the data stream. 

The basic component i n the s imu la t i on is the generat ion or random 

i n t e r a c t i o n d i s tances , assuming t h a t these come from the negat ive ex

ponent ia l d i s t r i b u t i o n . This i s e a s i l y done. Let R be a uni form r a n 

dom dev ia te from 0 to 1 (most FORTRAN compi lers have a f unc t i on to 

provide these numbers); then x = - u n R is an i n t e r a c t i o n d is tance fo r 

a p a r t i c l e w i th mfp x. These x ' s sha l l be ca l l ed SID, Simulated I n 

t e r a c t i o n Distances. SID c l e a r l y depends on mfp, and the whole po in t 

in the s imu la t i on is s e l e c t i n g the mfps (and topo log ies ) in a physical 

f a s h i o n . 

Since one wants to s imulate something c lose to the a c t j a l data 

s e t , the primary i n t e r a c t i o n distances and topo log ies ( i . e . , secondary 

PF popu la t ion ) a c t u a l l y observed were used. The - n t e r ^ c t i o n distances 

alone w i l l not generate t e r t i a r y and l a t e r generat ions unless a t opo l 

ogy is assigned at the i n t e r a c t i o n ver tex o f the secondary ?F. To do 

t h i s , a l l observed topo log ies ( a c t u a l l y observed in the exper iment, 

e . g . , 0 > B * L i , Ca * 0 + C, Ca > 0 + 2 L i , e t c . ) wer- s tored in the 

computer by charge of the parent ; given the charge of the i n t e r a c t i n g 

PF, a topology was se lected at random. The topology PF >• no f u r t h e r 

PFs ( a l l Z < 3) was a lso al lowed to occur at random w i th i t s measure-1 

f requency. In t h i s f ash ion , s imulated events were generated. 
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A PF was deemed t o have i n te rac ted whenever i t s SID was less than 

i t s ava i l ab l e p o t e n t i a l pa th . SIOs were kept to machine accuracy but 

were w r i t t e n on the s imulated data f i l e rounded o f f as the o r i g i n a l 

observa t ions . Thus, any e r ro r induced by rounding was inco rpo ra ted . 

The on ly remaining quest ion i s how to assign mfps to •' 'ndividual t r a c k s . 

To incorpora te the known systematics i n to the s i m u l a t i o n , the mfp 

values used were mod i f i ed . For each t rue Z, ca l cu la ted mfps from a 

r e a l i s t i c geometr ical model were used, not !1~ (Ref. I V - 1 ) . Wi th in 

each t rue Z, a t rue mfp was assigned, i nco rpo ra t i ng i so top i c no ise ; 

sometimes Z = 8 was given the mfp of 0, sometimes 0, e t c . To get 

the t rue Z from the observed Z (the charge on the data f i l e ) , an er ror 

was se lec ted from the observed Z r e p r o d u c i b i l i t y d i s t r i b u t i o n coupled 

w i th a systemat ic b ias i f so chosen. Thus, both charge m i s i d e n t i f i c a -

t i on and i so top i c noise were inc luded. In f a c t , the i so top i c e f f e c t s 

were increased by a f ac to r o f 2 fo r phys ica l robustness; i f isotope 

(Z,A' ) was p red ic ted to have a 3 i change from the VOS occupant o f 

charge Z, a f a c t o r of 6 . was a c t u a l l y used. 

One other f ea tu re was incorporated tha t deserves ment ion. I f one 

ca l cu la tes a p r i o r i expected mfps based on geometr ical models in emul

s i o n , w i thou t normal iz ing to any observed emulsion mfps, (or reac t i on 

cross sect ions from other techniques) one soon discovers tha t the pre

d i c t ed mfps are much shor ter than the observed ones, i nc l ud ing obser

va t ions on pr imary VOS beams. This i s due to de tec t ion i n e f f i c i e n c i e s 

fo r c e r t a i n channels, p a r t i c u l a r l y q u a s i - e l a s t i c reac t ions at low mo

mentum t r a n s f e r . One can prove mathemat ical ly tha t i i one misses a 
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constant f r a c t i o n p o f mfp x- ( the t h e o r e t i c a l unnormalized mfp) , the 

observed mfp \ = x / ( i _ p ) and w i l l obey again an exponent ia l law. This 

i s because at each i n d i v i d u a l miss one w i l l have a r d i s t r i b u t i o n , and 

the sum of these r d i s t r i b u t i o n s weighted by t h e i r p r o b a b i l i t y (a po-

i sson , s ince one in p r i n c i p l e can have an i n f i n i t e number o f misses), 

recovers an exponent ia l o f parameter x. To s imulate t h i s , P = 0.5 was 

a c t u a l l y assumed, i . e . , emulsion is 50" e f f i c i e n t . A f te r s e l e c t i n g a 

mfp as expla ined above ( i n c l u d i n g charge assignment and i so top i c e f 

f e c t s ) , t h i s value was d i v ided by two and then generated an SID. I f 

t h i s d is tance were w i t h i n the s tack , another random number was gener

a ted . I f i t were less than 0 .5 , a detected i n t e r a c t i o n was assumed to 

have occur red; i f n o t , another SID using the same x /2 was generated 

and the program proceeded in l i k e fash ion u n t i l the " p a r t i c l e " s u f 

fered a detected i n t e r a c t i o n or l e f t the s tack . 

In t h i s f a s h i o n , many pseudo-copies o f the data were generated. 

Each copy was fed through the ana lys is program package and pseudo-re

s u l t s generated. I sha l l b r i e f l y present the r e s u l t s o f a l l these put 

toge ther , f i r s t f o r Method A and then Method 8. 

1) Method A. The P(<F) d i s t r i b u t i o n by l a b , charge, and d i s 

tance cut at 2.5 cm is f i g . I V - 1 . P = 0.50 ± 0.02 w i t h an RMS 

dev ia t i on o f 0.296 *• 0.012; both are w i t h i n l i m i t s of <P> = 1/2 and 

<RMS> = 1/ AI. S i m i l a r l y , r e s u l t s f o r A (D) and A (Generat ion) 

agree w i t h expec ta t ions . 

2) Method 8. Here aga in , th ings are as expected. For i l l u s 

t r a t i o n , examine the P 2 ( s ) d i s t r i b u t i o n s and l i k e l i h o o d curve. 

?2 = 0-50 ± 0 .02 ; the average l i k e l i h o o d curve is d isp layed in f i g . 
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+ IV-2. It peaks at A - 29.6, with rms deviations as illustrated. 
In all cases, a "normal" simulation, using conventional nuclear 

physics and the systematics, produces normal physics. It gives re
sults in accord with the observations (as a fluctuation) with the 
probabilities assigned. Hence, one seems compelled to conclude that 
the statistical methods presented above are valid for a physical un
derstanding of the data. 
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V. Results 

A. Method A 

* 
The f i r s t resul t to present is the MFP parameter A of secondary 

and later generation PFs as a function of distance after emission, 

i . e . , method A' . These are calculated under the assumption that 

\ = AZ"b with b = 0.44 for LBL data and b = 0.43 for NRC data. The 

error bars assigned represent one standard deviation assuming the p r i -
* 

mary beam value. Thus, i f one observes \ = 20 cm with 100 stars and 

one supposes A = 30 cm, then (in the approximation to which / F s t a t i s -
* * 

t i cs apply) one quotes A = 20 ± 3 cm, NOT A = 20 ± 2 cm. This is be

cause i t is assumed at the outset that a l l PFs should have the mfp pa

rameter A as measured on primary beams. 

To plot the results of two independent experiments with di f ferent 

values of A (A.-, = 32.3 cm, A N R C = 28.9 cm), one must either have the 

weighted mean value A (to be expected) change as function of distance 

(since at d i f ferent distances after emission the contribution of the 

,two experiments changes; e .g . , a l l the data beyond 12 cm are from NRC), 

or renormalize to a constant mean value taken as A = 30.4 cm. For sim

p l i c i t y of display purposes, the la t ter has been done. The resul t is 

f i g . V - l . 

Note the apparent lowering of A for the f i r s t several cm and 

the consistency with the primary V0S beams value at distances larger 

than 5 cm. One may ask: Is this an ar t i fac t caused by the power law 
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f i t and/or the intermixing of data from the two experiments? To test 

whether this resul t is physically s ign i f icant , one must circumvent the 

possible erroneous conclusions induced by the use of the parametriza-

t ion and also view the results independently from the two experiments. 

One thus examines the data charge-by-charge from each of the two lab

oratories separately. To maximize the u t i l i za t i on of the information, 

the data are broken into two groups, 

x. ( = i j L A B ( 0 < D <_ 2.5 cm),x > = x z L A B (0 > 2.5 cm) 

The distance of 2.5 cm has been chosen part ly for convenience and 

part ly for physical reasons. Since the maximum l ikel ihood f i t to th<= 

data assuming just one short mean free path component predicts that 

component to have a mean free path of 2.5 cm, this seems l ike a log i 

cal distance at which to divide the data sample. 
* * 

To perform the tes t , take F-, , „ D = x 'x ; one knows the numDer 

of stars N and N observed by charge and lab and can thus compute a P 

for the observation on the assumption that x and x are from the 

same population. One then histograms +he result ing P values; recall 

that i f these x , x v values are from the same population, the P va l -

ues must be distr ibuted uniformly from 0 to 1. The observed result is 

f i g . V-2a. The cross-hatched area represents the six charges from 

NRC, and the remaining area is the 24 cham-•• from ! Ri It i r ;iv"edi 

ately obvious that the dist r ibut ion is sloping towards low P values; 

the values of P have been calculated such that this corresponds to 

x < x . As a s t a t i s t i c , the mean P has the value 0.323, calculated 
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from the unbinned P va lues ; one expects <P> = 1/2 ± 1//T6TT. Thus, the 

observed P is - 3 . 4 standard dev ia t ions from <P>, a d i f f e rence exceeded 

w i th one-sided p r o b a b i l i t y 3 x 10 . 
4 

Based on t h i s r e s u l t , tnere are fewer than three chances in 10 
* 

t ha t the x values come rrom the same popu la t i on , charge-by-charge 
* 

and l a b - b y - l a b , as + ie x , va lues . I t i s reasonable to conclude 

tha t they are s i g n i f i c a n t l y shor ter and tha t the low values of .'. at 

shor t D i s not an a r t i f a c t . More important f o r i t s physical i m p l i c a 

t i o n s , t h i s r e s u l t i s independent of many systemat ic problems that po

t e n t i a l l y plague other methods. I t on ly assumes r e l a t i v e homogeneity 

o f the PF f l u x , as t r a d i t i o n a l i so top i c e f f e c t s should by no means 

cause such an observa t ion . Thus, one seems compelled to conclude tha t 

there i s something pecu l i a r about the mfps of PFs w i t h i n the f i r s t few 

cm a f t e r emiss ion . 

The s imp les t assumption to exp la in t h i s r e s u l t i s tha t in add i 

t i o n to PFs w i t h "normal" mfps, there is another species present w i th 

mfp x and w i t h f r a c t i o n o f a l l PF f l u x a . One thereby assumes tha t x , a a 

and o are independent of Z, which may be an o v e r s i m p l i f i c a t i o n . By p ro -

cedures expla ined in Sect. IV B, one f i nds x * 2.5 cm and a = 0.06 . 

To ca l cu l a te the expected A under t h i s model, one can reasonably r e 

place a l l random va r iab les by t h e i r expec ta t ions . Thus, 

^ j [ ( l - a ) P z ' x 2 + g P % a p b 

<A>A • "• * ^ \ r ; rr-^- ( v - D 

where A i s the i n t e r v a l 0 . < D <_ CL, * , i s ' popu la t ion of charge 
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b 4 -°1 / X2 - D 2 / X Z 
PFs of Z incident on A, x 7 = A D C . M Z , P, = e - e and 

-0 /X a -D /x Z B E W 1 l 

P = e - e . The result for < .'.> ", denicted as the smooth 
9 

curve in f i g . V - 1 ; as can be seen i t agrees ve i l w i t h the observa t ions . 

The reason t h i s e f f e c t has been termed anomalous is f i r s t seen here . 

I f one attempts to increase x t o , say, 10 cm, the re is no value o f a 
a 

t h a t w i l l we l l reproduce the observat ions . They seem to requ i re the 

ex is tence of a component of the PFs produced w i th a few per cent prob

a b i l i t y , w i t h mfps outrageously shor ter than any o f the pr imary beams 

employed. A value of 10 cm is al ready l u d i c r o u s , cons ider ing t h a t 

t h i s impl ies a charge in the calcium range among PFs from oxygen: A 

2.5 cm component i s probably a shor ter m p ( i . e . , l a r g : - cross sect iur , ) 

than tha t o f uranium. This suspected component of PFs has been dubbed 

"anon"! Ions" . 

I f the shor t mfp i s due to the cooperat ive e f f e c t of a few bary -

ons (a "damaged zone") bound to a normal nuclear f ragment, one could 

understand the approximate independence o*" x from charge. 
a 

Suppose the "x" o f the damaged zone were x ; then 
1 

. x * 7t-T , | i , - , . I f x = 3 .5 cm and x , n , = 7 cm, 
a U / x w + 1/X ) w Z=26 

Lien x * 2.3 cm; whi le f o r x , , = 18 cm and the same x , x = 2.9 cm. a Z=3 w a 

"In us, f o r nuc l ides from Fe to L i , the equ iva len t anomalon x would 

ciange from 2.3 cm to 2.9 cm, a d i f f e rence which is undetectable w i th 

t i e present da ta . While the assumption of a damaged zone and a one-

<. iinponent anomalcn is probably too crude in every d e t a i l , i t does r e -

f -oduce the o v e r a l l observa t ions . 
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Another way to examine the data i s t o pool them w i t h i n some charge 

b in and not use Z as a length we ight ing f a c t o r . This has been done 

f o r 3 <_ Z <_ 8 , where both labora to r ' BS c o n t r i b u t e , and a lso 9 £ Z < 16 
— * 

and 17 £ Z £ 26, where only L3L data are a v a i l a b l e . One obtains x 

and number o f s t a r s and s i m i l a r l y x , as i nd i ca ted in Table V - 1 . For 

comparison, the p r e d i c t i o n f rom 30.4 Z ' cm is presented, t h i s be 

ing the average f i t t o both NRC and LBL primary VOS beam data . The 

poo l ing was done by summing t o t a l path length observed w i t h i n the d i s 

tance i n t e r v a l and charge i n t e r v a l and d i v i d i n g t h i s by the number of 

s t a r s . Again, inspect ion of Table V-1 reveals t h a t at d istances w i t h 

in 2.5 cm of emission PFs have shor t mfps, wh i le a t longer d is tances , 

pr imary beam expectat ions are e s s e n t i a l l y f u l f i l l e d . Comparing the 

* 0 44 * 
values o f A assuming x = A~ ' , one obta ins A (£2.5 cm) = 25.0 cm 

* 
wi th 536 s ta rs and A (>2.5 cm) = 30.0 w i th 924 s t a r s . These est imates 

are 3.3 standard dev ia t ions a p a r t , having a P(<F) o f 5 ( 10 " ) . 

In add i t i on t o a comparison by d is tance a f t e r emiss ion , one may 

a lso wish to compare p a r t i c l e s by genera t ion . Primary beam nuc le i do 

not have a short mfp component, wh i le t h e i r progeny seem to evidence 

pne. Is t h i s e f f e c t independent o f generat ion ( s t a r t i n g w i t h the sec

ondary) or does i t change w i th d i f f e r e n t PF generations? For example, 

i f the "damaged zone" idea is on the r i g h t course, such a zone might 

p e r s i s t through several genera t ions , decreasing the average mfp in l a 

t e r genera t ions . 

To t e s t t h i s , cc re secondary PFs wi th t e r t i a r y and l a t e r gen

e r a t i o n PFs. S ta r t w i t h the P(<F) by lab and charge method. Here one 
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genera t ion ; the h is togram of P values is f i g . V-2b. There are s ix 

Charges at NRC and twenty - th ree a t LBL ( there were not enough t e r t i a r y 

t racks in one charge to obta in any s t a r s ) . For 29 events, P = .387, 

w i th <P> = 1/2 ± 1/ '348, so P is equ iva lent to -2 .11 SD. However, the 

h ighest P value recorded is 0.778; the ainomial p r o b a b i l i t y to ooserve 

0 events in the un i form d i s t r i b u t i o n , out of 29 a t tempts , w i th p = 0.7 

is 7(10 ) . Hence, the mere presence of no value o f D ( < F „ , ) > 0.773 

is ra the r unusual , as one would have expected about s i x events. 

* 
This also appears to some extent in tne values o* ' by genera

t i o n . Secondaries have .".. = 28.8 cm, 1196 s t a r s , wh i l e l a t e r qen-

e ra t i ons have .'. , = 25.2 cm, 26- < t a r s . This has a p r o b a b i l i t y of 

about 0.03 to occur . On the face o f t h i n g s , i t seems tn at '. % , < . ' . . , , 

which WOL'd be i n d i c a t i v e o f a re ta ined proper ty or a la rger a d n i x t j r e 

of anomalons in l a t e r genera t ions . I sha l l r e t j r n to t h i s t op i c in 

Sect ion V B. 



:s 

B. Method E 

Af te r having observed an apparent s h o r t e - m a :"' ' m the f i r s t 

several C, as ca l cu la tea by Method A, t j r n a t t e n t i o n to "Method ; " , 

g i v ing cons idera t ion to i n t e r a c t i n g ""s on l y . 

F i r s t consider a l l i n t e r a c t i n g tracks m t " ' " t i e context "*" t i e 

one-chain fo rmula , eo r . iV-12. In t i e da ta , there a r e i-5C ^' s t a r s , 

and assuming tha t x has the values pred ic ted by t i e _S t an; •;?." f i t s 

to primary VOS beams, one obta ins the P . x 7, ' , o,_AS -, i stpgr am 

in ' i g . V-3. P", = .469 * 1/ ,17520. This c y e s ; : i : < t : — .1 s t a " d -

arc dev ia t i ons , w i th a p r ; D a : i i i t y of 2 ' - ? ~ J . 

The l oga r i t hm ic l i < e ' m o o a curve _••' t i ese data is disp'.o.-e: " 

f i g . V-£\ the peaK is at \ = 22-3 cm. "re primary oeam v a l j e is dow 

three orders of magnitude on the l u e l i i o o c d r . * ? . ' ar t- e r ~ j r e , t i e 

same data (no* i nc lud ing n o n i n t e r a c t i r g t r a c e s 1 w i t i ' i t i e content :"" 

Metnod A y i e l d s .'. = 23.2 cm, which is aown by mere t i a i two orders of 

•nagmtude on the l i k e l i h o o d curve . Th u s , ' - < ' , . However, one nor-

mal ly expects these two est imates to be cons i s ten t . One may demon

s t r a t e t h i s p h y s i c a l l y by r e f e r e i c e to f ' q . V-5, where t i e 'i?Z pr imary 

0 l i k e l ihood curve and the Method A r e s u l t is d isp layed . 

Sirce a l l t e r n a r i e s tha t do i n te rac t come "rem a secondary tnat 

a lso i n t e r a c t e d , one may p r o f i t a b l y use the two-cnain formula . c o r 

7 ^ 3 , there are 215 secondary - te r t i a ry two-cha u s . i i f a c t , there 

are 221 cases of t e r t i a r y s t a r s , which means there are a few " f o r x s " . 

In t h i s ins tance, I a r b i t r a r i l y se lec t one of the Dranches a ' random, 

thus conver t ing a f o rk geometry to chain geometry. 
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Cons i i " ' - the l i k e l i h o o d curves for .'. given the observed X, Y, and 

5 = X i- Y measurements fo r each event , f i g . V-6. As can be seen, sec-
* 

ondaries that gave a t e r t i a r y tha t i n te rac ted have. ' = 21.8 cm, t e r -

t i a r i e s have ' = 13.2 cm, and . ' . . = 19.8 cm. An examination of the 

l i k e l i h o o d curves reveals tha t none r e j e c t the primary beam va lue ; be

fo re accept ing t h i s conc lus ion , one should examine the P d i s t r i b u t i o n s . 

Histograms of P-. 'Sj, P- !X) , and P ? ( Y ; are f i g . V-7. ' P . ( S ) = 0.444 w i th 

215 events, whicn is equ iva lent to -2 .84 SD. As a d i f f e r e n t po in t o f 

view, one can look at P,(X) - 0.465 and P-,(Y) = 0 .463, both of which 

ar^ selow <~> = 1/2 but each only about -2 SD, wnicn is not an ou t rage

ous f l j c t u a t i ' r . However, i f one p lo ts the P,(X) d i s t r i b u t i o n against 

j i t 

P , , ' and P„(Y} are independent as these q u a n t i t i e s have been nere 

c a ' : _ i i a t e d , a"d thus a sca t te r ul ot of P ?(X) against P-(Y) shouid pop

u la te un- form'y the un i t p lane. The r e s u l t is shown in f i q . V-8, where 

t i e data are sinned in i n t e r v a l s 0 < " • 1/?, 1/2 < p < 1 on both axes. 

One construct? ". [eqn. IV-20"' which has the value (7S-46 j / (47+47) = 

0.21:1'"; now eve"", <C> = * 0.0975, i o the observed v a l j e corresponds 

• to 2.'. SD froT the expec ta t i on . This is the f i r s t c lear h i n t o f 

"memory", by which one mea^s t ha t a "sno r t " PF gives r i s e to " sho r t " 

progeny. What is observed is tha t a low P,(X) value g,/es r i s e to a 

low P,(Y) va lue . This may be . l us t ra tec in a d i f f e r e n t way. Suppose 

one examines P , ( Y J as a f unc t i on of P ' 'x: < 1/? or > 1/2 . r - nce P . , ' 1 2 2 - L 

i s independent o f P. fX) , one expects <P, 'Y)> = <P (Y)> = 1/2 , and 
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s i m i l a r l y f o r P. (X) and P ? . ( X ) ; here the subsc r ip t " < " r e f e r s to the 

<_ 1/2 cut on the other P„ v a r i a b l e , and " > " t o the > 1/2 c u t . One ob

t a i n s : 

P2<(Y) = .428, 122 s t a r s ; P2>(Y) = .509, 93 s ta rs 

P~2<(X) = .435, 122 s t a r s ; P2>(X) = .502, 93 s ta rs 

I f taken at face v a l u e , hence tha t one is not merely look ing at 

an unusual f l u c t u a t i o n , i n t e r p r e t a t i o n o f t h i s r e s u l t has several 

phys ica l consequences. F i r s t , i t s t r ong l y speaks aga inst i s o t o p i c 

e f f e c t s and r e l a t e d c l a s s i c a l nuclear phys ics . I f t h i s were the roo t 

cause of the e f f e c t , one would not expect t h a t P2> = 0.5 in both cases; 

even though the f i t AZ~ cannot be exact , these PF data do not v i 

c i o u s l y r e j e c t such a f i t , as one symptom o f a r e j e c t i o n would be *P 4 

1/2. 

Recal l P < 1/2 ind ica tes shor t MFPs r e l a t i v e to the pr imary beam 

f i t and tha t P ? removes any b ias generated in e i t h e r X or Y by the 

requirement t ha t both l i n k s in the two-chain i n t e r a c t . As a second 

p o i n t , a shor t X seems to g ive r i s e to a shor t Y. I f "anomalons" ex 

i s t , then an anomalon parent tends to enhance the chance o f an anoma-

1 on progeny. 

T h i r d , the f a c t t h a t P (Y) does not s i g n i f i c a n t l y d i f f e r from 1/2 

ind ica tes t ha t the seemingly "normal" P ?(X) > 0.5 secondary populat ion 

does not produce anomalous t e r t i a r i e s as cop ious ly as normal pr imar ies 

produce anomalous secondar ies. One possib le exp lanat ion would be the 

ex is tence o f an energy th resho ld fo r p roduc t i on ; t h i s is also suggested 

by some of Judek's cosmic ray observat ions ~ . I f so , the th resho ld 

must be about 1.7 A 6eV. 
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Before leaving the subject of likelihood curves, I shall estimate 
the fraction a of a x component, and x itself simultaneously us-a a 
ing all 1460 interacting PFs. The likelihood is now displayed as con-

* * 
tours in fig. V-9 for a = 0 to 0.5, x = 0.1 to 20 cm. The peak is 
at x = 2.5 cm, a = 0.06. a 

As a consistency check, consider the N(X) d is t r ibu t ions , eqn. 

IV-21. While one can analyze the data using each track and i t s poten

t i a l path (where now one includes both interacting and noninteracting 

tracks; for noninteracting tracks T is the distance actually followed), 

i t is much more i n t e l l i g i b l e to perform the analysis at f ixed T. To 

f i x T, demand each track could have gone at least T cm, even i f i t i n 

teracted within T. The N(X) distr ibut ions for T = 3 and T = 9, summed 

over a l l PFs, are displayed as f i g . V-10. To assess the s ta t i s t i ca l 

significance of th is observation, examine the T = 3 resul t . There are 

2386 incident PFs, and one expects 504.3 stars assuming the f i t s to 

primary beams. In the data, there are actually 581 stars. Crudely, 

an rms deviation is (581-504.3)//504.3 = 3.4; more exactly, using re 

peat samples of identical charge composition, one has 3.85 rms devia

tions from the binomial d is t r ibut ion. For comparison, I also display 

in f i g . V-10 the f i t s with a = 0.06, x = 2.5 cm. As is obvious, 
a 

the fit is again quite good. 
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V I . Conclusions 

I f one accepts th ings from a pure ly s t a t i s t i c a l view and accepts 

the assumption t ha t x , = AZ~ as f i t to pr imary VOS beams, the re are 

5 

fewer than f i v e chances in 10 t h a t a l l PFs could have these mfp v a l 

ues. This i s based on the one-chain formula app l ied to a l l PFs; a d d i 

t i o n a l l y , t he lower ing o f P. i nd ica tes a shor t mfp, as shown by the 

1 i ke l i hood curve . 

From a more phys ica l po in t o f v iew, the t e s t w i t h i n the context 

o f Method A t r e a t i n g each l abo ra to ry separa te ly by charge (thus avoK -

ing assumptions about j u s t what values should be obtained f o r x 7 ) gives 
4 

fewer than f i v e chances in 10 t ha t the mfp i s constant as a f unc t i on 

o f d is tance a f t e r emiss ion. One can f i t the data by assuming t h a t 9<i'> 

o PFs have x as given by the f i t on pr imary beams and tha t 6* o f PFs 

h ive x , = 2.5 cm, independent o f Z. This x , corresponds to a cc , en -a a 

t mal nuclear reac t i on cross sec t ion on the order o f or la rger than 

uranium. 

Taken l i t e r a l l y , the r e s e t s imply the ex is tence o f a new s ta te 

_of mu l t i ba ryon ic matter w i t h a hadronic reac t i on cross sec t ion three 

to ten t imes la rger than the normal VOS occupant o f the same charge. 

However, before reaching such a profound conc lus ion , one must exhaust 

a l l other poss ib le avenues of i n t e r p r e t a t i o n . 

The obvious conclusion is tha t one is dea l ing w i t h a systematic 

e r r o r . A t r i v i a l sys temat ic , such as the i nco r rec t assignment o f i n 

t e r a c t i o n distances or p o t e n t i a l pa ths , i s r u l e d out by the i n t e r n a l 

checks and remeasurements. L ikewise, the data stream was checked 
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against the scanner 's o r i g i n a l notes and scan sheets. In every case, 

a l l computed q u a n t i t i e s (such as S N /N) were s tab le to a t l eas t four 

s i g n i f i c a n t f i g u r e s . The Monte Car lo s imu la t i on also incorpora ted t h i s 

same rounding ( to 100 um u n i t s ) w i t hou t pa tho log ica l consequences. 

A p o t e n t i a l l y more t r o u b l i n g systemat ic i s the charge measurement 

a l g o r i t h m . For d is tances on the order of 1 mm or l a r g e r , the observed 

s t a t i s t i c a l e r ro r of ±1 charge should be adequate. For shor te r d i s 

tances, the charge balance method was used, which requ i res de tec t ion 

o f a l l r e l a t i v i s t i c s i n g l y charged t racks and co r rec t i on f o r both mes

on product ion and charge exchange. As an a l t e r n a t i v e , one can d iscard 

a l1 t rack lengths ( i n t e r a c t i n g or no t ) less than some c u t o f f d is tance 

and examine the s i g n i f i c a n c e o f the r e s u l t s . For cuts less than 5 mm 

( 20 f i e l d s of view a t 500 m a g n i f i c a t i o n : ) , ne i the r the Method A nor B 

r e s u l t s cnange. 

One may f u r t h e r query as to the energy spect ra assumptions. This 

has l i t t l e e f f e c t s ince above =s500 A MeV, t o t a l r eac t i on cross sect ions 

are remarkably constant ** . I f any th ing , i nc l us ion of such t racks 

would b ias the data aga inst a shor t mfp e f f e c t . Consider ing the beam 

k i n e t i c energy i s = 2 A GeV, slower t racks would have a higher s p e c i f i c 

VI -2 i o n i z a t i o n and thus a la rger apparent charge. Such a larger 

charge would be presume J t o have an i n t r i n s i c a l l y shor ter mfp. Be

s ides , the charge measurements showed no t racks were s i g n i f i c a n t l y 

s l ow ing . 

A standard concern i s d i f f e r e n t i a l scanning e f f i c i e n c y . In t h i s 

scena r i o , an observer detects events more e f f i c i e n t l y at shor t t rack 

lengtns than at longer d i s tances . To counter t h i s , note tha t one ob-
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serves the " c o r r e c t " mfp at " l o n g " d is tances and sees an excess number 

of i n t e r a c t i o n s a t shor t d i s tances . LBL has rescanned and examined 

the i n t e r a c t i o n s ; they are r e a l l y t he re . Furthermore, as a l ready men

t i o n e d , the LBL rescan showed no d i f f e r e n t i a l e f f i c i e n c y . The other 

p o s s i b i l i t y i s t ha t a l l pr imary beam measurements are in e r r o r ; but 

he re , t o o , cross checks have not discovered any such e r r o r s . 

The p o s s i b i l i t y o f gross defects or inhomogeneit ies in the emul

s ion composit ion i t s e l f must a l so be examined. LBL and NRC used two 

separate pours; t h a t both could be i d e n t i c a l l y de fec t i v e seems absurd. 

Moreover, one can perform i n t e r n a l checks on t h i s . Such gross defects 

would a f f e c t the s e n s i t i v i t y , the charge measurement, and the primary 

mfp. This was not observed. A d d i t i o n a l l y , such e f f e c t s would c o r r e 

l a t e w i t h absolute pos i t i ons in the p l a t e s , ra the r than r e l a t i v e d i s 

tances a f t e r a s t a r ; t h i s also was not seen. 

The next p o s s i b i l i t y f o r a convent ional e f f e c t would be rea l 

background s t a r s . These would have two sources: random background 

from rad ioac t i ve contaminat ion and neutron spa t te r and co r re l a t ed 

background from e i t h e r a neutron or low-Z t rack s i t u a t e d d i r e c t l y on 

, top of another t r ack . For high-Z PFs, Coulomb repu ls ion must force 

the two t racks apa r t . In e i t h e r case, a cut at 5 mm should have e l 

iminated the e f f e c t ; as mentioned above, i t does no t . As a f u r t h e r 

check, a background i n t e r a c t i o n as def ined above must appear as a 

charge change o f the PF a t the ver tex of 0 or 1. The maximum charge 

change tha t was used from NRC was 8 - 3 = 5 . As a t e s t , consider R 

[eqn . IV-25] f o r the two-chain formula fo r seconda ry - t e r t i a r y two-

chains as a f unc t i on of the secondary charge minus the t e r t i a r y charge 
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( the charge change hi). One may th i nk t ha t t h i s depends on the branch

ing r a t i o f o r AZ , but s ince one normalizes to those poss ib le secondary 

t e r t i a r y 2-chains o f the same A Z , i t does n o t . 

For 0 <_ aZ <_ 1, there are 118 poss ib le two-cha ins , one expects 59.1 

t e r t i a r y s t a r s , and 74 are observed, so R = 1.25 ± 0.092; f o r 2 <_ AZ < 5, 

164 poss i b l e , 65.2 expected and 84 observed, so R = 1.29 ± 0.0986. Thus, 

in the p o t e n t i a l "background" channel (0 <_ bl <_ 1) R has a value that 

agrees q u i t e we l l w i th the value in the "non-background" channe l . 

I n c i d e n t a l l y , conver t ing both o f the values o f R to an rms dev ia t i on 

[(R - 1)/RMS(R)] and then summing the squares, x 2 = 16.5, 2 D0F, which 

is equ iva lent t o 3.5 SD. As a f u r t h e r no te , t h i s argues aga ins t % emi t 

t e r s decaying in f l i g h t , which would a lso appear in the 0 £ AZ <_ 1 c u t . 

Since there are no i nd i ca t i ons fo r background or co inc iden t s t a r s , 

I conclude the search fo r poss ib le convent ional e f f e c t s w i th those tha t 

would s imula te nuclear i n t e r a c t i o n s but tha t are no t . The f i r s t o b v i 

ous candidate i s hypernuclear decay in f l i g h t (along w i th e-delayed 

proton emi t te rs and such s i m i l a r s t a t e s ) ; t h i s seems appeal ing in t h a t 

CT = 3 cm corresponds w i th hypernuclear l i f e t i m e s . Un fo r tuna te l y , hy 

pernuclear product ion cross sect ions have been measured and are much 

too smal l at the energies o f these experiments to account f o r the ob-

VI-3 se rva t i ons . A d d i t i o n a l l y , these "decay in f l i g h t " s t a r s would ap

pear as pure p r o j e c t i l e f ragmentat ions w i thou t any ta rge t prciigs (so-
c a l l e d N u = 0 s t a r s ) . The f a c t t ha t one does not observe a r e l a t i v e 

n 

f r a c t i o n a l excess in the N„ = 0 channel argues against t h i s . By i s im

i l a r argument, one can e l im ina te nuclear n" capture from a p ion ic atom 
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(a PF that has a n~ in an atomic orb i ta l in the PF rest frame), which 

again would appear as a pure pro ject i le fragmentation. As for u~ atoms 

interacting in f l i g h t , where either the orb i ta l n~ or i t s binding PF 

interacts with the emulsion, one would again expect the ef fect to be 

enhanced in the 4. < 1 channel. The fact that other channels display 

the abnormality argues against t h i s . 

The last conventional poss ib i l i ty is a normal nuclear excited state 

with a l i fet ime CT i 5mm. Such a state would r decay to ground, say, 

and while in an excited state would have a larger reaction cross sec

t ion . 

This explanation f a i l s on numerous accounts. F i rs t , most iso

topes w i l l be in their ground states; isotopes alone would not produce 

the P(<F) by laboratory and charge histogram since the "length scale" 

of such effects would be >>2.5 cm (rather on the order of * 10 cm). 

Second, one can calculate rms radi i to the next shell model orb i ta l 

(for an orbi ta l excitat ion) and then integrate the result ing density 

to get ef fect ive excited state cross sections; the changes are less 

than 10». Moreover, the overwhelming majority of long-l ived nuclear 

excited states that could affect these observations involve angular 

momentum recoupling rather than orbital promotion, and for these the 

reaction cross section change can be calculated to be quite small. 

The resu l t i would require *100» of a l l PFs to be produced in isotopic 

excited states with reaction cross sections > 20°» larger than the VOS 

occupant of the same charge and then to decay back to ground with a 

mean CT * 3 cm. Even granting th i s , which seems very unl ike ly , i t 

f a i l s to account for the observation that a short secondary PF gives 
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r i s e t o a shor t t e r t i a r y PF. There should be no r e l a t i o n s h i p o f t h i s 

so r t i f i s o t o p i c e x c i t e d s ta tes were the cause. 

Let me summarize the f i n d i n g s : 

1) The P(<F) d i s t r i b u t i o n by "lab, charge, and a 2.5 cm c u t , r u l e s 

out a homogeneous sample. To exp la in t h i s r e s u l t would r e q u i r e i s o 

t op i c exc i ted s t a t e r eac t i on cross sect ions much more dev iant f rom 

convent ional p red i c t i ons than can be accommodated. 

2) Such extreme proposed i s o t o p i c exp lanat ions would not exp la in the 

observat ions on the r e l a t i o n between shor t t e r t i a r y l i n k s and shor t 

secondary l i n k s in two-chains and wo j l d a lso be very hard pressed to 

reproduce the A (D) curve by method A ' . 

3) Systematic and background e f f e c t s can be e s s e n t i a l l y e l im ina ted 

* 
by the observat ions themselves (normal A at la rge d i s tances , no o u t 

rageous r e l a t i v e enhancement o f the AZ <̂  1 channel , e t c . ) and by the 

checks f o r p o t e n t i a l problems a r i s i n g from the scanning and measuring 

techn iques. 

One is thus l e f t i n a predicament. Conventional nuclear physics 

and sytemat ics f a i l t o exp la in the observat ions . The s t a t i s t i c a l prob

a b i l i t y t h a t one is dea l ing w i t h a f l u c t u a t i o n is <5( 10" ). The e x i s t 

ence o f a new type o f mu l t i charged, presumably mu l t i ba ryon , s t a te w i t h 

a hadronic r eac t i on cross sec t ion between three and ten times tha t o f 

a VOS ground s t a t e nuc l ide o f the same charge would exp la in the obser

v a t i o n s . However, i t i s impossible to accommodate such a s t a t e w i th a 

l i f e t i m e CT ^ 5 cm w i t h i n the context o f convent ional nuclear phys ics . 

I must add tha t w i t h the present s t a t i s t i c s , one does not know p rec i se l y 
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how many anomalous components are present nor their exact properties. 

The evidence does argue strongly for the existence of at least one 

component of PFs with a reaction mfp considerably shorter than any

thing accepted within conventional nuclear physics. 

To elucidate the exact nature of the phenomenon w i l l require more 

data and further experiments. The obvious questions concern the mass, 

l i fe t ime and decay mechanism for this presumed component. One is i n 

terested in knowing i t s production mechanism; e. g . , does i t require 

that both participants in the co l l i s ion be muiti-baryonic, or w i l l p-A 

col l is ions give the same effect? By obtaining some insight into the 

answers to these sorts of questions, one can presumably bui ld a t r i g 

gered device to address further details of the phenomenon. I t is clear 

that with the present data, and further data of the same sort but with 

somewhat better s ta t i s t i cs , the evidence for the existence of such new 

forms of matter must remain circumstantial. I t is also clear that no 

matter how strong the circumstantial evidence may eventually become, a 

result potent ia l ly as profound as this must ult imately rest upon more 

direct observations. 
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Table V-1. Mean estimates for the mean free path \ and the parameter. 
(Eq. 11—3) at d i f ferent distances D from the origins of PF's for 
grouped charges. Expected values assuming Eq. 11—3 are given in the 
1ast column. 

x (D < 2.5 cm) 
(cm) 

"x*(D > 2.5 cm) 
(cm) 

<\ > 
(cm) 

3-8 12.4 ± 0.7 

9-16 8.3 ± 0.7 

17-26 6.0 ± 0.6 

14.0 ± 0.5 

11.6 ± 1.0 

8.0 ± 0.8 

14.6 

10.6 

8.4 

A*(D < 2.5 cm) 
"(cm) 

A*(D > 2.5 cm) 
(cm) 

<A> 
(cm) 

3-26 25.0 ± 1.1 30.0 ± 1.0 30.4 



55 

Figure Captions 

Fig. 11— 1 The mean free path x(Z) versus Z. The large circ les 

with error bars are the LBL observations on primary 

beams; the large triangles with error bars are the NRC 

primary observations. The small circles are f i t t e d the

oret ical predictions; the appearance of mult iple c irc les 

for the same Z represents istotopes of di f ferent A. The 
- 44 straight l ine is 30.4 Z " cm, which represents the 

"average" f i t to both data sets combined. 

Fig. I l l - l a b The observed charge measurement reproducib i l i ty for NRC 

and LBL. Below the NRC observations are plotted the 

mean N. (number of 6-rays) per mm to which the charge 
0 

in question corresponded in one of the ways NRC deter

mined charge. 

Fig. III—2ab The calculated lab frame kinet ic energy d is t r ibut ion of 

PFs at NRC and LBL by generation. 

Fig. IV—1 The histogram of the P(F) d is t r ibut ion by lab, charge, 

and 2.5 cm distance cut from repeated independent sam

ples of the Monte Carlo simulation. Since each ind iv id

ual P value is represented, the d is t r ibut ion should be 

U(0,1). 
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Fig. IV-2 The normalized l ikelihood curve for the parameter A 

(eqn. I I -3) assuming b = 0.44 derived from the PJS) 

d is t r ibut ion (eqn. IV-17ab) from repeated independent 

samples of the Monte Carlo simulation. The error bars 

represent the observed RMS deviations for each value 

from the repeated samples. 

Fig. V-l Estimates A for the parameter A (eqn. 11 —3) at d i f 

ferent distances D from the origins of PFs: f u l l c i r 
c les, experiment; dashed l i n e , prediction from A. , ; 

' ' beam' 
so l id l i ne , prediction assuming a 6» admixture of PFs 

with I = 2.5 cm. a 
Fig. V-2 Experimental frequency d is t r ibut ion of (a) PQ(Fr,) and 

(b) P (F ); see text ; the dashed l ine is the expected gen gen ' 

11(0,1) d is t r ibu t ion ; the points with error bars are the 

experimental means F, to be compared to their expecta

t ion <P> = 1/2; the shaded area refers to the results 

from NRC. 

Fig. V-3 The experimental frequency d is t r ibut ion of P,(X), eqn. 

IV-12. The histogram is the data. The sol id ver t ical 

l ine is the expected value for the mean P", <P> = 1/2, 

while the sol id c i rc le is the observed value of T; the 

error bars on P are the size of the sol id c i r c le . The 

dashed l ine is the expected U(0,1) d is t r ibu t ion . 

Fig. V-4 The normalized l ikel ihood curve for the parameter A 

(eqn. II—3) from the same data as in Fig. V-3. 
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F i g . V-5 The normal ized l i k e l i h o o d curve from the P,(X) d i s t r i 

bu t ion (eqn. IV-12) f o r the parameter x from the NRC p r i 

mary 0 d a t a . For comparison purposes, the value of 

the Method A es t ima to r , x f l , i s a lso shown by the arrow. 

As can be r e a d i l y seen, the two methods give cons is ten t 

es t ima tes . 

F i g . V-6 The normalized l i k e l i h o o d curves fo r the parameter ,\ 

from the exper imental X, Y, and S d i s t r i b u t i o n s (eqns. 

IV-18ab, IV-19, IV-17ab, r e s p e c t i v e l y ) . The dashed l i n e 

is the r e s u l t from the X d i s t r i b u t i o n , the do t ted l i n e 

i s the r e s u l t from the Y d i s t r i b u t i o n , and the s o l i d 

l i n e i s tha S d i s t r i b u t i o n (compare to F ig . I V - 2 , wti°'e 

the S d i s t r i b u t i o n Mont . a r l o s imu la t ion r e s u l t is d i s 

p layed) . The curves have been d isp laced s l i g h t l y a t the 

peak fo r c l a r i t y . 

F i g . V-7 The same data as in F i g . V-6, but now examined from the 

P d i s t r i b u t i o n s (which should be U ( 0 , 1 ) ) . 

F i g . V-8 The sca t t e r p l o t o f the P ? (X) d i s t r i b u t i o n versus the 

P ? (Y) d i s t r i b u t i o n as given in F i g . V-7. 

F i g . V-S Normalized l i k e l i h o o d contours fo r the parameters x , 
a 

and a (eqn. IV-27) from a l l 1460 one-chains, assuming 

the primary beam f i t s as given in Chap. I I . The cross 

marks the maximum l i k e l i h o o d es t imate . 

F i g . V-10 D i s t r i b u t i o n s o f i n t e r a c t i o n distances x f o r events w i th 

p o t e n t i a l paths T >_ T ^ dashed and s o l i d l i nes have 

the same meaning as in F ig . V-2. 
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