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ABSTRACT

Two independent emulsion experiments using Bevalac beams

of '\;2 GeV!nucleon 160 and 56Fe nuclei find with better than 99.7%

confidence that the reaction mean free paths of relativistic

projectile fragments, 3 Z ~ 26, are shorter for a few centimeters

after their emission than at larger distances, or than predicted

from experiments on accelerator beams. This et:tec:t, which is

enhanced in generations of the extra-nuclear cascade, is

most easily ~~~~C~~AJlCU by the relatively rare occurrence of frag-

ments interacting with an unexpectedly large cross section.





Evidence anomalously short reaction mean free paths (mfp) of projec-

at least one component with an

tile fragments (PF) from high energy heavy ion collisions has been persistently

reported in cosmic ray studies since 19541-7; however, because of limited

statistics, these results have not gained recognition. To overcome this limi

tation, we have performed two independent similar experiments with beams from

the LBL Bevalac.

Our results, based upon 1460 events, can be sun~rized as follows: a) over

the first few em after. emerging from a nuclear interaction ( ~ ~lO gm/em2 of

matter traversed or ~lO-11S proper time) the PF's exhibit significantly shorter

mfp's than those derived from "normal" beams of the same charge Z; b) at

larger distances from the emission point, the mfp1s revert to "normality" in

the above sense; c) the data are incompatible with a homogeneous lowering of

the mfp and require the presence among PF's

unexpectedly high reaction cross section,

Two stacks of Ilford GS nuclear research emulsion pellicles, 600 jlITl thicl:,

were exposed to relativistic heavy ion beams parallel to the emulsion surfaces

(I: 2.1 GeV/nucleon 160 and II: 1.88 GeV/nucleon 56Fe). Stack I, pellicle

size lSx30 cm2
, was scanned and measured at NRC8; stack II, 7.5x12 em2

, at

LBL.

Interactions, defined as events showing emission of at least one target

or projectile-related track, were collected by scanning along the tracks of

beam nuclei. Relativistic tracks charge Z 3 emitted from all generations

of the extra-nuclear cascade within a 100 mr forward cone were followed until

they either interacted or the stack. By extra-nuclear cascade we mean

sequence nuclear collisions induced by the beam nucleus and the products

of successive fragmentations. Events have been observed up to the seventh

generation in stack I, and up to the fifth in stack II. For each PF we



measured its charge Z a precision of one charge unit~ the distance T avail-

able for interaction in the detector (the potential path) and~ it inter-

acted, the distance x to the interaction point. The high spatial resolution

of emulsion enabled us to discriminate between centers of successive inter-

~~~~~n= and/or adjacent tracks to distances of the order 1 1JM. For

allowed unambiguous assignment of interactions to individual

's and makes nuclear emulsion an ideal detector for this investigation.

For PF the energy loss up to the point of its interaction was

computed assuming was produced at the rapidity its parent projectile. 9

We calculate that the energy loss due to nuclear interactions and ionization

results in a mean energy '\; 1.5 GeVInuc1eon and would not have degraded any

PF below about 1 GeV/nuc1eon. Multiple scattering measurements in stack I~

as as the topologies of our events~ were fully consistent with the

above conclusions.

In an inhomogeneous target-detector like emulsion one measures reaction

mfp 's rather than cross sections. For a homogeneous beam of nuclei !?f charge

~ the mfp~ denoted by A=A(Z), is defined via

staU1cE~S x:

f(x)dx =exp(-x/A)dx/A •

distribution 6f interaction

(1)

By length S followed until N interactions have

been observed~ a maximum likelihood estimate A* is obtained for A 10

(2)

The relative rms deviation of X* is rigorously N-1/2 but~ unless N is very

(which not case for our samples =~!) the estimate distri-

butions are highly skewed and Gaussian confidence limits do not apply.
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where l\T is the probability Ul;;lJ.::lJl.I..) F.

The numbers P determined for each Z must uniformly distributed between

o and 1, and a simple test the • is to check whether mean value P

obtained from charges differs significantly from expectation value 1/2.

paJramete~ri:z:ed as:

In the energy

2 Z 26, can

O. 2.1 GeVInuc1eon,

's COliTlPtlted from cross q:,If:>""<ft-ii,,,,,,,q:, based on

where A IiO: __""'.~_ ""

consistent of

b IiO: O.

geometrical-overlap models. Using Eq. (5) A(Z),

to add

• to a . Now however

A, on

can

h2 values test
the , though inclep~~ndent



n • we shall test the constancy of

A assuming b=O.44. 1 we ~r,p~~'n~ our observed dependence A on

distance D <>+1-"""" emission. Note low values A the few

centimeters; beyond D~ 5 em the estimated A compatible with Abeam.

By assuming that mfp estimates from different charges can be combined via

Eq. 5 we obtain D 2.5 and 2.5 em estimates A (displayed at the

bottom of Table I) 'Itlhich ""... .b.b'C ... by 3.4 S

To be independent validity of . 5~ a non-parametric

to assume that at Z any two estimates Ashould consistent.

For exarnp1e~ A is measured within a distance D few em's) after emission

a and at distances~ the results should be compatible,

because we expect small deviations A from the values measured on

primary beams. These deviations from the different cross sections

isotopes off the line stability long-lived nuclear excited states,

and are small because the dominant contribution of the AgBr component

emulsion to (geometric) reaction cross ~~~.~""UA~

We plot • 2a the frequency the probability PD«FD) ~

*where "" It eW.S em) (D>2.5 em). Since there might be differences in

PF's from 160 and 5

obtain the mean

~ we compute

"" O. 0.

the different primary beams separately.

3.4 S • from the of 1/2

expected UTIfip".

all charges IS.



We present Fig. 3 bvo distributions of interaction distances

9 em, respectively; an:x for events \vith potential paths T

excess of events over the number

T "":51

from n.h. evident at

small :x, particularly for the case "" :5 em where amounts to 3 S.D.

Let us assume as a first approximation that, in addition to normal nuclei,

there a fraction a "anomalous" PF's with a constant "short" mfp Aa«A,

leaving a fraction _ that obeys the parametric n.h., as confirmed by our

observations at large distances after emission. This assumption inherently

predicts an excess of PF at small x. We have made estimates

of ~ and Aa by X2 minimization from these data and obtain a'" e;: 6%, A: S!: 2,5 Cffi,l4

Predictions based on the assumption of an admixture with the above parameters

are drawn as solid curves in

for the observations,

. 1 and 3; they obviously account well

Comparison of the mfp's estimated from the secondary PF's and those of

later generations extra-nuclear cascade shows an mfp shorter by "'15% in

the third and later generations. The distribution of Pgen«Fgen) [defined again

'"via Eqs.(3) (4) with Al referring to the third and later generations, and
Ie

"2 to the second generation] shown Fig, 2b, The probability for this

distribution to be uniform between 0 and 1 is ~xlO-3.

The anomalous (short mfp) component needed to explain the foregoing results

lower

the shorter average potential available

(hence of P ), because ofgen

the third generation, However,

we correct this ~+'~~r'~, assuming the different generations to be uncor-

related (i.e. assume the same value a at emission in all generations) we find



that ,,'ould lower Fgen by only about 2%; nonetheless, the corrected Pgen distri ~

bution remains non~uniform than 99% confidence. This result sug-

at high cross ~~'~bJ.U'l the fragmentation

process anomalous

We are not aware

nuclear phys

explanations within the framework of conventional

this experiment. The direct and standard

methods of observation, measurement and data reduction employed, virtually

eliminate conceivable scanning biases. The diminution in tl1e measured

mfp PF's at stalncE~s a centimeters from their emission points, as

well as the normal "''''.+-+"...... target fragmentation, strongly excludes objec-

tions related to isotopic effects, mesonic atoms, h)~ernuclear decay in fliW1t,

etc"
15Under preparation is a more comprehensive report~ including a detailed

discussion the systematics, is z ~ 2, additional of the

interrelationship between second and third generations is in the

extra-nuclear cascade, and the dependences the topologies of interactions

on the :EX]pel'imen1~s are progress to ell~cJl~l~e possible reaction

mechanisms short mfp component.
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Table I. Weighted estimates the mean path Aand the parameter A

(Eq. dijcfererat distaraces D from the origins PF's

grouped charges. Expected values assuming Eq.5 are given in the

r CD 2,5 em) (D :> 2.5 em) 0, )
Z (em) (em) (em)

3-3 12.4 ± 0.7 14.0 ± 0.5 14,6

9-16 8.3 ± 0.7 11.6 ± 1.0 10.6

17-26 6.0 ± 0.6 8.0 ± 0.8 8.4

26

A(D 2.5 em)
(em)

25.0 ± 1.1

A(D :> 2.5 em)

30.0 ± 1.0

<A )
(em)

30.4



FIGURE CAPTIONS

Fig. 1. Estimated values of the parameter A CEq. (5)) at different distances

D from the origins PF's: , experiment; dashed

n.h. prediction; shaded region, 1 S.D. (68%) confidence interval;

shaded line, lower limit the 2 S.D. (95%) confidence interval;

solid line, prediction assuming a 6% admixture of PF's with Aa =
2.5 em.

Fig. 2. Experimental frequency distribution of: a), «FD), b) Pgen«Fgen)'

see text; dashed line is the uniform distribution expected under

the n.h.; the points with error bars are the experimental means

to compared to their expectation (P ) = 1/2 under the n.h.; the

shaded area refers to the results from stack I (160 'nY'iim~'ri

Fig. 3 Distributions of interaction distances x for events with potential

paths TTl; dashed and solid lines have the same meanings as in
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