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Search for Anomalous Fragments of Fe Using Plastic Nuclear Track Detectors
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We performed an experiment to investigate the anomalous mean-free-path phenomenon for pro-
jectile fragments of Fe. 1846 charge-changing collisions of fragments with charges Z =20—25
were analyzed with plastic nuclear track detectors. We observed no evidence for anomalous frag-
ments.

PACS numbers: 25.70.Np

The experimental results of mean-free-path (mfp)
measurements for relativistic projectile fragments
(PF's) are contradictory. Observations in cosmic-ray
studies and in experiments with emulsions exposed at
the Bevalac' showed an anomalously large interac-
tion cross section of PF's within the first few centime-
ters from their point of emission. No dependence of
this effect on charge or mass of the fragments was ob-
servable within the early data. Therefore this was be-
lieved to be a general phenomenon shown by all or
most of the fragment types.

Confusion came up with the first experiments of
Jain et al. and Karant, Heckman, and Friedlander, ~

showing conflicting results for the fragments of charge
Z = 2 in nuclear emulsion. Further contradictory
results for Z =2 fragments were reported by later in-
vestigations up to now. For heavier fragments in-
consistent observations were made when other experi-
mental techniques were applied. Assemblies of thin
Cherenkov detectors were used to analyze the
anomalous mfp effect for Ar and Fe primary
beams. ' These experiments having high statistics
showed no anomalous behavior of the fragments pro-
duced in Lucite.

For the Cherenkov experiments the experimental
conditions in comparison to nuclear emulsion are dif-
ferent. It is not possible to detect nuclear interactions
with AZ =0. PF's with charges below ten were not
measured. The Lucite target contains only consti-
tuents of light target nuclei. The accuracy in deter-
mination of the vertex position of an event is limited
by the thickness of the single Cherenkov detectors
which were 3.5 mm and 3.17 mm, ' respectively.
Fragments emitted at large angles are not detected as a
result of losses of Cherenkov light. Price" calculated
that the loss of events by this effect starts already for
angles as small as 2 deg. The controversial results ob-
served by the Cherenkov detectors and emulsions may
be due to these experimental differences.

In this situation investigations under experimental
conditions which are closer to those of nuclear-
emulsion experiments are important. These were per-
formed in experiments with plastic nuclear track
detectors. With stacks of these detectors like in the
Cherenkov experiments only 4Z ~ 1 interactions can

be analyzed. An advantage of this technique in com-
parison to the Cherenkov detectors is the smaller
detector thickness, typically 0.6 mm, and the wider ac-
ceptance in production angle for the fragments.
Disadvantages are the tedious track measurements
which can be overcome by automated measuring tech-
niques. '

In our first experiment' we observed no significant
anomalous mfp effect. A conflicting result was report-
ed by Tincknell, Price, and Perlmutter. ' Both experi-
ments used the same detector, PF's of almost the
same charge range (9 ~ Z ~ 17), and the same beam
particles (4 Ar). For Ar projectiles also, no anom-
alous mfp was observed in a nuclear-emulsion experi-
ment by the BCJJL collaboration. The early experi-
ment of Jain and Das with Ar projectiles showed an
anomalous mfp effect in emulsion, but the results re-
ported therein are combining data from a Fe beam
and a Ar beam. Relying on the higher statistics of
our experiment' in comparison to Tincknell, Price,
and Perlmutter' one might conclude that fragments of
the 4OAr projectiles show no anomalous mfp effect for
all types of experiments, emulsion, CR39, and
Cherenkov detectors.

However, for projectiles heavier than Ar an
anomalous mfp effect was observed repeatedly in
nuclear-emulsion experiments. Karant, Heckman, and
Friedlander confirmed their early observations. ' Re-
cently Jain, Aggarwal, and Gomber' found anomalous
mfp's for fragments of charge Z ~ 15 produced in nu-
clear emulsion by the fragmentation of s6Kr. Howev-
er, no anomalous mfp effect was observed in a
Cherenkov experiment9 investigating fragments of a

Fe beam. In this situation experiments investigating
the mfp effect for heavy beam particles with plastic
track detectors are of particular interest.

We have extended our work to heavier beam nuclei
and investigated fragments of 56Fe. For this purpose a
stack of 230 CR39 plastic foils, each of 0.6 mm thick-
ness, was exposed at the Bevalac to Fe ions with a
beam energy of 1.7 GeV/nucleon and a density of 10
tracks/cm ~ In the part of the stack which was
analyzed the beam nuclei were slowed down to 1.37
GeV/nucleon. That means all beam particles and their
fragments had relativistic energies. In this experiment
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we used CR39 (C&2H&&07) containing 1% of dioctyl-
phthalate (DOP) because the charge resolution for
heavy fragments with Z ~ 20 is improved for this
less-sensitive detector material. Additionally the sur-
face, quality is improved by the DOP 16

After etching of the plastic the particle tracks were
measured on the front and rear sides of the detector
foils with our automatic scanning system. ' The parti-
cle charges were determined from the measured area
of the tracks. As in our first experiment" we deter-
mined a local calibration of the detector foils based on
the ratio of the measured areas of etch cones for frag-
ment tracks and those for projectile tracks in the vicin-
ity. For the CR39 used before, the size of the frag-
ment tracks showed a linear dependence on the size of
the beam tracks. ' For the CR39 with DOP which we
used in this experiment this dependence was not linear
and, what was even more complicated, could not even
be defined by a single function. All together the one
batch of detectors ordered for this experiment' con-
tained five types of material with different calibration
curves. One type, which was rather insensitive, was
not even usable for the experiment. Since these foils
were placed in the downstream part of the stack a track
reconstruction for fragments could not be performed
in that part. The results reported here are from the
first 180 detector foils of the upstream part of the
stack. As a result of calibration problems the charge
resolution for a single etch cone is poorer than op-
timally possible with CR39 track detectors. From our
data we find that hZ = 0.45 for Z = 20 fragments and
b, Z = 0.56 for Z = 25 fragments.

The reconstruction of particle trajectories from the
individual etch cones on the detector foils was per-
formed in a similar way as described earlier. ' ' But
the analysis of this experiment was performed on a
more powerful computer. Therefore it was possible to
use more sophisticated methods considering geometric
relations between neighboring tracks. As a result of
this improvement problems with crossing over trajec-
tories which we had in our first experiment did not
arise. For very short tracks in some parts of the stack
the charge measurement may have larger uncertainties
as a result of the problems of charge calibration
described above. Therefore, in the following analysis

only tracks with a length & 4 mm are included. In-
teractions are defined by a change of the measured
charge. The vertex of the interaction can be deter-
mined with a resolution of half a foil thickness (0.3
mm).

The interaction mean free paths X' were determined
by A.

' = gl;/n, where l; is the path length measured for
a fragment i either to the point of interaction or to the
point were the particle left the detector, and n is the
total number of detected interactions. As discussed by
Pshenin and Voinov, ' X is a biased estimator of the
mfp for small values of n. However, for the statistics
of this experiment this bias is negligible.

Figure 1 shows the measured mfp k'(d) for beam
particles as a function of depth d in the stack. Trajec-
tories of 14077 beam nuclei with 8664 interactions
were analyzed. The mean value over all data points of
(k') =11.13+0.12 g/cm is shown as a dashed line.
Deviations of the individual experimental points from
(A.') are within the limits of statistical fluctuations
(X /d. o.f. = 4.52/5). That means that the detection ef-
ficiency for AZ ~ 1 interactions is homogeneous
throughout the stack.

This detection efficiency can be estimated by a com-
parison of the measured value of (X') with a value
calculated from the cross-section formula of Westfall
et a/. If we assume for the beam particles which
have the highest statistical significance that the. calcu-
lated value of X=10.43 g/cm is correct, then the
difference in the interaction mfp indicates that our
detection efficiency is below 1. By comparing the
measured difference for Xzz» —g~z, ——1.26+ 0.18
g/cm with a value of 0.92 which was calculated as
described by Heinrich et al. ' we can estimate that the
b Z = 1 interactions have a reduced detection efficien-
cy of 0.73. This limited detection efficiency for
AZ = 1 interactions explains nearly completely the
difference of the calculated and measured value of
(A.') . The detection efficiency for the b, Z ) 1 interac-
tions is at least 0.97.

Figure 2 shows X'(x) for fragments of charge
Z = 20—25 as a function of distance x from the point
of emission of the fragments. To enhance the statisti-
cal significance we pooled all the data for individual
fragment charges. The interaction mean free paths of
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FIG. 1. Interaction mean free path of Fe beam particles
as a function of depth d in the stack. The dashed line gives
the mean value.
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FIG. 2. Interaction mean free path as a function of dis-
tance x from the point of emission for fragments of
20 ~ Z ~ 25. The dashed line gives the mean value.
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(a) TABLE II. Confidence limits for the rejection of
anomalon mean free path A., and abundance o. of different
experiments.
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FIG. 3. Same as Fig. 2 but including only fragments with
emission angles 8 —Hz, m in (a) and 8 ) Hz, m in (b). Oz is
the charge-specific median angle. For details see text.

TABLE I. Medians of the fragment emission angles.

z ez (deg)

20
21
22
23
24
25

0.232
0.220
0.197
0.174
0.147
0.110

the analyzed fragments differ only slightly. The max-
imum difference is about 13% for Z = 25 and Z = 20
fragments. For this reason we did not normalize the
length of penetrated depth in the plastic to the calcu-
lated charge-specific interaction mfp as it was done in
earlier experiments. ' ' ' ' We determined A."(x)
as described above for all analyzed fragment tracks ig-
noring the charge of the fragment. Deviations of the
individual data points in Fig. 2 from the mean value
which is shown as a dashed line are within the limits of
statistical fluctuations (X /d. o.f. = 2.05/5). No indica-
tion of a reduced A.'(x) for small values of x can be
observed.

The conflicting results of the emulsion and the
Cherenkov experiments might be explained by the as-
sumption that anomalous fragments are emitted at
large angles and therefore not detected by the Cheren-
kov detectors. " From the complete analysis of the
trajectories of the beam particles and the fragments we
can determine the emission angle of the fragment for
each interaction. Our trajectory reconstruction pro-
cedure limits this analysis to angles smaller than 8 deg.
This value is above the maximum angle for tracks ac-
cepted in the emulsion experiments. Our measured
distribution of the emission angles can be well under-

stood in terms of the transverse-momentum distribu-
tion generally observed for relativistic PF's. ' It drops
to zero far below the value of 2 deg. From the
charge-specific angular distributions we determined
the median values Oz given in Table I which divide
the data for the fragments of each charge into two sub-
samples with equal numbers of fragments. No statisti-
cally significant difference between these two subsam-
ples for different angles of emission can be observed
from the data plotted in Figs. 3(a) and 3(b).

In conclusion, we find no evidence for anomalons
among Fe secondaries of charge Z = 20—25 for dis-
tances of x =0.4—10.8 cm from their point of emis-
sion. This observation is in agreement with the
Cherenkov-detector experiment of Symons ep al. ' for

Fe projectiles. We can rule out at the confidence
levels given in Table II parameters for the existence of
anomalons reported by different experiments for frag-
ments of iron and heavier projectiles. In comparison
to the Cherenkov experiment our experimental condi-
tions are closer to those of the nuclear-emulsion exper-
imentst 5 since we included Z = 25 fragments and a
large amount of AZ = 1 interactions. Additionally our
experiment had a high efficiency to detect also beam
fragments emerging at larger angles, which might have
been missed in the Cherenkov experiments. "

Our results are in contradiction to the two emulsion
experiments investigating Fe secondaries' which
show evidence for anomalons over distances of some
centimeters from the point of emission. But we agree
with recent results of an experiment by Baroni et al.
investigating mfp's of Fe secondaries in nuclear emul-
sion which is also in contradiction with Refs. l and 5.
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