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Anomalous Mean Free Path of Z = 2 Fragments from
4.54-GeV/c 2C Projectiles in Emulsion
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An anomalously short mean free path of 10.93 £2.00 cm is found for secondary Z =2
fragments of 4.54-GeV/c '2C projectiles at distances D < 2.5 cm from their production in
nuclear emulsions. The largest contribution to this anomalous short-mean-free-path com-
ponent comes from N, = 0 interactions of '2C in emulsion.

PACS numbers: 25.70.Np

The anomalous short mean free path (mfp) of
projectile fragments (pf) at small distances from
their emission vertex has been detected for frag-
ments of Z =3 from different projectiles at ener-
gies up to ~2.04 GeV (Friedlander e al.! and
references therein). For Z =2 fragments no clear
cut conclusion could be made (Jain efal? and
Ganssauge ef al.?).

Here we report on some measurements of the
mfp of Z=2 2C pf at 4.54 GeV/c (the highest
available momentum now). Two NIKFI-BR-2 nu-
clear emulsion stacks (pellicle dimensions 10
cmx20 cmx 600 wm) were tangentially irradiated
with 4.54-GeV/c 12C ions and a particles at the
synchrophasatron of the Joint Insitute of Nuclear
Research, Dubna, U.S.S.R. A total of 509 Z=2
pf’s emitted within a 3° cone were collected by
along-the-track scanning for the primary '?C in-
teractions. These pf’s were classified according to
the number N, (number of heavily ionizing secon-
dary particle tracks) of the primary '>C interaction
events. Each pf was followed until it interacted or
left the stack. The maximum path length detected
for these pf’s was — 15.0 cm; 223 secondary in-
teractions were observed.

In Fig. 1 values of the mfp A for the primary a-
particle beam in nuclear emulsions at 4.54 GeV/c
are shown for different segments D, the distances
from the entry point (scan line) in the emulsion
stack. From this figure we conclude that no detect-
able deviation from the average value A =19.9 + 0.6
cm is observed.

The absorption curve for the Z =2 secondary pf
emitted in N,=0 interactions of the 4.54-GeV/c
2C in nuclear emulsions is shown in Fig. 2. This
absorption curve can be resolved into two exponen-
tial curves. Starting from the large distance tail of
the attenuation curve, the dashed straight line
represents the absorption with a mfp A= Apeam
=19.9 cm. The difference between the observed
absorption curve and that expected for Apeam=19.9

cm (normalized to the data at D=9.0 cm) yields
evidence for a short-mfp component among Z =2
pf’s, curve B, Fig. 2. The slope of the latter line
gives a value of A,;,=2.5 cm. From these curves
the fraction of the anomalous component from
N, = 0 parent stars is found to be = 16%.

Table I shows the dependence of the average mfp
of the secondary Z =2 '2C pf on N,, observed at the
primary vertex (the '>C primary star size with emul-
sion nuclei). It is clear that the interactions corre-
sponding to pure '2C fragmentations on H, CNO,
and on AgBr emulsion nuclei (i.e., N,=0 events)
produce Z =2 fragments with the lowest average
mean free path, A=11.77 £1.39 cm. This value of
mfp A is shorter, by about =4 standard devia-
tions,* than that of normal, i.e., Z =2 beam, nuclei.
This type of interaction (N, =0) corresponds to the
most peripheral collisions of '*C with emulsion nu-
clei.
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FIG. 1. Measured values of mean free path of 4.54-
GeV/c primary alpha particles (Apeam) as a function of
the path length D from the scan line.
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FIG. 2. Curve A, dependence of the number of nonin-
teracting Z =2 projectile fragments (produced in pure
2C fragmentations, i.e., Ny = 0 events) on the distance D
from the primary vertex. The data can be resolved into
two exponentials, one corresponding to Apeam (dashed
line) and the other having X\ ,, = 2.5 cm, curve B.

In Fig. 3 we present the values of the mfp for
Z =2 '2C secondary fragments as a function of the
distance D from the primary vertex for N,=0,
N, =1, and for all events. The data points indicate

a lower mfp (A,,) at small distance D up to about
D=3 cm where the fragments seem to approach
the normal behavior. The solid curves in Fig. 3 are
calculated on the following basis': The Z =2 frag-
ments consist of a fraction o with an anomalously
short mfp A,, in addition to a primarylike com-
ponent with mfp Ape.. Considering A,,= 2.5 cm as
discussed before and applying a X? fit, we obtained
the following values for the fraction « for best fit:
a=20.27% and 5.27% for N, =0 and all N, curves,
respectively. The group with N, =1 shows no sig-
nal for short mean free path. The value of
a=5.27% for the all-N, group is near to that es-
timated before for fragments of Z =3 emitted
from %0, °Fe (a=6%)! and from *“°Ar, °Fe
(a=4%) 7 at energies =24 GeV. In all these ex-
periments no investigation about the N, depen-
dence of the fraction a was carried out.

The present results show a larger production
cross section for anomalous Z = 2 pf in the case of
12C interactions with N, =0, i.e., for peripheral col-
lisions. It is to be mentioned that the anomalous
behavior of Z=2 He fragments emitted from
2.14-GeV %0 ions was observed by Judek® and
from —~24-GeV '°0 and Fe beams by Fried-
lander, Heckman, Karant, and Judek’ and
Ganssauge.? In Judek’s® work, a mfp as low as
A=14.1 + 1.4 cm was observed, while a preliminary
value of N/Apeam=0.89 £0.04 cm was estimated at
distance D =<3 cm in Friedlander er al’s experi-
ment with a = 6%.

From the data given in Table I one observes that
the mfp for Z =2 pf produced in peripheral col-
lisions of carbon (N,=0) is 11.77 +1.39 cm while
in the rest of carbon interactions its value is
18.77 £1.53 cm. The corresponding value of the F
parameter,”* that is the ratio of the two values, is
F=0.627 with 144 and 302 degrees of freedom for

TABLE I. Detailed experimental information used for the comparison of estimated mean-free path at D < 2.5 and
D > 2.5 cm from the origin of the projectile fragment for different values of N, (interaction size of >C with emulsion).

The values of P ( < x?2) are based on Apeam= 19.9 cm.

N, of D =25 cm D >25 cm Average values
12c Number of Number of Number of
primary Z=2 stars A Z=12 stars A Z=2 stars A
stars pf (cm) P(<x? pf (cm) pf (cm)
0 150 30 10.93 1.63 120 42 12.37 150 72 11.77
+2.00 x1073 +1.91 +1.39
=1 359 39 21.40 6.83 320 112 17.85 359 151 18.77
+3.43 x107! +1.69 +1.53
All 509 69 16.85 9.00 440 154 16.36 509 223 16.51
+2.03 x 1072 +1.32 +1.11

1972



VOLUME 52, NUMBER 22

PHYSICAL REVIEW LETTERS

28 MAY 1984

Mem)| o =5.27%% All Np,

001231.5678910
D(cm)

FIG. 3. Values of the mean free path A of Z =2 frag-
ments from 4.54-GeV/c '2C (of different star size, i.e.,
ranges of N, defined below) at different distances D from
the origin of projectile fragments: (a) N,=0; (b)
Ny =1, (c¢) all N,. The continuous, fitted lines reflect
the determination of the percentage « of anomalons.

the two subsets, respectively. This shows a
discrepancy at the level of 3.14 standard deviations
with a probability P( < F)=8.5x10"!, pointing to
a shorter mfp for Z =2 fragments originating in
N, =0 stars.

To see whether there is a difference between the
interaction characteristics of Z =2 pf originating in
N, =0 carbon interactions and those produced in
the rest of the events, we present Table II which is
a Fisher 2x2 table for the events with N, =0 and

TABLE II. Number of events with N,=0 and N, Z0
at either the production or the interaction vertex of Z =2
projectile fragments of 2C.

N, at production

N, at interaction 0 Z0
0 20 15
Z0 52 136

N, # 0 at either the production or the interaction
vertex. The probabilities for the production of
N, =0 interaction events for Z =2 fragments pro-
duced in peripheral (N,=0) collisions of 4.54
GeV/c carbon and in the rest (N, # 0) of the col-
lisions are 0.278 +0.053 and 0.099 +0.027, respec-
tively. According to the 2x2 Fisher test,* the
difference is equivalent to 3.42 standard deviations
with a probability 3.10x 104,

To conclude, the present work may be summa-
rized in the following:

(1) Production of Z=2 pf having a much en-
larged interaction cross section (about ten times the
normal value) with a fraction of 20% in '2C
(N, =0) interactions in nuclear emulsions at 4.54-
GeV/c incident momentum is observed. The mfp
of these fragments is ~ 4 standard deviations lower
than that of a normal beam.

(2) A significant correlation between N, at pro-
duction and at interaction of Z =2 carbon frag-
ments is rigorously established.
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