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The anomalous behavior of the 2 = 2  projectile fragments (PFs) resulting from collisions between 
60 and 200 A-GeV 1 6 0  projectiles with nuclear emulsion was studied. The He PFs were 
classified according to the different multiplicities of these projectile fragments, as well as according 
to the values of the accompanying heavily ionizing target particles N h  , i.e., the corresponding 
impact parameter. It was found that the anomalous behavior is clearly apparent only in 
the case of 160  dissociation into 4 ~ e  fragments. O 1996 American Institute of Physics. 
[S 1063-776 1 (96)00207-71 

1. INTRODUCTION incident heavy-ion projectiles (Ar, Fe and ~ r ) . ~ '  On the other 

The name anomalons has recently come to denote pro- 
jectile fragments (PFs) of relativistic heavy nuclei possessing 
an anomalously short mean free path (MFP). It was shown 
by several that when relativistic nuclei are inci- 
dent on emulsion, some of the fragmentation products have 
anomalously large reaction cross sections (i.e., short MFPs) 
in the first few centimeters after their emission. Afterwards, 
these anomalons disappear at larger distances from the pri- 
mary interactions; consequently, the values of the MFP ap- 
proach the normal values observed for primary beams of 
corresponding charges. 

Evidence for such anomalously short MFP has been re- 
ported in cosmic ray However, the results re- 
ported at the Seventh conference of High Energy Heavy Ion 
study1' showed that anomalons are not a general phenom- 
enon observed under all experimental conditions. This is 
clearly shown by the negative results obtained with either 
light or heavy target nuclei using nuclear em~lsion,""~ plas- 
tic track detector,13-l5 and plastic stack containing silver 
foils.16 

Dealing with PFs having particular charges, Ismail 
et a1. l7 found that the MFP for He PFs emitted from 4 0 ~ r  and 
5 6 ~ e  at 2 A-GeV have the same value at all distances from 
their production point. The same result was also observed bv 

hand, a positive signal for anomalons was observed by Gas- 
parian et al." and El-Nadi et for 2 = 2  PFs emitted from 
white stars resulting from 4.5 A-GeVlc 12c nuclei. El-Nadi 
et also detected the anomalon phenomenon when the 
multiplicity of He PFs is 2 3  in the case of 2 2 ~ e  at 4.1 
A =Gevlc and when alpha P F S ~ ~  are emitted in the angular 
ranges 0.25"<t%0.50° and 0.36"<t%0.64" from 12c and 
2 2 ~ ,  respectively. 

Evidence of anomalons in the first 3 cm from the inter- 
action points for the 2 2 2  PFs was observed by Killinge?' 
and ~ l e i n ~ ~  using 1 6 0  and 5 6 ~ e  at about 2 A-GeV, 56Fe at 
<1.6 A-GeV and 1 6 0  and 56Fe at about 1.8 A-GeV. Fried- 
lander et also found a positive signal for the He PFs 
emitted from 5 6 ~ e  at 1.88 A-GeV. 

In high energy experiments, Sengupta et ~ 1 . ~ ~  and Singh 
et ~ 1 . ~ '  observed that the values of the MFP for He PFs emit- 
ted from 160 at 60 and 200 A-GeV, respectively, are the 
same at all distances from their production points. In these 
two references, the calculations were done for the combined 
He PFs multiplicities (i.e., for He PFss4). 

In this paper, we are interested in investigating the effect 
of the multiplicity of the He PFs, emitted from interactions 
with nuclear emulsion of 160  at both 60 and 200 A-GeV, on 
the values of their MFPs. 

Beri it 01." and by El-Nadi et al.19 for PFs of 2 2 2  origins;- 
ing from 4 0 ~ r  at about 1.8 A-GeV. Singh et found that 2. EXPERIMENTAL TECHNIQUE 

the interaction mean free paths of the He fragments produced In this work, two emulsion stacks were used. The first 
by collisions of 2 8 ~ i  projectiles at 14.5 A-GeV are indepen- consisted of Fuji emulsion films coated on both sides of 
dent of the He multiplicity and the target size. These findings polystyrene films. The second stack was of the ILFORD-G5 
corroborate their previous results on helium fragments pro- type. The pellicle dimensions of the two stacks were 12 
duced at energies ranging from 1 to 2 A -GeV, with various cmX4 cmX770 pm and 15 cmX6 cmX600 pm, respec- 
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TABLE I. Relative production rates, in percent, of Z=2 projectile fragments (with or without the emission of 
Z 2 3  fragments) from the interactions of 2.1, 3.7, 60 and 200 A-GeV 160 with nuclear emulsions. 

Energy, 
A-GeV 'He 2 ~ e  ' ~ e  4 ~ e  Refs. 

2.1 18.0013* 10.0012* 10.00?2* -l* 31 

3.7 20.5620.71 1 1.9720.45 7.1820.27 0.5610.02 32 

60 20.10% 1.20 10.9810.85 5.6620.56 0.5520.15 This work 

200 20.601 1.39 12.0020.98 4.9650.57 0.6220.18 This work 

*This value is calculated from the results in Ref. 31. 

tively. The two stacks were tangentially irradiated with 60 
and 200 A-GeV 1 6 0  ion beams at CERN SPS and developed 
at the CERN emulsion facility. 

Each of the beam stacks was scanned along the tracks, 
rapidly in the forward direction and slowly in the backward 
one. The beam tracks were followed up to 8 cm potential 
path length from the beam entrance. These beams were also 
carefully examined by measuring the Gray density. 

3. RESULTS AND DISCUSSION 

Through a total length of 356.91 meters of beam tracks, 
2722 inelastic interactions of 60 A-GeV 1 6 0  with emulsion 
were picked up, for which the corresponding interaction 
mean free path kin, was 13.1 1 k0.25 cm. In 200 A-GeV 1 6 0  

interactions, the total scanned length, the total number of 
interactions, and the interaction MFP kin, were 299.69 m, 
2258 events, and 13.2720.28 cm, respectively. Among these 
interactions there are 1015 and 862 interactions containing 
1667 and 1399 doubly-charged projectile fragments emitted 
within an angle S0.24" and &0.072", in the forward cone, 
respectively. These PFs were carefully identified using both 
the grain density and the Sray counting methods. 

In our previous work:' it was found that the percentage 
ratios for the multiplicities of all produced He PFs 1-4 
which are emitted without being accompanied by any Z a 3  
fragments are nearly constant within the stated errors as the 
energy increases from 2.1 to 200 A-GeV. In the present 
work, a study is carried out concerning the effect of the 
energy of the incident projectile on the relative production 
rates of different multiplicities of the He PFs 1-4 when they 
are emitted with or without the emission of 2 2 3  fragments. 
Table I shows a comparison between the present results for 
1 6 0  at 60 and 200 A-GeV and the corresponding ones at 2.1 
A - G ~ v ~ ~  and 3.7 A - G ~ v . ~ ~  From this table one can observe 
that 

i) the relative production rates for the fragmentation of 
the 1 6 0  projectiles into He PFs decreases as the multiplicity 
of these fragments increases; 

ii) the relative production rates of 'He, 2 ~ e  and 4 ~ e  PFs 
are, within the statistical errors, nearly independent of the 
energy of the 1 6 0  projectile. In the case of the production of 
3 ~ e  PFs, the relative rates are nearly constant for 1 6 0  at the 
present two energies (60 and 200 A-GeV), while for the 
other lower energies (2.1 and 3.7 A - G ~ V ) ~ ~ . ~ '  the values of 
the corresponding rates are somewhat higher. 

40 t (A) = 20.83f 0.99 cm I 

N = 408 
(A) = 18.84f 0.93 cm I 

FIG. 1 .  Measured mean free path X oE (a) Z=2 fragments from 60 A-GeV 
160-Em interactions at different distances D from interaction vertex; (b) 
Z=2 fragments from 200 A-GeV 160-Em interactions at different distances 
D from interaction vertex; (c) 4.5 A-GeVIc primary alpha particles as a 
function of the distance D from the scan line (Ref. 23). 
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FIG. 2. Mean free path A of Z=2 
fragments from 60 A-GeV 160 (a) 
and 200 A-GeV 160 (b) at different 

20 distances D from the primary inter- 
action in peripheral collisions, i.e., 
Nk=O. 

Figures 1, 2 and 3 show the MFPs as a function of the 
distance D from the interaction vertex for 2=2 projectile- 
fragments emitted from the collisions with nuclear emulsion 
of 1 6 0  at 60 and 200 A-GeV in the cases of 

i) all types of 160 interactions, i.e., all Nh values, where 
Nh is the number of accompanied heavily ionizing target 
particles. In other words, Nh refers to the sum of grey and 
black tracks. (In this case the same relationship for primary 
alpha particles at 4.5 A-GeVlc (Ref. 23) is also plotted for 
comparison); 

ii) peripheral collisions, i.e., Nh=O events; 
iii) non-peripheral collisions, i.e., Nh>O events. 
In these figures (Figs. 1-3) the MFP Xi,, was calculated 

by dividing the total track length in a certain path length 
interval by the number of interactions observed in that inter- 
val. Also, the MFPs for these Z=2 PFs emitted from 60 and 
200 A-GeV 160-Em interactions having different ranges of 
slow target fragments, Nh,  (NhC2, 2<Nh<8 and Nh>8), 
i.e., at different impact parameters, are presented in Fig. 4. 
From this figure it is clear that there is no anomalous behav- 
ior for He-PFs emitted from 160-Em interactions at different 
impact parameters. The present results indicate no statisti- 
cally significant deviations between the values of the MFPs 
the He-PFs originating from 160-Em interactions at the en- 
ergies used and that of the primary He (19.9320.60 ~ m ) . ~ ~  
This suggests that the target has no effect on the MFP values 
for the He fragments. 

We now study the dependence of the MFP of the He PFs 
produced by the interactions of 1 6 0  at 60 and 200 A-GeV 

3u 
. a N = 320 

(A )  = 21.06f 1.18 cm 
40 - 

10 - 

with emulsion on the multiplicity of these PFs. The results 
are presented in Fig. 5a, b and Table 11. One may observe 
that there is no detectable anomalous behavior in the case of 
emission of ' ~ e ,  2 ~ e ,  and 3 ~ e  fragments,') while an appre- 
ciable signal can be detected in the case of emission of 4 ~ e  
PFs from the 1 6 0 - ~ m  interactions. Figure 6 represents the 
variation of MFP for these 4 ~ e  PFs (for the combined data 
from 160  at 60 and 200 A-GeV) with distance D from the 
vertex of the primary interactions. The solid curve represents 
the best fit to the experimental points, which is obtained by 
applying a two-component Taking X,,,=2.5 ~ r n , 2 ~  
the anomalon fraction a was found to be 15.9%, which is in 
agreement with the results obtained for He PFs from 4.5 
A-GeVlc 12~-Em interactions (a = 16%).*~ 

Since in our study we are interested in anomalous behav- 
ior, the events showing such behavior were thoroughly in- 
vestigated by measuring the range R of the black track par- 
ticles to find the type of target nucleus with which the 
collision took place.34 It was found that these events are 
characterized by the emission of, on the average, about two 
black target fragments having a range R>65 pm, i.e., these 
events are more likely due to heavy target nuclei (AgBr) than 
light ones (CNO). This might be explained by the calcula- 
tions of Bayman et ~ 1 . ; ~  who found that the excitation en- 
ergy of the fragment is much greater when the target nucleus 
is relatively heavy (such as Ag or Br) than when it is light (C 
or 0) .  

Experimental MFPs of Z=2 projectile fragments emitted 
from 160-Em interactions. Combined data at two energies 

FIG. 3. Mean free path A of 2=2 
fragments from 60 A-GeV 160 (a) 
and 200 A-GeV 160 (b) at different 
distances D from the interaction 
point in non-peripheral collisions, 
i.e., N,,>O. 

A, cm 
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FIG. 4. Experimental mean free path A of the fragments at different ranges 
of N, of the primary stars for the combined data of 160 at 60 and 200 
A -GeV. 

A cm 

(60 and 200 A-GeV), at different distances from the interac- 
tion vertex [DS3 cm, D>3 cm and all distances (indicated 
as average)], and for different multiplicities of these PFs. 
The table also shows corresponding values of the standard 
deviation. (The observed number of interactions is indicated 
in parentheses.) 
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20 
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1. The interaction mean free path Ah, for 1 6 0  interactions 
(13.1 150.25 cm at 60 A-GeV and 13.2750.28 cm at 200 
A-GeV) is independent of the energy of the projectile 
nucleus. 

2. The relative rates for different He-PFs multiplicities 
are energy independent in the energy range between 2.1 and 
200 A-GeV, which confirms the general concept of limiting 
fragmentation (omitting the relative rates of the 3 ~ e - ~ ~ s  at 
low energies). 

3. The target multiplicity N h  , which is a measure of the 
impact parameter, has no effect on the MFP of He-PFs pro- 
duced by the interaction of 1 6 0  projectiles at the two present 
energies. 

A. crn 

t (A) = 13.42f 2.18 cm 

FIG. 6. Observed mean free path A of He-fragments as a function of the 
distance D from the primary interactions producing four alphas for the com- 
bined data of 1 6 0  at 60 and 200 A-GeV. The solid curve represents the best 
fit to the experimental points using the two-component model (Ref. 33). 

5. A detectable signal was observed in the emission of 
4 ~ e  PFs from the primary 1 6 0 - ~ m  interactions having very 
slow target fragments (about two black tracks on the aver- 
age) of range R>65 pm (i.e., primary ' 6 0 - ~ g ~ r  interac- 
tions). Therefore, the observed results indicate that the ap- 
pearance of anomalous behavior depends on two factors- 
the size of the target nucleus with which the incident beam 
collides, and the multiplicity of the He fragments produced. 

6. The present work reflects the importance of studying 
the anomalous behavior of the different He PFs multiplicities 
where the data manifest the presence of such behavior in the 
case of the emission of 4 ~ e  PFs which represents a small 
weight with respect to the other lower multiplicities. 

4. The dependence of the interaction mean free path for 
He-PFs-Em interactions at 60 and 200 A-GeV on the multi- 
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FIG. 5. Dependence of the mean free path of 
the 2 = 2  projectile fragments from 160 at 60 
A-GeV (a) and 200 A-GeV (b) on the num- 
ber per interaction of these PFs. 
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TABLE 11. Experimental MFPs of Z=2 projectile fragments emitted from I60-~rn  interactions. Combined data at two energies (60 and 200 A-GeV), at 
different distances from the interaction vertex [D<3 cm, D>3 cm and all distances (indicated as average)], and for different multiplicities of these PFs. The 
table also shows corresponding values of the standard deviation. (The observed number of interactions is indicated in parentheses.) 

D s 3  cm D>3 cm Average values 

No No. of tracks A s.d. A s.d. A s.d. 
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*Deceased. 
' h e  average values of the black track particles observed in these events 
are, at 60 A-GeV, 6.89, 4.21, and 1.57, respectively, and at 200 A-GeV, 
5.66, 3.52, and 2.35, respectively. 

'E. M. Friedlander, R. Gimple, H. H. Heckman et al., Phys. Rev. Lett. 45, 
1084 (1980). 

'P. L. Jain and G. Das, Phys. Rev. Lett. 48, 305 (1982). 
3 ~ .  B. Barber, P. S. Freier, and C. J. Waddington, Phys. Rev. Lett. 48,856 
(1982). 

4 ~ .  J. Karant, H. H. Heckrnan, and E. M. Friedlander, in Proc. of the 
Second Workshop on Anomalons (1983). Lawrence Berkeley Laboratory 
Report No. LBL- 1628 1, p. 23. 

'E. M. Friedlander, H. H. Heckman, Y. J. Karant, and B. Judek Lawrence 
Berkeley Laboratory Report No. LBL-10573 (1982). 

6 ~ .  Milone, Nuovo Cim. Suppl. 12,353 (1954). 
's. Tokunaga, T. Ishii, and K. Nishikawa, Nuovo Cim. 5, 517 (1957). 
*N. Yagoda, Nuovo Cim. 6, 559 (1957). 
'B. Judek, Can. J. Phys. 50,2082 (1972). 

'OB. Judek, Can. J. Phys. 46, 343 (1968). 
"G. Baroni, in Proc. 7th High Energy Heavy Ion Study, GSI, Darmstadt 

(1984). 
"G. Baroni, A. M. Cecchetti, S. Diliberto et al., Nucl. Phys. A 437, 729 

(1985). 
1 3 ~ .  J. M. Symons, M. Baumgartmer, J. P. Dufour et al., Phys. Rev. Lett. 

52, 982 (1984). 
1 4 ~ .  L. Olson, Lawrence Berkeley Laboratory Report No. LBL-18712 

(1984). 
"J. D. Stevenson, J. A. Musser, and S. W. Banvick, Phys. Rev. Lett. 52, 

515 (1984). 

1 6 ~ .  Drechsel, C. Brechtmann, W. Heinrich et al., Phys. Rev. Lett. 55, 1258 
(1985). 

"A. Z. Ismail, M. S. El-Nagdi, K. L. Gomber et a/.,  Phys. Rev. Lett. 52, 
1280 (1984). 

"s. B. Ben et al., Phys. Rev. Lett. 54, 771 (1985). 
1 9 ~ .  El-Nadi et a[., J. Phys. G. Nucl. Phys. 13, 1173 (1987). 
'OG. Singh, A. Z. M. Ismail, and P. L. Jain, Phys. Rev. C 43,2417 (1991). 
"P. L. Jain, K. L. Gomber, M. M. Agganval, and Vandana Rami, Phys. 

Rev. Lett. B 154,252 (1985). 
"A. P. Gasparian and N. S. Grigalashivili, Z. Phys. A 320, 459 (1985). 
"M. El-Nadi, 0. E. Badawy, A.M. Moussa et al., Phys. Rev. Lett. 52,1971 

(1984). 
2 4 ~ .  El-Nadi et al., in Proc. 7th High Energy Heavy Ion Study, GSI, Darm- 

stadt (1984), p. 617. 
"F. Killinger, E. Ganssauge et al., in Proc. of the VI High Energy Heavy 

Ion Study and II Workshop on Anomalons (1983). p. 65; Lawrence Ber- 
keley. Laboratory Report No. LBL-16261-UC-34C-CONF-830675. 

2 6 ~ .  Klein, E. Ganssauge et al., in Proc. of the VI High Energy Heavy Ion 
Study and II Workshop on Anomalons (1983), p. 47; Lawrence Berkeley 
Laboratory Report No. LBL-16261-UC-34C-CONF-830675. 

"E. M. Friedlander, H. H. Heckman, and Y. J. Karant, in Proc. of the VI 
High Energy Heavy Ion Study and I1 Workshop on Anomalons (1983). p. 
69; Lawrence Berkeley Laboratory Report No. LBL-16261-UC-34C- 
CONF-830675. 

"K. Sengupta, G. Singh, T. Ritter, and P. L. Jain, Europhys. Lett. 8, 15 
(1989). 

2 9 ~ .  Singh, K. Sengupta, and P. L. Jain, Phys. Rev. Lett. B 214, 480 (1988). 
30M. El-Nadi, A. M. Hussein, E. A. Shaat er al., Nuovo Cim. (1996) (in 

press). 
3LM. S. Ahmed, M. 0. R. Khan, and R. Hasan, Nucl. Phys. A 499, 821 

(1989) B. Jakobsson, R. Kullberg, and 2. Oteerlund, Lett. Nuovo Cim. 15, 
444 (1976). 

3 Z ~ .  M. Abdel-Halim, in Proc. of 2nd Int. Con$ of Eng. and Science 
(ICEM), Cairo University, Egypt (1994), p. 285. 

3 3 ~ .  M. Friedlander, R. W. G i p l e ,  H. H. Heckman et al., Phys. Rev. C 27, 
1489 (1983). 

34M. M. Aggarwal, P. L. Jain, and K. L. Gombar, Phys. Rev. C 32, 666 
(1985). 

3 5 ~ .  F. Bayman, P. J. Ellis, S. Fricke, and Y. C. Tang, Phys. Rev. Lett. 53, 

Published in English in the original Russian journal. Reproduced here 
with stylistic changes by the Translation Editor. 

13 JETP 83 ( I ) ,  July 1996 El-Nadi et a/. 13 


