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ABSTRACT 

A new concept is introduced for the classification of “unresolved problems” in the understanding of interactions in thick 
targets irradiated with relativistic ions: The centre-of-mass energy per nucleon of a hypothetical compound nucleus 
from a primary interaction, ECM/u, is calculated and correlated with experimental observations in thick target irradia- 
tions. One observes in various reactions of relativistic primary ions with thick targets that there appears to be a thresh- 
old energy for reactions leading to “unresolved problems” which lies around ECM/u ~ 150 MeV. All “unresolved prob- 
lems” are exclusively observed above this threshold, whereas below this threshold no “unresolved problems” are found. 
A similar threshold at 158 ± 3 MeV exists for massive pion production in nuclear interactions. Hagedorn had proposed 
this threshold decades ago and it is known as the Hagedorn limit. In this paper we will only mention, but not elaborate 
on Hagedorn’s theoretical concept any further. Some considerations will be presented and further studies in this field 
are suggested. 
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1. Introduction 

Spallation mass-yield curves in nuclear interactions with 
thin targets were systematically studied in many nuclear 
chemistry laboratories for decades around the world. These 
observed spallation mass-yield curves strictly obey well- 
known concepts of “limiting fragmentation” and “fac- 
torisation” (see Section 2.2) and are thus well understood 
within current theoretical models. This applies for nu- 
clear reaction studies induced by ions from Ekinetic < 1 
GeV and is extending up to 80 GeV 40Ar irradiations. 
Limited studies extend up to proton induced reactions 
with Ekinetic = 300 GeV (see [1] for details). 

Several articles have recently appeared describing “un- 
resolved problems” in the study of nuclear interactions in 
thick targets induced by relativistic ions and their sec- 
ondary reaction products [1,2]. Product yield distribu- 
tions in thick copper targets from irradiations with 72 
GeV 40Ar (at the LBNL, Berkeley), 44 GeV 12C (at the 
JINR, Dubna), and 48 GeV 4He (at CERN, Geneva) [3] 

cannot be understood with well-established theoretical 
concepts, thus constituting “unresolved problems”. More- 
over, exceedingly large neutron emission during the irra- 
diation of thick copper, lead and uranium targets with 
high energy heavy ion beams having Ekinetic > 30 GeV 
have been observed in several laboratories; where an ex- 
ceedingly large neutron multiplicity is also considered to 
be an “unresolved problem”. 

Several authors [4,5] confirm the existence of experi- 
mentally observed unresolved problems, however, they 
reject in very clear and strong terms any attempt to inter- 
pret these unresolved problems, even with unconven- 
tional approaches. Hartmann and Brandt have recently 
published one such unconventional approach [6].  

All attempts to characterise unresolved problems in 
thick-target nuclear reactions since about 1954 [7] have 
borne no fruit; the problem being that there are no defi- 
ned combinations of ion energy, projectile mass, and tar- 
get mass where these unresolved problems systematically 
occur.  

*Corresponding author. In this paper the following approach will be intro- 
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duced:  
One calculates on a purely hypothetical basis the centre- 

of-mass energy ECM per nucleon in the entrance channel 
of the nuclear interaction. This entrance channel is de- 
fined by the kinetic energy EP of the primary ion (project- 
tile) with mass AP and the target mass AT. The value of 
ECM /u in units of MeV is calculated as: 

 2
T

CM p

p T

A
E u E

A A



         (1) 

In thick targets experimentally observed phenomena 
are produced both by primary ions (primaries) up to the 
end of their range and in addition by secondary frag- 
ments (secondaries) making nuclear interactions in the 
thick target. The relative importance of nuclear reactions 
in thick targets due to secondaries compared to primaries 
increases with the thickness of the target [8]. One may 
correlate the value ECM/u—which might be taken as the 
hypothetical average excitation energy of each nucleon in 
the entrance channel of the reaction—with experimen- 
tally observed phenomena.  

Some correlations are presented in Section 2 for in- 
creasing ECM/u. Obviously any observed correlation be- 
tween ECM/u in the entrance channel and interactions of 
secondary fragments in thick targets will not explain the 
reason for unresolved problems. However, one does find 
a systematic dependence which allows a priori classifica- 
tion and selection of experiments where unresolved re- 
sults are to be expected. In Section 3 we will present 
some considerations which may be helpful to under- 
standing the observed order as presented in Section 2. 
Section 4 contains our conclusions on the subject and 
new experiments are suggested which may help to shed 
light onto this rather old and complex set of unresolved 
problems. In the Appendix few known and published 
experiments on thick targets irradiated with very high- 
energy ions having Ekinetic > 100 GeV will be reported.  

2. Correlations between ECM/u and 
Unresolved Problems 

Unresolved problems as discussed in detail in [1,2] are 
observed only in high energy nuclear interactions with 
thick targets. Three types of experiments which reveal 
unresolved problems are described in more detail below. 

2.1. Production of 24Na in Two Copper Discs in 
Contact 

The quantification of the isotope 24Na (T1/2 = 15 h) pro- 
duced in a thick copper target consisting of two Cu-disks 
of 8 cm diameter and 1 cm thickness each in irradiations 
with relativistic ions requires just conventional gamma- 
ray spectrometry. Irradiations of two copper disks at vari- 
ous accelerators lasted only a few hours. After the irra- 

diation, radioactive decay of 24Na was measured in order 
to calculate with an accuracy of about ±1% the activity 
ratio: 

   
 
24

24
0 24
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R Na

Na   Cu

in downstream

in upstream
      (2) 

where “upstream Cu” denotes the Cu-disk which is first 
hit by the beam and “downstream Cu” is the following 
Cu disk. There may be several downstream disks in a 
very thick target stack.  

Correlations of ECM/u with experimental R0(
24Na)- 

values are presented in Table 1 (column 3). In [1] it was 
shown that R0(

24Na) > 1.0 constitutes an unresolved 
problem, i.e. one would normally expect more produc- 
tion of the very far spallation product 24Na in the first 
disk than in the second one. This case of an unresolved 
problem is systematically observed for ECM/u > 192 MeV 
as seen from the data presented in the third column of 
Table 1. The third column is divided into two sub-col- 
umns in which consistent and inconsistent (= unresolved) 
data are listed separately. R0(

24Na) was not determined in 
reactions of 44 GeV 12C on Pb and U. 

2.2. Maximum of Spallation Product Yields in 
Two Copper Discs in Contact 

Similar to the activity ratio for the very distant spallation 
product 24Na, one can determine the yield ratio for any 
spallation product having nuclear charge Z and mass A 
as:  

 
 
 
A

0 A

Z   Cu
R A =

Z   Cu

in downstream

in upstream
       (3) 

Most product cross-sections that were measured some 
time after the end-of-bombardment are actually cumula- 
tive. One expects from the standard-model of nuclear re- 
actions, based on the concept of “limiting fragmentation” 
and “factorisation”, that R0(A) distributions have a maxi- 
mum value close to the mass of the target nucleus, i.e. 
close to A = 63 in a Cu target. The R0(A) distribution 
should then decrease continuously with decreasing prod- 
uct mass A, i.e. with increasing mass difference ΔA from 
the target mass. Detailed supporting arguments for this 
statement are given in [1,2], and in particular in [6].   

An example of thin-target reactions induced by rela- 
tivistic particles is shown in Figure 1 where mass distri- 
butions measured in thin copper targets that were irradi- 
ated with various projectiles are shown. The distributions 
of reaction products are characterised by the principles 
of “limited fragmentation” and “factorisation”. The term 
“limiting fragmentation” means that the shapes of spalla- 
tion product mass distributions do not change between 
reaction systems and the term “factorisation” means that  
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Table 1. Correlations in nuclear interactions between ECM/u and several observables. 

Reaction ECM/u MeV 
R0(

24Na) in Cu(*) 
≤ 1.00         > 1.00 

R0(A) in Cu (**) 
Neutron emission 

in GAMMA-2 (***) 

48 GeV 4He + Cu 664  1.21 ± 0.02  Problem   

44 GeV 12C + Cu 488  1.24 ± 0.02  Problem  Problem 

72 GeV 40Ar + Cu 426  1.50 ± 0.02  Problem  Problem 

24 GeV 1H + Cu 333  1.10 ± 0.02  Problem   

25.2 GeV 12C + Cu 279  1.13 ± 0.03  Problem   

36 GeV 40Ar + Cu 213  1.17 ± 0.02  Problem   

18 GeV 12C + Cu 194  1.08 ± 0.10  Problem   

22.4 GeV 22Ne + Cu 192  1.08 ± 0.02     

44 GeV 12C + Pb 189      Problem 

44 GeV 12C + U 168      Problem 

7.3 GeV 2H + Cu 107 0.90 ± 0.05  o.k.  o.k.  

4.5 GeV 1H + Cu 69 0.98 ± 0.05      

14.7 GeV 4He + Pb 68     o.k.  

4 GeV 4He + Cu 55 0.92 ± 0.01      

3 GeV 2H + Cu 43 0.90 ± 0.05  o.k.  o.k.  

2.6 GeV 1H + Cu 39 0.96 ± 0.02      

7.4 GeV 2H + Pb 35     o.k.  

6 GeV 4He + Pb 27     o.k.  

1.3 GeV 1H + Cu 19 0.99 ± 0.03      

3 GeV 2H + Pb 14     o.k.  

2.0 GeV 1H + Pb 10     o.k.  

1.0 GeV 1H + Pb 5     o.k.  

Notes for Table 1: Data in bold font stand for “unresolved problems”. Only R0(
24Na) ≤ 1.00 is compatible with model calculations (see [1] which contains data 

from the PhD Thesis of Lerman [9]). The value for 22.4 GeV 22Ne on Cu is from the PhD Thesis of Haase as also quoted in [1], the value for 18 GeV 12C on Cu 
is from the PhD Thesis of Ochs [10]. R0(A) in Cu is compatible with the experimental concept of “limiting fragmentation” and can be understood with model 
calculations, such as MCNPX 2.7a when the maximum in R0(A) is close to Atarget = 63. When Amax is significantly below target mass the system exhibits an 
unresolved problem. For details see text and Figures 2 & 3, and [2]. The experimental neutron emission from 1 GeV and 2 GeV protons on lead is perfectly 
compatible with results from MCNPX 2.7a calculations [11]. Further details are given in Table 2.  

 
Table 2. Correlations in nuclear interactions between ECM/u and the observed neutron multiplicities on GAMMA-2. 

Reaction ECM/u MeV Neutron emission in GAMMA-2 Arguments 

72 GeV 12C + Cu 426  Problem Note 1 ( see below ) 

44 GeV 12C + Cu 488  Problem Note 2: V = (108/115) = 0.94 ± 0.09 

44 GeV 12C + Pb 189  Problem Note 2: V = ( 266/275) = 0.97 ± 0.07 

44 GeV 12C + U 168  Problem Note 2: V = ( 500/726) = 0.69 

7.4 GeV 2H + Cu 107 o.k.  

14.7 GeV 4He + Pb 68 o.k.  

3 GeV 2H + Cu 43 o.k.  

7.4 GeV 2H + Pb 35 o.k.  

6 GeV 4He + Pb 27 o.k.  

3 GeV 2H + Pb 14 o.k.  

For detailed description of experiments and data, see [2]

2.0 GeV 2H + Pb 10 o.k.  Note 2: V = (8.86/26.4) = 0.34 ± 0.03 

1.0 GeV 2H + Pb 5 o.k.  Note 2: V = (4.69/15.0) = 0.31 ± 0.02 
 
Note 1: During the irradiation of a 20 cm thick Cu target with 72 GeV 40Ar at the LBNL in Berkeley on March 10, 1987 a massive neutron emission was ob- 
served all around the laboratory. This highly excessive neutron fluence was definitely beyond expectation; however, no quantitative results on this event have 
ever been published, as described in [1]. Note 2: The term V is defined as V = B(140La)/(n/ion) × [10–5·g–1 neutron–1] where B is the experimentally determined 
amount of product atoms per beam particle per gram of target, and the amount of neutrons per beam particle (n/ion) comes from a model calculation. The term 
V is based on definitions and considerations introduced in [2]. The finding V ≤ 0.35 ± 0.03 on the GAMMA-2 target indicates good agreement between ex-
perimental and theoretical neutron emission, measured via the B(140La) value and the theoretically calculated value using MCNPX 2.7a [14] . Values of V > 
0.35 on GAMMA-2 indicate that neutron production exceeds calculation, which is an unresolved problem. 
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the height (cross-section) of the distributions is simply 
dependent on the projectile mass. 

For thick targets two figures shall clarify the situation 
of resolved vs. unresolved results: In Figure 2 the R0(A) 
distribution is shown for the reaction of 7.3 GeV 2H on a 
thick Cu target [10]. The maximum value of spallation 
product ratios is found around mass A = 57 from where 
on the distribution goes slowly down with rising ΔA, 
which is perfectly consistent with standard theoretical 
model results. On the other hand, the R0(A) distribution 
measured from interactions of 72 GeV 40Ar on a thick Cu 
target [12] shown in Figure 3 has its maximum around 
mass A = 51 which is far below the target mass and 
which cannot be reproduced by current models. In the 
former experiment (Figure 2) the cross-section ratio for 
the very distant spallation product 24Na is below unity 
(0.90 ± 0.05), whereas it exceeds unity (1.51 ± 0.02) in 
the latter experiment (Figure 3). The reaction system of 
Figure 2 is well resolved and in agreement with calcula- 
tions, whereas the reaction system of Figure 3 is an un- 
resolved problem. 
 

 

Figure 1. Spallation mass distributions from interactions of 
various relativistic projectiles with a thin copper target. For 
details, see text. 
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Figure 2. R0(A) distribution for the reaction of 7.3 GeV 2H 
on a thick two-disks Cu target. The maximum is around 
mass 57 which is consistent with model calculations and it 
constitutes NO unresolved problem. 

Figure 4 gives slightly modified R(AZ) distributions 
from various projectiles hitting a 20 cm thick copper tar- 
get, consisting of 20 disks of 1 cm thickness each. This 
Figure is taken from [1] and it is discussed in detail 
therein. Suffice it to say that the observed R(AZ) distribu- 
tions for 44 GeV 12C and 18 GeV 12C constitute “unreso- 
lved problems” whereas the distributions for 7.3 GeV 2H 
and 3 GeV 2H indicate no problem, as Amax is close to the 
target mass. Identical conclusions derived from the dis- 
tribution of 24Na throughout thick targets in the same 
reaction systems as shown in Figure 4 are drawn in [13]. 

2.3. Neutron Emission from “GAMMA-2” Target 

The “GAMMA-2” target as described in several publica- 
tions [e.g. 1, 3, 6, and 11] is a 20 cm long (thick) copper 
or lead spallation target, consisting of 20 metallic disks 
of 1 cm thickness and 8 cm diameter each. The metallic 
core is surrounded by a 6 cm thick paraffin moderator on 
all sides—with the exception of the front side, where the 
ion beam enters directly into the metallic target. The 
moderator surface contains small holes for plastic vials 
containing low-energy neutron (n, γ) sensors, for example  
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Figure 3. R0(A) distribution for the reaction of 72 GeV 40Ar 
on two 1-cm thick Cu-disks. The maximum is around mass 
51 which is NOT consistent with model calculations and this 
distribution is an unresolved problem. 
 

10 15 20 25 30 35 40 45 50 55 60

5

10

15

20

25

30

 44 GeV 12C

 18 GeV 12C

 7.3 GeV 2H

 3.0 GeV 2H

 

S
u

m
 o

f 
yi

el
d

s 
o

f 
7 

d
is

ks
 /

 Y
(1

)

Product mass A

R
0
(A) for selected products : average yields

24Na 43K
52Mn 59Fe

 

Figure 4. Yield ratio R0(A) for various masses A in a 20 cm 
thick Cu-target. Note the definition of R0(A) on the ordinate 
of this picture. 
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stable lanthanum salt. La-sensors measure directly the 
low-energy neutron fluence via the reaction 139La (n,γ) 
140La. The radioactive decay of 140La is measured, thus 
allowing determination of the neutron production in the 
“GAMMA-2” target during irradiation. This target sys- 
tem and the integral data measured are an IAEA bench- 
mark for transmutation since 2007. The target allows de- 
termination of the neutron production in the system dur- 
ing high energy irradiations, and simultaneous measure- 
ment of the spallation product yield distribution inside 
the metallic core. All experimental results are compared 
with modern computer simulations, for example using 
the MCNPX 2.7a code [14].  

Results of comparisons between experiments on the 
GAMMA-2 target and model calculations are listed in 
Table 2. The agreement between experimental and cal- 
culated neutron yields is excellent for systems such as (2 
GeV 2H + Pb) and (1 GeV 2H + Pb) [11]. No unresolved 
problems are encountered. However, one observes about 
a factor of 3 times more neutrons experimentally than 
calculated in reactions of 44 GeV 12C onto Cu, Pb, and 
U-targets [2]. This again constitutes another unresolved 
problem. These results are also included in the last colu- 
mn of Table 1. Again, it seems to be the same threshold 
ECM/u of primary interactions that separates resolved 
from unresolved thick target results.  

In summary one can see in Tables 1 and 2: 
All nuclear reactions—without any exception—having  

CME u > 150 MeV  

are associated with “unresolved problems”, when their 
interactions are investigated in thick targets.  

All nuclear reactions—without any exception—having 

CME u 110 MeV  
exhibit NO “unresolved problems”, when their inter- 
actions are investigated in thick targets. There is no 
problem with the latter class of nuclear interactions as 
theoretical model calculations agree with experimental 
findings. This is an important statement from a practical 
point-of-view. All low-energy nuclear interactions having 
practical relevance, such as in nuclear reactors or most 
accelerator applications are understood and modelled 
sufficiently well. They are not associated with any un- 
resolved problem, especially with respect to excessive 
neutron production.  

3. Tentative Interpretation of Observed 
Correlations  

The essential result presented so far is the clear separa- 
tion of unresolved experimental thick target results using 
the newly introduced ECM/u limit value. This limit sepa- 
rates results into two classes where those results from 
experiments below ~150 MeV agree with model calcula- 

tions and those above this value are not reproduced by 
models. At present it is not clear to us why this is so, but 
it is interesting to note agreement with statements from 
Hagedorn who also considered an energy (or temperature 
T0) of 158 ± 3 MeV (“Hagedorn limit”) in a paper dating 
back to 1965 [15]. He pointed out that above this limit 
one should expect to produce pions easily (their rest mass 
is just below 150 MeV). Therefore there should be some 
kind of upper limit in nuclear temperatures that are al- 
lowed to exist in nucleonic matter. We will not pursue 
this line-of-thinking any further at this point.  

A review of physics experiments studying nuclear in- 
teractions in thin targets and the emission of secondary 
elementary particles and projectile fragments was pre- 
sented by Friedlander and Heckmann [16]. They describe 
a broad range of experimental techniques used and the 
data measured in these investigations. They report of no 
experimental result that lies outside the understanding in 
the frame of standard models—however, with the excep- 
tion of certain nuclear emulsion studies, which are in fact 
thick target studies. In these studies some evidence for a 
“short mean-free-path” of projectile fragments was ob- 
served, called “anomalons” in those days. This evidence 
was observed for interactions of secondary fragments and 
they also have recently been considered [1] as unresolved 
problems. 

We continue our considerations with the empirical ap- 
proach to separate the FIRST nuclear interaction induced 
by the primary ion from SECOND nuclear interactions 
induced by secondary fragments in a thick target. Further- 
more, we focus on the interactions of primary ions in nu- 
clear interactions in thick targets above the critical limit 
of ECM/u ~ 150MeV which systematically show evidence 
of unresolved problems. Our interpretation of these phe- 
nomena suggests three hypothetical postulations, similar 
to the approach in [6]. However, our concept of interpre- 
tation is different.  

1st postulation: 
Small secondary fragments (probably mainly p, n, π0,+,-) 

may have properties that lead to reactions creating unre- 
solved problems. In thin targets there is no possibility for 
secondaries to interact, whereas further reactions in thick 
targets expose the unresolved problems.   

2nd postulation: 
Secondary fragments created in a FIRST interaction 

with ECM/u > 150 MeV may have properties that change 
along their flight path.  

How this change occurs is unclear at this stage, how- 
ever, the fact that this change happens seems to be ex- 
perimental fact, as will be shown below. We do not even 
know what the change is, but it could for example be a 
decay of the secondary fragment. 

So far, there are few experiments known to the authors 
that show such a time-dependent change in nuclear prop- 
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erties without any external material interaction or particle 
emission within a time interval of 10-10 to 10-9 seconds. 
Evidence has been observed at the JINR in Dubna (Rus- 
sia) in the irradiation of 20 Cu foils of 1 mm thickness 
each with 44 GeV 12C ions. The resulting Ri(

24Na) yield 
distribution ratio is shown in Figure 5, taken from [17]. 
One observes almost constant Ri(

24Na) values in the first 
foils which start to increase after about 5 mm target thick- 
ness and seem to reach equilibrium after about 15 mm. 
This may indicate that something “NEW” is entering into 
the experimentally observable physical reality.  

The extension of results from Figure 5 is shown in 
Figure 6 where the production of 24Na by 44 GeV 12C in 
a stack of 20 Cu-disks of 1 cm thickness each is shown 
[17]. The absolute value of the activity ratio Ri measured 
for the 2 cm target slab in Figure 6 matches nicely the 
average of the 10 mm to 20 mm values from Figure 5, 
and then the ratio continues to increase up to about 10 cm 
target thickness. From there on the amount of product 
goes down as would be expected in a thick target where 
projectile density decreases through interactions.  

3rd postulation: 
The last postulation is a radical hypothesis. 
When secondary fragments from an interaction in the 

ECM/u > 150 MeV regime interact with another target nu- 
cleus, the interaction cross-section and energy transfer is 
higher than that normally expected. This is the reason for 
the observation of shorter than expected mean free path 
and an enhanced neutron production as well as the con- 
current enhanced production of very far spallation prod- 
ucts.  

Future experiments will determine whether this third 
postulation proves to be an acceptable or fruitful sugges- 
tion. More experiments and theoretical considerations are 
needed.  
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Figure 5. Yield ratio of 24Na in a stack of 20 foils (each 1 
mm thick) of Cu irradiated with 44 GeV 12C at the Sync- 
hrophasotron in Dubna (Russia). The 24Na contents in each 
foil is measured (Yi) and compared to the 1st Cu foil (Y1). 
Some data points are averages of 2 foils. 
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Figure 6. Yield ratio of 24Na in a stack of 20 Cu-disks of 1 
cm thickness each irradiated with 44 GeV 12C at the Syn-
chrophasotron in Dubna (Russia). Different symbols denote 
different experiments. The data point for the second disk 
plotted as a star is calculated from average values from 
Figure 5. Two data points for the second disk are displaced 
by 1 mm. 
 

Some experiments that may provide additional infor- 
mation to this problem have already been published, and 
will be presented in the Appendix. 

4. Conclusions 

Various phenomena have been found in thick-target ex- 
periments induced by relativistic particles which are not 
in agreement with known reaction product systematics 
and cross-sections. These phenomena are found when 
projectiles of very high energies interact with the thick 
target or a stack of thin targets. The experimental results 
are divided into two groups according to their agreement 
or not with theoretical model calculations as well as con- 
formity with results from thin-target experiments.  

Phenomena are denoted as “resolved” when: 
—the mass distribution of spallation products follows 

the principles of limiting fragmentation and factorisation 
as exemplified in Figure 1 and the cross-section of very 
far spallation products, such as 24Na, is largest in the be- 
ginning of the target; 

—the measured neutron multiplicity is in agreement 
with model calculations; 

—the mean free path of secondary particles follows 
known systematics. 

On the other hand, phenomena are “unresolved” when 
—the mass distribution of spallation products in a 

second (or following) interaction is skewed towards large 
ΔA and the cross-section of very far spallation products, 
such as 24Na, is significantly enhanced; 

—the neutron multiplicity exceeds expectation values 
from model calculations, which seems to indicate a very 
high energy transfer in the interaction of a secondary 
fragment; 
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—the mean free path of secondary fragments is sig- 
nificantly shorter than known from range-energy sys- 
tematics (see Appendix). 

These experimental phenomena are produced in thick 
targets by primary ions up to the end of their path and by 
secondary fragments making additional nuclear inter- 
actions in the thick target.   

A hypothetical description of the average centre-of- 
mass excitation energy of each nucleon (ECM/u ) in the 
entrance channel of the reaction is correlated with ex- 
perimentally observed phenomena. When we accept this 
concept of ECM/u of a hypothetical compound system as a 
means of classification, there seems to be a threshold 
value of ECM/u below which no unresolved phenomena at 
all are found in thick targets and all reaction product 
cross-sections are in agreement with model calculations, 
whereas reactions with energies above the threshold 
value, without any exception, lead to unresolved phe- 
nomena. However, due to scarcity of experimental results, 
the threshold energy is not very well defined. Results 
from all reactions having ECM/u ≤ 107 MeV show no 
unexpected results whereas the outcome of all reactions 
having ECM/u ≥ 168 MeV is clearly “unresolved”. We 
adopt the energy of ECM/u ~ 150 MeV as the threshold 
separating resolved from unresolved reaction systems. 
This value is close to another limiting energy (or limiting 
temperature T0) of 158 ± 3 MeV which was introduced 
through considerations of statistical thermodynamics by 
Hagedorn long ago and which marks the transition en- 
ergy beyond which real hadrons are produced and “the 
number and longitudinal momentum of the secondaries 
produced would increase” [15].  

In order to define the threshold energy more precisely, 
we wish to propose an experiment which scans over the 
limiting energy and will hopefully allow us to define it 
well. A simple and straightforward experiment is a thick- 
target experiment employing three copper disks of 1 cm 
thickness each in contact, which are irradiated with a 
beam of 12C. Beam energies of 0.6 GeV/u (7.2 GeV ki- 
netic energy), 0.9 GeV/u, 1.1 GeV/u, 1.2 GeV/u, 1.3 
GeV/u, 1.5 GeV/u and 1.8 GeV/u are recommended. The 
experiments scan the kinetic energy range around 1.2 
GeV/u which corresponds to ECM/u = 158 MeV for the 
12C + 65Cu reaction. If the hypothetical average excitation 
energy around 150 MeV is actually a relevant limit, then 
R0(A) should indicate significant enhancement for masses 
A far away from the target mass, the 24Na cross Section 
ratio should go from below to above unity and the neu- 
tron dose-rate should rise over-proportionally (it is 3 
times more than expected for 44 GeV 12C projectiles) 
when the threshold energy is exceeded. As interactions 
between nucleons inside a nucleus can be described by 
statistical thermodynamics, the limiting energy (or tem- 
perature) is not expected to be a sharp boundary but one 

rather expects to find a smooth onset of “unresolved” 
data around the limit value. 
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Appendix 

Experiments Using Thick Targets Irradiated with 
Ions Having Very Large Energy of 
Ekinetic > 100 GeV 

Experimental results published from the study of thick 
targets irradiated with very high-energy ions above 100 
GeV are scarce. We report only of a few experiments 
which appear to be significant and where unresolved 
problems may also play a role. 

Evidence Based on the Radiochemical 
Cu-Disks Technique [18]  

The Ri(
24Na) ratios for several Cu disks in contact were 

determined for ions having up to 7000 GeV kinetic beam 
energy. No drastic or even surprising results have been 
reported. R0(

24Na) for two Cu disks in contact in 7 TeV 
32S irradiations was measured as R0(

24Na) = (1.8 ± 0.1), 
not much larger than for 72 GeV 40Ar with R0(

24Na) = 
(1.50 ± 0.02). It should be noted that both reactions fall 
into the same regime of ECM/u > 150 MeV and similar 
esults may be expected. r 

Evidence Based on Reduced Mean Free Path 

A strong difference in the mean-free-path of an elemen- 
tary particle was observed in the very early days of in- 
vestigations of high-energy nuclear reactions. Alexander 
et al. observed in 1957 [19] that π+-pions created in the 
decay of kaons [K+— > π+ + π0 ] (called “young” pions) 
have a mean free path of [Λ (young) = (11.0 ± 2.4) cm] 
in nuclear emulsion. However, conventional pions (called 
old pions) of the same momentum are known to have a 
mean free path of [Λ (old) = (31 ± 2) cm] in the same 
nuclear emulsion. Unfortunately, this crucial experi- 
ment has never been reproduced.  

Similar evidence of reduced mean free path measured 
in nuclear emulsion was published by Friedlander and 
others, as reviewed by Ganssauge [20], for reactions in- 
duced by projectiles with kinetic energies up to 100 GeV. 

In summary, one needs further experiments and new 
concepts in this field in order to have sufficient under- 
standing of the underlying physics of reactions induced 
by secondary fragments. 
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