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New properties of the evaporated neutron (E < 30MeV) energy spectra in hadron-nucleus interactions are

found which have not been marked before. Particularly, the spectra approach the asymptotic regime, namely,

they weakly depend on the collision energy at momenta of projectile protons larger than 5–6 GeV/c; the spec-

tra for various nuclei are similar, and can be approximately described by the function Anf(E). Experimental

data on neutron spectra in the case of projectile π-mesons show analogous behaviour, but the statistics of

the data do not allow one to draw clear conclusions. In our analysis we used ITEP experimental data on

inclusive cross sections of neutrons produced in interactions of π-mesons and protons with various nuclei in

the energy range from 747 MeV up to 8.1 GeV. The observed properties allow one to predict neutron yields in

the nucleus-nucleus interactions at high and super high energies. Predictions for the NICA/MPD experiment

at JINR are presented. It is shown that the FTF (Fritiof)-model of the Geant4 toolkit qualitatively reproduces

the observed regularities. For the first time estimates of the neutron energy flows are obtained at both RHIC

and LHC energies.
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Neutron and proton production in high energy nu-

clear reactions has been studied for a long time. The rel-

evant research was mainly devoted to checking a nuclear

scaling hypothesis [1–3] that the inclusive cross sections

of sufficiently energetic nucleons in the target fragmen-

tation region are independent of the incident projectile

particle type and energy as well as their shapes on the

target nucleus at sufficiently high energies (see also re-

views [4–7]). Thus far, no scaling properties of the low

energy part of the nucleon kinetic energy spectra have

been considered. When studying the experimental data

[8] obtained at the Moscow Institute for Theoretical and

Experimental Physics (ITEP), we noted that slow neu-

tron spectra had interesting regularities.

Protons, π+ and π− mesons were used as projec-

tiles in the ITEP experiments over a wide energy range.

Some results were published in [2, 9]. Summary tables2)

were presented in an ITEP preprint [8]. In Fig. 1 we

show sampling data from the tables [8] on the inclu-

sive neutron production cross section on a lead target

at emission angle 119◦.

1)e-mail: uzhinsky@jinr.ru
2)We have checked the consistency of the data [8] against more

modern data of the paper [10].

It is known that the neutron spectra have a two-

component structure. Evaporated neutrons dominate

at energies below 30 MeV. Pre-equilibrium neutrons or

neutrons participating in the fast stage of reactions

dominate at higher energies. According to the data, the

fast neutron spectra are weakly energy-dependent at

Plab > 5−6GeV/c. The low-energy parts of the spec-

tra, shown in the figure, have the same behaviour –

they are approaching the asymptotic regime at Plab >

5GeV/c.

Since it is complicated to deal with all various distri-

butions, let us study the behaviour of the slow neutron

spectra looking at the energy and target mass depen-

dencies of the inclusive cross sections at neutron kinetic

energies T = 8.5, 11, and 15 MeV. We think that at these

energies the data represent the main properties of the

slow neutron spectra. The corresponding experimental

data for C, Cu, and Pb targets are presented in Fig. 2.

As seen especially for the lead and copper nuclei and

proton projectiles, the asymptotic behaviour takes place

at Plab ∼ 5−6GeV/c. The data for p+C reactions pre-

sented in [8] only for Plab ≥ 6GeV are poorer, and not

sufficient to draw the same conclusion. Thus, the ap-

proaching of the asymptotic regime seems to be inde-
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Fig. 1. Inclusive neutron production cross sections in p+Pb interactions at various projectile momenta: 1.4, 2, 3, and 5GeV/c

(a); 6, 6.25, 6.5, and 7 GeV/c (b); 7.5, 8.25, 8.5, and 9GeV/c (c). Points are experimental data [8]. Lines are FTF model

calculations

Fig. 2. (a, b) – Inclusive neutron production cross sections in p + A and π+ + A interactions at various projectile momenta

and θ = 119◦. Points are experimental data [8]. Lines are FTF model calculations. Solid, dashed, and dotted lines represent

the calculated cross sections at neutron kinetic energies 8.5, 11, and 15 MeV, respectively. (c) – Experimental cross sections

for p+ A and π+ + A interactions [8] only at Plab = 6GeV/c. The points for π+ + A interactions are shifted to the left for

clarity

pendent of the target nucleus, at least for medium and

heavy nuclei.

A more complicated situation takes place for π +A

cross sections (see Fig. 2b). According to our point of

view, the data at Plab = 6GeV/c do not fit the pattern.

The data for π+ + Pb interactions at Plab < 3GeV/c

decrease faster with energy decreasing than the data

for π++Cu interactions. Our calculations deviate more

from the data for π+ + Cu interactions than from the

data for π+ + Pb interactions in this energy range.

However, it seems that the approach to asymptotic be-

haviour for π+A interactions starts earlier than for p+A

collisions. To make a conclusion in this case, one needs

data at projectile momenta lower than 1 GeV/c.

According to the nuclear scaling hypothesis, the in-

clusive cross sections of fast nucleons scale as An. Look-

ing at Fig. 2c, one can see that the scaling coefficient de-

pends on the kinetic energy of the evaporated neutron

and on the projectile type, at least at Plab = 6GeV/c

where the data for pA and πA interactions are presented

in [8]. Thus, we can say that nuclear scaling is only ap-

proximate for evaporated neutrons, and we consider the

title of our paper to be a question for further experi-

mental and theoretical studies.

It is usually assumed that the slow nucleons are

produced during the relaxation of the equilibrated nu-

clear residuals, and various intra-nuclear cascade models

are successfully applied for simulation of the produc-

tion. The models simulate the fast stage of the reac-

tion. Subsequently, 4-momenta of produced fast parti-

cles are summed, and the excitation energies of residual

nuclei are calculated using energy-momentum balance.

Thus, the asymptotic behaviour of the spectra can re-

flect asymptotic properties of hadron-nucleon interac-

tions or a space-time structure of the production pro-

cess, such as the formation time of produced particles. It

Письма в ЖЭТФ том 102 вып. 5 – 6 2015



Scaling and asymptotic properties of evaporated neutron inclusive . . . 363

is complicated to consider the asymptotic properties of

hadron-nucleon interactions at energies below 10 GeV.

The formation time concept was criticized in [11] from

the view point of reggeon field theory. The method of the

excitation energy calculations given above cannot be ap-

plied to nucleus-nucleus interactions and it is likely that

there are additional problems. In many Monte Carlo

models for the simulation of hadron-nucleus interac-

tions a transition from the low energy cascade mod-

els to the high energy quark-gluon models occurs at

Plab ∼ 4−6GeV/c. For example, in the Geant4 toolkit

the transition between the low energy Bertini-like cas-

cade model (BERT) and the high energy FTF (Fritiof)

model [12, 13] is implemented. As shown by the HARP-

CDP experimental group [14], the transition leads to

irregularities which are not confirmed by experiment.

In order to clarify the problem and interpret our obser-

vations, we chose the Geant4 FTF model in which the

transition is presented in an implicit form.

The FTF model originates from the well-known

Fritiof model [15, 16]. It considers the creation and frag-

mentation of quark-gluon strings in hadronic interac-

tions. The simplified Glauber approach is applied at

the beginning of the FTF code to determine the partic-

ipating nucleons in hadron-nucleus and nucleus-nucleus

interactions3). After that string creation and fragmenta-

tion are simulated. The reggeon theory inspired model of

nuclear destruction (RTIM) [18, 19] is used for the calcu-

lation of nuclear remnant properties and the simulation

of the pre-equilibrium nucleon production4). Reggeon

theory inspired model assumes that the spectator nu-

cleons can be involved by the participating ones at the

first stage of the interaction. The probability to involve

a spectator nucleon having coordinates in the impact

parameter plane bi by a participating nucleon with co-

ordinates bj is written as

Pij = Cnde
−|bi−bj |

2/R2

, R ≃ 1.2 fm, (1)

Cnd = 0.00481Ae4(yp−2.1)/(1 + e4(yp−2.1)). (2)

Here, A is the mass number of the target nucleus and

yp is the rapidity of the projectile in the target nucleus

rest frame.

A quite complicated algorithm [21, 22] for ascribing

the momenta to the involved and participating nucleons

is used in the FTF model. Simplifying the exact expres-

3)A more advanced Glauber code is presented in [17].
4)Recently [20] RTIM was coupled with the HIJING model

which gives additional opportunities to design high energy ex-
periments.

sions, we can say that the particle momentum distribu-

tion is given by

P (pz,pT ) ∝ e−|pT |2/〈|pT |2〉e−(x−−1/NN )2/(0.3/NN )2 ,

x− = (E − pz)/(EN − PN ), (3)

〈|pT |
2〉 = 0.035+0.04e4(yp−2.5)/(1+e4(yp−2.5)) (GeV/c)

2
.

(4)

Where NN is the multiplicity of the involved and partic-

ipating nucleons, x− is the light-cone momentum frac-

tion, EN and PN are the re-defined energy and momen-

tum of the interacting nucleons of the target nucleus (see

[21, 22]). All numbers in Eqs. (1)–(4) were determined in

order to reproduce the HARP-CDP group experimental

data [23].

The reggeon theory inspired model (RTIM) of nu-

clear destruction is used in our calculations instead of

a standard intra-nuclear cascade model starting from

Plab ∼ (1.2−1.4)GeV/c. Thus, we have no transition

between models going from low to high energies.

The FTF model uses a method proposed in [24] to

calculate the excitation energies. It is assumed that each

involved or participating nucleon contributes to the ex-

citation energy, ∆e, distributed according to the law:

P (∆e) = e−∆e/〈∆e〉/〈∆e〉. (5)

We found that a good description of the ITEP data

presented above (see Fig. 1, solid curves) required that

〈∆e〉 ≃ 40MeV. This value also gives satisfactory re-

sults for the πA interactions (see Fig. 2). The data [10]

on the pA reactions at the energies of 800, 1200, and

1600 MeV are described by 〈∆e〉 ≃ 40MeV as well.

It is important to note that Eqs. (2) and (4) describe

a smooth transition from low to high energies. The cen-

ter of the transition region for the pA interactions deter-

mined by yp = 2.1 corresponds to Plab ≃ 3.8GeV/c. The

analogous value for the πA interactions is 570 MeV/c.

Such a difference between πA and pA interactions is rep-

resented in the data (see Figs. 2a and 2b, respectively).

We expect that the center of the transition region for

kaon-nucleus interactions will be located at intermedi-

ate values of the projectile momenta.

As seen in Figs. 1 and 2, the FTF model with tuned

parameters qualitatively reproduces the observed regu-

larities of the cross sections. The increase of the slow

neutron yield with the energy growth (see Fig. 2) at

Plab ∼ 1.4−4GeV/c is connected with increasing the

nuclear destruction which is regulated by Eqs. (1) and

(2) and reflects the growth of the reggeon cascading.

To check the applicability of the FTF model to

nucleus-nucleus interactions let us turn to experimen-

tal data on C + A interactions at 2 GeV/nucleon [25].
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Fig. 3. (Color online) Inclusive cross sections of neutron production in C+ Pb, Cd, Cu, Al, C interactions at 2GeV/nucleon

(from top to bottom). Points are experimental data [25]. Lines are our calculations

Fig. 4. Calculation of neutron kinetic energy flows in nucleus-nucleus interactions

In Fig. 3 we present the experimental data and our cal-

culations with the improved FTF model. The model is

seen to reproduce the experimental data, except for the

neutron yield in C + Pb interactions at T > 7MeV. The

source of the disagreement is now under study. The data

on p, d, α+Pb interactions [26], not shown in our paper,

are described quite satisfactorily. Thus, it is hoped that

the FTF model will give reliable predictions at other

energies.

One of the important applications of the model is

the estimation of neutron flow in nucleus-nucleus in-

teractions at high energy accelerators. Fig. 4 presents

our calculations of the neutron kinetic energy flows

at RHIC (BNL, USA) and LHC (CERN, Geneva) as

well as for the future NICA facility (JINR, Dubna).

Fig. 4a gives the flows for Au + Au interactions at

the nucleon-nucleon CMS energies, ECMS, of 5 and

10 GeV, which are planned for investigation at NICA

(dashed and solid lines correspondingly). Fig. 4b shows

the flows in Au + Au collisions at RHIC for ECMS =

= 130 and 200 GeV (dashed and solid lines, correspond-

ingly). The results for LHC (Pb + Pb and p+ Pb colli-

sions at ECMS = 2760 and 5020 GeV (solid and dashed

lines, respectively) are presented in Fig. 4c. The flows

are calculated as functions of pseudo-rapidity – η =

= − ln[tg(θ/2)], where θ is the angle between the beam

direction and the flow direction. Using these calcula-

tions, one can estimate the radiation dose of various

detectors and equipment. Phenomenological models are

usually applied for such estimates.

Other applications such as radiation damage in or-

ganic materials and electronic devices may also be con-

sidered within the proposed approach.

It should be noted that colliding beams are used at

LHC and RHIC, and will be used at NICA. The beams

circulate in opposite directions. At the LHC, each of

the beams had 1380 GeV/nucleon for Pb + Pb collisions.

For p + Pb collisions, the beam of the lead nuclei had

1577 GeV/nucleon, and the proton beam had an energy

of 4000 GeV. These resulted in ECMS = 5020GeV. The

neutron distribution in η is asymmetric for the p + Pb

collisions. The neutron yield from the lead nuclei rem-

nants at η > 0 is larger than the yield in the proton

fragmentation region (see dashed line in Fig. 3c). Since

the lead nuclei had almost the same energies for PbPb

and pPb collisions, dE/dη distributions are quite close

at η > 10 (see Fig. 3c). The difference between the dis-

tributions at η < 10 is caused by the different excitation

energies of the remnants. This can be checked by exper-

iment.
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Finally, we would like to say that all the results

presented in this paper can be reproduced using the

FTFP_BERT physics list in Geant4 release G4_10.2

which will be available in early December, 2015. A test

version of the release (G4_10.2.beta) became available

to the public in late July, 2015.
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thankful to V.I. Yurevich, A.G. Litvinenko, and
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