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Soft Neutron Production - a window tothe Final State Interactions in DISM. Strikmana;b, M.G. Tverskoyb, M.B.Zhalovb(a) Pennsylvania State University, University Park, PA, USA(d) S.Petersburg Nuclear Physics Institute, RussiaAbstract: We analyze the production of soft neutrons (En � 10 MeV) in deepinelastic scattering and conclude that the recent E-665 data indicate strong sup-pression of the �nal state interactions in DIS at high energies. Hence we suggestthat studies of the energy dependence of the soft neutron yields would provide asensitive probe of the dynamics of the �nal state interactions in DIS.The �nal state interactions (FSI) in deep inelastic scattering allow us to probe the space-time evolution of strong interactions. Observing these e�ects is a challenging job, especially ifone wants to study their energy dependence. The soft neutron yield (En � 10MeV ) is oneof the very few observables which can be studied both at �xed target energies using standarddetectors of low energy neutrons and at collider using a forward neutron calorimeter 1The mechanism of soft neutron production is reasonably well understood - such neutronsare produced by pre-equilibrium emission and evaporation from the residual nuclear system leftafter the cascade stage of the fast particle-nucleus interactions. In the case of heavy nuclei theseneutrons provide the major channel of \cooling" of the residual system. For intermediate A,where the Coulomb barrier is not high, neutrons take away about half of the excitation energy,with the rest carried by the charged fragments.The total neutron multiplicity is approximately proportional to the number of nucleonsknocked out from the nucleus at the fast stage of interaction provided the number of thenumber of of knocked out nucleons is su�ciently small. Therefore, the measurement of such amultiplicity should provide a global measure of the number of wounded nucleons. The standardMonte-Carlo cascade codes describe the neutron yields in the intermediate energy reactions(Einc � 1GeV ) reasonably well. We estimate the precision of current codes to be on the level� 20%, which includes all possible reasonable variation of the input parameters such as thelevel density of nuclear states, etc.Recently the E-665 collaboration [2] has reported the �rst data on the production of lowenergy neutrons with kinetic energies En � 10 MeV in DIS of high energy muons o� a numberof nuclear targets: D, C, Ca, Pb. Relatively small average multiplicity of such neutrons,hNn(A)i was reported: hNn(Pb)(En � 10 MeV)i ' 5� 1� 0:3: (1)hNn(Ca)(En � 10 MeV)i ' 1:8� 0:5� 0:3: (2)The second error re
ects systematic errors associated with the method of background subtrac-tion which assumed that background is the same as for scattering o� the deuteron. Obviously1Note that for collider kinematics, soft neutrons have energies � EA=A and very small transverse momenta.As a result the H1 and ZEUS neutron detectors have nearly 100% acceptance for these neutrons. [1]



this assumption is more important for the case of lighter targets where overall neutron multi-plicity is smaller. Hence we will concentrate on the analysis of the Pb data and brie
y commenton the Ca data.It appears that the only available high-energy data on production of soft neutrons wereobtained at ITEP [4] for the incident protons with 1.4 � pincp � 9 GeV/c. We �nd that inthe overlapping energy range: 7.5 MeV � En � 10 MeV the spectra measured in the twoexperiments using lead target have similar shapes. However, the neutron multiplicity is muchhigher for the high-energy proton projectiles, which re
ects the much larger number of woundednucleons in pA interactions. To compare the number of neutrons produced per wounded nucleonwe calculated 1A�tot(aN) d�3(a+A!n+X)d3p=E for proton and muon projectiles, since in the Glauber typemodels without secondary interactions this quantity does not depend on the projectile [3]. Westill found about a factor of two larger value of this quantity for the proton case, indicatingthat secondary interactions are more important for the proton projectile.The DIS data were taken for small x where some nuclear shadowing is observed. Shadowingleads to increase of the fraction of di�raction events in which no neutron is produced. Howeverat the same time shadowing leads to increase of contribution of events where 
� inelasticallyinteracts with � two nucleons. It is easy to check that the overall e�ect is a small increase inthe neutron multiplicity. So for the rough estimates we will neglect shadowing in the furtheranalysis.It is generally assumed that in DIS high-energy hadrons are formed beyond the nucleusand that only hadrons with energies � few GeV are involved in FSI. The most conservativeassumption seems to be that only recoiling nucleons reinteract in the nucleus. The spectrumof these nucleons can be approximated at small x and not very large energies, where the triplePomeron contribution is still small, as1�
�p zd�
�+p!N+Xdzd2pt / exp(Ap2t )pz; (3)with hp2t i1=2 � 0:4 GeV/c, see discussion in [3]. Here z is Feynman x for the nucleons. Thereforethe average kinetic energies of the produced nucleons in the nucleus rest frame are of the order300-400 MeV. Hardly any time formation arguments could be applicable in this case. Soproduction of soft nucleons through the creation of the hole due to removal of one nucleonand subsequent interactions of this nucleon with the rest of the nucleus should be consideredas a lower limit for the rate of the soft neutron production. This limit obviously does notinclude production of soft neutrons in the process of absorption of slow pions produced in theelementary lepton-nucleon DIS, for which time formation arguments do not apply as well.To estimate this lower limit we used a Monte Carlo code for the intermediate energy hadron-nucleus interaction for all stages of the process: cascade, which includes processes of knock-out of nucleons, production and subsequent interaction of pions, pre-equilibrium emission andevaporation of neutrons and charged particles, see e.g. [5]. The total number of simulatedevents in every case was 50000. We focused on the case of scattering o� Pb, since the muondata are more accurate in this case. We checked our version of the code using ITEP data [4].and found a good agreement with these data, see Fig.1, con�rming that we can trust predictionsof the code with stated above accuracy of about 20 %. To calculate the rate of the soft neutronproduction we considered the following model: (i) a nucleon was removed from any point in thenucleus with a probability proportional to the nuclear density; (ii) An energyW was assigned to



it, (iii) Nucleon propagation in the nuclear medium and subsequent production of soft neutronswas modeled using the Monte-Carlo code tested using pA data.The multiplicity of the produced neutrons for di�erent cuto�s in En is shown in Fig.2.One can see that for kinetic energies of interest: 200 MeV � W � 500 MeV the soft neutronmultiplicities rather weakly depend on W . We estimatehNn(Pb)(En � 10 MeV)ilowerlimit = 6� 1:5; (4)which is reasonably close to the experimental number of 5� 1. Qualitatively, the shape of theenergy distribution is also reproduced. However, the shape for En � 2MeV is more sensitiveto the energy spectrum of the knocked out nucleons. Thus a more detailed comparison withthe data would require modeling of the initial spectrum of the knock out nucleons. This willbe reported elsewhere. In the case of �Ca scattering our limit for the same cuts is Nn(Ca) �1:2�0:2 which is somewhat smaller than the number reported by E-665 (eq.2). However withinthe systematic errors the lower bound is not signi�cantly below the data. Note also, that inthe case of A� 200 one needs to perform further tests of the codes since deexcitation processis more complicated in this case: for Ca about 50% of the energy is released via emission ofprotons and heavier fragments, though for A � 200 neutrons carry practically away practicallyall excitation energy.Let us brie
y discuss how many more extra neutrons one could expect from the secondaryinteractions e.g. in the string models, where produced quark interacts with e�ective crosssection �eff � 20 mb, for discussion of these models and references see [6]. The total number ofnucleons knocked out by the quark can be easily calculated if the nucleon correlations in nucleiare neglected: �N(A) = �eff A� 12A2 Z T 2(b)d2b; (5)where T (b) = R1�1 dz�A(b; z), and nuclear density �A(~r) is normalized to R d3r�A(~r) = A. For20 � A � 200, �N(A) / A0:5. For �eff = 20 mb: �N(Ca) ' 0:7, �N(Pb) ' 1:5. Naivelythis would lead to increase of our lower bound estimate by a factor of 1.7 and 2.5 respectively.Clearly, this would be hard to accommodate at least in the case of scattering o� Pb.Thus we conclude that the E-665 data for neutron yield from Pb indicate substantial sup-pression of FSI. To reconcile this with the data at lower energies where substantial FSI e�ectswere observed one would need to assume that FSI decrease with increase of the energy. Thisis consistent both with the trend of the E-665 data for hNn(Pb)(En � 10 MeV)i to fall withincrease of Einc and with decrease of the probability for the produced fast hadrons to reinteractwith nuclei which was also observed by E665 [7].We conclude that a systematic study of the energy dependence of the neutron yield startingfrom the incident energies available at HERMES is necessary. Since the absorption of theleading hadrons is expected to decrease rather rapidly with increase of Einc in the HERMESenergy range, one can expect substantial decrease of the soft neutron yield in the HERMESkinematics. It would be interesting to study correlation between the soft neutron multiplicityand the spectrum of leading hadrons (z-distribution, pt broadening, etc). It is necessary alsoto repeat the E665 experiment at higher energies to check the rather amazing �nding of thisexperiment of the low rate of production of soft neutrons. If the decrease with Einc and lowneutron multiplicity at E� � 200 GeV are con�rmed, the soft neutrons would provide a perfecttool to look for relatively rare �nal state interactions in DIS at HERA collider at small x by



Figure 1: Comparison of the resultsof the Monte Carlo cascade-evaporationcalculation of the neutron spectra inp+ Pb! n+X process -solid curveswith the ITEP data [4] at Pp = 1:4GeV=cand Pp = 2GeV=c - dashed lines withopen circles and squares.
Figure 2: Multiplicity of neutrons producedin the process where a nucleon with energy Wwas produced inside Pb for di�erent energyintervals of the neutron energy. Dotted, solid,dashed curves are multiplicities of evaporatednucleons for 0 � Tn � 6 MeV, 0 � Tn � 10,0 � Tn � 50 MeV dashed-dotted curve is thetotal neutron multiplicity.selecting events with much larger than average neutron multiplicity. The study of soft neutronproduction at the electron machines for x � 1 and Q2 = 0:5� 1GeV 2 would be also of help tocheck dynamics of low-energy FSI.We would like to thank K.Gri�oen for discussions of the E-665 neutron data, G.van derSteenhoven for useful comments and B.Z.Kopeliovich for discussion of the string models. Theresearch was supported by the DOE grant DE-FG02-93ER40771 and the ISF grant SAK 000.References[1] J.Chwastowski and M.W.Kransy, Contribution to this volume.[2] E665, M.R.Adams et al Phys.Rev.Lett. 74 (1995)5198.[3] L.Frankfurt and M.Strikman, Phys.Rep. 76,217(1981).[4] Yu.D. Bayukov et al., ITEP-172, 1983.[5] V.S.Barashenkov and V.D.Toneev "Interaction of high energy particles with nuclei"Moscow, 1972.[6] B.Z.Kopeliovich, Contribution to this volume and private communication.[7] E665, M.R.Adams et al, Z.Phys..C61,179,1994


