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INVESTIGATION OF ASYMPTOTICS IN RELATIVISTIC 
NUCLEAR PHYSICS AT FAIR AND NICA 

A.Malakhov 

JINR, 141980, Dubna, Moscow region, Russia 

Abstract 
The possibility of studying asymptotic properties of a nuclear matter on accelerators FAIR and 

NICA is discussed. It is shown that for this purpose can serve CBM and MPD setups well. 

1. Introduction 
The experimentally observable quantities which characterize multi-quark processes 

are the cross sections of multiple particle production in relativistic nuclear collisions: 

I+ II - 1+2+3+ ... (1) 

The problem is to describe the properties of the momentum distributions of secondary 
particles 1, 2, 3, ... in terms of the quark degrees of freedom starting from the principles 
and minimum number of hypotheses of a general nature. 

In the invariant method of analyzing multiple particle production the processes ( 1) are 
considered in a space the points of which are the four-velocities ui = P/mi or the four­
momenta Pi of the particles divided by their masses mi [ 1, 2]. 

The basic quantities which the probability distributions ( cross sections) depend upon 
are dimensionless positive relativistic invariant quantities: 

bik= -(ui-ud (2) 

where ui =Pi/mi, Uk= Pk /mk, i, k = l, II, 1, 2, 3, .... 

It is possible to suggest the classification of relativistic nuclear collisions on the bik 
basis in the following manner (fig.1): 

1. The domain bik ~ 10-2 corresponds to the interaction of nuclei as weakly bound 
systems consisting of nucleons. This is domain of classic nuclear physics. 

2. The domain bik ~ 5 is an intermediate one. Here the quark degrees of freedom 
important in rebuilding of hadron systems. It is so called cumulative domain. 

3. The domain ~ 10 > bik > 5 is mixed phase domain. Here the matter exists as f mix 
quarks and hadrons. 

4. In region bik >> 1 hadrons loss their meaning of the quasi-particles of nuclear 
matter and nuclei should be considered as quark-gluon systems. 
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Fig.1. Classification of relativistic nuclear collisions on the b;k-

2. Asymptotics in Relativistic Nuclear Physics 

A rigorous statement which makes it possible to describe the asymptotic freedom of 
quark and gluon fields in terms of observable quantities is the correlation depletion 
principle (CDP). CDP was offered by N.N.Bogolyubov in statistical physics as universal 
property of the probability distributions for particle location in ordinary space-time (r, t). 
The principle is based on the idea that the correlation between largely spaced parts of a 
macroscopic system practically vanishes and the distribution is factorized. CDP in 
Relativistic Nuclear Physics was suggested by A.M.Baldin in four-velocity space. Due to 
complementary of r;k and b;k this principle is quite opposite to the Bogolyubov CDP. The 
Bogolyubov CDP is valid for \r; - ri ----+ 00 while the Baldin CDP is fulfilled for \r; - rl 
---► 0 (or b;k---► 00) according to the asymptotic freedom. CDP illustrates the fig.2 [3]. 

a /3 
. . . . • 

•. :•·· bap • .• • 
b . • • • . • . . . 

a, • ··---.---_,__-----. -• ....z....1. • b 
• • • • • • • • '/1/1, 

• • fJ . . . . 
Fig.2. Schematic view of the correlation depletion principle in four-velocity space. 
Correlations between largely spaced parts a. and /3 of the particle system vanishes when 
the distance bap in four-velocity space between the centers of systems a. and /3 tends to 
infinity. The probability distribution which characterized the system is factorized W ----+ 

Wa·Wp at hap---► =. 

CDP makes it possible to introduce the notion of isolated system. Let Va be the middle 
point of a system (group) of strongly interacting particles, u; - four-velocity of an i-th 
particle entering the system and uk - four-velocity of a k-th particle not belonging to the 
system. The system is isolated if bai for all the particles entering the system is much 
smaller than for all the particles not belonging to the system: 

bai << bak (3) 

(4) 
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bak = - ( Va - uk)2 (5) 

The important examples of the isolated system are the hadron jets. In four-velocity 
space the jet is a claster of hadrons with small relative b;k. 

The jet axis (a unit four-vector): 
V= 'f.(u; l✓(f.u;)2 (6) 
v/ - v2 = 1. (7) 

The summation is performed over all the particles belonging to a selected particle group 
(claster). 

It is possible to determine the squared four-velocity with respect to the axis: 

bk = - (V - u,/. (8) 

The bk distributions of 1( mesons in the jets produced in events of different types are 
presented in fig.3. It is possible to make following conclusions: 

1. Distribution of n mesons on bk in jets of hadron-hadron and hadron-nucleus 
collisions at high energies are universal. They do not depend either on the collision 
energy, or on the type of fragmenting system. 

2. This universality of properties of four-dimensional hadron jets indicates that the 
hadronisation of quark systems is defined by the dynamics of interaction of a color 
charge with QCD vacuum. 

""t"' rrag,11~111aiion 

•t I J'\ • JT=p . -IOCeV/t 

10 r. :♦ n Jr C 40GeWt 

J dN 
N db, 

·2 
IO i-

ii 
\, • 1!._P ZOSG.-Vlc 

9' " P/1 2l.4(M'/r 
4 
f . lwe.om fragntrulatu,n 1 • JT-C -iO GeWt 

). 
·~i, 

<bk>=4 

;1 i, I• ;l 

•3 
to I-

,. 

' 
0 10 20 30 

b,. 
Fig.3. The bk distributions of n· mesons in the jets produced in events of different types. 

For jets : <by~ 1, for hadrons: <by << 1. 
The important property of relativistic nuclear interactions, which was used in the 

investigations of the nuclear interactions in four-velocities space, is the automodelity. 
The introduction of a self-similarity parameter IT [7]: 

IT= min[l/2_(u1N1+ uuNu )2] 

leads to the description of the invariant production cross section for an inclusive 
particle in the form [8]: 
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(10) 

where C1 = 1.9· 104 mb·GeV-2 c3·sC1, C2 = 0.125 ± 0.002. 
In formula (9) the N1 and Nn are cumulative numbers of the interacting nucleus I and 

II in reaction ( 1 ). 
This equation describes a very large amount of experimental data in a wide region of 

change of the cross sections (by 10 orders of magnitude) and of the energy for different 
particles and interacting nuclei. 

Using the self-similarity parameter TI (9) an analytical expression was obtained for the 
inclusive invariant cross section of production of particles, nuclear fragments and 
antinuclei in relativistic nuclear collisions in the central rapidity region [ 4]. 

The quantities N 1 and N11 become measurable if we take into account the law of 
conservation of four-momentum in the form 

(11) 

neglecting the relative motion of the remaining not detected particles. Here mo is the 
nucleon mass, 6,. is the mass of the particles providing conservation of the baryon 
number, strangeness and other quantum numbers. For antinuclei and K mesons (the case 
of antimatter formation) 6,. = -m1• For particles produced without accompanying 
antiparticles (n mesons, jets and others) 6,. =0. 
Using condition (11) it is possible to find value (9) in the central rapidity region. 

The analytical representation for TI enables us to draw the following conclusions: 
1. There exists the limiting value of TI. 
2. The expression for TI is factorized and proportionality of it to the inclusive particle 

mass m1 makes it possible to test in detail the self-similarity laws and the cross section 
exponentially quickly decreases with increasing m1• In particular, this implies that the 
probability of observing even light antinuclei and fragments is insignificantly small. 

3. The yield of strange particles in the central rapidity region increases with increasing 
collision energy. 

4. The effective number of nucleons involved in the reaction decreases with increasing 
collision energy. 

In this approach it possible make predictions of the ratios the cross section some 
particles. The predictions of the ratios of the production cross section for antiparticles to 
that for particles are presented in Fig. 4. The calculations were carried out for a fixed 
target and energy of incident nuclei in laboratory system. 

1 01 1 02 1 03 1 04 1 os 1 os 1 011 oa 
E, A,GeV 

Fig. 4. Predictions of production cross section ratios for antiparticles to particles 
versus laboratory collision energy. 
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In intermediate energies where one does not observe a good jet separation it is more 
convenient to employ for separating out two jet the quantity 

A2 = min [-L(Va- uk)2- L(Vp- u; )2 ], 

for separating out three jets the quantity 

(12) 

A3 = min [-L(Va - uk}2 - L(Vp- U; )2 - L(Vy- Uj )2 ], (13) 

and so on. 

Distribution of jet axes is well described QCD as result of the production of quarks 
and gluons (i.e. color charges). In other words studying of jets is studying of deformation 
of vacuum by a color charge, studying of the deconfinement. 

Now in Germany in Darmstadt the new accelerator complex FAIR [5] is realized and 
in Dubna the project of the NICA collider [6] is offered. In these centers the heavy ion 
beams with energy in laboratory system in some tens GeV is planned. 

On FAIR setup CBM [7] is created, and on NICA setup MPD [8, 9] is planed. These 
setups high multiplicity of hadron production will register well. 

The Physics Program of CBM is following: 
• Deconfinement phase transition at high PB 

- excitation function and flow 
of strangeness (K, A, I:, 3, Q) 

- excitation function and flow 
of charm (J/\/f, \/f', DO, D±, Ac) 

- melting of J/\/f and \/f' 
• QCD critical endpoint 

- excitation function of 
event-by-event fluctuations 

• The equation-of-state at high PB 
- collective flow of hadrons 
- particle production at threshold energies 

• Onset of chiral symmetry restoration at high PB 
- in-medium modifications of hadrons (p,co,q> ➔e+e-(µ+µ-), D). 

The physical program of NICA/MPD includes study of in-medium properties of 
hadrons and nuclear matter equation of state, including a search for possible signs of 
deconfinement and/or chiral symmetry restoration phase transitions and QCD critical 
endpoint. 
This program includes scanning in beam energy and centrality of excitation functions for 
obtaining information about: 

• Multiplicity and global characteristics of identified hadrons including 
(multi)strange particles 

• Fluctuations in multiplicity and transverse momenta 
• Directed and elliptic flows for various identified hadrons 
• Particle correlations 
• Dileptons and photons. 
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Thus it is possible detailed studying of a hadron and hadron jets production in 
asymptotic energy region at CBM and MPD setups. 

3. Conclusion 

CBM at SIS-I 00 and MPD at NICA are a unique opportunity for investigation of 
asymptotic of the nuclear interactions. The parameters of the CBM and MPD and energy 
region of FAIR and NICA are very well corresponded for investigations of the initial 
stage of asymptotic regimes and asymptotic regimes of nuclear collisions. 
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RELATIVISTIC PARTICLES PRODUCED IN 208 Pb 
INDUCED NUCLEAR COLLISIONS AT 158 A GeV /c 

S. Vokala,l and J. Vrlakovaa 

a) P. J. Safarik University, Kosice, Slovakia 

Abstract 
The angular structures of relativistic particles produced in 208 Pb+ Ag(Br) collisions in 

emulsion detector at 158 A GeV /c have been studied. Three different methods of analysis 
have been used - scaled factorial moments, wavelets and parameter S2. 

An evidence for nonstatistical fluctuations has been shown using the method of scaled 
factorial moments in pseudorapidity phase space. The comparative study has been done for 
different beam energies and masses and Pb + Em events with different degree of centrality. 
No clear minimum has been found in the dependences of intermittency parameter >.q on q. 

The continuous wavelet transform has been applied to the pseudorapidity spectra of 
produced particles. Some irregularities have been revealed mainly in the scale range a ::; 0.5 
which can be interpreted as the preferred pseudorapidities of groups of emitted particles. 

The nonstatistical ring-like structures of produced particles in azimuthal plane of a colli­
sion have been found and their parameters have been determined when the azimuthal struc­
tures of produced particles have been investigated using the S2-method. 

1 Introduction 

One of the topics intensively investigated in nuclear collisions at high energies is to 
search for phenomena connected with large densities obtained in such interactions. 
The existence of quark-gluon plasma (QGP) have been predicted in the frame of the 
quantum chromodynamics. As an example, the transition from the QGP back to 
the normal hadronic phase was predicted to give large fluctuations in the number of 
produced particles in local regions of phase space [1, 2]. 

The goal of our work was to present our last results obtained when some pecularities 
in the emission of relativistic particles produced in 208 Pb+ Ag( Br) interactions at 158 
A Ge V / c have been studied. There are many methods proposed to analyze such effects 
in relativistic interactions of two nuclei. Three methods have been used in our analysis: 

• method of S2 -parameter [3], 

• wavelet method [4], 

• scaled factorial moment method [5]. 

The S2 -parameter and wavelet methods are described and some selected results are 
discussed. The main aim of this paper is to present some new results of the search for 
fluctuations of relativistic particles produced in 208 Pb induced interactions with Ag( Br) 
targets at the CERN SPS energy using the method of scaled factorial moments. 

Experimental sample was collected in the EMU12 experiment organized by the 
EMUOl Collaboration [6, 7]. Comparison of experimental data with model calculations 

1 E-mail: stanislav. vokal©upjs. sk 
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for events with different degree of centrality and for different beam nuclei have been 
done using the modified FRITIOF [8, 9] and cascade models [10]. 

2 Experiment 

Nuclear emulsions were irradiated horizontally by 158 A GeV /c 208 Pb beam at the 
CERN SPS - experiment EMU12. Experimental details can be found in [6, 7]. In the 
measured interactions all charged secondary particles were classified according to the 
commonly accepted emulsion experiment terminology into following groups: 

• b-particles (black) - singly and multi-charged fragments evaporated from the 
target; 

• g-particles (grey) - charged particles with a range ?: 3mm, 
b- and g-particles are target fragments with /3 < 0. 7; 

• s-particles - the relativistic particles with /3 ?: 0. 7 emitted outside the fragmen­
tation cone, this group includes particles produced in the interactions as well as 
those knocked-out from the target nucleus; 

• £-particles - the projectile fragments with /3 ~ 0.99. 

The schematic view of our experimental setup is shown in the Fig.1. 

b 10, s 

Beam 

Figure 1: Our experimental setup. 

The polar (0) and azimuthal (w) emission angles of all tracks were measured. The 
pseudorapidity (TJ = -ln[tan ~]) was calculated for each relativistic particle. 

The event of 208 Pb nuclear interaction in emulsion detector is presented in the Fig.2. 
One can see the primary track of Pb nuclei on the left side and the tracks of produced 
particles, mainly fragments, on the right side. 

The dependence of the number of produced relativistic particles (Ns) on the impact 
parameter b;mp calculated by the FRITIOF model for 208 Pb+ Em collisions at 158 A 
GeV /c is shown in Fig.3 for different emulsion targets [11]. One can see that interac­
tions with Ns > 350 are those of lead nuclei with the heavy emulsion targets Ag and 
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Figure 2: The 208 Pb interaction in emulsion detector at 158 A GeV /c. 

Br. The group with Ns 2: 1000 comprises the central Pb+ Ag(Br) interactions with 
impact parameter b;mp ::::::i (0 - 2)fm. 

For the analysis 64 events with the number of relativistic particles Ns > 350 have 
been selected from the total number of 628 minimum bias events of 208 Pb+ Em inter­
actions at 158 A GeV /c. 

3 Methods of analysis 

In our previous investigations three different methods of analysis (the method of S2-

parameter, wavelet analysis and the method of scaled factorial moments [3-5]) have 
been used. Two methods (wavelet and Srparameter) are described and some selected 
results are presented here. As was mentioned above in the introduction the main aim 
of this paper is to present some new results of the search for fluctuations of relativistic 
particles produced in 208 Pb induced interactions with Ag(Br) targets at the CERN 
SPS energy made by the method of scaled factorial moments. 

3.1 Method of the S2-parameter 

The method of Srparameter was proposed by E. Stenlund (EMU0l Collaboration) 
and detailed study of the average values of the parameter S2 was done in [3]. 

The azimuthal substructure of particles produced in ultra-relativistic heavy-ion 
collisions was investigated. It was find out that the observed substructure seems to be 
of stochastic nature and the features of the experimental data can be understood when 
effects like gamma-conversion and particle interference (HBT) are taken into account. 

How it was find out in [3]? When azimuthal distributions of particles from relativis­
tic heavy-ion collisions, produced within a narrow region of pseudorapidity, are studied, 
two classes of spectra are seen (Fig.4.). The jet-class consists of cases where several 
particles seem to form clusters in the azimuthal plane, clusters which are separated 
with rather large void regions, as sketched in the left figure. The ring-class consists 
of cases where the particles are distributed almost regularly as the spokes in a wheel 
(right figure). 

In the Sr method [3] the multiplicity Nd of the analyzed subgroup from an individual 
event is kept fixed. Each Nd tuple of consecutive particles along the T/ axis of individual 
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Figure 3: The dependence of multiplicity of produced relativistic particles Ns on the 
impact parameter bimp for 208 Pb+ Em collisions at 158 A GeV /c for different emulsion 
targets calculated by the FRITIOF model. 

event can then be considered as a subgroup characterized by: 

• a size flryd = T/max - T/min, where T/min and T/max are the pseudorapidity values of 
the first and last particles in the subgroup; 

• density Pd = Nd/ flT]d; 

• average pseudorapidity ( or subgroup position) T/m = '5:, ry;j Nd. 

To parametrize the azimuthal structure of the subgroup in a suitable way, a pa­
rameter S2 of the azimuthal structure has been suggested, where fl¢ is the difference 
between azimuthal angles of two neighboring particles in the investigated group (start­
ing from the first and second and ending with the last and first) 

(1) 

For the sake of simplicity, fl¢ was counted in units of full revolutions fl¢; = l. The 
parameter S2 is small (S2 --t 1/Nd) for the particle groups with the ring-like structure 
and is large ( S2 --t 1) for the particle groups with the jet-like structure. 

The expectation value for the parameter S2 , in the case of a stochastic scenario 
with independent particles in the investigated group, can be analytically expressed [3] 
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as 
2 

(S2) = (Nd+ 1) (2) 

This expectation value can be derived from the distribution of gaps between neighbors. 
The Fig.5 shows the results of the analysis of the generated FRITIOF + HBT sample, 

with and without 'Y -conversion, compared with the results obtained from the data [3]. 
One can see, that except for some additional jet-structure seen by the S2 parameter 

for the dilute groups, the features of the data can be understood as a superposition of 
stochastic fluctuations, 'Y - conversion and particle interference. Finally it was conluded 
in [3] that jet-like and ring-like events do not exhibit significant deviations from what 
can be expected from stochastic emission. But average value studies do not give a full 
information about an effect. Next step was performed in 2002 [12] where the systematic 
study of the S2 -spectra for subgroups of the particles produced in 197 Au induced 
collisions with heavy targets (Ag, Br) in emulsion detector has started. N onstatistical 
ring-like substructures have been found and cone emission angles as well as other 
parameters have been determined. 

What we can expect to see in the experimental S2/ (S2) distributions in different 
scenarios was shown in 2004 [13]. It is illustrated shematically in Fig.6 using for 
example Gauss distributions. In case of a pure stochastic scenario the distribution 
would have a peak position at l. The existence of the jet-like structures in collisions 
results to appearance of additional S2 distribution from this effect, but shifted to the 
right side in comparison with stochastic distribution. Analogously, the existence of 
the ring-like structures results to appearance of additions to S2 distribution from this 
effect but shifted to the left side. As a result, the summary S2 distribution from these 
three effects may have different form and depends on mutual order and sizes. 

After the experimental normalized S2 / (S2) distributions compared with the distri­
butions calculated by the FRITIOF model have been investigated [14]. One of the 
results is shown in the Fig. 7 ab. 

The model spectra were aligned according to the position of the peak with the 
experimental one. The FRITIOF includes neither the ring-like nor the jet-like effects, 
so the model spectra are used like the statistical background. Except this, in [3], it was 
shown that the S2 distribution for the FRITIOF model coincides with the calculated 
distribution in the case of the stochastic scenario with independent particles in the · 
investigated group. 

One can see that the experimental distributions are broader than the spectra calcu­
lated by the FRITIOF model. The experimental distributions have a surplus of events 

Jet-Like Ring-Like 

Figure 4: Examples of two extreme azimuthal structures: (a) jet-like, (b) ring-like. 
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Figure 5: The dependence of the parameter S2 on group size for central 200 A GeV 
S + Au interactions, Ns 2: 300, Nd = 35. The dashed line indicates the expectation 
values for purely stochastic emission. 

z 120 .-----------------, 

100 

80 

60 

40 

20 

0.4 1.2 1.4 1.6 1.8 

S2/ <S2> 

Figure 6: The example of possible summary S2/ (S2) - distribution from three effects: 
stochastic + ring-like + jet-like effect distribution. 

on both sides of the center. Such a situation takes place for all Ns and any Nd groups 
which were examined. 

The results obtained from the experimental data after the subtraction of the statis­
tical background are shown in Fig.7cd. The obtained distributions have two very good 
distinguishable hills, the first in the region 82/(82 ) < 1, where the ring-like effects are 
expected, and the second in the jet-like region (82/(S2) > 1). 

The preliminary result is that the azimuthal structures of produced particles from 
collisions induced by the 158 A GeV /c 208 Pb beams with Ag(Br) targets in the emulsion 
detector have been investigated and the additional groups of produced particles in the 
region of the ring-like structures (S2/(82 ) < 1) and the jet-like structures (S2 /(S2 ) > 
1) in comparison to the FRITIOF model calculations have been observed [11, 14]. 
Analogical situation have been observed in the interactions of 11 A GeV /c 197 Au beams 
with heavy targets in the emulsion detector [13]. 
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Figure 7: The S2/(S2) distributions for 208 Pb+A9(Br) collisions at 158 A GeV/c with 
N8 ~ 1000: the experimental one compared with FRITIOF model calculations for 
subgroup with (a) Nd= 60 and (b) Nd= 90. The experimental S2/(S2) distributions 
after the subtraction of the FRITIOF ones for (c) Nd= 60 and (d) Nd= 90. 

3.2 Wavelet method 

The distributions of both the azimuthal and polar angles of produced particles have 
been investigared simultaneously to observe irregularities in particle emission. The 
continuous wavelet approach was applied to the angular spectra of the relativistic 
particles created in A-u and Pb induced nuclear collisions at AGS a SPS energies [15, 
16]. The wavelet pseudorapidity spectra have been subsequently surveyed at different 
scales to look for signs of ring-like structures. The particles contributing to the ring-like 
structures are expected to give peaks or bumps at certain typical pseudorapidities and · 
to have approximately uniform azimuthal distributions (at certain scales). 

Wavelet pseudorapidity spectrum of event is the sum of wavelets representing the 
individual particles. Wavelet coefficients W,t,(a, b) reflect the probability to observe 
particle at some pseudorapidity b and scale a. 

W,t,(a, b) = _!._ t a-1/2,,;;('li - b) 
N i=I a 

(3) 

The second derivative 92 of Gaussian function ( also known as Mexican hat) was 
chosen as a mother wavelet. 

Wavelet 92 pseudorapidity spectra for all s-particles at the three different scales a 
are presented in the Fig.8 [16]. 

The bmax spectra plotted for the four different scale intervals are presented in Fig.9 
[16]. The scale intervals were introduced to investigate how an occurence of maxima 

W,t,(amax, bmax) depends on scale. 
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One can see that the local maximum reffered to as irregularities were uncovered 
in the wavelet pseudorapidity distributions mainly in the scale range a '.S 0.5. These 
irregularities indicate the preferred pseudorapidities of groups of emitted particles. 
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Figure 8: Wavelet g2 pseudorapidity spectra of all the studied Pb events seen at the 
three different scales a. 

>< 
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..0 90 
"'C 
Zso 
"'C 

Figure 9: bmax spectra of the experimental Pb + Em events seen in the four scale 
bands: 1.)-0.05 < <Lmax '.S 0.1, 2.) -0.1 < G.max '.S 0.2, 3.) - 0.2 < G.max '.S 0.3, 4.) 
-0.3 < amax '.S 0.45. 

3.3 Scaled factorial moments method analysis 

Experimental data on particle fluctuations in small space domains have been presented 
for various high energy multiparticle collisions. Bialas and Peschanski [17, 18] suggested 
to study the dependence of factorial moments Fq, where q is the order of the moment, 
as a function of the bin width 817. The intermittent behaviour should lead to a power 
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law dependence of the factorial moments on the bin size Fq <X ( t )'Pq, <pq > 0, where 
b,,.77 is the pseudorapidity interval of produced relativistic particles. 

Three methods: method of horizontal factorial moments (HFM), vertical factorial 
moments (VFM) and mixed moments (MFM) have been proposed in [5]. The stan­
dard horizontal factorial moments F~H) characterizing the eth event are defined by the 
following formula: 

p(H)( ) = Mq-1 ~ F(nme; q) 
e q f::1 [NiH)]q ' 

(4) 

where M is the number of equal bins of size 877 into which the pseudorapidity interval b,,.·17 
has been divided, nme is the number of shower particles in the mth bin. Non averaging 
and non normalized factorial moments are given by F(n; q) = n(n - 1) ... (n - q + 1). 
Vertical averaging of F~H) gives the full form 

p(H)(q) = ~ t p}H)(q). 
e=l 

M 
Denominator of the horizontal moment ( 4) is N~H) = I: nme· 

m=l 

(5) 

,Vertical analysis is suggested in case of rare events with sharps peaks. In this case 
the normalized standard vertical moments characterizing the mth bin are given by 

F;,;')(q) = Eq-1 ~ F(nme; q) 
~ [N(V) 
e=l m Jq 

and the horizontal averaging gives the full form 

p(V\q) = ! f pf)(q), 
m=l 

(6) 

(7) 

E 
where Nt) = I: nme is the sum of multiplicities which appear in the mth bin of all 

e=l 
events. 

Besides the horizontal and vertical factorial moment methods a mixed approach is 
applied. Mixed factorial moments are defined as 

l E M E 
1 M E L F(nme; q) L L F(nme; q) 

p(HV) ( ) = _ L e=l = Mq-1 Eq-1 _m_=_l ..,...e=_l-,--,.,.,.----

q M m=l [if½ t N~H)]q [N(HV)Jq 
e=l 

(8) 

M E 
where N(HV) = I: I: nme is the total number of charged particles observed in the 

m=l e=l 
sample of E events. 

For experimental data of Si+ Ag(Br) interactions at 14.6 A GeV /c we used all the 
three above mentioned methods of analysis - HFM, VFM and MFM. The ln(Fq) depen­
dences on lnM have been obtained. The results of this analysis have been published 
in [19]. The values of slopes are given in Table l. The values of slopes <pq obtained by 
all these methods are similar for q = 2 - 5, where q is the order of factorial moment. 
Because all three methods give similar values of slopes, in next analysis we used the 
HFM method only. 
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Table 1: The values of slopes for 14.6 A GeV /c 28Si events in rJ space for q = 2 - 5 
using HFM, VFM and MFM methods 

'P2 <.p3 <.p4 <.p5 
HFM 0.037 ± 0.005 0.076 ± 0.012 0.112 ± 0.021 0.145 ± 0.032 
VFM 0.030 ± 0.004 0.099 ± 0.018 0.188 ± 0.076 0.228 ± 0.088 
MFM 0.034 ± 0.002 0.071 ± 0.005 0.114 ± 0.014 0.171 ± 0.034 

From the total number of 628 measured events of 208 Pb + Em interactions at 158 
A GeV /c, 64 collisions with the number of relativistic particles Ns > 350 have been 
selected. The interactions with Ns > 350 are those of lead nuclei with heavy emulsion 
targets (Ag, Br) [13]. The interactions with increasing number of relativistic particles 
or degree of centrality, respectively, have been studied also (see Table 2). 

Table 2: Different groups of 208 Pb interactions in emulsion, Ni is number of interactions, 
(N,) is average number of relativistic particles. 

Ni (Ns) 
Ns > 350 64 635 
NS> 400 52 698 
NS> 500 40 775 
NS> 600 35 809 
NS> 700 23 900 
NS> 800 14 993 
N, > 900 8 1097 
NS> 1000 7 1120 

The ln(Fq) dependences on lnM (for q = 2 - 6) have been obtained by horizontal 
factorial moment method. Some results of this analysis have been published in our 
previous work [20]. The dependence of ln(Fq) on lnM for Pb+ Ag(Br) interactions 
with Ns > 1000 obtained by HFM is shown in Fig. 10. 

In our next analysis the dependences of parameters O'.q and <.pq (ln(Fq) = rJ'.q + 
<.pq.lnM) on the order of factorial moments q have been studied for b..ry = 0 - 7.4 
and M = 7 - 74. In Fig.11 the increasing dependences of values of slopes (1..pq) on 
q for two groups (Ns > 350, Ns > 1000) of Pb induced interactions in emulsion are 
shown. The st~epest dependence of values of slopes on q has been found for interactions 
with Ns > 1000. These dependences ( <.pq > 0) show an evidence for the presence of 
intermittent behaviour or non-statistical fluctuations. Fig.12 presents the dependence 
of intercept parameter O'.q on q for the most central Pb interactions, q = 2 - 6. 

For comparison we used other experimental data obtained by the same standard 
emulsion method. The characteristics of used experimental data - beam nucleus, mo­
mentum (p), number of bins ( M) and bin size ( 8ry) of relativistic particles are given in 
Table 3. 

In Fig.13 our new result - the dependences of slope <.pq on q for Pb+ Em and 
Au+ Em central interactions is shown. Measurements and calculations have been 
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Figure 10: The dependence of ln(Fq) on lnM for Pb+ Ag(Br) interactions with Ns > 
1000, q = 2 - 6, obtained by HFM . 

Table 3: Experimental data. 

Beam nucleus 160 160 i~1 Au 2ospb 

p [A GeV /c] 60 200 11.6 158 
M 6-64 8-76 4-25 7-74 
OTJ 1.07 - 0.1 0.95 - 0.1 1.25 - 0.2 1.057 - 0.1 

done in similar conditions: similar masses of projectiles and similar values of bin size 
(OTJ = 0.1 - 1.057 for Pb+ Em and 01] = 0.2 - 1.25 for Au+ Em). The central events 
have been selected for this analysis only, i.e. Pb events with Ns > 350 and Au events _ 
with Ns > 100. The similar trend of <pq dependences on q only for Pb+ Em data were 
published in [21]. 

The results of analysis using HFM method have been compared with the values 
obtained from data sample calculated by the modified cascade - evaporation model 
(CEM). The description of CEM can be found in [10]. The values of slopes obtained 
by HFM for the experimental data of 28Si interactions at 14.6 AGeV /c and 4.5 A 
GeV /care given in the Table 4 [19]. The values in the brackets are from CEM data at 
the same momenta. The similar comparison for 160 + Em experimental and CEM data 
at 4.5 and 14.6 A GeV /c are given in Table 5. These results have been published in 
our previous work [22]. One can see that the values of slopes for experimental samples 
are higher than the values calculated using CEM. 

The events of Pb + Ag( Br) with Ns > 1000 have been studied also. The <pq 

dependences on q for Pb+Ag(Br) experimental and CEM data are presented in Fig.14. 
The values of slopes for experimental data are higher than the values from CEM. 
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Figure 11: The <pq dependences on q (q = 2-6) for Pb+Em interactions with Ns > 350 
and Ns > 1000, 6.ry = 0 - 7.4, M = 7 - 74. 

Table 4: The values of slopes for experimental data from 4.5 A GeV /c and 14.6 A 
GeV/c 28Si events in T/ space for q=2-5, the values in the brackets are from CEM data 

Energy <p2 <p3 <p4 <p5 

4.5 A GeV /c 0.044 ± 0.009 0.117 ± 0.025 0.224 ± 0.051 0.336 ± 0.092 
(0.008 ± 0.004) (0.023 ± 0.012) (0.032 ± 0.023) (0.040 ± 0.037) 

14.6 A GeV /c 0.037 ± 0.005 0.076 ± 0.012 0.112 ± 0.021 0.145 ± 0.032 
(0.023 ± 0.003) (0.045 ± 0.008) (0.063 ± 0.014) (0.076 ± 0.021) 

Similar results have been published by B.Wosiek in [21] for Pb+ Em and MC calcu­
lations at 158 A GeV /c, where the slopes <pq increase with increasing value of q and 
values of slopes are higher than those obtained from MC calculations. 

The dependences of intermittency parameter (>.q) on the order of factorial moment 
q have been studied. The intermittency parameter is defined as 

' - <pq + l 
Aq -

q 
(9) 

If the function Aq on q had a minimum at a certain q = qc , there would be possibility 
of observing a non-thermal phase transition [23,24]. 

The dependences of intermittency parameter (>.q) on the order of factorial moment 
q for two groups of Pb interactions with different degree of centrality (Ns > 350 and 
N,, > 1000) are presented in Fig.15. No minimum of Aq dependence on q has been 
found. The similar dependences for 6TJ = O.l - 3.7 have been published in [20], no 
minimum of Aq on q has been found also. 

The dependences of intermittency parameter (>.g) on the order of factorial moment 
q for different primary nuclei have been studied. In Fig.16 the Aq dependences on the 
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Figure 12: The etq dependence on q (q = 2-6) for Pb+Em interactions with Ns > 1000, 
t:..TJ = 0 - 7.4, M = 7 - 74. 

Table 5: The values of slopes for experimental data from 4.5 A GeV /c and 14.6 A 
GeV /c 160 events in T/ space for q=2-5, the values in the brackets are from CEM data 
at the same momenta 

Energy <{)2 <p3 <p4 <p5 

4.5 A GeV /c 0.041 ± 0.006 0.099 ± 0.015 0.178 ± 0.029 0.270 ± 0.048 
(0.018 ± 0.003) (0.035 ± 0.004) (0.050 ± 0.019) (0.072 ± 0.033) 

14.6 A GeV /c 0.040 ± 0.004 0.094 ± 0.017 0.163 ± 0.031 0.236 ± 0.047 
(0.018 ± 0.004) (0.026 ± 0.009) (0.021 ± 0.016) (0.017 ± 0.025) 

order of factorial moment q for different experimental data samples (see Tab.3) are 
presented, but no minimum has been found. There are some hints for existence of · 
minima at qc = 4 - 5 published in [24, 25]. 

The dependence of values of slopes <p2 on particle density per unit pseudorapidity 
p has been studied using different primary nuclei. Our preliminary result obtained for 
interval bin size 6rJ ~ O.l - 1.25 (in logarithmic scale) is shown in Fig.17. The similar 
results for chamber emulsion data in pseudorapidity interval 0.09 < 6rJ < 2. have been 
published in [26]. 
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Figure 13: The 'Pq dependence on q (q = 2 - 5) for Pb+ Em and Au+ Em central 
interactions with Ns > 350 and N 8 > 100, respectively . 
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Figure 14: The 'Pq on q for Pb experimental and CEM data at 158 A GeV /c N., > 1000. 
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Figure 15: The dependence of intermittency parameter (>.q) on q (q = 2 - 6) for Pb 
interactions with Ns > 350 and Ns > 1000. 
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Figure 16: The dependence of intermittency parameter (>.q) on q (q = 2-6) for different 
primary nuclei. 
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Figure 17: The dependence of lrnp2 on lnp, pis particle density per unit pseudorapidity. 

Central interactions of 208 Pb nuclei at 158 A GeV / c in emulsion been analysed 
using the horizontal factorial moment method. The scaled factorial moments Fq of the 
order q have been studied as a function of the pseudorapidity bin size, parametrized in 
the form ln(Fq) = o:q+<pq.lnM. An evidence for the presence of intermittent behaviour 
has been shown. The dependences of parameters o:q and <pq on the order of factorial 
moments q have been studied. The comparison for different primary nuclei (160 at 
momenta of 4.5 - 200 A GeV /c and 197 Au at 11.6 A GeV /c) has been done. The 
dependences of intermittency parameter Aq on q for different primary nuclei have been 
studied, but no clear minimum has been found. 

4 Conclusion 

Emission of relativistic particles produced in central 208 Pb induced nuclear collisions 
at 158 A GeV /c has been studied using three different approaches - scaled factorial 
moments, wavelets and parameter S2 . 

• An evidence for nonstatistical fluctuations has been shown using horizontal fac­
torial moment method in pseudorapidity phase space. The comparative study 
has been done for different beam energies and masses and for different centrality 
selection of Pb events. No clear minimum has been found in the dependences of 
intermittency parameter >..,, on q. 

• In the wavelet analysis some irregularities have been observed mainly in the scale 
range a ::; 0.5 which indicate the preferred pseudorapidities of groups of emitted 
particles. 

• When the azimuthal structures of produced particles have been investigated using 
the Srmethod the additional groups of produced particles in the region of the 
ring-like structures (S2 / (S2 ) < 1) and the jet-like structures (S2/ (S2 ) > 1) in 
comparison to the FRITIOF model calculations have been observed. 
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Study of hadron production in 
nucleus-nucleus collisions in NA49 and 

project NA61 at CERN SPS 

G. L. Melkumov1 

for NA61 and NA49 Collaborations 

Abstract 

The present report addresses the current status and future plans 
of the NA49 experiment with special emphasis on the JINR activity 
regarding the analysis of the vast data samples accumulated in the 
experiment as well as the continuation of the JINR group to partic­
ipate in a new measurements within the NA61 project by use of the 
upgraded NA49 apparatus. 

1 Introduction 

The primary purpose of heavy ion programme at the CERN SPS is the search for evidence of 
a transient deconfined state of strongly interacting matter during the early stage of nucleus­
nucleus collisions The NA49 experiment Fig. 1 [1] ·was designed for investigation of hadron 
production in the most violent Pb+Pb interactions at the CERN SPS. With its large acceptance 
tracking in TPCs and particle identification by means of dE / dx and TO F measurements. It is in 
addition an excellent detector for the study of nucleon-nucleus collisions of controlled centrality 
and of nucleon-nucleon reactions in order to elucidate the particle production mechanism in 
elementary collisions and for studying the effects of cold nuclear matter on particle production 
yields. 

The JINR has actively been taking part in the NA49 project for many years. Its primary 
contribution to the experiment is the multichannel time-of-flight (TOF) detector designed and 
built at Dubna. The 2.5 m2 TOF wall containing 900 scintillator pixels situated behind the large 
TPCs and operates with the overall time resolution of 60-70 ps. Such a high resolution provides 
a powerful identification of the charged particles and the produced light nuclei in the momen­
tum range from 3 to 14 GeV/c. The latter became the basic motivation for Dubna group to be 
involved not only in maintenance of the TOF detector and calibration for a global production 
chain, but also in the data processing and the physics analysis. Their primary engagement is the 
study of the identified charged particle production, which play an important role for understand­
ing of the dynamics of relativistic heavy ion collisions and the evolution of the systems created 

1 E-mail:Georgui.Melkoumov@cem.ch 
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in these reactions. The results of the data analysis prompty related to the principal contribution 
of the Dubna team as well as a plans of the future activity to follow. 

A unique data have been recorded in Pb+Pb collisions at 20A, 30A, 40A, 80A and 158A 
Ge V beam energies by this bridging the gap in the data between AGS and SPS top energies. The 
only NA49 data for C+C and Si+Si interactions at 158 and 40 AGeV have also been measured 
using the fragmentation beams produced by the primary Pb projectiles. Moreover, extensive 
data sets have been taken for nucleon-nucleon (p+p, d+p, 7r+p) and nucleon-nucleus (p+Pb, 
7r+Pb, p+C) reactions at 158 and 100 GeV/c. More than 30.000.000 events are recorded. 

A comprehensive written status report of the NA49 collaboration on the results obtained 
from A+A collisions was submitted to the SPSC in 2005 [2]. The results and analysis plans for 
p+p and p+A reactions were described in [3]. An oral presentation of the main results of NA49, 
concentrating mainly on the evidence for the onset of deconfinement at low SPS energies, was 
presented at the open SPSC session on October 3, 2006. The analysis program as outlined in 
[2] has been successfully pursued leading to numerous physics results and publication. In the 
last Memorandum to the SPSC of October 2, 2007 [ 4] the NA49 collaboration confirmed that a 
vigorous analysis activity is continuing for another 3 years. 

Along with this activity the proposal for a new measurements at the CERN SPS by use of 
the upgraded NA49 apparatus has been developed. Firstly, it was the Expression of Interest 
[5] and the Letter of Intent [6] submitted to the SPSC in November 2003 and January 2006, 
respectivelly. The proposal [7] supplemented with a number of Addendums upon the requests 
by SPSC was approved in June 2007 under the name of the experiment NA61 [8]. It is a 
fixed-target experiment at the CERN SPS accelerator based on the upgraded setup of the NA49 
apparatus [9]. In particular, the most expensive components are inherited from the NA49. These 
are the two superconducting magnets, the four large volume TPCs and the two TOF walls. 

The proposed physics program of the NA61 mainly concerns the following objectives: 
- Measurements of hadron production in nucleus-nucleus collisions, in particular fluctua­

tions and long range correlations, to identify the properties of the onset of deconfinement and 
search for a possible evidence for the critical point of strongly interacting matter, 

- Measurements of hadron production in proton-proton and proton-nucleus interactions nee­
den as a reference datafor better understanding of nucleus-nucleus reactions; in particular cor­
relations, fluctuations and high transverse momenta will be focus of this study, 

- Measurements of hadron production production in hadron-nucleus interactions needed for 
neutrino (T2K) and cosmic-ray (Pierre Auger Observatory and KASCADE) experiments. 

At present, the participants of this experiment, the NA61 Collaboration, are 114 physicists 
from 24 institutes and 14 countries. 

The first pilot run was already performed during September-October 2007[10]. 

2 Review of physics results 

The data taking for 20A, 30A, 40A, 80A and 158A GeV in Pb+Pb collision was carried out 
by NA49 for completion of the energy scan program at the CERN SPS. A numerous important 
results was obtained by the NA49 collaboration in the study of the energy dependence of particle 
production as well as in the dependence on the collision centrality. Summary of the physics 
results prompty related to the principal contribution of the JINR team since 2005 as well as the 
plans for the future activity are given in the following sections. For the first time, the transverse 
spectra for 7r±, K±, p and p and light nuclei d, d, t, and 3 He most of them in the energy range 
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Figure 1: Schematic layout of the NA49 experiment at the CERN SPS showing beam detectors, 
superconducting dipole magnets, time projection chambers (VTPC, MTPC), time-of-flight ar­
rays (TOF) and calorimeters (RCAL, VCAL). A thin solid target T is used for A+A collisions 
(a), which is surrounded by a detector of slow protons (CD) for p+A collisions (c). A liquid H2 

target is employed for p+p collisions (b) 

20A-158A GeV were obtained and employed for the physics analysis. 

3 Proton and antiproton production 

3.1 Baryon stopping 

It is important in relativistic heavy ion experiments to understand nuclear stopping in details 
since it is a requisite for the formation of hot and dense nuclear matter. Stopping is a necessary 
ingradient in our overall understanding of the reaction and the expectations to form and study 
the properties of QGP. 

• New results on rapidity spectra of protons and antiprotons in central Pb+Pb reactions at 
20A - 80A GeV in combination with previously published results [12, 15) allow to study 
the energy evolution of stopping. Based on the measured rapidity spectra for p, p A, A, 
::::-and 3+, all corrected for feed down from weak decays, the net-baryon distributions 
dN(B-s)/dy are constructed: 

(1) 

The contribution of unmeasured baryons (n, I;±, 3°) was estimated using a scaling fac­
tors Bx obtained from statistical hadron gas model fits [16). The results are plotted in 
Fig. 2 (left). A clear evolution is seen from a peak to a dip structure in the SPS energy 
range. 
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Figure 2: (left) Net baryon rapidity distributions at AGS[l 1], SPS[12] and RHIC[l3] energies 
in central Pb+Pb or Au+Au collisions. Open data points were obtained by reflection. (center) 
p/p ratio at midrapidity as a function of vsim in central Pb+Pb (Au+Au) collisions reviwed 
in [15]. (right top) Relative rapidity shifts of projectile nucleons extracted from net baryon dis­
tributions compared to results (stars) from the UrQMD model calculations [14]. (right bottom) 
Dependence of the inelasticity factor K on VSNN· 

• Another measure promptly related to the stopping power is the pip ratio and its depen­
dence on the energy and centrality of the interactions. Fig. 2 (center) displays the midra­
pidity pip ratio for central collisions as a function of energy at the AGS, SPS and RHIC 
early reviewed in [15]. The ratio rises steeply within the SPS energy range by nearly two 
orders of magnitude. The figure illustrates how the collisions evolve from producing a net 
baryon-rich system at the AGS through the SPS energy range to an almost net baryon-free 
midrapidity region at the RHIC. 

• The averaged rapidity shift of projectile nucleons (oy), which is commonly used to quan­
tify stopping in A - A collisins, can be derived from: 

2 [Yproj dN B-B 
(oy) = Yproj - ~ ln y d dy, 

part O Y 
(2) 

where Yproj is the projectile rapidity and Npan is the number of participating nucleons. As 
seen from Fig. 2 (upper right), (oy) is approximately 0.6 at AGS and SPS and then slowly 
decreases in the RHIC energy range. This behaviour is well reproduced by the UrQMD 
model calculations [ 14]. 

• The partial stopping of incident nucleons observed in A-A collisions provides the en­
ergy for particle production, which can be estimated in terms of the inelasticity. Using 
dN(s-ii) / dy and the measured ( m 1) the inelastic energy per net-baryon: 

~ 1 !Yproj dN(B-ii) 
Einel = -

2
- -~ (m1) --'---'- coshydy 

(B-B) -Yproj dy 
(3) 

and the inelasticity factor K = 2 Einei/ ( ~ - 2mp) can be calculated. Fig. 2 (right 
bottom) indicates that K is approximatly energy independent and the average energy loss 
of projectiles amounts to about 70 - 80 % at all energies. 
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3.2 Spectra and yields of p and p and the Alp ratio 

Abundances of antibaryons as well as a copious strangeness production in relativistics heavy 
ion collisions have been suggested as a signatures for exotic states and possible phase transi­
tion to a new state of matter, called the quark-gluon plasma (QGP), in which the quarks and 
gluons are deconfined. The enhancement could be created due to gluon fragmentation (fusion) 
into quark-antiquark (qij) pairs, which have significantly lower threshold relative to that of the 
baryon-antibaryon pair production. However, in the baryon reach colliding systems, there can 
be significant annihilation losses before antibaryons escape the collision zone. 

The midrapidity transverse mass distributions for antiprotons and protons were measured in 
Pb+Pb collisions at 20A, 30A, 40A, 80A and 158A GeV. The yields were obtained by integra­
tion -of these distributions. In addition they are compared to the relevant data for antilambda 
production. The main observations from analysis of the data and their interpretation are briefly 
explained below. 

• The shapes of mrspectra show a strong dependence on collision centrality. In central 
collisions and at small mt the spectra exhibit a pronounced deviation from the exponential 
Boltzmann shape. The data reveal the shoulder-arm structure characteristic of prominent 
radial collective expansion flow. 

• The j5 and p transverse mass spectra reveal within errors quite similar shapes (Fig. 3 left) 
in spite of the fact that at these energies a significant fraction of protons carry baryon 
number from the incoming nuclei, while antiprotons are predominantly pair produced. 
This observation may indicate similar expansion dynamics for both particles comprised of 
thermal motion and collective radial flow that determine the transverse spectra of particles 
at the late stage of the expansion. 
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Figure 3: (left) Mean transverse mass (mt) - m for j5 and pas a function of Nwound at midra­
pidity in 158A GeV Pb+Pb collisions. (center) Mean transverse mass (mt) - m for j5 and p 
at midrapidity as a function of the c.m. energy per nucleon pair y's-;;;; in central Pb+Pb col­
lisions at SPS energies (NA49) together with data for central Au+Au collisions from the AGS 
[18, 19, 20] and RHIC [21]. Yield dn/dy of j5 and p per Nwound (right top) and the p/p ratio 
(right bottom) plotted as a function of Nwound at midrapidity in 158A GeV Pb+Pb collisions. 
Errors are statistical. 
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• In contrast to the strong centrality dependence, the shape of the measured transverse mass 
spectra does not change noticeably in central Pb+Pb collisions within SPS energy range 
(Fig. 3 center). A similar non trivial energy dependence was also observed by NA49 
for kaon and pion production [ 17] which was considered a possible manifestation of the 
coexistence of partonic and hadronic phases or more generally a very soft equation of 
state in the SPS energy regime [22, 23, 24]. The behavior of the mt spectra may thus 
be taken to support the indication for an onset of deconfinement in the early stage of the 
collisions at low SPS energies as obtained from the energy dependence of pion and kaon 
yields [25]. 

• The yield of p normalized to the number of wounded nucleons increases with centrality 
while this quantity for p exhibits a decrease (Fig. 3 upper right). The former effect can be 
understood as the result of an increase of baryon stopping with collision centrality which 
leads to contraction of the proton rapidity distribution around midrapidity. The decrease 
of the yield of p per wounded nucleon may point to some contribution from annihilation. 

• The different dependence of p and p yields on N wound results in significant centrality de­
pendence of the p / p ratio as shown in the bottom panel of Fig. 3 right. This ratio steadily 
decreases with centrality by a factor of about two within the considered centrality range. 
A similar result was obtained in Au+Au collisions at 11. 7 A Ge V [20]. In contrast, the 
p/p ratio measured at RHIC shows very weak variation with centrality at the collision 
energy ~=130 GeV [26] and almost no dependence on centrality at ~=200 GeV 
[27]. Thus, the net baryon density, which is significant at lower energies, strongly af­
fects the midrapidity p and p abundances through baryon stopping and baryon-antibaryon 
annihilation in central collisions at the AGS and SPS, but not at RHIC energies. 

• The p/p ratio is found to increase by almost two orders of magnitude in central Pb+Pb 
collisions at 158A GeV as compared to 20A GeV beam energy (Fig. 2 center), reflecting 
the rapid decrease of the net baryon density at midrapidity with collision energy. The 
ratio rises steeply within the SPS energy range by nearly two orders of magnitude. The 
data illustrate how the collisions evolve from producing a net baryon-rich system at the 
AGS through the SPS energy range to an almost net baryon-free midrapidity region at the 
RHIC. 

• In central Pb+Pb collisions the A/p ratio shows a steady increase with decreasing beam 
energy approaching a value of almost 2 at the energies of 20 and 30 A Ge V (Fig. 4 left). 
This confirms earlier evidence for this ratio to significantly exceed unity at AGS energies 
which remains unexplained by theory, i.e. by the commonly used thermal and hadronic 
cascade models that, in tum, well reproduce a large number of other particle ratios. More­
over, these observations are considered as an intriguing results because they may point to 
a strangeness enhancement effect and possible QGP formation. There may be an analogy. 
to the K+ / 7r+ maximum also observed [25] in the domain of top AGS to lowest SPS 
energies. 

• The centrality dependence of the midrapidity Alp ratio has been suggested to be par­
ticulary sensitive to the interplay between production and subsequent absorption. It is 
shown that the Alp ratio increases from peripheral to central collisions by about a factor 
2 (Fig. 4 right). A much stronger increase with centrality has been observed at the AGS 
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Figure 4: (left) A/ p ratio at midrapidity as a function of the c.m. energy per nucleon pair ..;s;;; 
in central Pb+Pb collisions at SPS energies (NA49) together with the data from AGS [28, 29] 
and RHIC [30]. Total error bars are drawn. The curve shows the prediction of the statistical 
hadron gas model [31]. (right) Impact parameter dependence of the A/ p ratio at midrapidity 
in central Pb+Pb collisions at 158A GeV. Errors are statistical. Curve presents the result of 
hadronic cascade (UrQMD) calculation [32]. 

[28, 29]. Interestingly, the obtained results at 158A GeV are in agreement with a UrQMD 
model calculation [32] which incorporates antibaryon absorption. 

4 Production of light nuclei and antinuclei 

There is a notion that abandances of light nuclei probe the latest stage of the evolution of a 
systems created in relativistic heavy ion collision. The light nuclei production enables the study 
of several topics, including the mechanism of composite particle production, freeze-out temper­
ature, size of the interaction region and enrtopy of the system. 

Recently NA49 has measured the energy dependence of deuteron and tritons production at 
midrapidity, and 3 He nuclei in a wide rapidity range. A rare process of the antideuteron pro­
duction at midrapidity in central Pb+Pb collisions at 158A GeV beam energy was also studied. 
It is of significant interest because the initial colliding system contains no antibaryons therefore 
their yields and spectra are determined solely by the post collision dynamics. Additionally, the 
produced antideuterons have no contribution from spectator fragments. 

In these investigations the identification of the produced nuclei is of primary importance. 
The Fig. 5 (left) demonstrates the clean identification of d, t and 3 He from measurements of 
the energy loss dE / dx in the TPC gas and mass squared M 2 computed from momentum and 
time of flight measurements in TOF detector. As shown in Fig. 5 (center), for doubly charged 
3 He nuclei the dE/dx measerement was sufficient to uniquely and cleanly determine its identity 
thus providing a large coverage in rapidity for measuring 3 He in TPCs. The M2 distribution 
after all identification cuts is shown on Fig. 5 (right). Antideuterons are clearly visible at about 
M 2 ~ 3.5 GeV2 /c4

• 
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Figure 5: (left) Energy loss dE/dx in TPC versus mass squared M 2 from measurements in 
TOF for 3 He, t, and d produced in central Pb+Pb collisions. (center) Momentum dependence 
of the 3 He energy loss dE / dx. (right) Mass squared distribution for dafter dE / dx and TO F 
identication cuts. 

4.1 3 He and triton nuclei 

New results on triton and 3 He production in central Pb+Pb collisions at 20A - 80A Ge V are 
shown in Fig. 6. 

• Rapidity distributions dn / dy of the 3 He yield, displayed in the left panel of Fig. 6, were 
obtained by integration of the mt distributions in small bins of rapidity. One sees from the 
figure that the dn / dy distributions have a concave shape at all investigated energies. This 
is in constrast to the case of protons, where the shape of rapidity distributions is rather 
convex and strongly energy dependent (see Fig. 2 left). 

• The total yields of 3 He have been estimated by fitting and integrating a parabolic parame­
terisation up to beam rapidity. These values shown in Fig. 6 (center) agree very well with 
a prediction of a statistical hadron gas model [16]. 

• It is an overlooked aspect of the thermal model to compute the yields of composite par­
ticles reproduced with the chemical freeze-out parameters used to describe baryon and 
meson ratios [33]. In these investigations, an observed exponential decrease of composite 
particles implies a penalty factor for each additional nucleon. In the relevant Boltzmann 
approximation this penalty factor, Rp ~ expm~µb , where mis a nucleon mass, can be 
easily derived. Using the chemical freeze-out parameters µb and T appropriate for SPS 
energies obtained from the statistical model fit (34] to the NA49 data, the penalty factors 
were calculated as well as the yields of 3 He. Fig. 6 (right) illustrates the results for the 
penalty factor RP as determined from dnA/ dy = canst/ R:-1 for AGS and SPS energies 
using the yields of p, d, and 3 He. The values increase linearly with ~ and are largest 
for Pt = 0 yields. For Pt-integrated midrapidity yields dn/ dy the penalty factors decrease 
because of transverse flow. One finds their values to be in surprising agreement with the 
statistical hadron gas model predictions [16]. As was mentioned above this agreement 
also holds for total 3 He yields. Both these observations might imply that 3 He is already 
formed at the chemical freeze-out, which might be in contradiction to the assumption of 
cluster formation via coalescence at possibly lower thermal freeze-out temperatures. 
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Figure 6: (left) Rapidity distributions of 3 He. The dashed lines are fits with a parabola used 
to extract the total multiplicities. (center) Total multiplicity of 3 He in central Pb+Pb collisions 
as a function of the c.m. energy per nucleon pair ~ (solid points). The triangles repre­
sent predictions of a statistical hadron gas model [16]. (right) Penalty factor derived from the 
midrapidity 3 He, d and p production yields in central Pb+Pb collisions (dots) for Pt=0 and 
Pc integrated yields compared to predictions of the statistical hadron gas model [16] (triangles). 

4.2 Coalescence formation of 3 He, d and d nuclei 

Using a general prescription of coalescence model which relates the invariant yield of light 
nuclei with mass A to the Ath power of the proton yield [35], assuming the neuteron and proton 
distributions are identical: 

(4) 

the coalescence parameters B 2 and B3 were extracted for deuterons and 3 He, respectively. 
Their values measured by NA49 at SPS energies are shown in Fig. 7 (left) and compared to 
results from lower and higher energies. One observes a gradual decrease with increasing beam 
energy which would suggest an increasing effective coalescence volume in the coalescence 
model scenario. 

Analysis of antideuteron production was provided using 2.6 million of the 23% most central 
events recorded in 158A GeV Pb+Pb collisions in rapidity range 2.0 < y < 2.5. Further off­
line selection of the data for two classes of events corresponding to (0-10)% and (10-23)% 
centralities was used in analysis. 

The coalescence parameter for antideuterons B 2(d) for the 23% most central Pb+Pb events 
as a function of Pt is plotted in Fig. 7 ( center). As seen from the data the B2 ( d) is almost 
independent on Pt and its average value is calculated B 2 (d) = (9.1 ± 0.9) • 10-4 GeV2/c3

• The 
coalescence parameters for d and d as a function of the number of wounded nucleons for two 
selected centrality classes are shown in Fig. 7 (right). Being equal within errors B2 for both d 
and d increases with centrality of 158A GeV Pb+Pb collisions. This trend might be attributed 
to the developed radial flow and strong transverse expansion of the system created in relativistic 
heavy ion rections. 
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Figure 7: (left) Energy dependence of coalescence parameters B 2 and B3 ford and 3 He, respec­
tively. Coalescence parameter B 2 for antideuterons as a function of Pt (center) and the number 
of wounded nucleons (Nw) (right). 

5 Kaon and pion production 

The energy scan program program at the CERN SPS initiated by the NA49 was motivated by 
the prediction of [36] that the onset of deconfinement should lead to a steeping of the increase 
of the pion yield with collision energy and to a sharp maximum in the energy dependence 
of the strangeness to pion ratio. The analysis of the data at 40A, 80A and ISSA GeV was 
published early in [25] and the results confirmed the predictions of [36]. This finding motivated 
an extension of the energy scan to the lower SPS energies of 30A and 20A Ge V. The analysis 
at these energies was recently complited. It is combined with those from [25] and compared to 
available model calculations, together with lower and higher energy data from AGS and RHIC. 
The final results [37] has been published this year. The TOF analysis of the K and 7r transverse 
spectra at midrapidy accomplished by the JINR group became essential contribution to this 
study. The primary results of this investigations could briefly be summarized as follows: 

• A close approximation of the total strangeness to pion production ratio calculated from 
measured yields via the observable Es = ( (K + K) +(A))/ (7r) is plotted in Fig. 8 (left) as 
a function of collision energy. As expected, it shows the same sharp peak followed by a 
plateau as the (K+)/(7r+) ratio, which is not seen in p+p collisions and not reproduced by 
hadronic models. On the other hand this feature can be understood in a reaction scenario 
with the onset of deconfinement around 30A Ge V as proposed in the statistical model of 
the early stage (SMES [36], dash-dotted curve in Fig. 8 (left)). Es, a measure of the ratio 
of strange to non-strange degrees of freedom in the model, drops to the value expected in 
the QGP. 

• At the same energy the rate of increase of the number of produced pions per participating 
nucleon (a measure of the entropy per baryon in the model) was predicted to increase. As 
seen in Fig. 8 (center), this seems to be confirmed by the measurements for collisions of 
heavy nuclei, while there is no change in energy dependence for p+p reactions. 

• The transverse mass spectrum of kaons at midrapidity is well described by an exponential 
function e-mr/T_ As shown in Fig. 8 (right) for K+ the effective temperature parameter 
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Figure 8: (left) Relative strangeness yields Es = ( (K + K) + (A))/ ( 1r rangle versus Fermi 
energy variable F~ s~2J- (center) Pion yield per participating nucleon (-rr)/(Nw) versus F. 
(right) Energy dependence of the effective temperature parameter T of K+ transverse mass 
spectra measured at midrapidity. Results from p+p collisions are shown as open circles, model 
predictions for Pb+Pb collisions as curves. 

T rises steeply at low energies, stays at an approximately constant value through the SPS 
energy range and ends up slighly higher at RHIC energy. Similar behavior is seen for 
the transverse spectra of K- and pions (not shown), but is not observed in p+p collisions. 
These features have been attributed [38] to the constant pressure and temperature when 
a mixed phase is present in the early stage of the reaction. In fact, a hydrodynamic 
calculation [39] modeling both the deconfined and the hadronic phases can provide a 
quantitative description (dash-dotted curve in Fig. 8 (right)). 

6 Forthcoming data analysis 

In the last Memorandum to the SPS committee "Status and further Analysis Plans of the NA49 
Collaboration", CERN-SPSC-2007-026 (October 2, 2007) [4] the NA49 collaboration con­
firmed that a vigorous analysis activity is continuing for another 3 years with numerous publi­
cations either in the pipeline or planned. To facilitate this work collaboration request support 
from the CERN IT division at the present level (25 KSI2000 units in lxbatch). These resources 
are required for the simulation work connected with determining corrections during the physics 
analysis. This work has to use raw data which are stored on the CASTOR system. 

The JINR group also firmly intents to proceed the data analysis employing an experience 
accumulated for many years. A number of significant analysis objectives has to be studied. 

First of all, the final data from the analysis of light nucleus and antinucleus production has 
to be obtained and the physics results has to be submitted for for publication. 

However, the most important point regarding the future analysis is that the vast data sets for 
p+p, p+Pb and central C+C and Si+Si interactions at 158 A GeV accumulated by the NA49 
collaboration are still waiting for the TOF analysis for physics. The data for the TOF identified 
hadrons in above reactions at midrapidity will be obtained and analysed together with avail­
able data for central Pb+Pb collision in order to understand the role of the volume of strongly 
interacting matter in high energy nucleus-nucleus collisions. The following observations for 
strangeness production (relative to pions) illustrate importance of these studies. 
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The most recent measurements of particle production in relativistic nucleus-nucleus col­
lisions focused on heavy reaction partners because of the expectation that the transition to a 
deconfined state of strongly interactiong matter is more likely to occure in larger collision sys­
tems. However, earlier experiments with lighter beams had demonstrated that already in S+S 
collisions relative strangeness production is significantly enhanced compared to p+p collisions 
and, as found later, close to the situationn in Pb+Pb. 

Another observation is that the data obtained for near-central symmetric nucleus-nucleus 
collisions with increasing number of participating nucleons show a steep rise of the relative 
strangeness content in the produced hadrons reaching a saturation value at around Npart=60. 

Thus, a systematic study of hadron production and its dependence on the size of the collision 
systems is of great interest. 

7 NA61 physics and data sets 

It was early mentioned in the Introduction that the NA61 is a new fix-target experiment at 
the CERN SPS accelerator based essentially on use of the NA49 detector. The physics pro­
gramme of NA61 is the systematic measurements of hadron production in proton-proton, 
proton-nucleus, hadron-nucleus and nucleus-nucleus collisions. 

A summary of all data sets planned to be registered by NA61 are given in Table 1 marked 
by acronyms of physics which motivates them. In the following the physics cases are briefly 
explained for more clarification. 

• Data for T2K. High precision measurements of the differential cross-section (momentum 
and polar angle) for charged pion and kaon production in p+C interactions at 30, 40 and 
50 GeV. These data are needed by the T2K neutrino experiment for a detailed simulation 
of the initial neutrino flux which is necessary to achieve the required precision on the 
neutrino oscillation parameters. 

• Data for C-R. High precision measurements of the differential cross-section of identified 
hadrons in p+C interactions at 30, 40, 50 and 400 Ge V. These data are needed by the 
cosmic-ray experiments (KASCADE and Pierre Auger Observatory) in order to reduce 
uncertainties of hadron production models used in the analysis of data on high energy 
cosmic-ray reactions. The new results will significantly improve the resolution of cosmic­
ray experiments. 

• High pr. Large statistics measurements of hadron production in p+p and p+Pb interac­
tions at 158 GeV needed as reference data for better understanding of hadron spectra at 
high transverse momenta in nucleus-nucleus reactions. Suppression of hadron yield at 
high transverse momenta in central heavy ion collisions relative to the p+p and p+A in­
teractions is one of the most important RHIC results. It reflects properties of high energy 
density matter created in the collisions. The discriminating power of the corresponding 
results at SPS is poor due to the absence of high statistic measurements in p+p and p+Pb 
interactions. 

• CP&OoD. Measurements of hadron production in nucleus-nucleus collisions in the SPS 
energy range with the aim to identify the properties of the onset of deconfinement and 
find evidence for the critical point of strongly interacting matter. For the first time in the 
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history of heavy ion collisions a comprehensive scan in two dimensional parameter space, 
size of colliding nuclei versus interaction energy, will be performed. 

The new data can answer the questions: 
- what is the nature of the transition from the anomalous energy dependence measured in 
central Pb+Pb collisions at SPS energies (interpreted as evidence of the onset of decon­
finement), to the smooth dependence suggested by the existing p+p results ? and 
- does the critical point of strongly interacting matter exist in nature and, if it does, where 
is it located ? 

• CP &OoD Measurement of energy dependence of hadron production in p+p and p+Pb 
interactions at SPS. These results are needed to test alternative explanations of the effects 
which are, or will be, considered as signals of the onset of deconfinement and the critical 
point. The alternative interpretations are based on string-hadronic approaches which use 
as input results from p+p and p+Pb reactions [ 40, 41] . 

Reaction Energy Year Event statistics Physics 
(A GeV) 

p+C 30 2007 3-106 Data for T2K, C-R 
p+C 30,40,50 2008 25-106 Data for T2K, C-R 
p+C 400 2008 5-106 Data for C-R 
p+p/Pb 158 2008 55-106 High pr 
p+p 158 2010 60-106 High PT 
In+In 10,20,30,40,80, 158 2009 36-106 CP&OoD 
Si+Si 10,20,30,40,80, 158 2010 36-106 CP&OoD 
C+C 10,20,30,40,80, 158 2011 36-106 CP&OoD 
p+p 10,20,30,40,80, 158 2009 36-106 CP&OoD, CP&OoD 
p+Pb 10,20,30,40,80, 158 2011 36-106 CP&OoD 

Table 1: Summary of the data sets to be taken and the physics which motivates them. 

The proposed physics program has the potential for an important discovery - the experimen­
tal observation of the critical point of strongly interacting matter. Other proposed studies belong 
to the class of precision measurements. 

The critical point is expected to be found by a measurement of a maximum of fluctuations in 
transverse momentum and multiplicity in the two dimensional plane of system size and collision 
energy. In the physics of the critical point the relevant parameters are the temperature and the 
baryo-chemical potential at the freeze-out of strongly interacting matter. 

Particle yield ratios in A+A (as well as elementary) collisions are consistent with statistical 
model predictions from threshold to the highest energies using only 3 parameters: a temperature 
T, a baryo-chemical potential µsand a strangeness suppression parameter 'Ys• These parameters 
characterize the freezeout of particle composition after which only the momentum distributions 
further evolve via elastic scattering. 

The resulting parameters T and µs [34] are plotted in the phase diagram of hadronic matter 
in fig. 9 (left) together with the phase boundary predicted by lattice QCD [42]. One observes 
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Figure 9: (left) Phase diagram of hadronic matter showing the hadron species freezeout points 
obtained from statistical model fits [34]. The solid curve represents the empirical freezeout 
condition 1 Ge V /hadron [31]. The grey band is a lattice QCD [ 42] estimate of the first order 
phase boundary between QGP and hadrons which ends in a critical point E. (right) Hypothetical 
positions of the chemical freeze-out points of the reactions (ln+In, S+S, C+C and p+p from 
bottom to top at 158A, 80A, 40A, 30A, 20A and l0A GeV from left to right) to be studied by 
NA61 in the (temperature)- (baryo-chemical potential) plane are shown by full dots. The open 
squares show the existing data. 

that the freezeout points at SPS energies approach the phase boundary and are closest to the 
critical point at about 60A Ge V. 

These parameters vary under changes of the system size and collision energy. The hypo­
thetical positions of the chemical freeze-out points for central In+In, S+S and C+C collisions 
(full dots from bottom to top) at 158A, 80A, 40A, 30A, 20A and l0A GeV (full dots from left 
to right) are shown in Fig. 9 (right). These positions are also calculated using a parametrization 
[ 16] of the dependence of T and µ 3 on collision energy and system size based on the existing 
data. These data are shown by the open squares. The upper open and the corresponding full 
dots indicate the upper limit of the temperature obtained for p+p interactions. The lower solid 
line shows the parametrization for the central Pb+Pb collisions. 

8 Critical point search 

This chapter summarizes basic elements of the NA61 strategy in a search for the critical point 
of strongly interacting matter. 

• The critical point is expected to lead to an increase of multiplicity and transverse mo­
mentum fluctuations [43] provided the freeze-out of the matter takes place in its vicinity 
(t::..T ~ 10 MeV and t::..µ 3 ~ 50 MeV [44]). 

• Freeze-out parameters, the temperature T and baryo-chemical potential µ3, depend on 
the collision energy and the size of the colliding nuclei. 

• NA61 plans to perform a first comprehensive scan in energy and the system size (see 
Table I) which will allow for a detailed study of matter properties as a function of T and 
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Figure 10: An qualitative illustration of the NA61 strategy in search for the critical point of 
strongly interacting matter. 

• Thus, if the critical point is located in the scanned region of the phase diagram as sug­
gested by the lattice QCD calculations [42], it should be signaled by a "hill" of fluctu­
ations over smoothly varying background in the (collision energy)-(system size) plane. 
This qualitative prediction (see .Fig. 10 for its graphical illustration), if confirmed by the 
data, will serve as a strong argument [45] for the existence of the critical point and its 
location in the phase diagram of strongly interacting matter. 

• The QCD-inspired calculations [ 43] predict that the critical point should lead to an in­
crease of the scaled variance of the multiplicity fluctuations by about 10% and an increase 
of the <lJPr measure of the transverse momentum fluctuations by about 10 Me V /c. NA61 
will measure the scaled variance and <!JPT in central A+A collisions and p+p interactions 
with statistical errors smaller than 0.5% and about 0.15 Me V /c, respectively. The cor­
responding systematic errors will be about 1 % and 0.5 MeV/c. The above estimates are 
performed based on the NA49 results. 

• The background fluctuations are influenced by several physics phenomena. In particular 
these are a variation in the collision geometry, conservation laws, quantum statistics, res­
onances decays and production of mini-jets. The resulting fluctuations are expected to 
vary smoothly with collision energy and the system size. 

• The pioneering NA49 results on fluctuations show several unexpected effects: 
- non-monotonic centrality and system size dependence of the transverse momentum fluc­
tuations at 158A GeV [46], 
- non-monotonic centrality dependence of the multiplicity fluctuations in Pb+Pb colli­
sions at 158A GeV [47] and 
- an increase of the kaon to pion ratio fluctuations with decreasing collision energy in 
central collisions [48]. 
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An interpretation of these results and their possible relation to the critical point is unclear. 
This is because comprehensive precision measurements of fluctuations are missing. 

• The proposed NA6 l measurements with the upgraded NA49 detector would qualitatively 
improve the experimental situation and consequently allow for a quantitative understand­
ing of fluctuations and at the same time would give the opportunity to discover the critical 
point of strongly interacting matter. 

9 Complementary projects 

The SPS energy range is of particular importance for the study of nucleus-nucleus collisons for 
two reasons. Firstly, at the low SPS energies anomalies in the energy dependence of hadron 
production properties are observed. They are attributed to the onset of deconfinement. Sec­
ondly, at high SPS energies the critical point of strongly interacting matter can be discovered. 
This expectation is based on the recent estimate of the location of the critical point from lat­
tice QCD and the freeze-out parameters determined from measured hadron yields using the 
hadron-resonance gas model. 

The heavy ion accelerators RHIC at BNL can potentially run in the SPS energy range. It was 
decided to start preparation for a low energy RHIC program and the first tests of the accelerator 
complex were performed. The physics run with Au beams at several energies which correspond 
to the NA61 setting may be scheduled for 2009. The SPS program proposed here and the 
suggested new RHIC program are to a large extent complementary. This is due to different 
collision kinematics and different priorities in data taking. 

Starting from 2013-2015 the study of nucleus-nucleus collisions at IOA-40A GeV beam 
energy range will continued by the CBM experiment at SIS-300 (FAIR, Darmstadt) and by the 
NICA-MPD experiment in a heavy ion collider at JINR(Dubna), which is being proposed for 
construction also to cover the low SPS energy range. 
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Abstract 
We present an investigation of the electromagnetic structure of the deuteron and pion in 

the case of large transfer momenta in the range of modern and future JLab experiments. It 
is shown that this range could be considered as asymptotical for these systems. We perform 
an asymptotical analysis of the deuteron and pion form factors in a relativistic approach. We 
find that our relativistic calculations coincide with pQCD predictions, if some restrictions are 
imposed. 

1. Introduction 

We investigate the electromagnetic structure of composite systems in the framework 
of relativistic quantum mechanics (RQM) in the case of high momentum transfer. The 
motivation of our work is closely connected with the JLab 12 GeV Upgrade program. 
One of the most important parts of this program is the investigation of the electromag­
netic structure of composite systems at high momentum transfer [1]. At low energies 
the electromagnetic structure of such systems is described by well-known nonrelativis­
tic methods. If energies increase, these methods fail and we should use relativistic 
ones. In the case of the highest energies, perturbative QCD (pQCD) should provide 
the most reliable description [2]. However, the question when pQCD starts to become 
valid is still open. 

Here we investigate the electromagnetic structure of the deuteron as the simplest 
nucleon-nucleon system and the pion as the simplest qq system. In future experiments 
of JLab the predicted behaviour of the form factors is expected to coincide with pQCD 
predictions for both the deuteron and the pion [1]. 

pQCD predictions are available for asymptotically high momentum transfers. So 
the region of future JLab experiment could be considered as asymptotical. That's why 
it is interesting to study the asymptotics of the deuteron and pion form factors. In this 
paper the asymptotical regime of the instant form of relativistic quantum mechanics 
[3, 4, 5] is investigated for the deuteron and the pion. 

2. Instant form of relativistic quantum mechanics 

Let us describe briefly our model of relativistic quantum mechanics. In this section 
we also present the derivation of the electromagnetic pion form factor (see also [3]). 

The charge form factor of a pion can be obtained from the electromagnetic current 
matrix element for a composite system in an arbitrary coordinate frame 

1 E-mail: krutov©ssu. samara. ru 
2E-rnail: troitsky©theory. sinp .msu. ru 
3E-rnail: natalia. tsirova©clermont. in2p3. fr 
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F1r( Q2 ) - the electromagnetic form factor of the pion, describing the transition dy­
namics is an invariant function, the four-vector (P1r - p~)µ describes the geometric 
(transformation) properties of the matrix element, P1r - the four-momentum of the 
pion. 

In RQM the Hilbert space of composite particle states is the tensor product of single 
particle Hilbert spaces: 'liqq = 'liq 01iq and the state vector in RQM is a superposition 
of two-particle states. As a basis in 1iqq one can choose the following set of vectors: 

I Pi , m1; .P2 , m2) = I .P1 , m1) 0 I .Pi , m2) , 

(p, m Ip', m') = 2po 5(p- p') 5mm' , 

Here p1 , p2 - are particle momenta, m1 , m2 - spin projections. 

(2) 

Since we consider the two-quark system as one composite system, the natural basis 
is one with separated center-of-mass motion: 

IP, VS, J, l, S, mJ), (3) 

with Pµ = (P1 + P2)µ, Pi = s, vs - the invariant mass of two-particle system , l -
the angular momentum in the center-of-mass frame, S - the total spin, J - the total 
angular momentum, mJ - the projection of the total angular momentum. 

The basis (3) is connected with (2) through the Clebsch - Gordan decomposition 
of the Poincare group [6]. 

Now the decomposition of the electromagnetic current matrix element for the com­
posite system (1) in the basis (3) has the form 

I 2 - '°' / d.P d.P' r: r; ( I - r: ) (P1r + P1r)µ F1r(Q ) - 6 ~ N' dv s dv s· P1r P, vs, J, l, S, mJ 
lVCG CG 

x(P,-/s,J,l,S,mJ I}µ I P',#,J',l',S',m/)(P',R,J',',S',m/lp/). (4) 

Here the sum is over the discrete variables of the basis (3). (.P, VS, J, l, S, mJIP1r) is 
the composite system wave function, 

-, r, I I I I -, - J (P , vs·, J, l, S, mJI P1r) = N1r5(P - Pc)6JJ'6m1 m~51116ss1 <f!zs(k) . (5) 

s = 4(k2 + M2
) , M is the quark mass, N1r, Nee are factors due to normalization. 

The concrete form of N1r and Nee will not be used. 
The basis (3) is the relativistic analogue of the basis of generalized spherical func­

tions of nonrelativistic quantum mechanics (see, e.g. [7]). In this basis the pion wave 
function is the eigenfunction of the operators J2 

, ] 3 , L2 as well as of the operator 
of the total spin squared S2 , defined in an invariant way (see, e.g. [8]). All the op­
erators have zero eigenvalues, because in the pion J = l = S = 0. The quark spin 
properties are taken into account in the basis (3) by the corresponding Clebsh-Gordan 
decomposition. 

In this approach we represent the pion electromagnetic form factor in the relativistic 
impulse approximation by the following integral form: 

F1r(Q2
) = j d-/sd#cp(k)g0 (s,Q 2 ,s')cp(k'). (6) 
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Here g0 (s, Q2 , s') is the so called free two-particle form factor to be derived by the meth­
ods of relativistic kinematics [6], tp(k) is a phenomenological wave function normalized 
with account of the relativistic density of states [6]: 

tp(k) = 14(k2 + M 2 ) k u(k), j dk k2 u2 (k) = 1. (7) 

Here u( k) is a nonrelativistic wave function. 
While obtaining (6) we do not use a fixed coordinate frame (for example, Breit 

frame) or fixed ("good") current components, as one usually does in other RQM ap­
proaches [9]. In this respect our calculations are Lorentz-covariant. Our current matrix 
element satisfies conservation laws, so that the current operator of the composite sys­
tem does not only contain the contribution of one-particle currents, but of two-particle 
currents too [6]. 

The deuteron form factors could be obtained in the same way. They have the 
following form: 

Gc(Q2
) = L j dy's d# tp1(s) gg;(s, Q2

, s') tp1,(s'), 
l,l' 

(8) 

GM(Q2) = -Md Lf dy'sd#tp1(s)gg~(s,Q2 ,s')tp11 (s'). 
l,l' 

Here tp1(s), l, l' = 0, 2 are the deuteron wave functions in the sense of RQM, gg;, i = 
C, Q, M are the relativistic free two-particles charge, quadrupole, and magnetic form 
factors [10]. 

3. Deuteron form factors asymptotics 

First, let us make some remarks about the deuteron wave functions used in (8). In 
modern calculations the deuteron wave functions usually are of the following analytic 
form in the momentum representation (see, e.g., Refs. [11, 12, 13]): 

or in the coordinate representation: 

uo(r) = L Cjexp (-mj r) , 
j 

here mj = o: + mo (j - 1) , o: = JM lcdl, Mis the average nucleon mass, E°d - the 
binding energy of the deuteron. The coefficients Cj, Dj, the maximal value of the 
index j and mo are determined by the best fit of the corresponding solution of the 
Schrodinger equation. 
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The standard behavior of the functions at short distances: 

uo(r) ~ r, u2 (r) ~ r3 
, 

is provided by imposing the following conditions on the coefficients in (10): 

Lei= O, 
j 

~ ~ 2 ~ Di 
L Di = L Dimi = L -2 = 0 . 

j i j mi 

(11) 

(12) 

Now let us turn to the asymptotics. In our paper [14] we obtain the asymptotic 
series for the deuteron form factors. The main asymptotic term for the deuteron form 
factor 
Fd(Q2

) = ✓Gb(Q2 ) + ~772 G~(Q2) + ~77Gii(Q2) has the form: 

2 1 
Fd(Q) ~ (Q2)4" (13) 

Let us compare the obtained asymptotic predictions with experimental data. Fitting 
the existing experimental points for the seven highest attained values of momentum 
transfer [15] in the region 3.040-5.955 (GeV /c) 2 by a power-law function we obtain the 
following estimate for Eq. (13) with a normalized x2 = 1.34: 

pexp(Q2) 1 
d ~ (Q2)3.76±0.41 (14) 

So, comparing Eqs. (13) and (14) one can see that up to fitting accuracy, the experi­
mental data are described by the relativistic formula (13). 

Let us note that this result does not depend on the actual model of the N N­
interaction and in fact is due to the general conditions (11) and (12) only. So, in the 
recent JLab experiments the range of momentum transfers, which can be characterized 
as an asymptotic one for our relativistic two-nucleon model of deuteron, is reached. 
Let us emphasize that this concerns our relativistic approach only. For example, in the 
relativistic approach of Ref. [16] the asymptotic decrease is faster than the experimental 
one and even faster than that of the quark-counting prediction. 

Let us compare our results with those of the quark approach and of QCD in more 
detail. At Q2 

- oo there exists the well established prediction in the framework of 
these approaches [17, 18]: 

Fd( Q2) ~ Q-10 . (15) 

As one can see, this prediction does not agree with the current experiment (14). So let 
us discuss the possibility to incorporate the QCD predictions in the nucleon-nucleon 
dynamics. We formulate the problem in the following way: what kind of behavior 
at small distances should the deuteron wave function have, or, in other words, how 
has the nucleon-nucleon potential at short distances to be modified, in order to obtain 
the asymptotic behavior of the electromagnetic deuteron form factors predicted by 
QCD? The answer can be obtained easily and the analysis shows that the quark-model 
asymptotic behavior could be derived in the nucleon dynamics formalism if in addition 
to the conditions (12) for the s-wave function (9) the following condition is imposed: 

LCim] = 0. 
j 
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This condition means that in the vicinity of zero the wave function has the following 
form: 

u0 ( r) ~ r + a r3 
, u~ ( 0) = 0 . (17) 

So, we have solved some kind of inverse problem: we found a condition for the 
deuteron wave function to give the asymptotic behavior of the deuteron electromagnetic 
form factors (in the framework of the two-nucleon model of deuteron) given by the 
quark approach. 

4. Pion form factor and its asymptotics 

The main asymptotic term for the electromagnetic pion form factor in the relativis­
tic constituent quark model is of the following form: 

25/2 M QM 

F rr ( Q2 
) ~ ~ e - 4b'! . (18) 

Here the quark mass Mand bare parameters of the constituent quark model [3]. Let us 
note, that this formula is obtained for structureless quarks. In our relativistic approach 
it is possible to take into account quark structure by introducing quark form factors [3]. 
But quark form factors don't influence the decrease of the pion form factor, they just 
add logarithmic corrections. So in this paper we will work with structureless quarks. 

We also present the main asymptotic term in the small quark-mass limit: 

F (Q2) ~ 14v'2b2 
7r Q2 . (19) 

In e1r scattering in the case of low momentum transfer, the electron interacts not only 
with the constituent quarks but also with the sea-quarks cloud, so with an object of 
bigger mass. But if the energy is increased this cloud becomes smaller and smaller 
for the electron. So asymptotically high momentum tranfers lead us to asymptotically 
small quark masses. One can see that the main asymptotic term coincides with the 
pQCD predictions (Frr(Q2) ~ 1/Q2). 

We also investigate pion electromagnetic structure without asymptotic decomposi­
tion. We use the following wave functions: wave function of harmonic oscillator, wave 
function of power law decreasing and wave function of Coulomb interaction at small 
distances and linear confinement. Let us represent expressions for these functions: 

(20) 

(21) 

u(r) = Nr exp(-ar312 - f3r), a= ~j2 Mr a, 

/3 = Mr b , (22) 

where a , b are parameters of linear and Coulomb parts of potential respectively, Mr is 
a reduced mass of the two-particle system. 

Graphical results of our calculations are presented in Fig.1. It is evident that we 
should use small quark masses at high momentum transfer, that is a confirmation of 
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Figure 1: The pion form factor with wave functions (20) - (22). Upper curves respect 
to the constituent quark mass M = 0.22 GeV, medium to M = 0.25 GeV, and lower 
to M = 0.33 . Existing experimental dots are represented as black dots, expected in 
the future JLab experiments ones as white dots. 

our asymptotic result. From the presented results it is also evident that the product 
Q2F1r(Q2

) is not a constant now (it is constant in the framework of pQCD). But we 
can reproduce this result in our relativistic constituent quark model, if we introduce 
the following dependence of quark mass on the transferred momenta: 

5. Conclusion 

JLab predicts the pQCD-coinciding behavior of form factors of the deuteron and 
pion in future experiments. In our work we show that this behavior could be obtained 
in a relativistic two-nucleon model for the deuteron and a relativistic constituent-quark 
model for the pion with some restrictions. 
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Abstract 
The data on the vector Ay and tensor Ayy, Axx, Axz analyzing powers for the dd - 3 Hp 

and dd - 3 Hen reactions at Ed=200 and 270 Me V are presented. The tensor analyzing 
powers for these reactions demonstrate the sensitivity to the 3 H, 3 He and deuteron spin 
structure. The essential disagreements between the experimental results and the theoretical 
calculations within the framework of the one-nucleon exchange model are observed. Obtained 
experimental data are important for the preparation of the experiments at the LHEP-JINR 
Nuclotron-M at higher energies. It is planned to obtain new experimental data on the po­
larization observables for the p( d, p )d, 3 He( d, p )4 He and d( d, p )3 H reactions at intermediate 
and high energies in the wide angular range. These data will ensure new information on 
the spin structure of light nuclei at the short internucleonic distances, where the relativistic 
effects and the three-nucleon forces play an important role. 

1. Introduction 

At the present time, there is a great deal of interest in understanding the short­
range spin structure of deuteron and other light nuclei, as 3 H and 3 He. They represent 
an important testing ground for models of the NN interaction and for studies of the 
many-body aspects of the strong interaction in nuclei. In addition, 3 H and 3 He are 
the simplest systems in which the effects of possible three-body nuclear forces can be 
explored. 

The essential amount of the experimental data sensitive to the structure of light 
nuclei, have been accumulated at several last decades. Cross section[l]-[6] and spin 

1 E-mail: akurilkin©j inr. ru 
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observables, such as analyzing powers[7]-[10], spin correlation coefficient[ll] and polar­
ization transfer coefficient[12],[13] have been measured for Nd elastic scattering. Large 
discrepancies between the Nd data and theoretical predictions based on exact solution 
of the Faddeev equations with only modern NN potential are reported. These discrep­
ancies are particularly significant in the angular region of the cross section minimum 
and at energies of incoming nucleons above 60 MeV[14]. The inclusion 21r-exchange 
3NF models into theoretical calculations removes many of them and also solves un­
derbinding problem[14]-[17]. This result clearly shows the significance of the 3NFs in 
the nucleus. In contrast, theoretical calculations with 3NFs still have difficulties in the 
reproducing of some spin observables. At higher energies, not only spin observables 
but also cross sections at backward scattering indicate the deficiencies of the present 
3NF models[18]-[20]. 

The study of reactions with participation of the four nucleons present a special 
interest, because four-nucleon systems have a number of features not found for three 
nucleons. Some of them are the existence of excited states, a complicated reaction 
mechanism, many channels in [3+1] and [2+2] configurations, and much larger po­
larization effects. The essential progress in theoretical description of the four-nucleon 
reactions was performed at last decade. Theoretical calculations for all possible 4N 
reactions below three-body breakup threshold were performed in ref [21]-[25]. These 
results have shown that the agreement between data and theory the best by using 
non-local model[26]. However, specific observables such as Ay for p - 3 He reaction 
and n - 3 H cross section show large discrepancies with data. Also, it was found that 
the Urbana IX 3N force, when added to AV18 2N force bears almost no effect on the 
total cross section in the n - 3 H resonance region[24]. In contrary, there was a good 
agreement between the p - 3 He cross section data and the calculations there a 3N 
potential was included[25]. One of the tools for understanding of the reason of these 
disagreements is the investigation of the processes sensitive to the deuteron, 3 H e(3 H) 
spin structure and 3-nucleon forces(3NFs). It gives additional important information 
about reaction mechanisms and the structure of the lightest nuclei( d, 3 H, 3 He). 

Binary reactions like dd --* 3 Hp, dd --* 3 Hen, dp --* pd and d3 He --* p4 He are 
sensitive to the structure of deuteron and 3-nucleon forces. In additional, the dd --* 
3 H p(3 Hen) reaction can be used as an effective tool to investigate the structure 3 H 
and 3 He at short distances, because they are the simplest ONE reactions where the 
three nucleon structure is relevant. These reactions were intensively studied at low 
energy both experimentally and theoretically[27]-[34]. But the polarization data for 
dd scattering at intermediate energies are scare. The tensor analyzing power T20 have 
been obtained in the d d --* 3 H e(0°)n(3 H(0°)p) reactions at the energy of deuteron 
140, 200 and 270 MeV at RIKEN. The positive values and the behavior of T20 [35] 
depending from the deuteron energy are in the agreement with the calculations of 
the ONE model. However, recent data on the tensor Ayy, Axx and Axz analyzing 
powers for the dd--* 3Hen reaction [36] obtained at 270 MeV demonstrate strong 
disagreement with the predictions of ONE at the angles larger than 15° in the c.m.s. 
This difference may indicate that the knowledge of short-range structure and applied 
reaction mechanism are not reasonable. To understand the reason of such deviation, 
data at different energies are necessary. 

In this report the data on the angular distributions of the vector Ay and tensor 
Ayy, Axx, Axz analyzing powers in the d d --* 3Hp and d d--* 3Hen reactions at 
200 and 270 Me V of the deuteron kinetic energy are presented. These data are data 
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are important for the preparation of the experiments at the LHEP-JINR Nuclotron-M 
at higher energies. It is planned to obtain new experimental data on the polarization 
observables for the p( d, p )d, 3 He( d, p )4 He and d( d, p )3 H reactions at intermediate and 
high energies in the wide angular range. These data will ensure new information on the 
spin structure of light nuclei at the short internucleonic distances, where the relativistic 
effects and the three-nucleon forces play an important role. 

2. Experiment 

Experiment was performed at the acceleration complex RARF(Figl.). The po­
larized beam of deuterons, was ensured by the polarized ion source(PIS), and was 
accelerated by AVF and Ring Cyclotrons up to energy of 140, 200 and 270 MeV. The 
accelerated beam was directed to the target, located in hall E4. 
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Figure 2: Spectrometer SMART 

The measurement of the polarization of beam was carried out with the help of 
Swinger polarimeter (SwingerPOL) and Droom polarimeter (DroomPOL). These po­
larimeters are based on the measurement of asymmetry in d p elastic scattering. Two 
kinds of deuterized polyethylene(CD2 ) sheets were used as the target. The carbon tar­
gets were used for evaluating the background events. The scattered particles (3 He, 3 H 
and p) were registered by spectrometer SMART(Fig2.). The identification of particles 
was based on the time-of-flight and the value of ionization losses in the plastic of scin­
tillation detectors. Scattering angle and momentum of the particle were determined 
by the information of multiwire drift cambers (MWDC) and optical characteristics of 
the spectrometer. 

The energy spectrum on carbon target was measured to take account for the con­
tribution of carbon content of C D2 target. The quality of the C D2 - C subtraction 
procedure for the d d--, 3 Hp reactions at 200 MeV is demonstrated in Fig.3 for sev­
eral angles in the center of mass system. The spectra are plotted as a function of the 
excitation energy Ex defined as follows: 

Ex = J(Eo - E3N )2 - (Po - P3N )2 - MN, 
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Figure 3: CD2 - C subtraction procedure for dd - 3 Hp reaction at 200 MeV. The 
open and shadowed histograms in the left panels correspond to the yields from C D2 and 
carbon targets, respectively. The right panels demonstrate the quality of the C D2 - C 
subtraction. The peaks at Ex=0 MeV correspond to 3 H production from the dd - 3 Hp 
reaction. 

where Po is the incident momentum; E0 = 2Md + Td is the total initial energy; E3N 

and P 3N are the energy and momentum of the three-nucleon system, respectively; MN 
is the nucleon mass. The analyzing powers Ay, Ayy, Axx and Axz were obtained from 
the number of the events after the C D 2 - C subtraction and beam polarization. The 
number of the events was normalized on the dead-time effect, the detection efficiency, 
and beam intensity. 

3. Results 

The experimental results on the vector and tensor analyzing powers of the d d -
3 H p(3 Hen) reactions are presented in Fig.4. The errors of the experimental values 
iuclude both the statistical and the systematic errors. The systematic errors were 
derived from the errors of the beam polarizations measurements. 

The solid curves are the results of ONE calculations using CD-Bonn deuteron and 
3 He wave functions[37]. The long-dashed curves are the results of ONE calculations 
using Paris deuteron and 3 He wave functions[37]. The positive values and the behavior 
of T20 [35] versus the deuteron energy at forward angles are qualitative agree with the 
calculations of the ONE model, but these calculations predict slightly large values of 
the teusor analyzing power. The predictions show sharper decrease of the T20 than 
the experimental values obtained at 180 degrees. The signs of the tensor Ayy, Axx and 
Axz analyzing powers at forward and backward angles are same for the data and ONE 
calculations. The shapes of distributions for Ayy and Axz are similar at both energies 
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Figure 4: The experimental results on the vector and tensor analyzing powers. The 
circles, crosses, rhombus are results of the analyzing powers in the cases when 3 H, 3 He 
and proton were registered. 

in contrast with the data on Axx where an additional structure at 270 MeV is observed: 
The vector analyzing power Ay equals zero in the ONE model. Some structures in the 
experimental results on Ay indicate possibility other than ONE mechanisms in these 
reactions. 

One can see that ONE calculations qualitatively reproduce the behavior of the 
tensor analyzing powers at the angles smaller than 15° and larger than 160° only. 
However, the ONE calculations strongly disagree with the data in the whole angular 
range of the measurements. This is especially noticeable at the angles smaller than 
90 degrees. The reason of the discrepancy can be in the non-adequateness of the 3N­
bound state spin structure and/ or more complicated reaction mechanism. The multiple 
scattering calculations are in progress now[38]. 

4. Measurements of the dp elastic scattering. 

We plan to measure the cross section, vector Ay and tensor Ayy and Axx analyzing 
powers in dp-elastic scattering at large angles in c.m.s. in the energy range 0.3-2.0 
GeV[39,40] and in dp-non-mesonic breakup at the energies below 500 MeV for different 
kinematic configurations of two final protons[41] at Internal Target Station[42,43] at 

Nuclotron-M. 
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The deuteron-proton, deuteron-neutron and breakup reactions are used for the 
intensive studies of the three-nucleon force effect. At deuteron energies below 300 MeV, 
Faddeev calculations can provide good description of cross section data, by introducing 
a three nucleon force, over the whole angular range. However, their reproduction of 
the polarization observables are not so good as that for cross section data, which may 
be regarded as an insufficiency of our knowledge on spin dependence of three nucleon 
force. Measurement of energy dependences of polarization observables in the region of 
cross section minimum can give an irreplaceable clue to the problem. 
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Figure 6: The dependence of the vector 
Ay analyzing power in dp- elastic scat­
tering at the fixed angles in the c.m.s. as 
a function of transverse momentum PT· 
The open and solid symbols represent 
data obtained at RIKEN, Saclay, ANL 
and at Nuclotron(Dubna), respectively. 

The Fig.5 and Fig.6 show the dependences of the vector Ay and tensor Ayy analyzing 
powers in dp- elastic scattering at the fixed angles in the c.m.s. as a function of 
transverse momentum PT· The open and solid symbols represent data obtained at 
RIKEN, Saclay, ANL and at Nuclotron(Dubna), respectively. The change of the sign 
in the both Ay and Ayy analyzing powers values at PT 600-700 Me Vis observed. Further 
precise measurements are required to understand the reason of such behavior. 

5. Measurements of the 3 He( d, p )4 He reaction spin observables. 

The goal of the 3 He(d,p) 4 He reaction study at Nuclotron-M is to understand the 
reason of the long staying puzzle, namely, the behavior, of the tensor analyzing power 
T20 in dp - backward elastic scattering[44,45]. While t20 data in ed- elastic scattering 
obtained at JLAB[46] and T20 data in dp- inclusive breakup[47,48] can be explained 
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by using the conventional deuteron structure functions and additional to the Born ap­
proximation mechanisms, the T20 in dp- backward elastic scattering(Fig. 7) demonstrate 
unexplained the strange structure at the internal momentum k ~0.3-0.5 GeV /c in the 
vicinity of the D-wave dominance. 
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Figure 7: T20 data taken at Dubna and Saclay plotted as a function of the internal 
momentum k. Open circles and squares denote data for the dp- backward elastic 
scattering obtained at Saclay[44] and at Dubna[45], respectively. Closed circles, squares 
and triangles indicate data for the deuteron inclusive breakup on hydrogen target 
obtained at Saclay[47] and at Dubna[48], respectively. Solid curve represent the result 
of ONE calculation. 

The experiments performed at RIKEN at the energies below 270 Me V have shown 
that the polarization correlation coefficient, C;; = 1-

2
.½T20+~Cy,y, for the 3 He( d, p )4 He 

reaction may be a unique probe to the D-state admixture in deuteron[49]. In the ONE, 
the expression for C;; is proportional to the D-state fraction in deuteron as 

9 w2 

C;,,1---
1 - 4u2 + w2' (1) 

where u and w are the S- and D-state wave functions of deuteron in momentum space. 
This is a marked contrast to T20 and ,-;;0 for dp backward elastic scattering which 
include S- and D-state interference term ( uw-term) together with a w2-term. It is 
thus expected that C;; may be a candidate to provide an information on the deuteron 
structure complementary to those from T20 and ,-;;0 obtained in dp- backward elastic 
scattering. 

Tensor analyzing power T20 , spin correlation Cy,y and polarization correlation co­
efficient C;; for the 3He( d, p )4He reaction are shown in Fig.8. Solid lines in the figures 
represent calculations based on an impulse approximation proposed in Ref.[50]. In the 
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Figure 8: Tensor analyzing power T20 , spin correlation Cy,y and polarization correlation 
coefficient C;; for the 3He(d,p) 4He reaction. The dashed and solid lines represent one­
nucleon exchange calculations without[50] and taking into account the Fermi motion in 
the target nucleus, respectively. The full symbols are the data obtained at RIKEN[51]. 
The open squares show the expected precision for the data at Nuclotron-M. 

calculation, the Fermi motion in the target nucleus is taken into account [51]. The full 
symbols are the data obtained at RIKEN[51] . The open squares show the expected 
precision for the data at N uclotron. 

The main goal of the experiment is to obtain the data on C;; in the energy region 
of 1.0-1. 75 Ge V, where the contribution from the deuteron D-state is expected to 
reach a maximum in one-nucleon exchange approximation, to obtain new information 
on the strange structure observed in the behavior of T20 in the dp- backward elastic 
scattering and to realize experiment on the full determination of the matrix element of 
the 3He( d, p )4 He reaction in the model independent way. These data will help us also 
to understand the short-range spin structure of deuteron and effects of non-nucleonic 
degrees of freedom. For these purposes polarized deuteron beam from new PIS[52] 
and polarized 3He target developed at CNS of Tokyo University[53] and modified for 
present experiment at Nuclotron-M will be used. 

6. Conclusion. 

The results on the vector Ay and tensor Ayy, Axx and Axz analyzing powers in 
the d d ---, 3 H p(3 Hen) reactions at the energy of initial deuterons 200 and 270 Me V 
have been obtained. The data demonstrate large values of the analyzing powers. The 
calculations performed within one-nucleon-exchange approximation[38] using standard 
wave functions fail to reproduce the data. The reason of the discrepancy can be in 
the non-adequateness of the 3N-bound state spin structure and/or more complicated 
reaction mechanism. The multiple scattering calculations are in progress now[38]. 
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Obtained experimental data are important for the preparation of the experiments 
at the LHEP-JINR Nuclotron-M at higher energies. It is planned to obtain new ex­
perimental data on the polarization observables for the p(d,p)d, 3He(d,p) 4 He and 
d( d, p )3 H reactions at intermediate and high energies in the wide angular range. Fur­
ther precise measurements of the polarization observables for the dp elastic scattering 
are required to understand the reason of the change of the sign in the both Ay and Ayy 
analyzing powers values at Pr ~ 600-700 Me V. The goal of the 3 He( d, p )4 He reaction 
study at Nuclotron-M is to understand the reason of the long staying puzzle, namely, 
the behavior, of the tensor analyzing power T20 in dp - backward elastic scattering[44]. 

New experimental data will ensure the important information on the spin structure 
of light nuclei at the short internucleonic distances, where the relativistic effects and 
the three-nucleon forces play an important role. 
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Abstract 
The experiment on dp-non-mesonic breakup at the Internal Target Station (ITS) at 

N uclotron-M is discussed. The status of the setup upgrade ( detectors, high voltage and 
DAQ systems etc.) is presented. 

1. Introduction 

The purpose of Light Nuclei Structure experimental program is to obtain the in­
formation on the spin dependent parts of 2-nucleon and 3-nucleon forces from two 
processes: dp-elastic scattering in a wide energy range and dp- non-mesonic breakup 
with two protons detection at energies 300 - 500 Me V. 

Properties of few-nucleon system at moderate energies are determined mainly by 
pairwise nucleon-nucleon interactions. Models of N N forces describe the long range 
interaction part according to the meson-exchange, while the short range is based on 
phenomenology, adjusted by fitting a certain number of parameters to the N N scat­
tering data. Nowadays a new generation of the NN potentials (AV-18[1], CD-Bonn[2], 
Nijmegen[3] etc.) was obtained. They reproduce data on the nucleon nucleon scatter­
ing up to 350 MeV with very good accuracy. However, these modern 2N forces fail to 
provide the experimental binding energies of few-nucleon systems. Moreover the data 
on the dp- elastic scattering and deuteron breakup are not described properly. 

Precise predictions for observables in the 3N system can be obtained via exact 
solutions of the 3N Faddeev equations for any nucleon-nucleon (N N) interaction, even 
with the inclusion of a 3N F model [4]. Incorporation of the 3N forces makes it possible 
to reproduce the binding energy of the three-nucleon bound systems and also data on 
unpolarized dp- interaction. Nevertheless, polarization data for the reactions with 
participation of three and more nucleons are not described even with inclusion of 3NF. 
Therefore, the obtaining of the additional polarization data in the dp- interaction in 
the wide energy range more is very desirable for the study of the spin structure of 2N 
and 3N forces [5]. To investigate the details of the dynamics of the 3N system, in 
addition to elastic Nd scattering data, reliable deuteron breakup data sets, covering 
large regions of the available phase space, are needed. 

The experimental data on the deuteron analyzing powers for large phase space were 
obtained at 130 MeV at KVI [6]. Ay, Ayy and Axx analyzing powers in dp-breakup 
will be investigated at Internal Target Station at 200-500 MeV. The predictions for 
tensor analyzing power Ayy and differential cross section in the selected dp-breakup 

1 E-mail: piyadin©j inr. ru 

64 



0.4 01=450, 02=450, lj>l2=()o 

~ 0.2 
~ < o.o 

-0.2 

0 40 80 120 

S [MeV] 

Figure 1: The tensor analyzing power Ayy (left) and differential cross section in selected 
breakup configurations at 400 MeV (right)[7]. The curves are explained in the text. 

configurations at 400 Me V are shown in Fig.1. The light shaded band contains the 
theoretical predictions based on CD-Bonn, AV18, Nijm I, II and Nijm 93. The darker 
band represents predictions when these NN forces are combined with the TM 3NF. 
The solid line is for AV18+Urbana IX and the dashed line for CD Bonn+TM. One can 
see large sensitivity of these observables to the model of 3NF. 

In this report the status of the experiment at ITS at Nuclotron-M preparation and 
first beam test results are presented. 

2. !::.E-E detector. 

The dp breakup reaction will be investigated using !::.E-E techniques for the detec­
tion of protons. 8 detectors of this kind are planned to use in experiment. The detector 
consists of two scintillators !::.E and E. 

PMT8 

Figure 2: The schematic view of the !::.E-E detector for dp breakup reaction study. 

The first scintillator has the cylindrical form with the height 10 mm and the di­
ameter 100 mm. Two PMTs-85 view through given scintillator and they are located 
the friend opposite to the friend. Two planes have been made on the scintillator to 
increase the area of the optical contact between the scintillator and photocatode of 
the PMT-85. These planes have been polished. (see Figure 2). !::.E scintillator it is 
covered by a white paper. Digital dividers of pressure are used for PMT-85. 

E scintillator also has the cylindrical form with height 200 mm and diameter 100 
mm. PMT-63 view through this scintillator. Given PMT has been chosen because of 
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the suitable size of the cathode (100 mm) both good time and amplitude properties. 
E scintillator has been wrapped by a white paper. The part which is located to 6E 
scintillator has been covered by a black paper. It is made to exclude possibility of hit 
the light from one plastic scintillator to another. 

3. Divider of the high voltage of PMT-63. 

Divider of voltage for PMT-63 was used standard (not individual) without feed of 
last cascades (see Figure 3). The divider consists ofresistors, without use of stabilitrons 
on the last dynodes. The general resistance of a divider makes 1736 kOm, and the 
current is equal 1,1 - 1,4 mA at working voltage. 
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Figure 3: The scheme of a divider of voltage PMT 63. 

T.he resistor of 300 kOm in the cathode chain extinguishes the large amplitudes 
pulses arising sometimes from PMT-63 punching the shaper. Resistors on the last 
dynodes dump parasitic oscillatory contours (improve the pulse form). 

Condensers between the last dynodes serve only for improvement of the form of an 
impulse. 

The resistor 1 kOm between the anode and the earth is intended for shaper protec­
tion. The charge flows down on this resistor from the anode when last is disconnected 
from the shaper. The light-emitting diode informs about current presence in a divider. 

4. Testing for 6E-E counters. 

The signal amplitudes for PMT-85, PMT-63 and correlation for the PMT-85 and 
PMT-63 obtained on cosmic muons are show in Figure 4. 
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Figure 4: Signal amplitudes obtained on cosmic muons. Left panel is the amplitude 
from one PMTs 85. Center panel is the amplitude from PMTs 63. Right panel is the 
correlation of these amplitudes. 
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The beam test of two l::iE-E detectors at ITS has been performed at the initial 
deuteron kinetic energy of 2.3 GeV in June 2008. During this test a new DAQ-system 
based on the trigger LT320D module has been used. One of the important advantages 
of this module is the possibility to control the status of majority coincidence circuit 
on-line. The trigger used was the coincidence of the signals from 2 l::iE-E detectors 
located in the horizontal plane on the left and right from the initial beam direction. 
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Figure 5: The amplitude from one of the PMTs 85 and the amplitude from PMTs 63 
of the same detector. 
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Figure 6: The correlation of amplitudes from two E-detectors and their time-of-flight 
difference. 

First results for the beam test of t!.E-E counters are presented in Figs.5,6. The 
signal amplitudes from the thin and thick plastic scintillator are shown in the left and 
right panels of the Fig.5, respectively. The results on the correlation of the energy 
depositions in two E- scintillation counters and their time-of-flight difference are given 
in Fig.6. 

5. Modernization of t!.E-E detectors. 

The modernization of t!.E-E detectors consists in diminution of diameter of t!.E 
scintillator to 8 cm. It has allowed to reduce the solid angle for detected nucleons. 
Solid angle reduction allows to exclude nucleons which take off through a E - scintil­
lator lateral side. This detector was tested with cosmic muons. Results of calibration 
are presented on Figure 7. Pedestal is disposed in 23 bin. Mean size of amplitude 
distribution from E - scintillator is equal 243 channels. 10 channels are equal 1.8 MeV 
for this configuration of the detector. 
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Figure 7: Results of calibration !.':!,.E-E detector with cosmic muons. 

6. The high voltage system. 

The high voltage digital dividers of PMTs-85 were controlled by the module con­
nected with computer through the bus RS-232. This system was designed at LHEP­
JINR [8]. The high voltage system for PMTs-63 is based on "Wenzel Electronik" 
module, whose voltage is adjusted and checked on-line using DAC and ADC CAMAC 
modules (sec Figure 8). 

Figure 8: The high voltage system for PMTs-63 

The versatile DAQ system for middle range physics experiments MIDAS [9] was 
used for on-line control of high voltage provided by "Wenzel Electronik". The system 
demonstrated good time stability during beam test. 

7. Hardware bay. 

Hardware bay consists of 4 vertical steel arc. Each arc can move in the horizontal 
plane(see Figure 9). Two carriages for !.':!,.E-E counters can take up position on the arc. 
Counters move relatively to arc in the vertical plane. 
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Figure 9: The hardware bay for 8 l:::,.E~E counters. 

8. Conclusion 

The following results of the preparation of the setup for the investigation of dp-
breakup was obtained: 

- Systems of high-voltage system and DAQ were modernized; 
- !:::,.E-E scintillation counter to study dp-breakup was designed and manufactured; 
- First results on the the !:::,.E-E counters tests with cosmic muons and with beam 

at the Internal Target Station at Nuclotron were obtained. 
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Abstract 
A polarimeter based on the asymmetry measurement of the deuteron-proton elastic scat­

tering has been constructed at Internal Target Station of Nuclotron-M(JINR). The polarime­
ter allows to measure vector and tensor components of the deuteron beam polarization. The 
results of the deuteron beam polarization completed at the energy of 270 Me V are given. 

The analyzing powers Ay, Ayy and Axx in d - p elastic scattering at the energy of 0.88 
and 2.0 GeV are obtained. The analyzing powers of the reaction have the sufficiently large. 
values for conducting the efficient polarimetry in a wide energy region of deuteron. 

1. Introduction 

Spin physics studies with intermediate energy polarized deuteron beams have been 
proposed at different facilities. Measurement of the beam polarization is an important 
element in such experiments. Since deuteron is a spin-I particle, the deuteron beam 
has vector and tensor polarization in general. The polarimetry should have a capability 
to determine both components of polarization, if possible, simultaneously. 

The polarimetry based on zero-degree inclusive deuteron breakup from a proton 
target[l] and pp quasi-elastic scattering[2] are currently used at LHEP Accelerator 
Complex to provide the polarimetry of the deuterons at Ge V -energies. However, 
these reactions have not vector and tensor analyzing power, respectively. On the other 
hand, the d - p elastic scattering at forward scattering angles is traditionally used for 
the tensor and vector polarimetry at intermediate energies. The polarization of the 
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Figure 1: Schematic view of the detector setup. 

deuteron beam was measured using the d-p elastic scattering at 1600 MeV at forward 
angles where vector Ay and tensor Ayy analyzing powers have large values with two-arm 
magnetic spectrometer ALPHA[3]. It was demonstrated recently at COSY at ANKE 
spectrometer[4] at the initial deuteron energy of 1170 MeV that the vector and tensor 
analyzing powers for d - p elastic scattering are also large. The d - p elastic scattering 
at large angles has been successfully used for deuteron beam polarimetry at RIKEN[5]. 

The aim of the experiment is to obtain the Ay, Ayy, and Axx analyzing powers in 
the d- p elastic scattering at large angles at the 270-2000 Me V energy range. Also the 
possibility to the use this reaction for the efficient polarimetry of deuterons is studied. It 
has several advantage as a beam-line polarimetry over the others. Firstly, both vector 
and tensor analyzing powers for the reaction have large values[6]-[9]. Secondly, the 
kinematical coincidences measurement of deuteron and proton with plastic scintillation 
counters suffices for event identification. This is mainly due to a small background event 
rate, compared with the forward angles. 

The analyzing powers data at the energies in a Ge V region are necessary for the DSS 
project at Nuclotron-M[lO]. For the measurements of the polarization observables 
in the 3He(d,p)4He reaction it is necessary to know of the both vector and tensor 
polarization of the deuteron beam. New facility RIBF at RIKEN will have polarized 
deuterons at 880 MeV and, therefore, also require the development of the high energy 
polarimetry. 

2. Polarimeter 

The polarimeter was constructed at the Internal Target Station(ITS) of Nuclotron­
M[ll]. This target station is composed of a spherical hull, a beam duct and the target 
stage where the target holder currying up to six different targets is located. The details 
of ITS can be found in Ref. [ 11]. 

A schematic view of the polarimeter is shown in Fig.I. A detector support to install 
deuteron and proton detectors is placed downstream of the ITS. 48 plastic scintillation 
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counters are placed in horizontal and vertical planes. Each of them coupled to a photo­
multiplier tube Hamamatsu H7 416MOD is arranged on the left, right, up and down of 
the beam axis to allow determination of spin-dependent asymmetry of the reaction. A 
detector for quasielastic-pp scattering is used as the monitor of beam intensity. Proton 
detectors are placed 630 mm from the target, while deuteron and quasifree-pp detectors 
in front of proton detectors. The scattered deuterons and recoil proton were detected in 
kinematical coincidence over the center-of-mass(CM) range of 60 - 140°. The angular 
span of one proton detector is ~ 2° in the laboratory frame, which corresponds to ~ 4° 
in CM system. 

The coincidences of the signal from any of LEFT detectors (LPl-9,LDl-4,PPL) and 
any of RIGHT detectors(RPl-9,RDl-4,PPR) trigger the data taking. VME-CAMAC 
based DAQ[12] has been used for data taking. The monitor counts as well as a signal 
about the type of the spin mode of ion source was stored for each beam spill. Quasi­
elastic pp scattering at 90° in c.m. (in the horizontal plane) has been used as a 
luminosity monitor. 

The information on the target position across the beam pipe has been used to tune 
the trajectory of the internal target and accelerator parameters in order to provide the 
position of the interaction point as much as close to the beam pipe center. These data 
are important to fix the kinematics and were used also in offiine analysis. The typical 
uncertainty of the interaction point at 270 MeV is ±1 mm. The details of the target 
position monitor operation are described in Ref.[13]. 

3. Experimental procedure 

Analyzing powers for the d - p elastic scattering at the energies 880 and 2000 Me V 
were measured with the newly-constructed polarimeter in June 2005. 

Polarized deuterons were provided by PIS("polarized ions sources") POLARIS[14]. 
In the present experiment the data were taken for unpolarized, "2-6" and "3-5" spin 
modes of POLARIS [14] which had the following theoretical maximum polarization 
(Pz,Pzz)=(0,0),(1/3,1) and (1/3,-1), respectively. The quantization axis is perpendic­
ular to the beam circulation plane of Nuclotron. The spin states of POLARIS were 
changed spill by spill. 

The typical beam intensity in Nuclotron ring was 2-3 x 107 deuterons per spill. The 
l0µm CH2 foil was used as a proton target, while the measurements with carbon 
target were made to estimate the background originating from quasifree scattering on 
carbon. Prior to the analyzing powers measurement at 880 and 2000 MeV, the beam 
polarization measurement was carried out at 270 MeV, where well established data on 
the analyzing powers exist[6]-[9]. 

4 Data analysis 

4.1 Measurement of the beam polarization at 270 MeV. 
The beam polarization was determined by using asymmetry of the d - p elastic 

scattering yields and known analyzing powers of the reaction[7]-[9]. Data at several 
scattering angles were used in the polarization determination: 75°, 86.5°, 95°, 105°, 
115°, 126.3°, and 135°. The analyzing powers values Ay, Ayy, Axx and Axz and their 
errors at these angles were obtained by the cubic spline interpolation of the data from 
Refs. [7]-[9]. 

The spin-dependent cross section o-(8) ford - p elastic scattering has the following 
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Figure 2: The vector Py and tensor Pyy polarizations of the deuteron beam for "2-6" 
and "3-5" spin modes of POLARIS[14] obtained at different angles. The error bars 
include both statistical and systematical uncertainties. 

Table 1: Vector Py and tensor Pyy polarizations of the beam for the "2-6" and "3-5" 
spin modes of POLARIS[14]. 

Spin mode Py !::.Py Pyy !::.Pyy 
"2-6" 0.216 0.015 0.605 0.025 
"3-5" 0.208 0.012 -0.575 0.020 

form 

where cra(8) is unpolarized cross section, Ay, Ayy, Axx and Axz are the deuteron ana­
lyzing powers, Py, Pyy, Pxx and Pxz are the components of the beam polarization[15]. 

The normalized yields of the d - p elastic events for scattering left (L), right (R), 
up (U) and down (D) were used for the beam polarization evaluation at the scattering 
angles 8c.m. 2: 105°, while only scattering L, R, and D were used at the angles 75°, 
86.5° and 95°. The values of the tensor Pyy and vector Py polarizations of the beam for 
"2-6" and "3-5" spin modes of POLARIS[14] obtained at different angles are presented 
in Fig.2. The error bars include both statistical and systematical uncertainties. The 
weighted average values of the beam polarization are given in the table 1. The values 
of the tensor polarizations obtained at 270 MeV are in a good agreement with the 
values obtained by the low energy polarimeter based on 3 He( d, p(0°) )4 He reaction at 
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Figure 3: The correlation of the amplitude signals for one pair of the deuteron and 
proton detectors at 880 MeV. The solid line is the graphical cut for the selection of the 
d - p elastic events. 

10 MeV which where 0.69±0.13 and -0.67±0.16 for the spin modes "2-6" and "3-5" 
respectively[16]. The value of the angle between the beam direction and polarization 
axis was found /3 = -91.0 ± 1.3°, therefore, the polarization axis is perpendicular to 
the plane containing the mean beam orbit in the accelerator. 

4.2 Selection of the d - p elastic events at high energies. 
The d-p elastic events have been selected using the information on the energy losses 

in the plastic scintillators by protons and deuterons, their time-of-flight difference and 
interaction point position. 

The contribution of carbon background and accidental coincidences was negligible 
small at the energy of 270 Me V[l 7]. The contribution from the carbon content of the 
CH2 target was increasing as the initial deuteron energy was increasing. Therefore, the 
d - p elastic events selection procedure at 880 MeV was different from the procedure 
at 270 MeV. The d- p elastic events candidates were selected by the correlation of the 
amplitude signals from the conjugated deuteron and proton detectors obtained on CH2 

target. The typical amplitude correlation for CH2 target is presented in Fig.3. The 
graphical cut for the selection of the d - p elastic events candidates is marked by the 
solid line. The same graphical cut was imposed for the data obtained on the carbon 
target. The procedure of the d - p elastic events allocation is demonstrated in Fig4. 
The time difference spectra /::,.Td-p for one pair of conjugated deuteron and proton 
detectors obtained with the criteria on the amplitude signals correlation for the CH2 

and carbon target are shown in Fig.4a by the open and solid histograms, respectively. 
The CHrC subtraction procedure was applied for each pair of the conjugated deuteron 
and proton detectors at each spin mode of the ion source. The quality of the CH2-C 
subtraction is demonstrated in Fig.4b. The d - p elastic events were selected inside 
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Figure 4: Selection of the d - p elastic events by the time difference 
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Figure 5: Selection of the d - p elastic events by the time difference 
b.Td-p between the signal appearance from deuteron and proton de­
tectors at Ed=2000 MeV obtained with the criteria on the amplitude 
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the imposed time window shown in Fig.4b by the dashes lines. The contribution from 
carbon content of CH2 inside the prompt time window varied between 10 and 2S% 
depending on the detection angle at the energy of 880 MeV. 

The allocation of the d - p elastic events at the energy 2000 MeV is different from 
the procedure of the elastic events getting at the energy 880 MeV. The graphical cut 
was imposed on the correlation ADC signal from deuteron and proton detectors. The 
procedure of the d - p elastic events selection is shown in Fig.S. The time difference 
spectra 8.Td-p for one pair of conjugated deuteron and proton detectors obtained with 
the criteria on the amplitude signal correlation for the CH2 target is presented by open 
histogram in Fig.Sa. The like unnormalized spectra obtained on unpolarized spin mode 
of POLARIS for the carbon target is shown by solid histogram in Fig.Sa. The time 
difference spectra on CH2 target was fitted a sum of the gaussian and exponential func­
tions. The background was reconstructed by the exponential function. Fig.Sb presents 
the time difference spectra for CH2 target and reconstructed background spectra. The 
time gate were imposed to select the d- p elastic events after background subtraction. 

4.3 Evaluation of the analyzing powers at 880 and 2000 MeV. 
The values of the analyzing powers Ay and Ayy at 880 and 2000 MeV were obtained 

from the following expressions 
Ay = 3(L- R) 

2py 

Avv=L+R-2 

Pvv 

(2) 

(3) 

Here L and R are the normalized yields of the selected events to the yield for 
unpolarized beam for scattering left and right, respectively. Tensor polarization of the 
beam Pxx equal to the Pvv, since the beam polarization axis is perpendicular to the 
plane containing the mean beam orbit in the accelerator. The values of the tensor 
analyzing power Axx for the scattering angles 70°-140° were obtained as 

A 
_U,D-1 

xx -
Pyy 

(4) 

where U and D are the normalized yields of the selected events for scattering up and 
down, respectively. 

5 Results at 880 and 2000 Me V 

The final results on the analyzing powers Ay, Ayy and Axx in d- p elastic scattering 
at 880 Me V are compared with several theoretical predictions in Fig.6. The solid, dash 
and dash-dotted lines are the calculation performed within Faddeev techniques[18], 
relativistic multiple scattering model[19] and optical potential framework[20]. The Ay 
consists with zero at the angle of 60° in c.m.s, while it is about -0.2 at large angles. The 
Axx has large negative values in the angular region of 60°-90° in c.m.s., nevertheless 
the Ayy is sizable only at the angles 60° and 70°. This make it possible to conduct the 
efficient deuteron beam polarimetry at the energy of 880 MeV using the d - p elastic 
scattering at large angles in c.m.s. On the other hand theoretical calculations[18]-[20] 
predict the large values Ay , Ayy and Axx at the angles Bc.m. ::; 60°. It is very desirable 
to conduct the analyzing powers measurements at these angles. 

The results on the vector Ay and tensor Ayy analyzing powers at fixed angles in c.m.s 
are plotted as function of transverse momentum Pr in Fig. 7 and in Fig.8, respectively. 
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theoretical predictions[18]-[20]. 
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The open symbols represent the data obtained at RIKEN[7], Saclay[23] and ANL[24]­
[26]. Nuclotron data obtained at the energies 880 and 2000 MeV are shown by solid 
symbols[21]-[22]. Both vector Ay and tensor Ayy analyzing powers change the sign at 
PT ~600-700 Me V / c. The additional measurement are necessary to understand of such 
behavior. The absolute values of the analyzing powers at 2000 Me V are sufficiently large 
to provide the efficient polarimetry of the deuteron beam. However, the measurements 
with larger statistics are needed. 

6. Conclusion 

A polarimeter based on the asymmetry measurement of the deuteron-proton elastic 
scattering has been constructed at Internal Target Station of Nuclotron-M(JINR). The 
polarimeter allows to measure vector and tensor components of the deuteron beam 
polarization. 

The final results on the vector Ay and tensor Ayy and Axx analyzing powers in 
d - p elastic scattering at the energy of 880 MeV are obtained. The analyzing powers 
values are sufficiently large to provide the efficient polarimetry of the deuteron beam at 
this energy. The theoretical models[18]-[20] obtained within the different approaches 
predict the sizable values of the Ay, Ayy and Axx at the angles 0c.m. '.S 60°. The 
additional calibration data on the vector and tensor analyzing powers at angles less 
then 60° are needed. 

The results on the vector Ay and tensor Ayy are also large, that can provide the 
deuteron beam polarimetry at this energy. However, the measurements with larger 
statistic are required. 

Obtained experimental data are important for the preparation of the future exper­
iments at LHEP-JINR at Nuclotron-M. The ITS polarimeter will be calibrate at the 
energies 270-2000 MeV with the expected error bars for analyzing powers ±0.02. 
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Abstract 
·· · ··---·· Microscopic calculations based on the Dirac-Brueckner-Hartree-Fock (DBHF) approach 

with realistic nucleon-nucleon potential are used to adjust a relativistic mean-field theory 
(RMFT) parameterization. RMFT allows a clear interpretation of the role of the mesons, es­
pecially the isoscalar-scalar a, the isoscalar-vector w, the isovector-vector p, and the isovector­
scalar c5 in the equation of state. The new results are compared with several older microscopic 
approaches that allows an adequate investigation of the main differences between them. Dif­
ferent self-interactions and vector w-p cross-interaction with their effects were examined in 
order to get a proper reproduction of the new DBHF data. It is shown that inclusion of 
vector cross-interaction is inevitable for correct description of the predicted nuclear symmetry 
energy. 

1. Introduction 

An ab initio description of dense nuclear matter which is based on QCD as the fun­
damental theory of strong interaction is presently not possible. The main reason lies in 
the highly non-perturbative character of the formation of hadronic bound states and 
their interactions. Therefore a quantitative description of nuclear many-body systems 
has to be based on effective theories. Particularly successful are theories which effective 
degrees of freedom are hadrons - nucleons (and their excited states) and mesons. How­
ever, also within microscopic hadronic theories a perturbative approach to the strong 
interacting nuclear systems is not possible [1]. A systematic summation of diagrams up 
to infinite order in terms of the Brueckner hole-line expansion turned out to be one of 
appropriate treatments. Already in lowest order which corresponds to standard non~ 
relativistic Brueckner theory the saturation of nuclear matter can be described at least 
qualitatively [2, 3, 4]. The another advantage of the Brueckner theory is that the free 
NN interaction is used, thus, there are no parameters in the force which are adjusted in 
the many-body problem. Nevertheless, nonrelativistic Brueckner calculations are not 
able to meet the empirical saturation point of nuclear matter. The results obtained 
using a variety of NN potentials show a systematic behaviour: the predictions for nu­
clear matter saturation are located along a band which does not meet the empirical 
area. This phenomenon is denoted by the "Coester band" [3]. The failure of this model 
to explain nuclear saturation indicates that one may have to extend the model. 

In the last few years, the study of the equation of state (EoS) of nuclear matter has 
instigated strong theoretical activity. The interest for the nuclear EoS lies, in the main, 
on the study of supernovae and compact objects - mostly neutron stars. In particular, 
the structure of a neutron star is very sensitive to the compressibility and the symmetry 
energy of nuclear matter. For that, several phenomenological and microscopic models 
of the EoS have been developed. The former models include nonrelativistic mean field 
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theory based on Skyrme interactions [8] and relativistic mean field theory based on 
meson exchange interactions - Walecka's quantum hadrodynamics (QHD) [9]. The 
latter ones include nonrelativistic Brueckner-Hartree-Fock (BHF) theory [10] and the 
nonrelativistic variational approach corrected by relativistic effects [11]. 

Inspired by successes of relativistic description of nuclear systems, a relativistic 
extension of BHF theory has been suggested by Shakin and collaborators [12, 13], fre­
quently called the Dirac-Brueckner approach. When first relativistic Dirac-Brueckner­
Hartree-Fock (DBHF) calculations were performed in the eighties [12, 14, 15] a break­
through was achieved. The common feature of all Dirac-Brueckner results was that a re­
pulsive relativistic many-body effect was obtained which is strongly density-dependent 
such that the empirical nuclear matter saturation can be explained. The Coester line 
was shifted much closer towards the empirical area of saturation. 

Despite evident successes of Dirac-Brueckner approach the DBHF framework is 
very complex and elaborate. Relativistic calculations are not straightforward and the 
methods of various groups are similar but differ in details, depending on solution tech­
niques and the particular approximations made. Due to its complexity, this advanced 
approach is successfully manageable for nuclear matter properties only; fully consistent 
application to finite nuclei description has not been achieved yet. These difficulties can 
be partially overcome by fitting of the free parameters of relativistic mean-field theory 
to the results of DBHF calculations for symmetric and asymmetric nuclear matter, 
which provides an effective parametrization of DBHF theory and indirect connection 
to bare NN potential. Numerous calculations have established that relativistic mean­
field (RMF) models, like quantum hadrodynamics, with such effective parameterization 
provide a reliable tool for realistic description of the bulk properties of finite nuclei and 
nuclear matter [ 16, 17]. In addition to this successful low-energy phenomenology, these 
models are often extrapolated into regimes of high density and temperature to extract 
the nuclear equation of state. The relativistic mean field theory has been also widely 
used in determining total masses and radii of neutron stars. The QHD approach to 
the dense nuclear matter is therefore believed to be the eligible tool that can help us 
to better understand the role of EoS in the physics of compact stars. 

The main objective of this contribution is to obtain a reliable mean-field parametriza­
tion that could be applied to asymmetric nuclear matter study and compact stars cal­
culations, using different degrees of freedom in order to investigate the influence of 
different meson self- and cross-interactions on quality of reproduction of the DBHF 
results as well as their effects on calculated nuclear matter properties, especially on the 
nuclear symmetry energy. 

The article is organized as follows. In Section 2, we discuss the main details of 
the theoretical framework for the nonlinear relativistic mean-field (RMF) model based 
on nucleon-meson interactions. Fitting procedure of mean-field parameterization and 
following results on the isospin-dependent properties of asymmetric nuclear matter are 
analyzed in Section 3. A summary is then given in Section 4. 

2. Formalism 

The detailed dynamics of the relativistic nuclear many-body problem must be spec­
ified by choosing a particular Lagrangian density. In the case of nonlinear RMF model 
Lagrangian generally includes the nucleon field in the form of isospinor 1/J, the isoscalar­
scalar meson field O', the isoscalar-vector meson field w, the isovector-vector meson field 
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p, and the isovector-scalar meson field 6, 

£ = if; [i--t8µ - (rnN - g(Ja - 9oT . 8) - gj;Jµ"(µ - 9pT . Pµ 'Yµ] 'lj; 

1 a A aµ A 1 2 A 2 1 A A µv 1 2 A A µ +- CT CT - -m CT - -w w + -rn w w 2µ 20' 4µv 2wµ 

1 a iaµ i 1 2 £2 1 A -µv 1 2 A Aµ +- u u - -m.u - -p · p +-mp · p 2 µ 2 u 4 µv 2 p µ 

1 b ( A )3 1 ( A )4 1 ( 2 A A µ)2 1 ( 2 A -µ)2 - 3 O'rnN g(JCT - 4c0' g(JCT + 4cw 9wWµW + 4cp 9pPµ · p 

lA (2- -µ)(2, •µ) lA (2- -µ)(2,2) +2 vv 9pPµ · P 9wWµW + 2 vs 9pPµ · P gO'CT , 

where antisymmetric tensors are of the form 

wµv = 8µwv - 8vwµ, 

¢Yµv = 8µ¢v - 8v¢µ, 

Pµv = 8µPv - 8vPµ-

(1) 

(2) 

In addition to nucleon-meson interactions the Lagrangian density includes the scalar 
bO', c(J and the vector Cw self-interactions, and the isovector vector cp self-interaction [18, 
19, 20, 21]. Finally, the nonlinear cross-interactions Avv and Avs [22, 23] are included 
to modify the density dependence of the symmetry energy asym(PB)- We neglect the 
electromagnetic field in the following since in the present work we are interested in the 
properties of infinite nuclear matter. 

The free parameters entering the Lagrangian are baryon and meson masses and 
dimensionless coupling constants, which define the strength of interaction terms, other 
symbols have their usual meanings. 

The field equations for this model follow from the Euler-Lagrange equations in a 
standard way. The resulting Dirac equation for the baryon field is of the form 

[hµ8µ - (mN - g(Ja - 9oT. 8) - 9wWµ"(µ - 9pT. Pµ 'Yµ]'l/J = 0 . 

Meson fields with spin O are described by the Klein-Gordon equations 

• 7..1, ( □ 2) , b 3 , 2 4 , 3 A 2 2 ( - -v,) 90''/-''f/ = + rn(J CT+ O'TnN90'CT + cO'g(j'CT - vs9p90' Pv · p CT , 
- 2 A 

9o'l/JT'lj; = ( □ + m 0 )6, 

and meson fields with spin 1 by the Proca equations 

.7. ol, ( □ 2) , 8 av, 4 (, v, , ) A 2 2 ( - -v, ) 9w'f''Yµ'f' = + mw Wµ - µ Wv + Cw9w W WvWµ + vv9p9w Pv. p Wµ , 

9pi/;"(µT'l/J = ( □ + m~)Pµ - 8µ8v Pv + Cpg!(PµPv · Pv) 

A 2 2 ( - , , V) A 2 2 ( - , 2) + vv9p9w PµWvW + vs9p90' PµCT · 

(3) 

(4) 

(5) 

When quantized, meson field equations become nonlinear quantum field equations, 
whose exact solutions are very complicated, moreover, the coupling constants are large, 
so perturbative solutions are not useful. Two approximations are necessary to circum­
vent this problem: relativistic mean-field approximation in which operators of meson 
fields are replaced by their expectation values and no-sea approximation introduced by 
exclusion of the filled Dirac sea of negative energy states. 
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For a static, homogenous infinite nuclear matter, all derivative terms drop out and 
expectation values of space-like components of vector fields vanish due to rotational 
symmetry and translational invariance of the nuclear matter. In addition, only the 
third component of isovector fields needs to be taken into account due to rotational 
invariance around the third axis in the isospin space. 

In brief, 

(6) 

This greatly simplifies the remaining problem; consequently the meson equations could 
be expressed in a reduced form 

9r;O' = (!;r;r [.os - br;mN(9r;0-)2 
- Cr;(9r;8')3 + Avs(9r;8')(9p,Oo3) 2

], 

9wWo = (!:r [.ov - cw(9wwo)3 - Avv(9wwo)(9p,Oo3)2], 

9p,003 = ( !;J 2 

[.oiv - Cp(9pP03) 3 - Avv(9p,003)(gwwo)2 
- Avs(9p,003)(9(ja-)2], 

- ( 98 )
2 

9803 = m
8 

Pis, 

where the source scalar density Ps, isovector scalar density Pis, baryon vector density 
Pv, and isovector vector density Piv are as follows 

(7) 

(8) 

- (- > ~ ~ 2JB + 11kFB 2 ~ k}B 
Pv = PB = 'I/J,o'I/J cs = ~ PvB = L..t 27!'2 k dk = L..t 37!'2 , 

B=p,n B=p,n O B=p,n 

(9) 

The set of coupled equations for the baryon and meson fields can be solved self­
consistently using the iteration procedure, and the properties of the nuclear matter 
can be then obtained from these fields. Subsequently, from the energy-momentum 
tensor [24J 
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we can calculate the energy density E and pressure P of asymmetric nuclear matter, 
and the results are given by 

1 1 1 - 1 
E = -m2 a-2 _ -m2 0 2 + -rri2S2 _ -m2p-2 

20- 2w0 2,53 2 p03 

1 -3 1 -4 1 - 4 1 - 4 
+-io-mN(9o-O') + 4co-(9o-O') - 4cw(9wWo) - 4cp(gpp03) 

1 1 - 2Avv(9pf503)2(gwwo)2 - 2Avs(9pf503)2(go-a)2 

(
2JB + l 1kFB ) (2JB + 11kFB ) + L 9wWo 27r2 k

2
dk + L 9pP03T3B 27r2 k

2
dk 

B=p,n O ~--B=p,n 0 

+ L (21;7r~ 1 1kFB k2Jk2 + mjfdk), (12) 
B=p,n O 

and 

1 1 1 - 1 p = --m2a-2 + -m2w2 _ -m2s2 + -m2p-2 
2o- 2w0 2'53 2 po3 

1 -)3 1 - 4 1 - 4 1 - 4 
--;}o-mN(9o-NO' - 4co-(9o-NO') + 4cw(gwNwo) + 4cp(9pNP03) 

1 1 
+ 2 Avv (9pN p03)2 (9wNWo) 2 + 2 Avs(9pN Po3)2 (9o-NO" )2 

1 2JB + l 1kFn k4 ) 
+3 B~n ( 21r2 o Jk2 + mjfdk . 

The binding energy per baryon can be obtained from the energy density via 

E 
EB= - -mN, 

PB 

while the symmetry energy can be expressed from generic series 

E(PB, a) = E(pB, 0) + Esym(PB)ci + O(ci), 

(13) 

(14) 

where PB = Pp+ Pn is the baryon density, a = (Pn - Pp)/(pp + Pn) is the isospin 
asymmetry and E(pB, 0) is the binding energy per nucleon in symmetric nuclear matter. 
Nuclear symmetry energy is thus given by 

182 E(PB, a) I 
Esym(PB) = 2 80:2 a=O· (15) 

The absence of odd order terms in a in Eq. (14) is due to the charge symmetry of 
nuclear forces, moreover, the higher-order terms in a are negligible, which has been 
verified by all many-body theories to date, at least for densities up to moderate values. 

3. Results and Discussion 

The new RMFT parameterization was obtained by adjusting free parameters of 
QHD model to fit the DBHF results for nuclear matter obtained by van Dalen, Fuchs 
and Faessler [25]. This group has investigated the properties of asymmetric nuclear 
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matter in the DBHF framework based on projection techniques using the Bonn A 
potential and bare NN matrix elements. The potential matrix elements have been 
adapted for isospin asymmetric nuclear matter in order to account for the proton­
neutron mass splitting. Furthermore, additional parameterizations were acquired using 
two older DBHF data calculated by Lee, Kuo, Li, and Brown [26, 27], and Huber, 
Weber, and Weigel [28, 29j. Again, the Bonn A potential was employed in both cases. 
This was done to compare the new fit with the older ones and to investigate and discuss 
the main differences. All of these Brueckner calculations are still too complex to utilize 
them to finite nuclei, on the other hand they can be used as a guidance to construct a 
RMF theory, which can be easily applied to finite nuclei or nuclear matter. In our case, 
the mean-field model was fitted to DBHF results by use of the optimization process, 
employing the least squares method based on principle of maximum likelihood. The 
DBHF binding energies per baryon for various asymmetries along with the neutron 
effective mass were taken as an input to the fitting procedure. In the case of older 
DBHF results also the scalar and the vector potentials were considered. 
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Figure 1: Density dependencies of the scalar and vector potentials leading from the 
DBHF theory of various groups. 

Initial data were weighted correspondingly to their physical significance - uncertain­
ties 0.3 MeV for binding energy and 5 MeV for potentials have been chosen. Value 0.3 
MeV is the usual estimation which stems from empirical evaluations of nuclear matter 
properties, whereas 5 MeV originates from the violation of the Hugenholtz-Van Hove's 
theorem within the DBHF theory. In the process of mapping of the RMF model on this 
microscopic theory one should cover this fact by introducing an additional uncertainty 
in the potentials, which value is related to the extent of violation. 

The fit was performed in the first step using nucleons N, scalar CJ, vector wand vec­
tor p mesons as degrees of freedom, then scalar cubic ba and quartic ca self-interactions, 
and vector quartic Cw self-interaction. 

Some of the DBHF data could not be properly reproduced by the fitted functions 
without introducing the isovector-scalar channel - 8 meson. It is due to important role 
of this meson in the description of nucleon effective mass-splitting as well as the prop­
erties of asymmetric nuclear matter. This fact is straightforward because the DBHF 
calculations based on projection techniques predict a Dirac effective mass splitting of 
m~ < rn; in whole density range. The DBHF result of van Dalen et al. is example 
of such an approach. The RMF theories with the isovector p and 8 mesons included 
predict the same Dirac mass splitting. 
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The data of Lee et al. and Huber et al. were successfully parameterized using 
standard RMFT, in the latter case with help of o meson. The related parameter sets 
can be found in Tab. l. 

TAB.1: Parameter sets resulting from fit to DBHF data of Lee [26, 27], Huber [28, 29], 
and van Dalen et al. [25], respectively. 

Lee Huber van Dalen (with Avv) 
g; 102.116 86.877 76.949 
g~ 146.802 108.096 100.842 
g~ 9.6695 31.112 40.806 
gl - 29.499 49.3978 
ba 0.00082 0.00316 0.00115 
Ca 0.00126 -0.00295 0.00053 
Cw 0.00520 
Cp 

Avv - - 0.02362 
x2 /N 2.9106 4.2833 13.6029 

ma [MeV] 550. 550. 550. 
mw [MeV] 783. 783. 783. 
mp [MeV] 770. 770. 769. 
m 0 [MeV] - 980. 980. 
mN [MeV] 939 939. 939. 

However, the van Dalen's et al. data were not satisfactorily reproduced by these mean­
field models. Although the calculated effective neutron mass was in good accord with 
the DBHF theory, the fitted binding energy had fairly different behaviour, mostly 
for the high asymmetries. Improvement of the binding energy fit was reached after 
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Figure 2: Density dependence of binding energy per baryon and neutron effective mass 
for different asymmetries as resulted from the RMF fit (lines) to the DBHF results 
(symbols) of van Dalen et al. [25]. 

inclusion of the isovector vector cp self-interaction, which indicates the importance of 
isovector sector. Unfortunately, the fit leads to nonphysical value of cp implying too 
strong isovector self-interaction. In addition, it can be shown that the parameterization 
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arising from such fit is not able to reproduce the predicted nuclear symmetry energy 
resulting from the DBHF calculations of van Dalen. Mean-field model with cp gives the 
value of the symmetry energy at saturation density far too high than Esym = 34.36 MeV 
of van Dalen. On the one hand, the isovector vector cp self-interaction can positively 
affect the fit, but on the other hand, it has no direct effect on the symmetry energy 
dependence. Presumably, that is why its incorporation enhanced the fitting procedure 
but failed in symmetry energy description. Fortunately, we have found that the use of 
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Figure 3: Mean-field symmetry energy results given by different RMF models are 
compared. Saturation value of Esym following from fit to van Dalen data ? is depicted. 
Rectangular region represents an empirical area of typical symmetry energy values at 
saturation. 

Avv cross-interaction instead the cp self-interaction can solve the remaining difficulties. 
The vector w-p cross-interaction contrary to the p self-interaction directly influences the 
symmetry energy through the effective p mass. Not only it improved the binding energy 
fit as it is shown in Fig.2 but also it suitably reproduced the symmetry energy value 
- RMF model with Avv gives Esym = 35.93 MeV. Fig.3 displays the comparison of the 
RMFT symmetry energy dependencies as resulting from different DBHF calculations 
as well as the differences between applied mean-field models. The parameter set of the 
mean-field model with Avv cross-interaction can be found in the Tab.I. One can see 
that the strength of the scalar and vector couplings is somewhat smaller in this case 
than usual. However, this is not so surprising. The simple explanation for this lies in 
the original DBHF data. Fig.I shows the comparison of the density dependencies of 
the scalar as well as the vector potentials calculated within the different approaches to 
the DBHF theory considered in this work. It can be clearly seen that the van Dalen's 
calculations predict the smallest potentials. The second thing, which one can observe 
from the Tab. I is that van Dalen's data lead to significantly stronger isovector coupling 
constants than in the Huber case. This again confirms the crucial role of the isovector 
mesons in the mapping of the mean-field theory on the Dirac-Brueckner approach. 
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4. Summary 

The QHD in the mean-field approximation is an effective field theory, in other words 
it is not parameter free like microscopic approaches, therefore one needs to anchor its 
free parameters to bulk or single-particle nuclear properties, or to fit them to the more 
fundamental DBHF results, which is a reasonably accurate way to parametrize the 
many-body effects. In this work the relativistic mean-field theory was used to obtain an 
effective parametrization of the properties of asymmetric nuclear matter by adjusting 
it to reproduce the DBHF calculations of different groups. The binding energy per 
nucleon and effective neutron mass were fitted, in some cases along with the scalar 
and the vector potentials. New parameterization was obtained through the use of van 
Dalen et al. DBHF data. We have employed two different mean-field models in the 
fitting procedure, both included nucleons N, scalar O', vector w, isovector vector p and 
isovector scalar c5 mesons as degrees of freedom, then scalar cubic ba and quartic ca 
self-interactions. The first model additionally contained the cp self-interaction and the 
second the Avv cross-interaction. Both models were satisfactorily capable to describe 
the binding energy together with the neutron effective mass resulting from DBHF 
theory, however, the former showed overly strong isovector self-interaction and failed 
in reproduction of the symmetry energy. It has been shown that the vector w-p cross­
interaction is necessary for obtaining the proper fit in the whole density range as well as 
that the mean-field symmetry energy calculated within this model is in good agreement 
with the DBHF predictions. 
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SEPARABLE KERNELS FOR UNCOUPLED PARTIAL 
STATES OF THE NEUTRON-PROTON SYSTEM 

E.P.Rogochaya1, S.G.Bondarenko, and V.V.Burov 

JINR, 141980, Dubna, Moscow region, Russia 

Abstract 
The multirank separable kernels of the neutron-proton interaction for uncoupled S and P 

partial waves (with the total angular momentum J=0,1) are proposed. Using the constructed 
kernels the experimental data for phase shifts in the elastic neutron-proton scattering for the 
laboratory energy up to 3 GeV and low-energy parameters are described. The comparison of 
our results with other model calculations are presented. 

1 Introduction 

The problem of an adequate description of nuclear interactions arose many years ago. 
At present there is no consistent theory of these interactions. Therefore to calculate 
many processes defined by nuclear forces various theoretical models were elaborated. 
They are potentials or interaction kernels parameters of which are defined from the 
description of relatively simple reactions with hadrons, like neutron-proton scattering, 
or systems composed of them, like deuteron. 

There are a lot of works devoted to the description of the deuteron. The first mod­
els were based on the nonrelativistic Shrodinger equation (see, for example, [1, 2]). 
In numerous papers mesonic exchange currents, relativistic corrections were investi­
gated and then were added to nonrelativistic solutions [3]-[9]. These approaches could 
describe properties of the deuteron such as binding energy, magnetic and quadruple 
momenta, electromagnetic form factors, tensor polarization and so on. However, with 
increasing of the precision of experimental data and obtaining new data at larger en­
ergies it became evident that it was necessary to take into account relativistic effects 
more carefully. 

One of the most consistent approaches is based on the solution of the Bethe-Sal peter 
(BS) equation [10]. In this case, we have to deal with a nontrivial integral equation. 
There is no method to get its exact solution. So various approximations were worked 
out. At present, the most known and developed approaches are the so-called quasipo­
tential [ll]-[22]. 

They consist in the simplification of the equations under consideration by some 
assumption. In most cases it means the deliverance from the relative energy, according 
to some physical reasons. There is another class of approaches called the relativis­
tic quantum mechanics which was successfully developed and applied to explain the 
electromagnetic properties of the deuteron. One of the most elaborated is the light 
front (LF) dynamics [23]. In this approach, the state vector describing the system 
is expanded by Fock components defined on a hypersphere in the four-dimensional 
space-time. 

An alternative approach based on the exact solution of the BS equation is to use 
the separable ansatz for the interaction kernel in the BS equation [24]. In this case 

1 E-mail: rogoch©theor. j inr. ru 
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we can transform an integral equation to a system of linear equations. Parameters of 
the kernel are fitted by the description of phase shifts for respective partial states and 
low-energy parameters. 

First separable parametrizations were worked out within nonrelativistic models. 
The form factors in the interaction kernel had no poles on a real axis in the relative 
energy complex plane [25, 26]. However, after the construction of a relativistic gener­
alization such poles appeared [24]. In some cases they do not prevent to perform the 
calculations. As an example, such parametrizations are successfully used in the consid­
eration of the deuteron photodisintegration [27], elastic electron-deuteron scattering, 
deuteron electrodisintegration on the threshold, and the deep inelastic scattering [24]. 
However, at high energies, one would have to deal with several thresholds correspond­
ing to the production of one, two and more mesons of different types. This is clearly not 
feasible. A more practical approach is to employ phenomenological covariant separable 
kernel, which do not exhibit the meson-production thresholds, and can even be con­
structed in a singularity-free fashion, with the form factors chosen in the present paper 
and our Wick-rotation prescription. Thus, an accurate description of on-shell nucleon­
nucleon data is possible, up to quite high energies. One then hopes that the used 
separable interactions also have a reasonable off-shell behaviour, so that realistic appli­
cations to other reactions can be done. The parametrization like that was proposed in 
[28]. In the present work, we develop this approach increasing the rank of the kernels 
and trying to describe the data for the phase shifts of uncoupled partial states in the 
energy range up to 3 GeV taken from the SAID program (http://gwdac.phys.gwu.edu). 

2 Bethe-Salpeter formalism 

Within the relativistic field theory, the elastic NN scattering can be described by the 
scattering T matrix which satisfies the inhomogeneous BS equation. In momentum 
space, the BS equation for the T matrix can be (in terms of the relative four-momenta 
p' and p and the total four-momentum P) represented as: 

T(p',p; P) = V(p',p; P) + 
4
:

3 
j d4 k V(p', k; P) S2 (k; P) T(k,p; P), (1) 

where V(p',p; P) is the interaction kernel and S2 (k; P) is the free two-particle Green 
function 

, are the Dirac gamma-matrices. The square of the total momenta s = (p 1 + p2 )
2 and 

the relative momentum p = (p1 - p2)/2 [p' = (p~ - p;)/2] are defined via the nucleon 
momenta p1, p2 [p~, p;J of initial [final] nucleons. 

To solve the BS equation (1) we perform the partial-wave decomposition of it, 
i.e. we introduce relativistic two-nucleon basis states /aM) = /1r, 2s+i L''.JM), where S 
denotes the total spin, L is the orbital angular momentum, and J is the total angular 
momentum with the projection M; relativistic quantum numbers p and 1r refer to the 
relative-energy and spatial parity with respect to the change of sign of the relative 
energy and spatial vector, respectively. In that case we obtain a system of linear 
integral equations for the off-shell partial-wave amplitudes: 

(2) 
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. +oo oo 

+ 
4
: 3 L j dko j k2dlkl Vac(P~, IP'I; ko, lkl; s)Scd(ko, lkl; s) Tdb(ko, lkl;Po, IPI; s), 

cd -oo 0 

where the two-particle propagator Sab depends only on p-spin indices. 
We use the normalization condition for the T matrix in the on-mass-shell form for 

the singlet case: 

Tu(s) = Tu(O, j5; O,j5; s) = 
167r 

vsJs -4m2 exp{ic51}sinc51, (3) 

where j5 = lf>I = J s / 4 - m2 = J mTLab/2 is the on-mass-shell momentum, m is a 
nucleon mass. In Eq.(3) l denotes s LJ states for simplicity. Low-energy parameters, 
the scattering length a0 , and the effective range r0 are derived from the expansion of 
the T-matrix into a series of j5-terms, according to [30]: 

1 r1 

j5cotc51(s) = - 1 + ~j52 + V(p3
). 

a0 2 
(4) 

To solve the equations for the T matrix and BS amplitude, we should use some 
assumption for the interaction kernel. 

3 A separable kernel 

We assume that the interaction kernel V conserves parity, total angular momentum 
J and its projection, and isotopic spin. Due to the tensor nuclear force, the orbital 
angular momentum L is not conserved. Moreover, the negative-energy two-nucleon 
states are switched off, which leads to the total spin S conservation. The partial-wave­
decomposed BS equation is therefore reduced to the following form: 

Tt 11(P~, IP'l;Po, IPI; s) = ½11(P~, IP'l;Po, IPI; s) (5) 
+oo oo 

+-i L J dk Jk2dlkl ½1111 (P~, IP'I; ko, lkl; s) Tt 111(ko, lkl; Po, IPI; s) 
411"3 !" 

0 
( y's/2 - Ek+ iE) 2 - k5 ' 

-oo 0 

where l = l' = J for spin-singlet and uncoupled spin-triplet states. 
Supposing the separable (rank N) ansatz for the kernel of the NN interaction: 

N 

½11(P~, IP'l;Po, IPI; s) = L ,\j(s)gf1(P~, IP'l)l1(Po, IPI), (6) 
i,j=l 

where the form factors gY1 represent the model functions, we can obtain the solution 
of equation (6) in a similar separable form for the T matrix: 

N 

Tt11(P~, IP'l;Po, IPI; s) = L Tij(s)gf1(P~, IP1l)gj11 (Po, IPI), (7) 
i,j=l 

where 

Tij(s) = 1/(\:/(s) + hij(s)), (8) 
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hi'(s) = __ i I:jdkojk2dlkl gJ!l(ko, lkl)gjll(ko, lkl) ' 
J 47!"3 l (../s/2 - Ek+ iE)2 - k5 (9) 

,\j(s) is a matrix of model parameters. 
The form factors gfl used in the separable representation of the interaction kernel ( 6) 

are obtained by a relativistic generalization of the initially nonrelativistic Yamaguchi­
type functions depending on the three-dimensional squared momentum !Pl. There 
are two methods to derive covariant relativistic generalizations of nonrelativistic form 
factors. They are considered below. 

Calculating the T matrix we can connect the parameters of the internal kernel with 
observables. 

4 Methods of a covariant relativistic generalization 

Two methods of a covariant relativistic generalization of the Yamaguchi- or Tabakin­
type functions are considered by the example of the nonrelativistic Yamaguchi-type 
function 

1 
g(IPI) = p2 + (32 · (10) 

1. One of the common methods is to replace three-momentum squared by four­
momentum squared: 

(11) 

This formal procedure converts three-dimensional functions to covariant four­
dimensional ones: 

( ) 
1 c.m. 1 

g P, p = --- - -------. 
p -p2 + (32 -p5 + p2 + (32 + iE 

(12) 

2. The other method is based on the introduction of the formal four-vector Q via 
the relative p and total P four-momenta of the two-body system by the following 
relation: · 

Q=p- P·pP, 
s 

(13) 

with the total momentum squared s = P 2 . 

) 
1 c.m. 1 

gQ(p, p = -Q2 + (32 - p2 + (32. (14) 

Note that in the two-particle center-of-mass system where P = ( ../s, 0) the four-vector 
Q is defined by the components Q = (0, p) and, thus, 

p2 = -Q2 (15) 

can be formally converted to the Lorentz invariant. 
The presented functions have rather different properties in the relative energy 

Po complex plane in c.m. The function 9p has two poles on the real axis for p0 at 
±✓p2 + {32 =f iE while the function 9Q has no poles on it. 
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5 Pole structure of the BS solution 

The solution of the Bethe-Salpeter equation with the separable kernel of interaction 
contains the function hij (9). To simplify the investigation of the pole structure, let us 
consider hij for the one-rank kernel (i = j = 1) for single l state. Then the value to be 
calculated is h(s): 

i j j 2 I I g(po, IPl)2 
h(s) = - 41r3 dpo P dp (../s/2-Ep+iE)2-p5,· (16) 

To obtain the function h(s), the two-dimensional integral on p0 and Jpl should be 
calculated. To perform the integration over p0 , the Cauchy theorem is used. As it can 
be seen from Eq.(16), there are two types of singularities on the real axis in the p0 

complex plane: one is poles of the function S(p; s): 

P6
1

'
2

) = ±vs/2 :r:- Ep ± iE, 

and the other is poles of the function g(p). 
The function gP has four poles: 

P63,4) = ±/p2 + 132 + io:2, 

P65,6) = ±/p2 + 132 - io:2, 

(17) 

(18) 

and to perform the p0 integration, residues in three poles of Eqs.(17) and (18) should be 
calculated. These calculations are performed analytically. All poles and the contour of 
integration are pictured in Fig.1. The idea how to choose the contour appeared owing 
to [31, 32]. It consists in that the contour must envelope the poles from form factors 
which will be inside the standard contour after the o: -+ 0 limit. "Standard" means the 
one used in the quantum field theory calculations with a propagator which has poles 
only on the real axis in the p0 complex plane; one of them is rounded from below and 
the other, from above. So the path of integration is defined by an appropriate contour 
for the propagator. The calculation over the presented path leads to the pure real 
contribution from the form factor poles and, therefore, to the unitary T matrix. We 
also obtain a correct transition to ordinary form factors of type g ~ 1/(P6 - p2 - /32)2 
in the o: -+ 0 limit. 

The function 9Q has no poles on the p0 real axis and, therefore, the only poles of 
Eq.(17) should be taken into account. The result for h(s) can be written as: 

h(s) = _1 Jp2dlpl gQ(O, lpJ)2 .. 
21r2 vs - 2Ep + Zf. 

(19) 

This equation formally coincides with that could be obtained within the Blanken­
beckeler-Sugar-Logunov-Tavkhelidze (BSLT) approximation [11, 12] which consists in 
replacing the Green function in Eq.(16) by the expression 

SBSLT(p; s) = -21ri( vs - 2Ep + ic)-1o(po). (20) 

Although the solutions of the equation with functions 9Q and within the BSLT 
approximation coincide in c.m., the difference becomes evident when the reaction with 
the two-particle system is considered. In that case, the arguments of the function 9Q 
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are calculated with the help of the Lorentz transformations in the system different from 
c.m. The functions become similar to 9p but with a more complicated dependence of 
the p argument. 

In following sections some separable presentations of the interaction kernel for the 
partial waves with J = 0, l are considered. Form factors are constructed by the rel­
ativization procedure, according to the first method. The functions with Q can be 
obtained from them by the change p2 -. Q2 . 

6 Separable presentations of the kernel 

We consider the partial states using the separable kernels with modified Yamaguchi­
type functions of N rank (MYN, MYQN). 

For the description of the P partial waves the two-rank separable kernel of inter­
action with the modified Yamaguchi-type functions is used. Its form factors have the 
following form: 

[PJ _ ✓-p5 + P2 

91 (p)- (p5-p2 -,6r)2+of (21) 

(Pl( ) _ J(-p5 + P2
)

3
(Pc2 - P6 + P2

) 

92 P - ( (PB _ p2 _ ,6§)2 + a~)2 · 

For the description of the 1st partial state the three-rank kernel is used. Increasing 
the ~ank is connected with the circumstance that the two-rank kernel leads to results 
which are not much better than the one-rank ansatz [29]. The form factors of our 
three-rank kernel are: 

[SJ( ) (Pc1 - P6 + P2
) 

91 p = ( 2 2 ,62)2 + 4' Po - P - 1 °1 
(22) 
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5 Pole structure of the BS solution 

The solution of the Bethe-Salpeter equation with the separable kernel of interaction 
contains the function hij (9). To simplify the investigation of the pole structure, let us 
consider hij for the one-rank kernel (i = j = 1) for single l state. Then the value to be 
calculated is h( s): 

i j j 2 I I g(po, \pl)2 
h(s) = - 471'3 dpo Pd p (vs/2- EP + iE)2 - P6,. (16) 

To obtain the function h(s), the two-dimensional integral on p0 and IPI should be 
calculated. To perform the integration over p0 , the Cauchy theorem is used. As it can 
be seen from Eq.(16), there are two types of singularities on the real axis in the p0 

complex plane: one is poles of the function S(p; s): 

P61,2) = ±vs/2 =F Ep ± iE, 

and the other is poles of the function g(p). 
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P65,6) = ±Jp2 + (32 - fo:2, 

(17) 

(18) 

and to perform the p0 integration, residues in three poles of Eqs.(17) and (18) should be 
calculated. These calculations are performed analytically. All poles and the contour of 
integration are pictured in Fig.1. The idea how to choose the contour appeared owing 
to [31, 32]. It consists in that the contour must envelope the poles from form factors 
which will be inside the standard contour after the a - 0 limit. "Standard" means the 
one used in the quantum field theory calculations with a propagator which has poles 
only on the real axis in the p0 complex plane; one of them is rounded from below and 
the other, from above. So the path of integration is defined by an appropriate contour 
for the propagator. The calculation over the presented path leads to the pure real 
contribution from the form factor poles and, therefore, to the unitary T matrix. We 
also obtain a correct transition to ordinary form factors of type g ~ 1/(P6 - p2 - (32)2 

in the a - 0 limit. 
The function 9Q has no poles on the p0 real axis and, therefore, the only poles of 

Eq.(17) should be taken into account. The result for h(s) can be written as: 

h(s) = _1 Jp2dlpl gQ(O, IPl)2 .. 
271'2 vs - 2Ep + ZE 

(19) 

This equation formally coincides with that could be obtained within the Blanken­
beckeler-Sugar-Logunov-Tavkhelidze (BSLT) approximation [11, 12] which consists in 
replacing the Green function in Eq.(16) by the expression 

SnsLr(p; s) = -27ri( vs - 2Ep + iEt 1o(po). (20) 

Although the solutions of the equation with functions 9Q and within the BSLT 
approximation coincide in c.m., the difference becomes evident when the reaction with 
the two-particle system is considered. In that case, the arguments of the function 9Q 
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are calculated with the help of the Lorentz transformations in the system different from 
c.m. The functions become similar to 9p but with a more complicated dependence of 
the p argument. 

In following sections some separable presentations of the interaction kernel for the 
partial waves with J = 0, l are considered. Form factors are constructed by the rel­
ativization procedure, according to the first method. The functions with Q can be 
obtained from them by the change p2 

- Q2
. 

6 Separable presentations of the kernel 

We consider the partial states using the separable kernels with modified Yamaguchi­
type functions of N rank (MY N, MYQN). 

For the description of the P partial waves the two-rank separable kernel of inter­
action with the modified Yamaguchi-type functions is used. Its form factors have the 
following form: 

[P] _ ✓-p5 + P2 

91 (p) - (p6 _ p2 _ (3r)2 + of (21) 

[P] ( ) _ ✓ (-p5 + P2
)

3
(Pc2 - P~ + P2

) 

92 P - ((pB _ p 2 _ f3?)2 + a~)2 · 

For the description of the 1 St partial state the three-rank kernel is used. Increasing 
the rank is connected with the circumstance that the two-rank kernel leads to results 
which are not much better than the one-rank ansatz [29]. The form factors of our 
three-rank kernel are: 
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[SJ ( ) _ (p5 - P2)(Pc2 - P6 + P2)2 

92 p - ((p5-p2-13n2+a~)2' 

[S]( )- (p5-p
2

) 
93 p - (p5 - p2 - {3g )2 + af 

The functions are numerated by angular momenta L = O([S]), l([P]). The numerator 
with Pc in g1Pl and gl5J is introduced to compensate an additional dimension in the 
denominator to provid'e the total dimension as Gev-2 [29]. 

7 Calculations and results 

Using the np scattering data we analyze the parameters of the separable kernels dis­
tinguishing two different cases: 

1. There are no sign change in phase shifts or bound state (1 p 1+, 3 P/ partial states). 
In this case 

Aij(s) = "5.ij = canst. (23) 

This is sufficient for most of the higher partial waves. 

2. One sign change and no bound state (1 St, 3 Pl partial states). In this case the 
energy-dependent expression for .\1(s) is used (see [28] and references therein): 

Aij ( s) = ( so - s) "5.ij, (24) 

Here the parameter s0 is introduced to reproduce the sign change in the phase 
shifts at the position of the experimental value for the kinetic energy T1 ab where 
they are equal to zero. It is added to the other parameters of the kernel. -

The calculation of the parameters is performed by using Eqs.(3), (4) and expressions 
given in the previous sections to reproduce experimental values for all available data 
from the SAID program (http://gwdac.phys.gwu.edu) for the phase shifts. The the 
low-energy scattering parameters are taken from [33]. 

The calculations are performed in two independent ways. The first one is based 
on using the Cauchy theorem for the integration over p0 component of the nucleon 
four-momentum. The integration over IPI is performed numerically. The second one 
is based on using the Wick rotation [32]. All integrals are calculated numerically with 
the technique elaborated in the paper [34]. 

The introduced parameters of the kernels are found on base of minimization proce­
dure realized by the Minuit algorithm (CERN library). 

The description of P waves by the two-rank kernel is denoted by MY2 for the first 
case of a relativization procedure; MYQ2, for the second one. For the 1St partial state 
the notation MY3 and MYQ3, respectively, are used. 

The calculated parameters of the considered kernels are listed in Tables 1 and 2 (here 
the values of s0 are presented, too). In Table 3, the calculated low-energy scattering 
parameters for the 1 St wave are compared with their experimental values. 

In Figs.2,3, the results of the phase shift calculations are compared with experimen­
tal data ( the used notation is described in the following Section 8) and two alternative 
descriptions by CD-Bonn [35] and SP07 [36]. In the discussion of the 1 St channel the 
nonrelativistic Graz II [25], as an alternative model with a separable kernel, is also 
presented. 
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Table 1: Parameters of the two-rank kernel with modified Yamaguchi functions for P 
waves; s0 = 3.8682GeV2

. 

MY2 
lpt JPi{ 0p+ 

1 

An (GeV4
) 0.05412952 -923.8881 0.06125619 

- 4 
A12 (GeV ) 1.925 -102.0961 2.068215 
- 4 
A22 (GeV ) 7.975 4.346553 24.48148 
/31 (GeV) 0.1244769 0.958602 0.1224502 
(32 (GeV) 0.6228701 1.897255 0.5822389 
a 1 (GeV) 0.2 0.759970 0.2107709 
a 2 (GeV) 0.5984991 0.687087 0.5927882 
Pc2 (GeV2

) 1.035 -133.2385 0.9476951 

MYQ2 
lp{ 0pt 0pl+ 

An (GeV4
) 0.3086486 -55.88270 0.07648584 

--\12 (GeV4
) 1.606382 -763.1649 1.567463 

--\22 (GeV4
) -5.797411 -5325.327 21.25497 

(31 (GeV) 0.2150637 0.5008744 0.2109235 
/32 (GeV) 0.9582849 2.4269161 0.4260685 
a 1 (GeV) 0.2 0.6863803 0.2 
a 2 (GeV) 0.2 0.2 0.2 
Pc2 (GeV2

) 12.47736 5.866078 0.007380749 

8 Discussion 

In this section, the review of the results of our calculations with two methods of rela­
tivization is performed. 

In. Fig.2, the phase shifts for P partial states are depicted. We can see that all 
of the calculations including nonrelativistic CD-Bonn give a quite good description 
of the 1 Pt state. As for the 3 Pt partial state, the comparison of our and other 
model calculations demonstrates a reasonable agreement with the experimental data 
in the whole range of energies except the nonrelativistic CD-Bonn which works till 
TLab ~ 0.75 GeV. Virtually the same can be said about the 3 p 1+ partial state. All 
models except CD-Bonn give various but acceptable within the limits of error results. 
The CD-Bonn works for TLab :S 0.66 GeV. From Fig.3, where the results of calculations 
for 1Sr[ are presented, it can be seen that CD-Bonn is quite good till TLab ~ 0.66GeV. 
All the other results are in agreement with measured phase shifts except Graz II which 
works for TLab :S 2 GeV. 
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Table 2: Parameters of the three-rank ker,nel with modified Yamaguchi functions for 
1st state; So = 4.0279 Ge V2

. 

MY3 

-\11 (GeV2
) -0.2922173 f31 (GeV) 0.7018063 

- 2 
-\12 (GeV ) -3.953624 f32 (GeV) 4.381178 
- 2 
-\13 (GeV ) 1.035416 {33 (GeV) 1.137604 
>-22 (GeV2

) -11268.52 a1 (GeV) 1.297282 
- 2 
-\23 (GeV ) 331.1130 a2 (GeV) 4.612956 
5-33 (GeV2

) 70.37369 a3 (GeV) 0.6752485 
Pc1 (GeV2

) 38.20462 Pc2 (GeV2
) 34.53211 

MYQ3 
-\11 (GeV2 ) 723.7399 f31 (GeV) 2.463736 
- 2 
-\12 (GeV ) 550.4827 f32 (GeV) 1.266692 
>-13 (GeV2

) -1583.031 {33 (GeV) 7.714815 
- 2 
-\22 (GeV ) 132.7836 a1 (GeV) 3.752405 
- 2 
-\23 (GeV ) -14.26609 a2 (GeV) 2.117966 
- 2 
-\33 (GeV ) -26005.23 a3 (GeV) 1.338336 
Pel (GeV2

) -44.84322 Pc2 (GeV2
) 247.2476 

Table 3: The low-energy scattering parameters and for the singlet ( s) 1 St wave. 

MY3 
MYQ3 

as(fm) ros(fm) 
-23.750 2.70 
-23.754 2.78 

Experiment -23.748(10) 2.75(5) 

98 



10 

0 

ci -10 GI 

~ - -20 
+ 
a.-

-30 
.:0-

-40 

-50 
0 

:.,·-; 
/ , 

/, I 
/,' I 
"I 

---- MYQ2 
-MY2 

ci 
GI 

~ .-
...... CD-Bonn 
-·-·-· SP07 

Q.a 

"'-C,() 

Tlab(GeV) 

ci 
GI 

~ -+ 
.. a.-
.:0-

2 

0 

-10 

-20 

-30 

-40 

-50 

-60 

-70 
0 

3 

---- MYQ2 
-MY2 
······ CD-Bonn 
-·-·-· SP07 

25 

0 

-25 

-50 

-75 

-100 
0 

2 3 

Figure 2: Phase shifts for the P waves. 

_.~ - -- MYQ2 
_:-MY2 

_.- ······ CD-Bon 
---·-· SP07 •_,. 

2 3 

From the presented figures the similarity of the calculations with the MY and 
MYQ form factors can be noted. Thus, as for the description of phase shifts and low­
energy parameters there is no difference which variant of a relativistic generalization to 
choose. The choice should be dictated by the convenience of performing calculations 
within some concrete problem. 

9 Conclusion 

Using the multirank kernels (two-rank for P waves, three-rank for the 1Sii partial 
state) we have constructed an adequate description of all existent experimental data 
for phase shifts taken from SAID and low-energy parameters with capable accuracy. 

The results for two different methods of a relativistic generalization of initially 
nonrelativistic Yamaguchi-type form factors were considered. As it was shown they 
lead to slightly different descriptions of phases and low-energy parameters. Hence, the 
choice of the concrete form of functions for performing calculations of any process is 
governed only by convenience. 

In spite of the fact that the model functions have a simple form there are quite 
a few parameters in the description of the data. This is necessitated by introduction 
of an additional parameter a so that integrands containing form factors of the sepa­
rable kernel could not have poles. In particular, using this type of kernels will make 
the numerical calculations of the electrocl.isint.egration far from the threshold possible 
without resorting quasipotential or nonrelntiYistic models. 
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THEORETICAL STUDY OF LIGHT ATOMIC NUCLEI 

J. Lejaa,l and S. Gmucab 

a) Slovak University of Technology, Bratislava, Slovakia 
b} Slovak Academy of Sciences, Bratislava, Slovakia 

Abstract 
The paper deals with the calculations of the binding energies of light atomic nuclei. 

The calculations have been performed in the framework of the relativistic mean-field theory. 
The results obtained for magnesium and silicon isotopes are presented and compared with 
experimental data. 

1. Introduction 

In recent years the relativistic mean-field theory has been frequently used for cal­
culations of bulk and single-particle properties of nuclei. The calculations have been 
successfully performed from light to superheavy nuclei, but still exist nuclei where the 
model predictions are in poor agreement with experimental results. 

2. Relativistic mean-field theory 

The relativistic mean-field theory [1, 2] is a relativistic quantum field theory de­
scribing atomic nucleus as a system of relativistic particles interacting through effective 
meson exchange. The model starts from a Lagrangian density that includes nucleon 
field ('l/Ji), isoscalar-scalar meson field (a), isoscalar-vector meson field (wµ), isovector­
vector meson field (fY1) and electromagnetic field (Aµ): 

r - al. [. aµ M µ -;;'/1 - (1 - 73) Aµ] ol, '-' - '1-'i 1/'(µ - + 9a-0" - 9w'YµW - 9p1µP · T - e,µ 
2 

'1-'i+ 

1 22 13141 V 12 +-a a-8µa - m a - -b a - -c a - -0µ 0 + -m w wµ 2 µ a- 3 a- 4 a- 4 µv 2 w µ 

1 ( µ)2 lR- R~µv 1 2--;;'ll lF pµv +4cw WµW - 4 µv + 2mpPµP - 4 µv • (1) 

M, ma-, mw, mp denote nucleon mass and meson masses, 9a-, 9w, 9p, are nucleon-meson 
coupling constants and the strengths of the selfinteractions are given by constants ba-, 
ca-, Cw. The field tensors are given by standard expressions: 

Oµv = BµWv - 8vWµ, Rµv = 8µPv - 8vPµ, Fµv = 8µAv - BvAµ- (2) 

1E-mail: jozef .leja©stuba.sk 
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The field equations follow from the Euler-Lagrange equations in a standard way. 
Two approximations are necessary for solution of field equations: 

• the mean-field approximation introduced by replacing the field operators for me­
son fields and electromagnetic field by their expectation values, 

• the no-sea approximation realized by exclusion of the filled Dirac sea of negative 
energy states. 

The nucleon spinor for axially symmetric case can by written in form [3]: 

J/(r .1, z) expi(fl;-½)cp 

Ji-(r .1, z) expi(n;+½)cp 

igt(r .1, z) expi(fl;-½)cp 

ig; ( r .1, z) expi( fl;+½ )cp 

The components of nucleon spinor obey the set of Dirac equations: 

[ 
(n-+1)] 

(M + S - Vo) gt+ Bzf/ + Brj_ + ir .1 
2 

Ji-= -€i9t, 

(M + s - Vo) Yi - a,1,- + [a,, - (n,r= ½) l t.+ - -£;gj. 

where S and Vo represent scalar potential and vector potential: 

(3) (1 - 73) 
Vo= 9wWo + 9pT3Po + e 

2 
Ao. 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

The meson fields and electromagnetic field obey the set of Klein-Gordon equations: 

(10) 

(11) 

( 
1 a . a a2 2) (3) -- r .l r .1 1 .l r .l - z + mp Po - 9pPI' (12) 
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The paper deals with the calculations of the binding energies of light atomic nuclei. 

The calculations have been performed in the framework of the relativistic mean-field theory. 
The results obtained for magnesium and silicon isotopes are presented and compared with 
experimental data. 

1. Introduction 

In recent years the relativistic mean-field theory has been frequently used for cal­
culations of bulk and single-particle properties of nuclei. The calculations have been 
successfully performed from light to superheavy nuclei, but still exist nuclei where the 
model predictions are in poor agreement with experimental results. 

2. Relativistic mean-field theory 

The relativistic mean-field theory [l, 2] is a relativistic quantum field theory de­
scribing atomic nucleus as a system of relativistic particles interacting through effective 
meson exchange. The model starts from a Lagrangian density that includes nucleon 
field ('I/Ji), isoscalar-scalar meson field (er), isoscalar-vector meson field (wµ), isovector­
vector meson field (jJL) and electromagnetic field (Aµ): 

r_.1, [· !:lµ M µ ;::,, - (l-T3)Aµ].1, 
J_, - 'f/i i,µu - + 9a0' - 9wrµW - 9prµP · T - e,µ 

2 
'f/i+ 

1 1 1 1 1 
+-8 croµcr - m 2 cr2 - -b cr3 - -c cr4 - -Oµvo + -m2 w wµ 2 µ a 3 a 4 a 4 µv 2 w µ 

1 ( µ)2 1 R- R-µv 1 2 - ;:;'/.L 1 F pµv +4cw WµW - 4 µv + 2mppµp - 4 µv • (1) 

M, ma, mw, mp denote nucleon mass and meson masses, 9a, 9w, gp, are nucleon-meson 
coupling constants and the strengths of the selfinteractions are given by constants ba, 
Ca, Cw. The field tensors are given by standard expressions: 

Oµv = 0µWv - 0vWµ, Rµv = 0µPv - 0vPµ, Fµv = 0µAv - 0vAµ- (2) 

1 E-mail: j ozef. lej a©stuba. sk 
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The field equations follow from the Euler-Lagrange equations in a standard way. 
Two approximations are necessary for solution of field equations: 

• the mean-field approximation introduced by replacing the field operators for me­
son fields and electromagnetic field by their expectation values, 

• the no-sea approximation realized by exclusion of the filled Dirac sea of negative 
energy states. 

The nucleon spinor for axially symmetric case can by written in form [3]: 

.f/(r .L, z) expi(n;-½)cp 

fi-(r .L, z) expi(n;+½)cp 

igt(r .L, z) expi(n;-½)cp 

ig:;(r .L, z) expi(n;+½)cp 

The components of nucleon spinor obey the set of Dirac equations: 

[ 
( ni + ½)] · 

(M + S - Vo) gt+ Bzf/ + 8r1.. + r .L Ji-= -Eigt, 

(M + s - Vo) g; - a,1,- + [a," - (n,r= ½) l I.+ - -e,g;. 

where S and V0 represent scalar potential and vector potential: 

(3) (1 - T3) 
Vo= 9wWo + 9pT3Po + e 

2 
Ao. 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

The meson fields and electromagnetic field obey the set of Klein-Gordon equations: 
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The •nucleon densities can be calculated through expressions: 

ace 

Ps = 2Lni [(IJ'/1 2 + lfi-12
) - (lgtl 2 + lg;l 2

)], 

i>O 
(14) 

ace 

Pv = 2Lni [(IJ/12 + lfi-1 2
) + (l9il 2 + lg;l2

)], 

i>O 
(15) 

ace 

PI= 2LniT3 [(IJ/12 + lfi-12
) + (l9il 2 + lg;l2

)], 

i>O 
(16) 

Pc = 2 f ni (l ~ T3
) [ (1!/1 2 + lfi-12

) + (l9il 2 + lg; 12)] · 

i>O 
(17) 

Proton and neutron pairing correlations have been included using the BCS theory [4]. 
The occupation numbers ni are obtained in the constant gap approximation through 
the expression: 

1 [ Ci - >. l 
ni = 2 1 - J(ci - >.)2 + ~2 

(18) 

where >. denotes the chemical potential and ~ is the pairing gap. The pairing energy 
is calculated as: 

Epairing = -~ L ✓ni(l - ni)-

The center of mass correction has been introduced through the approximation [5]: 

Ecm = -17.2 A-0
-
2 MeV. (19) 

The total energy is given by formula: 

ace l 
~ J ( (3) ) 3 E = ~ ci - 2 gc;aops + 9wWoPv + 9pPo PI + eAopc d x+ 

i 

J ( 1 3 1 4 1 4) 
- 3bc;ao + 4cc;ao - 4CwWo d

3
x + Epairing + Ecm· (20) 

3. Lagrangian parameters 

Four different sets of Lagrangian parameters have been used for calculations: 

• NL3 [6] is very successful parameter set for the description of nuclear properties 
in the entire mass region which originates from the original non-linear NLl pa­
rameter set. The NL3 has removed the unwanted feature on NLl of not being 
able to obtain stable state for 12C due to too large attractive contribution of the 
non-linear terms while keeping the good properties of the NLl for heavy nuclei. 

• NL-BA [7] is a parameter set dealing with a fit to a large body of observables 
related to ground-state properties of selected doubly-magic nuclei covering a wide 
variation of isospin. The predicted properties of nuclear matter indicate improve­
ment for the incompressibility coefficient while the symmetry energy remains 
practically the same as in the other parameterizations. 
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• TM2 [8] is a parameter set invented for description of properties of light nuclei. 
It includes w-meson selfinteraction term, the necessity of which is suggested by 
the relativistic Brueckner-Hartree-Fock theory of nuclear matter [9]. 

• TMA [10] is a global parameter set which interpolates parameter sets TMl and 
TM2 with mass dependence. The parameter set TMl is a parameter set suitable 
for description of heavy nuclei. We may interpret this mass dependence as a 
mean to effectively express the quantum fluctuations beyond the mean-field level 
or the softness of the nuclear ground states in deformation, pairing and alpha 
clustering in light nuclei. 

Table 1: Lagrangian parameters 
NL3 NL-BA TM2 TMA 

M (MeV) 939.0 939.0 938.0 938.9 
ma (MeV) 508.194 506.28 526.443 519.151 
mw (MeV) 782.501 782.6 783.0 781.950 
mp (MeV) 763.0 769.0 770.0 768.100 

9a 10.2169 10.129758 11.4694 10.055 + 3.050/ Ao.4 
9w 12.8675 12.722198 14.6377 12.842 + 3.191/A0.4 

gp 4.4744 4.508614 4.6783 3.800 + 4.644/ A0 .4 
ba (fm-1 ) -10.4307 -11.480161 -4.4440 -0.328 - 27.879/AD.4 

Ca -28.8851 -32.277332 4.6076 38.862 - 184.191/AD.4 
Cw 0 0 84.5318 151.590 - 378.004/ A 0.4 

Table 2: Nuclear matter properties 
NL3 NL-BA TM2 TMA 

saturation density p0 (fm-::s) 0.148 0.1503 0.132 0.147 
bulk binding energy/nucleon Eoc/A (MeV) -16.24 -16.1949 -16.2 -16.0 

incompressibility K (:t\le V) 272 248 344 318 
bulk symmetry energy/ nucleon n sym (Me V) 37.4 37.7 35.8 30.68 

effective mass ratio 1U* / ,W 0.60 0.60 0.571 0.635 

4. Results 

We have calculated the binding energies of even-even magnesium isotopes from 
20 Mg to 40Mg and even-even silicon isotopes from 22Si to 44Si. The results have been 
compared with the experimental data taken from the atomic mass evaluation AME 2003 
[11]. The calculated binding energies are listed in Table 3 and Table 4. The differences 
between calculated and experimental binding energies are plotted in Figure 1 and 
Figure 2. 

The results obtained for both isotopic chains are similar. The parameter sets NL3 
and NL-BA predict low binding energies around the N=Z nuclei 24Mg and 28Si. On 
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the other hand both parameter sets provide high values for neutron-rich nuclei. The 
parameter set TM2 predicts high values for neutron-rich nuclei, but binding energies 
calculated in the N =Z region agree with experimental results. The mass dependent 
parameter set TMA predicts also acceptable values of binding energies in the N=Z 
region. The situation in the neutron rich region is different, TMA is the only parameter 
set which predicts good values also for the heaviest magnesium and silicon isotopes. 

Table 3: Binding energies of even-even magnesium isotopes. 
BE (MeV) BE (MeV) BE (MeV) BE (MeV) BE (MeV) 
AME 2003 NL3 NL-BA TM2 TMA 

wMg 134.47 136.62 135.55 136.19 136.34 
22Mg 168.58 166.97 166.12 167.56 168.04 
24Mg 198.26 194.51 193.80 196.33 196.20 
26Mg 216.68 213.41 212.73 216.40 215.08 
28Mg 231.63 229.30 228.85 230.78 230.14 
30Mg 241.66 241.57 241.36 241.55 241.13 
32Mg 249.85 252.45 252.39 251.05 250.80 
34Mg 256.22 258.20 258.31 257.15 255.63 
36Mg 259.74 264.73 264.87 263.72 261.26 
38Mg 262.31 268.26 268.51 266.90 263.72 
4oMg 263.24 270.11 270.44 268.32 264.36 

Table 4: Binding__ener_gies of even-eyen silicon isotopes. 
BE (MeV) BE (MeV) BE (MeV) BE (MeV) BE (MeV) 
AME 2003 NL3 NL-BA TM2 TMA 

;:;::Si 134.44 136.94 136.02 137.09 135.90 
24Si 172.00 170.61 169.81 172.23 171.41 
26Si 206.05 202.85 202.17 205.85 204.66 
28Si 236.54 232.21 231.77 236.32 234.10 
30Si 255.62 251.56 251.22 254.20 252.99 
32Si 271.41 268.95 268.78 270.11 269.74 
34Si 283.43 284.60 284.56 284.67 284.53 
36Si 292.10 293.00 292.93 293.79 292.59 
38Si 299.82 301.01 301.05 301.86 299.59 
40Si 306.44 307.66 307.84 308.30 305.20 
42Si 309.62 314.70 315.04 314.54 311.03 
44Si 311.34 318.26 318.68 317.58 313.56 
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Figure 1: The binding energy differences for even-even magnesium isotopes. 

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 

Figure 2: The binding energiey differences for even-even silicon isotopes. 
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4. Conclusion 

Our results identify the areas in which the binding energies calculated in the rela­
tivistic mean-field framework disagree with the experimental data for magnesium and 
silicon isotopes. Comparison of results obtained with different sets of Lagrangian pa­
rameters shows two possibilities to improve the model predictions: 

• the deviation in the N =Z region can be suppressed by the incorporation of w­
meson selfinteraction term into the Lagrangian, 

• the disagreement in the neutron rich region can be cured using the mass depen­
dent parameters set. 
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CORRECTION OF CONTINUOUS WAVELET SPECTRA 
FOR DETECTOR EFFECTS 

J .Fedorisin 1 

1} Safarik University, 040 01, Kosice, Slovakia 

Abstract 
The Monte Carlo method is used to estimate errors in one-dimensional wavelet spectra. 

It is subsequently applied to estimate errors in wavelet spectra corrected for limited detector 
efficiency by the weighting method. Finally the necessary tests are carried out in order 
to judge efficiency and accuracy of both the methods and their results are presented and 
discussed. 

1. Short introduction to the multiresolution analysis 

Multiresolution analysis is applicable to variety of physical processes. In heavy-ion 
physics such analysis is useful for study of multiparticle collective flows of secondary 
particles produced in heavy nuclei collisions at ultrarelativistic energies. Although there 
are various approaches to perform such analysis, so-called wavelet transform provides 
substantial advantages over other analytical techniques. Its great virtue rests above 
all in providing handy mathematical apparatus which makes a study of processes on 
different scales more transparent and easily intrepretable. 

A continuous wavelet transform of analyzed function or distribution J(x) has form: 

(1) 

where 

(x-b) Wa,b(x) = \JI -a-

are daughter functions generated from mother wavelet function w(x) through its trans­
lations and dilations. Dilation parameter a and translation parameter b are usually 
rcffored to as scale and phase, respectively. They are used to estimate typical widths 
and positions of structures present in a studied function J(x). Cw = Cw(a) is nor­
malizing factor whose value depends on the form of wavelet function used in function 
decomposition. C"if! is defined by the normalizing condition 

An interpretation of amplitudes Ww(a, b) is analogous to that of Fourier coefficients. 
They constitute contributions of basis functions Wa,b(x) to function f(x). 

In real experiment we deal with spectrum of n measurements x1 , x2 , ... , Xn rather 
than with analytical expression f(x). In such case integral wavelet transform (1) takes 
on the form of sum: 

1 E-mail: jan. fedorisin©upjs. sk 
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Thus a wavelet amplitude at some scale a and phase b is calculated as a sum of 
wavelet contributions from all the measured values x1, x2 , .. . , Xn which basically means 
that resulting wavelet spectrum can be interpreted as interference picture. 

2. Examples of wavelet functions and their applications 

The following wavelet functions 1]i are commonly employed: 
1.) Morlet wavelet which is cosine-modulated Gaussian function with modulating fre­
quency Wm as a parameter: 

iJi(x) = m(x) = [cos (wmx) - exp (-w;j2)] exp (-x2 /2), 
1 

Cw(a) = ----;.===========. 
a 1/2 1r 1 /4✓0.5 + 1.5 exp (-w;J - 2 exp (-3w;j4) 

2.) MHAT or g2 wavelet, obtained as the second derivative of Gaussian function. It is 
again Gaussian function but now modulated by parabola: 

1Ji(x) = 92(x) = (1 - x2) exp(-x2 /2), 
2 

Cw(a) = al/2v'31rl/4. 

The graphs of both the functions are shown in Fig.1. The modulating frequency 
Wm of Morlet wavelet equals 6 for the presented example but in general its choice is 
arbitrary. Both the wavelets are normalized to zero when integrating from -oo to +oo 
which is a basic condition that all wavelet functions have to suit. 

Morlet: com = 6 
E1 
(0 

Eo.a 

-4 -3 -2 3 4 
X 

E1 
C)N 

0.8 

0.6 

0.4 

0.2 

MHAT 

~ -4 ~ ~ ~ 0 1 2 3 4 5 
X 

Figure 1: Morlet wavelet for Wm= 6 (left) and MHAT wavelet (right) 

The constant term exp(-w;,J2) in the Morlet wavelet is added just to ensure this 
normalization. It can be neglected for high frequencies Wm. 

Example: 

Fig.2 left presents histogram of the MC event containing a few peak structures with 
randomly distributed means and widths. The corresponding MHAT wavelet spectrum 
is shown on the right side of the figure. 
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Figure 2: Distribution of the example event (left) and its corresponding MHAT wavelet 
spectrum (right) 

The wavelet spectrum demonstrates dependence of amplitudes W92 ( a, b) on phase 
band scale .a. For better understanding the phase wavelet spectra of the studied event 
are shown in Fig.3. 
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Figure 3: Phase wavelet spectra of the example event shown for the three different scales a 

They are obtained by slicing the wavelet spectrum at some chosen scales a. Zero 
wavelet coefficients W92 ( a, b) correspond to average density of generated values while 
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positive and negative coefficients indicate more and less densely populated regions 
respectively. To put it another way, non-zero values of wavelet coefficients correspond 
to deviations from average density of meausured values. Such interpretation suggests 
that this analysis is related also to probality d·ensity estimation. It becomes more 
evident when comparing the phase wavelet spectra with the original histogram. The 
comparison reveals clear correspondence between extrema in the wavelet spectra and 
the histogram. 

The wavelet spectra in Fig.3 and especially in Fig.2 right disclose also evolution of 
merging process when shifting from small scales to large scales. Fine structures seen 
at small scales gradually merge to produce more robust structures at larger scales. 

In heavy ion physics this feature of wavelet analysis offers possibility to study mutual 
relations among multiparticle collective flows of different sizes. 

3. Statistical errors of the wavelet spectra 

Before applying the above-described analysis to real data, a crucial question must 
be answered: What is statistical significance of structures observed in wavelet spectra? 
The question is justified since the wavelet coefficients (2) are calculated from the mea­
sured quantity x having properties of random variable, therefore it is natural to expect 
they will also behave like random quantities, i.e. they will fluctuate around their mean 
values. Standard deviations describing these fluctuations can be then interpreted as 
experimental errors of the resulting wavelet coefficients. 

Since to calculate error propagation through wavelet transform analytically is non­
trivial task, eventually it proved to be necessary to employ the Monte Carlo method. 
It consists of the following steps: 

1. MC events are produced by introducing Poisson deviations to all values x1, x2 , .. . , 

Xn of original spectrum. 

2. Wavelet spectra are calculated for all these MC events. 

3. Standard deviations of wavelet coefficients of these wavelet spectra are interpreted 
as statistical errors of wavelet coefficients in original wavelet spectrum. 

The phase wavelet spectra of the previously shown event but now with error cor­
ridors indicated are presented in Fig.4. They demonstrate nontrivial dependence of 
statistical errors of wavelet coefficients on phase b, above all that the error sizes are 
not correlated with the magnitudes of wavelet coefficients. For instance, the extrema 
on the plot for scale a= 0.5 at phases b ~ -1.7, b ~ 0 and b ~ 0.8 have approximately 
same magnitude, but their errors are markedly different. 

The scale wavelet spectra of the same event are presented in Fig.5. The plots are 
done at some chosen phases and they display error corridors as well. It is naturally 
expected that the errors should gradually decrease when shifting to large scales since 
such transition is analogous to bin merging. In general error sizes of the dependences 
presented in Fig.5 suggest decreasing trend when going to larger scales, but there are 
some parts of the studied scale range where this trend is temporarily reversed. 

Finally the proposed method of error estimation is checked for its consistency by a 
simple test: 200 events with different probability density functions are generated and 
for each of them sample of new events with same p.d.f. is simulated. Compatibility of 
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Figure 4: Error corridors of the phase wavelet spectra shown in Fig.3 

the wavelet spectra of the original events and the wavelet spectra of the new events is 
checked through variable 

[Wari9 (a,b) - Wnew(a,b)] 
z - "------"-------

- O'(a, b) ' 

where IT(a, b) are errors of Warig(a, b). 
Wavelet coefficients Ww(a, b) are presumed to fluctuate normally but only in the 

region of large scales where the conditions for application of the central limit theorem 
are fulfilled. Therefore in ideal case the variable zshould be a standard normal variable, 
i.e. with mean O and standard deviation 1. In general at least Gaussian-like behaviour 
of variable z with mean and sigma of standard Gaussian is expected. 

The distribution of variable z for the studied sample of events is shown in Fig.6. 
The values of z are calculated for all the studied scales and phases. The mean value and 
the standard deviation of z are close to the anticipated values although the distribution 
little deviates from ideal Gaussian curve. This can be explained by presence of small 
scales where Gaussian behaviour may not be a good approximation. The another 
reason could be a finiteness of the samples of MC events from which errors of the 
original events are estimated or finiteness of samples of additional events that are 
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Figure 5: Error corridors of the scale wavelet spectra of the event shown in Fig.2 

N 

Z X1 Q Mean 0.002095 
'.!;! 6 I Entries 4.9994230+08 

~ 2 ~ .... ,.... RMS 0.9769 

10 
8 
6 
4 
2 
0 E , /1,, .• 1, ..• ,., .. ,., •. ,, , 1 z 
-4 -3 -2 -1 0 1 2 3 4 

Figure 6: Distribution of variable z for the sample of 200 tested events 

through variable z compared with the original events. 

4. Correction of the wavelet spectra for limited detector efficiency 

2.5 

The next important problem that has to be solved especially when dealing with data 
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measured in electronic experiment is to remove negative effects arising in the process 
of measurement. Part of physical data is due to limited detector efficiency irretrievably 
lost and must be corrected for. This data loss is in nontrivial way propagated to wavelet 
spectra which makes a correction even more difficult. In this section the procedure 
correcting the wavelet spectra for detector effects is proposed and discussed. 

Fig. 7 left shows efficiency of the imaginary detector that is employed in the next 
Monte Carlo study. The efficiency which is in fact generated by a process of random 
walk is displayed as function of x. The presented dependence is chosen because it has 
a few properties that are helpful for careful investigation of all aspects of the studied 
topic. Mainly, the dependence in Fig. 7 left shows irregularities on all scales which 
ensures that the wavelet spectra are consequently distorted on all the examined scales 
as well. The next thing is that the efficiency distribution contains intervals with low, 
medium and high efficiencies. These features of the efficiency spectrum should enable 
to verify the proposed correction procedure as thoroughly as possible . 
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Figure 7: Efficiency of the model detector as function of x (left) and impact of this detector 
on the spectrum of the example event (right) 

The impact of this detector measurement on the true spectrum of the example 
event is shown in Fig. 7 right. The true spectrum consists of a few randomly scattered 
Gaussian spectra with different variances. Overall loss of statistics in the measurement 
is about 50% which at the same time implies average efficiency of the model detector. 

Providing that detector response is known, correction of measured wavelet spectra 
can be done by the weighting method which is outlined below: 

1. Detector response is applied to uniformly distributed spectrum whose size is 
hundred times larger than typical size of individual corrected events. Weights 
are calculated as a ratio of initial uniform spectrum and same spectrum after 
measurement. 

2. Weights are calculated for each measured value separately. This is done to assure 
the correction will start to work from the smallest scales. 

3. Measured distribution is corrected and then wavelet spectrum of corrected dis­
tribution is calculated using the modified formula (2): 
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Cw N (xi - b) 
Ww(a,b) = N . I:wi\J! --

Li=l Wi i=l a 
(3) 

where Wi is weight of measured value Xi· The main drawback of this procedure 
consists in correcting wavelet spectra indirectly, through the correction of corresponding 
histograms. 

Before proceeding further, it should be verified if the proposed correction method is 
feasible in real experiment. The main problem is to obtain a set of uniformly distributed 
data. Experimental data occurring in heavy-ion physics, concretely distributions of ra­
pidities and azimuthal angles of produced particles, have certain unique features that 
offer possibility to overcome this obstacle. Uniform (mid)rapidity or azimuthal distri­
bution can be produced from large number of events through their merging or mixing. 
Such operations produce uniform true distribution even though the true rapidity or 
azimuthal distributions of single events are not uniform. This argument follows from 
the assumption that multiparticle correlations which spoil uniformity of single events 
included in mixing operations occur randomly and therefore they get eventually wiped 
out. To better specify the multiparticle correlations just mentioned, they include above 
all jet-like structures or flow in case of azimuthal spectra or possibly some other mul­
tiparticle collective flows triggered by exotic physical mechanisms. 

Of course, the proposed correction method is applicable only if detector efficiency 
does not change dramatically and erratically during the period when experimental 
events are measured. It should be also mentioned this method does not include cor­
rection for detector resolution. 

The capability of the correction method is demonstrated in Fig.8 which shows 
three wavelet spectra of the studied event at the different stages of the measurement­
correction process. Good visual agreement between the corrected spectrum and the 
true spectrum at least suggests the correction works, however, in order to estimate the 
agreement of the spectra impartially, some quantitave criterion has to be introduced. 

Therefore the consistency of the wavelet spectra Wtrue and Wcorrected is compared 
through variable z defined as: 

[Wtrue(a, b) - Wcorrected(a, b)] 
z = -----------

O"(a, b) 

where O"( a, b) are errors of Wcarrected( a, b). 
Errors O" of the corrected spectrum arise mainly from uncertainties brought to the 

measured spectrum in the measurement process, and from uncertainties coming from 
weights. Both these uncertainties have statistical origin and they are described by 
binomial distribution since detector response is essentially binomial process ( each par­
ticle is either detected or not). Therefore these errors are determined utilizing the MC 
method previously described with one exception - the MC events that are used for 
error estimation are produced from the measured event through binomial, not Poisson 
smearing. 

For the reasons discussed in the previous section the distribution of variable z should 
be close to standard normal p.d.f .. 

The consistency test is performed not only for the presented example event but for 
much larger data set consisting of 100 events with different p.d.f. 's. Their multiplicities 
are same or very close to the presented example event. Another test is done also for 
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Figure 8: MHAT wavelet spectra of the studied event before the measurement (the true 
spectrum), after the measurement ( the measured spectrum) and after the correction ( the 
corrected spectrum) 

events with ten times lower multiplicities but its results are not presented here since 
they are similar to those obtained for high multiplicity events. 

The distributions of variable z for small, medium and large scales are shown in 
Fig.9. They suggest the errors are underestimated on small scales and overestimated 
on large scales. Furthermore, seems there is some bias that grows when going to large 
scales. 

Possible explanations of why the empirical distributions of variable z differ from the 
idealized prediction: 

• Small scales are problematic because they cannot be fully corrected by weighting 
method. If fine structure is removed from data during measurement, it cannot 
be restored anymore. 

• The discrepancy on the large scales may arise from introducing binomial fluctua­
tions to the measured events when creating the MC events. The measured events 
are already binomially smeared, thus the MC events are smeared twice which 
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Figure 9: Distributions of z variable for small, medium and large scales a obtained for the 
studied sample of 100 events 

may enlarge input binomial fluctuations. But this effect can be barely avoided 
in real experiment. 

• Limited statistics of the MC events - only 10, in order not to spend to much 
computer capacity. 

• The relationship variance <==} bias (that has not been investigated yet). It is 
known from statistics that variance and bias are complementary quantities. 

5. Summary and conclusions 

1. Propagation of statistical errors in the wavelet spectra was estimated by the MC 
method. 

2. It was shown how to correct the wavelet spectra for limited detector efficiency 
utilizing the weighting method. 

3. The basic tests were carried out to evaluate efficiency and accuracy of both the 
methods. 
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4. The results of the tests were presented and discussed. They suggest both the 
methods provide basically correct results albeit some minor issues need to be 
resolved. 
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Abstract 
In the present paper an experiment set-up on a search for and study of eta-mesic nuclei 

( quasi-stationary bound state of the T/ and a nucleus) is considered. We have prepared the 
SCAN spectrometer and tested this set-up for working at framework the "eta-nuclei" project. 
The test showed two-arm spectrometer allows to detect and perform spectrometric analysis 
of decay products of the Sll resonance, proton and pion. 

Using thb setup we obtained the first results on formation of ry-mesic nuclei at internal 
beam of the Nuclotron (JINR, Russia). The reacting d + C-, 7r + p + X at Ebeam=l.5 and 
2 Gev /n was investigated. 

Some theoretical calculations, simulations and analysis of the obtained data is given. 

1. Introduction 

The study of in-medium properties of hadrons is one of the most interesting topics 
of contemporary nuclear physics. In particular, the in-medium meson masses depend 
on nuclear density and temperature. Theoretical estimation show that mesons masses 
are about 15~20% lighter then the vacuum values already at the normal nuclear density 
[1]. So far, several kinds of hadron-nucleus bound systems have been investigated such 
as pionic atoms, kaonic atoms, and p atoms [2]. Now extensions of the method to 
other meson-nucleus bound states are being widely considered both theoretically and 
experimentally [5,9]. 

In the papers [4,10] the structure of 77-nucleus bound systems ( 77-mesic nuclei) is 
investigated as one of the tools to study in-medium properties of the N(1535) (S11 ) 

resonance. The level structure of bound states has been calculated and has find that 
this structure is sensitive to the in-medium properties of the resonance. 

There are directions of studies of 77-mesic nucleus: 

• Determination of the energy levels E9 (S11 ) and E9 (17) and their widths r g(S11 ) 

and r 9 (77) in the 77-nucleus is of the main interest. This serves for testing 17A po­
tentials proposed in various works. Calculations of the energy levels of 77-nuclei 
performed in a number of theoretical works [13, 14, 15, 16] give a very wide range 
of the energies E9 and widths r 9 what is directly related with insufficient accu­
racy of determination of the 77N-scattering amplitude f(17N) and the following 
reconstruction of the 17N and 17A interaction. 

• A direct study of the process 17N ----+ 17N is not possible because of absence of 
beams of 77-mesons ( ( T1; 2 '.:::::'. 5 · 10-19 s). Since the 17N ----+ 17N process permanently 

1 E-mail: dryablov©sunse. j inr. ru, LHEP JINR, work phone number: + 7 ( 49621) 62804 
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happens inside an 17-mesic nucleus, one can hope to use experimental data on 
cross sections of 17-nuclei formation for getting more precise characteristics of 17N 
interaction, the scattering amplitude f('TJN) and the scattering length (a,,N = 
J( 17N) at Ery = 0) being at the first place. 

• It is of great interest to experimentally determine mass shifts 6.m(17) and 6.m(Su) 
for constituents of 17-nuclei, the 17-meson and the Su (1535) resonance, in the 
nuclear medium [17]. Such information will perhaps shed a new light on the 
fundamental problem of origin of hadron masses. Currently, such questions are 
widely discussed in papers devoted to the chiral symmetry breaking [18]. 

• Apart from the first-order potential, other potentials of the 17A interaction are 
considered in some works, in which the shift of particle masses depending on the 
nuclear density p(r) is taken into account. In this relation, it is of interest to 
investigate radio-active 17-mesic nuclei, for which the nuclear potential is large 
near the nuclear surface [19]. 

• Studies of interaction between the Su(l535) resonance and nucleons in the nu­
cleus and determinations of the amplitude of the reaction SuN ----, N N are very 
perspective. This direction of research is unique since such a reaction cannot be 
studied in other way because of the lack of beams of the Su (1535) resonances 
((r1; 2 (Su) ~ 10-23 s). The present program of investigations makes it possi­
ble to measure the ratio of probabilities for an 'TJ-nucleus to decay through the 
Su ----, 1rN and S 11 N ----, NN channels. The ratio of widths ri for these two 
options for S11 to decay can be obtained from such data. 

• Eta-mesic nuclei are formally rather close to hypernuclei which contains, apart 
from nucleons, a particle of another flavor (a strange A or E hyperon). In the case 
of 17-mesic nuclei containing the 17 meson, the difference is that the 17 meson con­
sists of two quarks rather than three quarks as in the case nucleons and hyperons. 
Still, the quark structure of the 17 meson is characterized by a large admixture of 
hidden strangeness in the form of the ss pair. This peculiarity is perhaps very 
important for understanding dynamics of the interaction between the 17 meson 
and nucleons in 17-nuclei. In view of existence of hidden (sea) strangeness in the 
nucleon [20], it is natural to expect an essential role of exchange with strange 
quarks in 17N interaction. In this sense, 17-mesic nuclei can be considered as 
objects of quark-gluon nuclear physics. 

In this paper we describe the experimental results on search an 17-mesic nucleus at 
the internal deuteron beam of the Nuclotron in the reaction 

d + C ____, (A2),, + ... ____, 1r + p + ... , (1) 

where Arnucleus is the part of 12 C formed in dC collision. The hadrons emitted at the 
transverse direction are registered by the two-arms spectrometer. The flow of particles 
includes 1rp-pars are product of the 17-nuclei decay. A bound state of 17 is expected to 
be seen as peak in the energy spectrum of these pairs. 

2. Method of identification of 'f}-mesic nuclei 

A theoretical predictions (for example,[3,4]) for the energy dependence of the s-wave 
17N scattering amplitude demonstrates that an attraction between 17 and N exist at 
energies Ekin ( 1]) '.S 70Me V. 

121 



Eta-mesic nuclei are unstable, their life-time T17A ~ 10-22 s, and they decay mainly 
to the 1rN, 1r1rN and NN channels (see Fig.I). A method of identification of 77-nuclei 
consists in detecting 1r N pair which emerge due to a decay of a slow S11 (1535) nucleon 
resonance in the 77-nucleus and which are correlated over the opening angle and energies 
of components. The S11 (1535) resonance decay to an 1r N or 71N pair is almost equally 
probable ( ~ 50%). The decay to the 71N channel leads to a low kinetic energy, so 
that the 77 meson and the nucleon stays in the nucleus. Therefore, multiple 71N -+ 71N 
transitions are very probable inside the 77-nucleus. Such transitions are over when a 
1r N pair is produced, because kinetic energies of the components 1r and N are now 
sufficient for escaping the nucleus ( see Fig. I): 

77 + N -+ S11 (1535) -+ 77 + N-+ S11 (1535) -+ ... -+ S11 (1535) -+ 1r + N. (2) 

The resulting 1rN pair is correlated over the opening angle (81rN) and energies of 
pair components. The decaying, inside the 77-mesic nucleus, S11 (1535) resonance in 
the chain (2) has a low kinetic energy, because Ekin(S11 ) is determined by the kinetic 
energy of the 77-meson and the nucleon (Fermi motion). Since energies of 1r and N in 
the finally produced 1rN pairs are large ((E1r) ~ 350 MeV and (EN)~ 100 MeV), the 
opening angle of the pairs is close to 180 degrees ((81rN) ~ 180°). 

It is worth noticing that 1r N pairs with the angle ( 81rN) ~ 180° cannot be produced 
in a decay of the S11(1535) resonance emerging at the first stage of the reaction (see 
Fig.2), i.e. in the interaction of the primary proton with a nucleon in the nucleus, 

Po + n -+ n + Sii -+ n + 1r+ + N, (3) 

because such a S11 (1535) resonance typically has a large momentum and gives (87rN) ~ 
100°. 

In addition to the 1r N pair, the neutron and the proton produced at the stage of 
formation of an 77-nucleus will be detected in the next experiments. 

3. The experimental setup 

A method of detection of events with formation of 77-mesic nuclei is based on de­
tection of 1r N pairs which are correlated over angle and energy and which emerge 
from decays of Sn resonances in nuclei. Although imitation of such 1r N-events by 
other events of an inelastic pC interaction is practically impossible, there is a rather 
high level of random coincidences. That is why, in the project, a necessity exits to 
strengthen the trigger for separation of events with formation of 77-mesic nuclei. 

The setup for studying of decay product particles of 77-nucleus is shown in Fig.3. 
The setup include the following systems: 

1) A monitor system that consists of 4 scintillator telescopes - two triple monitors 
(FL, FR) and two double monitors (BL, BR) installed in the horizontal plane on both 
sides of the beam pipe. As well as determining the luminosity of reactions, the pairs 
of monitors: FL, BR and FR, BL serve to extract a quasi-elastic pp channel. Depending 
on the beam energy, angles of monitor positions can be changed. 

2) A 32-channel scintillator hodoscope HM that consists of two concentric rings 
sectioned to 16 segments each. Each segment is supplied with an individual phototube. 
HM is used for selection of the impact parameter by the multiplicity measurement 
method [21]. For the aims of the "Eta-nuclei" project, the hodoscope serve for detection 
of protons created in the reaction of 77-meson production through Sii (1535) -+ p + 71. 
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Figure 1: Formation, evolution, and decay of an 17-nucleus, (A - l)ry, in a pA collision. 
Decay modes and their probabilities: 
N N-channel(above), 7r N-channel(in the middle), 1'1'-channel(below) 
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Figure 2: Formation of an 17-mesic nucleus in a pA collision: 
Po+ A - n1 + P2 + 77 (A - l)(above); 
Po+ A - P1 + n2 + 77 (A - l)(in the middle); 
Po +A - Pl+ P2 + 77 (A - l)(below). 
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Figure 3: SCAN spectrometer. The experimental setup for study the in-medium properties 
of hadrons. 

3) A spectrometer part that consists of two sets of decay-particle counters, located 
to the left (P-arm) and right (K-arm) of the target for back-to-back coincidence mea­
surement. Each of coincidence counter sets consists of: fast timing counters (P1 -;- P3 ; 

K1 -;- K3), large volume counter (P4 ; K4 ), high-momentum particles detector (Ps; K5), 

and the threshold Cerenkov counter (Gp; CK) for pions separation. Each of these 
detectors has two photomultipliers at either end ( at the bottom and top). 

Using this spectrometer, it has become possible to make an absolute measurement 
of particle time of flight with an accuracy of about 0.2ns and a positional sensitivity 
of about 2.5cm. 

The charged particles are identified by the three measured values: b.E - the energy 
loss per unit length measured by all counters, TOF - the time-of-flight between Pi(K1) 

and P3(K3 ) and E - the ADC sum of sequentially fired counters. 
Protons and pions were clearly identified, and the proton contamination in the pion 

gate is less than 5%. The threshold Cerenkov counter rejects this contamination up 
to 50 times. The detection thresholds are 40 Me V / c for pions and 230 Me V / c for 
protons. The efficiency of the counter system was Monte Carlo simulated using the 
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Figure 4: Mass reconstruction in the single-particle measurement. 

GEANT code. 

4. Event reconstruction 

The experiment was carried out at the internal beam of Nuclotron with 1.5 and 2 
GeV /nucl deuteron beam. 

In order to resolve experimental difficulties, it is important unambiguously identify 
the two-body decay kinematics of the resonance. We have measured in coincidence 
two particles emitted in the back-to-back direction from the target, with the angle of 
two-arms setup around an open angle (8PK = 180°). Also a contamination has been 
measured in not back-to-back kinematic with angle 8PK = 170°: 

The collected data have been converted to the DST using calibration procedure 
described in [12] and analyzed in off-line. The particle type identified by determination 
the masses of particles. We have used the tradition method to measure two independent 
kinematic quantities involving the mass of particle. One of these quantities is velocity 
(/3) and other is the energy (T). The velocity is calculated from the time of flight 
measurement and kinetic energy is proportion to ionization loss in the detectors: 

/3 = Lstart-stop 

ftof · C ' 
T = L ki · (dE/dx)i, 

i=l 

where c - velocity of light, ltof - time of light on a given basis Lstart-stop and i - number 
of activated detector. Finally a particle reconstruction mass was calculated from 

✓1 - /32 

Mrec = Tl _ ✓1 - /32 (4) 

The results of these calculation are plotted on Fig.4. All events within O < Mrec < 
500 arc identified as 11'-mesons (mrr); within 500 < Mrec < 1500 - as protons (mp) 
and with Mrec > 1500 as deuterons (md)- The masses m1 and m2 of these identified 
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particles are applid to to the effective mass Mef f reconstruction: 

m1 m2 
Meff = E1 + E2 = ✓ + ✓ 

1 - ,er 1 - ,e1 
(5) 

There are three good separated tiles of Mef f. They peaks are formed by the 7r7r, 1rp 

and pp+1rd pairs. Meff resolution CT:::::; 8 MeV 

5. Additional simulation: effective mass correction. 

An error of Mrec and Meff follows from , in particular, an error of definition of 
kinetic energy and particles velocity. Except systematic errors, the error of kinetic 
energy is defined by losses of particle energy, which are not registered by set-up, the 
error of particles velocity is defined by particle braking in substance on the way from 
a target to detectors (P3 or K3). From the simulation data of passage of particles 
through set-up it is possible to receive true values kinetic energy Tth and particles 
velocity speed flth after their start from a target: 

Po ✓ L 
,6th= ✓ 'Tth = PB+ m 2 

- m, ,Bexp = --, Texp =el+ e2 + e3 + e4, 
PB+ m2 t * c 

(6) 

p0 - particle momentum from simulation program output, m - tabular value of particle 
mass, t - time of light on a given basis L, c - velocity of light, el, e2, e3, e4 - energy 
release in the detectors Pl, P2, P3, P4 or Kl, K2, K3, K4. 

Experimental and theoretical values of kinetic energy and relative particle velocity 
for pions and protons it is possible to see on Figure5. 
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Figure 5: The experimental kinetic energy and velocity dependence of the theoretical 
kinetic energy and velocity 

On the energy dependence graphs clearly visible two components of these graphs, 
the left component are the particles, which have not passed further last detector, right 
component are the particles, which have passed last detector. 
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To exact definition of effective mass it is necessary to enter the correction for relative 
velocity ( and kinetic energy). If we do not enter this correction the total energy of 
each particle will be inaccurate, as shown, for example, in Figure 6. In particular, for 
a proton and a pion with /3p ~ 0.44 and /31r ~ 0.96 (from N(1535) resonance decay) the 
total energy sums error will be more than 50MeV. 
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Figure 6: The total energy error dependence of the theoretical velocity (without cor­
rection) 

6. Additional simulation: estimation of the cross section of .6. formation. 

Realization of the "search for rJ-mesic nuclei" experiment is not a simple problem: 
The main difficulty is a small cross section of formation of rJ-mesic nuclei in pA or dA 
-collisions and a big background. In the case of the 12 C target, the total cross section 
of rJ-nucleus formation is expected to be crt(,.,A) ~ 3 µb. Meanwhile the total cross 
section of inelastic processes in a pC interaction is crt(pC) ~ 250 mb, i.e. 80000 times 
bigger. 

Help with the decision of this problem is a research of the known reaction similar 
to reaction of rJ-mesic nuclei formation. Fortunately, such reaction is a formation of a 
stationary .6.-isobars (N1232) in a nucleus. The .6.-isobar cross section in pA-reactions 
is more (tens of mb) than the 1'}-nuclei cross section in the same reaction (about 3 
µb). The .6.-isobar can be used for analysis of hadrons behavior in nuclear matter and 
as a reference point in our measurements (search for rJ-nuclei). Therefore, process of 
the formation and the subsequent decay of .6. - isobars was chosen for our subsequent 
kinematic calculations. 

Two-stage process of a .6.-resonance formation in a nucleus of a target is considered. 
Kinematic calculation of cross-section of pions production in p-A inelastic collisions and 
subsequent interaction of formed pions with a nucleus of target is analyzed. 
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We received the cross section of the .6. -resonance formation in p12 C-interaction for 
different kinetic: energies of protons: 

Ekin,GeV 1.4 1.5 1.7 1.9 
a-1:,., mb 13.15 12.42 10.8 9.86 

By means of a Monte - Carlo method we have defined that SCAN set-up registers 
only one tenth part of the decay products of resting .6. resonance from from number of 
decay products flying in a direction of detectors (Figure 7). 
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Figure 7: Distributions of the effective mass of two particles from the .6.-resonance 
decay. The particles registered by spectrometer SCAN are shown by means of the shaded 
area 

The yield of the double-coincidence events (p, w-) in the reaction of formation of 
.6.-resonance in pA collisions is equal to: 

where Neff = 3.0 · 1015 
- the flux of protons hitting the target (per a 5 s/cycle), O,r = 

8 • 10-3 sr - the solid angle of the w-spectrorneter, Br(wN) = 0.99 - the branching 
ratio of .6. to decay to wN, ~(w-p) = 0.5 - the probability of .6. - w- + p, a geometric 
fraction f(Slp/S2-rr) ::::::: 0.2 of correlated wN pairs simultaneously hitting the pion and 
proton spectrometer ( this fraction is determined by smearing of the angular 180° -
correlation due to Fermi motion), nc = 360 - the number of accelerator cycles per 
hour, k = 3, 3 · 10-3 

- the ration of the transverse size of target and beam, g = 0.5 -
the fraction of the Gaussian proton beam hitting the target, Nt = 0.85 • 1020 cm-2 -

the total number of 12C nuclei in the 10 µm carbon filament target. 
Estimates of the effect yield for different kinetic: energies of protons: 
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Figure 8: The pn effective mass in the region of S11-resonance for the energy of primary beam 
l.5GeV /nucl and open angle of two-arm setup 180°±2.5°(top panel) and 170°±2.5°(center 
panel). Difference of both distributions (bottom panel) 

Ekin, GeV 1.4 I 1.5 1.7 I 1.9 
Y1>_11'-, event/ hour 960 I 906 789 I 720 

7. Preliminary results on search for ·q-nuclei. 

The experiment was carried out at the internal target of Nuclotron with 1.5 and 2 
GeV /nucl deuteron beam. 

Since the studied process is a two-body decay and emits nucleons with much higher 
momentum than the nuclear Fermi momentum, one can expect that the two emitted 
nucleons are strongly back-to-back correlated in their opening angle (175° < j0NNI :S: 
180°),. and should have their sum of energy Esum close to the value near 1535 MeV. 

The distributions of the NN pair yields are shown in Fig. 8 versus Mef f of the 
pair nucleons. Only the pair events where each of the nucleons has an energy above 
50 MeV are accounted. The histogram Fig.8(center panel) shows the contamination 
obtained at the arm angle 8 = 170°. The Fig.8(top panel) corresponds to a back­
to-back correlation corning from the two-body decay. The histogram Fig.8(bottom 
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panel) is the result of subtraction the back-to-back (8 = 180°) and the contamination 
measurements. 

The ratio of the nucleon pair numbers was N170 /N180 = 0.42 ± 0.08(stat) in the 
mass region of 1450 < Meff ~ 1550MeV /c2

. 

The Gauss fitting is applied to resulting histogram shows Meff=1480 ± 18 MeV /c2 

and width is 23 MeV /c2 

The energy-sum resolution a-Esum for np pairs were estimated to be around 10 MeV. 
In the energy-sum spectrum of 1rp pairs, one can see the peak located at around the 
1500 value of the Esum as expected. 
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Figure 9: The p1r effective mass in the region of S11 -resonance for the energy of pri­
mary beam 2Ge V /nucl and open angle of two-arm setup 18(?±2. 5° (left panel) and 
17(?±2. 5° ( center panel). 

We observe a similar picture at Ebeam=2GeV /n (Fig. 9 ). It is necessary to notice 
that in an investigated part of a spectrum of effective mass the peak, which disappears 
at background measurement, is observed. 

For an estimation of a real part of scattering length of it is necessary to know a cross 
section of 7]-mesic nucleus formation. The cross section of d + C - A11 + ... - 1r + p 
has been estimated: 

(8) 

where a-in= 426±22 mb - cross section of inelastic d12C interaction at Ed=2.1GeV /n, 
Nin=l.5-2.2*109 

- number of inelastic dC-interactions, which were measured under ac­
counts of monitor telescopes and results of simulation with use of software packages 
GEANT and RQMD, n - the solid angle of the spectrometer, Nfon = 7.5 - reduced num­
ber of registered p1r pairs (background measurements, 1450 < Meff < 1550.l\IeV/c2). 

Neff= 40 - number of registered p1r pairs (1450 < Meff < 1550MeV/c2
) 

7. Summary 

We have measured the energy-sum and the angular correlation of two nucleon pairs 
1rp emitted in the <l+C reaction at Ebeam=l.5 and 2 GeV. We have clearly observed 
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a distinct np back-to-back correlation coming from a target, which may be associated 
the signature of two-body final state. 
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Abstract 
The program on the study of the spin and medium effects in nucleon-nucleon and 

nucleon-nucleus collisions using DELTA-spectrometer is reported. The basic elements of 
the spectrometer: 150x2 channels Cherenkov detectors, monitoring system, proportional 
chambers, data acquisition electronics etc. are described. 

1. Introduction. 

Recent advances in accelerator and beam-target technology at JINR have opened 
up new possibilities for nuclear physics. Using slowly extracted polarized deuterons 
available at the Nuclotron accelerator complex of the Laboratory of High Energy 
Physics JINR, polarized quasi-monochromatic neutrons of moment from 1.1 to 4.5 
GeV /c were generated. The momentum spread of the neutrons is ~5% (FWHM). The 
mean value for neutron beam polarization /P8 (n)/ = 0.535±0.009. In addition, for the 
JINR physics program, the Argonne - Saclay frozen spin proton polarized target ( used 
initially in the E704 experiment at FERMILAB) was updated and installed on the LHE 
polarized neutron beam line. The target material is 1.2 - propanediol C3H6(OH)2 and 
contains 9 x 1023 

/ cm2 polarized hydrogen atoms approximately. The maximum value of 
proton polarization was 0.842. The first measurements on the polarized beam-target 
complex were carried out, and the results of the neutron-proton total cross section 
difference /:::;.aL were obtained. 

The physics program for new DELTA setup includes a search for the polarization 
phenomena of 1r0 

- and T/ - meson production in N N collisions with polarized nucleons 
(with probable deuteron production in the final state) at energies up to 2.5 GeV. 

A major difference between the T/ and 1r0 - meson is in their isospin and quark 
wave function: in addition to the uu and dd components, TJ also contains a ss pair, 
reflecting a relatively large mass of TJ. Another attractive feature of the TJ - meson 
is a selective excitation of the N* (1535) Su - resonance in ryN interaction (nearby 
the production threshold). The T/ - meson also decays into two photons with a large 
fraction (39%)similar to the 1r0 - meson which decays predominantly into two photons. 

2. Motivation. 

DELTA-spectrometer has been designed and completely assembled to study neutral 
meson production at LHEP-JINR NUCLOTRON. It consists of two blocks with 150 
lead-glass prisms (see Figure.I). The setup ensures a high-resolution and high-aperture 
detection of 1r

0 
- and T/ - mesons for an energy of 100 MeV (for 1r

0
) or 30 - 40 MeV 

(for ry) and above. 
The spectrometer is designed to determine the energies and emission angles of 1r0 

- and r7 - mesons coming from the target. The used experimental method consists 

1 E-mail: li vanov©lhe. j inr. ru 

133 



in the detecting of two energetic photons, emitted in the decay of a neutral meson 
(99% and 39% probability for 1r0 and for 'T/, respectively), in an array of Cherenkov 
lead-glass detectors. The energies of photons emitted in the decay are of the. order of 
( m0 + Tkin) /2 increasing with increasing particle kinetic energy. The photons tend to 
cluster about a laboratory opening angle 01,2 = 2 x arcsin(m/ E). This is merely due 
to "piling up" the spherical phase-space distribution of the photons in the decaying 
particle rest frame when transforming to laboratory coordinates. As the orientation of 
the photons in the meson rest frame is uncorrelated with the meson laboratory velocity, 
the observed "( - 'Y opening angle for a given energy of particles is greater than or equal 
to 01,2-

If 01,2 is the laboratory opening angle between the two decay photons and E 1, E2 
are the laboratory photon energies, the mass m and total neutral meson energy E are: 

m = 2 x sin(0/2) x /E1 x E2, (1) 
-

E = .I 2m2 
. (1 - cos 0)(1 - X 2)' 

(2) 

X = E1 -E2 
(3) 

E1 + E2' 

where X is the asymmetry parameter of 'Y - quanta energies. 
In this case, the two photon energies are nearly equal, X2 is small, and the measurement 

of 0 with a good resolution can yield a good resolution for the total meson energy E. 

3. Types of Pb-glass and their characteristics. 

The shoulders of the spectrometer (CHI and CH2) are two blocks. The blocks are 
built up from glass prisms made of F8-type Pb-glass with PbO 45% additions (see 
Table.I). The number of cells in each block is 150 (10 along the horizontal line and 15 
along the vertical line) (see Figure.2). Each prism is shaped as a cut pyramid 400 mm 
high, that is 12X0 • Its size is (36 x 36) mm2 at the bottom and (22 x 22) mm2 at the 
top. Each cell is viewed by a 34-mm FEU-84-3 photomultiplier tube. 

The new principle is that glass prisms are designed as the cut pyramids with a cross 
dimension less than the Molier radius. This allows one to use "the center of gravity" 
method for avalanche coordinate measurements without converters and coordinate­
sensitive detectors and increases the effective solid angle of the spectrometer. The 
main characteristics of the glass spectrometer are presented in Table 2. 

The light output of the detector is the value about 0.3 photoelectrons for 1 Me V of 
'Y - quantum input energy approximately. The approximating formula for the energy 
resolution for gammas looks like (numerical ratio): 

cr(E)/ E = 0.018 + 0.066/(E(GeV)). (4) 

4. Calibration experiment. 

The work on starting up the setup was done on a neutron beam with carbon and 
polyethylene targets. The detectors were preliminary calibrated using cosmic radiation 
particles. About 2100 coincidence events appropriate to the np1r --+ d1r0 reaction on the 
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polyethylene target and about 700 events on the hydrogen target were recorded using 
the neutron beam with an intensity of ~ 5 • 106 neutrons per burst and an energy of 
1.5 GeV. The level of random coincidence noise was of the order of 30% on hydrogen. 
As an example, (see Figure.3). The mass spectrum reconstructed from two measured 
gamma-quanta is shown in Figure.3. The average restored value (for 2 'Y events) of 
mass equals 130 Me V at a 15% instrumental resolution. 

5. 1r0 energy spectrum. 

For the first time, The energy spectra of prompt photons were measured for different 
mutual orientations of the longitudinally polarized proton target and polarized neutrons 
beam at 2.2 Ge V of neutron beam energy and 80° of the average 'Y's angle. The 
preliminary results have shown the availability of the effect (relative difference of an 
exit at different directions of mutual polarization) at gamma-quantum energies close 
400 MeV, at the level of 12% at a statistical precision of the measurements ±3%. For 
the analysis of detected effect the further measurements are planned. As an example, 
the spectrum a gamma quantum at parallel orientation of spins and 2,2 Ge V neutron 
energy is shown on (see Figure.5). A total number of events in the spectrum is about 
4.7xl0 for 10 hours of measurements. It is clearly visible an amplification of an gamma 
- quantum exit at 400 Me V gamma energies. The relative difference of an exit, after 
statistic normalization (in%), is shown on (see Figure.6). 

6. Data acquisition electronics. 

The data acquisition is organized by the intelligent CAMAC crate controller of 
type CCPC5 containing PC compatible computer. The whole data acquisition system 
consists of 4 CAMAC crates (EUR4100) organized in a branch. The crate number O is 
controlled by the CCPC5 and contains branch driver. The other crates are connected 
via standard branch (EUR 4600) using the crate controller of type Al. The functional 
user modules placed in crates are described in brief in Appendices. The pulses from 
PMTs are led to analogue Summators. They are organized such that they allow to 
work with whole rows or columns summed or with pulses from individual PMT on the 
output. The control program switches the summators to the desired mode. The pulses 
from summators are led to QDC. The work of acquisition subsystem is triggered by 
the signals from laser and from the accelerator. These signals are processed in logical 
modules and led to CAMAC input or output register. The data from QDC are used for 
computing the correction codes for DACs which set up the high voltage. The role of 
this is to set the optimal working mode for photomultipliers and ensure the maximum 
stability during the experiments. 

7. Functionality of stabilization system. 

The block scheme of stabilization system is given in ( see Figure. 7). Secondary 
optical fibres collected on transmitting side into collector illuminated by isotropic 
light source are connected to all detectors of the setup (300 channels of Cherenkov's 
calorimeter CHI, CH2 and 28 channels of scintillation telescope ST). Light source 
is realized on the bases of standa.rd plastic scintillator excitated by impulse light 
of UV laser. One part of the light ( approx. 10% ) of the laser beam is split for 
illumination of reference PIN diodes (Dl, D2 of Hamamatsu Sl406-03 type). They 
serve for stabilization of laser light flashes using programming way based on comparison 
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of peak positions in amplitude spectrum of particle source Am241 of low activity (10 -
100 Bq). Collector of secondary optical fibres (1, 2, 3, 4) and reilluminating scintillator 
are located close to setup detectors. Laser is located in experimental box with distance 
approximately of 30m from the setup. The laser can be started either automatically 
in time periods between accelerator cycles (frequency 0.1 Hz)accumulating values of 
the order 1000 flashes per channel and scanning channels in the setup working time or 
calibration mode without measurement. In automatic working mode the comparison 
of average values of signal amplitudes from laser with predefined table data including 
corrections of HV power for each photomultiplier is carried out. Also the automatic 
data acquisition for correction of reference PIN diodes employing the measurement 
of amplitude distribution from irradiation source Am241 is carried out. The control 
system is realized on basis of CAMAC crate and crate controller CCPC4 equipped 
with PC. Using this computer the calibration system is connected to LHE LAN. 

8. Laser system. 

The laser of the type VSL-337 with illumination beam energy of the order of 
120µJ and duration of pulse 4ns is used. Analogical laser is used also in the setup 
CARMEN. Laser is positioned on base plate and covered by opaque shield. Inside 
of the shield, beam splitter for splitting the beam, absorption filters and system for 
illumination of primary fibres are placed. Output laser beam goes to beam splitter, 
which separates approximately 10% of beam to start the laser beam stability control 
system. Simultaneously with the TOF channels illumination also the illumination of 
the front sides of two optical quartz fibres (length approx. 0.5m) is going on. The light 
through this fibers goes to two silicone PIN photodiodes of the type S-140G Hamamatsu 
with built-in preamplifier. The photodiodes are placed inside of separate shield and 
are irradiated by additional source Am241 with the activity of the order lO0Bq and 
halftime of decay 433 years. Further the laser beam goes through the system of light 
absorption with thin aluminum filters for measurement of flash amplitudes. Filters with 
transparency coefficients 80%, GO%, 40%, 20%, 10%, 5%, 0% are used. After passing 
through filters the beam goes to the input of primary collector consisting of four quartz 
fibres with length of 30m placed in one shield. Then it goes to secondary collectors of 
reilluminating light positioned close to detector setup. Four independent quartz light . 
isolating fibres with diameter GOO µm placed inside of common shield with length 30m 
are used. Near to the detector setup the primary fiber is divided to 4 separate light 
isolating threads with length 2m by using of which the laser light is passed to separate 
reilluminating collectors (1, 2, 3, 4). Each collector contains plastic scintillator with 
dimensions 5 x 5mm3 • The output box of light fibres is mounted into the scintillator. 
Further via the secondary light fibres the laser light goes to each detector of the setup. 
More detail description is given in Ref.3. 
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Table 1: F8 and SF2 type Pb-glass main characteristics. 

Tape F8 (Russian) SF2 (USA) 
%Pb0 45 50.8 

Radiation length, X 0 , cm 3.2 2.74 
Critical energy, Me V 16 15.8 
Refractive index, n 3.6 3.85 

Density,p, g / cm3 3.6 3.85 
Transmittance, ( 400 nm, 10 X 0 0.96 0.8 

Table 2: Main characteristics of the spectrometer. 

Number of modules 2 armsx150 
Material F8 - type glass (45% PbO), light absorption <0.05%/cm 

Module dimensions 22(front) x 36( end) x400mm(12r.1.) 
Light yield Nph.e.=0.3XE'}'(MeV) 

'}'Energy resolution (%) a E = 1.62 x (E(Me V)) 112 

'}'Coordinate resolution ax = ay = 3mm (at 600 MeV) 
Energy interval 1r0 :0.03-2GeV; ry:0.03-5GeV 

Effective accepted solid angle ~O ~(8-12) mster (for IXI ~0.3) 
Energy resolution (for 300 MeV 1r0 ) ~(5-lO)Mev(FWHM) 

Srhematk Vlew or 1>1-:l,TA Detector Positrons 

', beam line .. 
' 

. 

~: 
'I) 

; A 

cm 
HJX15 moduks 

ad,gJass anu 

I0xl5 modules 
h.-ad-gfass am1 

Figure 1: A schematic view of the DELTA detector positions. T- polarized proton 
target PPT; CHI, CH2 - two arms of the Cherenkov lead-glass spectrometer for two 
gammas after neutral meson decay measurements, ST - 14-layer fiber-optics scintillation 
telescope for multi - ~E measurements of charged particles; AC - anticoincidence 
detectors. 
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Figure 2: The general view on the back side of one arm of the spectrometer DELTA 
without photomultipliers. 
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Figure 4: A general view of DELTA installation for use at the polarized proton target 
in 205 LHEP hall. 
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Figure 8: The construction of the DELTA laser calibration and stabilization system. 
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Abstract 
First results of the exposure of nuclear track emulsions in a secondary beam enriched by 

9C nuclei at energy of 1.2 A GeV are described. The presented statistics corresponds to the 
most peripheral 9C interactions. For the first time a dissociation 9C --+33He not accompanied 
by target fragments and mesons is identified. 

1 Introduction 

The most peripheral processes of the fragmentation of relativistic nuclei on heavy 
nuclei of the emulsion composition (i. e., Ag and Br) proceed without production 
of target fragments and mesons. They are called "white" stars aptly reflecting the 
images of events [1, 2]. The fraction of such events that are induced by electromagnetic 
diffraction and nuclear interactions is a few percent of inelastic interactions. The 
statistics of various configurations of relativistic fragments reflects the cluster features 
of light nuclei due to minimal transferred excitation [3, 4, 5, 6, 7, 8, 9, 10]. The use 
of emulsion provides a complete monitoring of relativistic fragments with an excellent 
angular resolution. This approach to the study of the nucleon clustering is used by 
the BECQUEREL collaboration [11] for the study of light nuclei at the proton drip 
line. Exploration of the dissociation of lighter nuclei 7Be [8] and 8B [9] formed the 
basis for the progress in the study of the next nucleus - 9C. One can expect that in 
the peripheral 9C dissociation the picture hitherto obtained for 8B and 7Be with the 
addition of one or two protons, respectively, should be reproduced. 

The 3He based clustering plays an equally important role in these nuclei as the 
a-particle one does. For the 9C nucleus a cluster excitation 33He with a relatively 
low threshold (around 16 MeV) becomes available. In this case, a rearrangement of a 
neutron from the a-particle cluster into the emerging 3He nucleus should occur. The 
search for the dissociation 9C~33He without accompanying fragments of the target 
and mesons, i. e. "white" stars, becomes the main task of this study. In principle, 
this bright channel could be identified by a trident of doubly charged fragments. But 
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Figure 1: Charge spectrum of nuclei produced in the fragmentation of 12C-t9C at 
secondary beam tuning Zpr/ Apr = 2/3 

the real situation with emulsion exposure in the secondary beams of relativistic ra­
dioactive nuclei is more complicated. There should be a detailed analysis of events of 
the "white" star type as the most clearly interpreted interactions for a reliable deter­
mination of the used beam composition. In what follows, first results on 9C identified 
interactions are described. 

2 Experiment 

The fragmentation of 1.2 A GeV 12C nuclei, accelerated at the JINR Nuclotron, was 
used to form a secondary beam with low magnetic rigidity for the best selection of 9C 
nuclei [12]. The momentum acceptance of the separating channel was about 3%. The 
amplitude spectrum of a scintillation monitor of the secondary beam is presented Fig. 1. 
It shows that the major contribution comes from C nuclei. The main background was 
an admixture of nuclei 3He, which have the same ratio of the charge Zpr to the atomic 
mass Apr, as 9 C ones have. 4He nuclei could not penetrate into the channel because 
of a much greater magnitude of this ratio. A small admixture of fragments 7Be and 
8B with slightly higher magnetic rigidity than that of 9C entered the beam. These 
spectrum features indicate the correctness of the channel tuning. 

The exposed stack consisted of 19 layers of BR-2 nuclear track emulsion with a 
relativistic sensitivity. The layer thickness and dimensions were 0.5 mum and 10x20 
cm2

. Stack exposure was performed in a beam directed in parallel to the plane of the 
stack along the long side. The presented analysis is based on a complete scanning of 13 
layers along the primary tracks with charges visually assessed as Zpr > 2. 3He nuclei 
were rejected at the primary stage of selection. The ratio of intensities Zpr > 2 and Zpr 
= 2 was about 1:10. The presence of particles Zpr = 1 in the ratio Zpr > 2 1:1 was also 
detected. The Z fr = l fragments were separated visually from the Z fr = 2 fragments, 
because their ionization was four times smaller. Over the viewed length of 167.1 m 
traces one found 1217 interactions mostly produced by C nuclei. Thus, it was obtained 
that the mean free path was equal to >..c = 13.7±0.4 cm. This value corresponds to 
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Figure 2: Distribution of the measurements pj3c for beam 3He nuclei (30 tracks, solid 
histogram), singly charged fragments of the "white" stars '£Z Jr = 5 + 1 and 4 + 1 + 
1 (15 tracks, dot histogram), doubly charged fragments of the "white"stars 3He (14 
traces, dotted histogram) and from the 33He event (shaded histogram) 

the estimate based on the data for the neighboring cluster nuclei. 
The relativistic fragments H and He can be identified in the cases of small variations 

in their values pj3c, derived from measurements of multiple scattering, where p is the 
full momentum, and /3 the speed. It is assumed that the projectile fragments conserve 
their momentum per nucleon, i. e., pj3c-;:::,AJrPof30c, where Afr the fragment atomic 
number. To achieve the required precision one needs to measure the deflection of 
the track coordinates in more than 100 points. Despite the workload, this method 
provides a unique completeness of the information on the composition of the systems 
of few lightest nuclei. 

The presence of 3He nuclei in the beam composition was found to be helpful to 
calibrate the identification conditions for secondary fragments. The distribution of the 
p/3c measurements for 30 nuclei 3He from the beam is presented in Fig. 2 (solid his~ 
togram). The average value of the distribution is < pj3c >= 5.1±0.2 GeV in the mean 
scattering e7= 0.8 GeV. The absolute value is somewhat different from the expected 
value of 5.4 GeV for 3He nuclei (for 4He - 7.2 GeV) and is defined by the traditionally 
used constants. The e7 value can be assumed to be satisfactory for the separation of 
isotopes 3He and 4He, and especially their systems. 

The contribution of the C, Be and B isotopes was separated via the charge configu­
rations of secondary fragments '£Z Jr in "white" stars and subsequent measurements of 
the primary charges Zpr. The charges of the projectile nuclei and fragments Z1r > 2 
were determined by counting of o-electrons on tracks. The measurement of the charges 
of the primary nuclei and fragments of the events '£Zfr = 5 + 1 and 4 + 1 + 1, pre­
sented in Fig. 3, allows one to conclude that all the events are originated from nuclei 
Zpr = 6. There is an expected shift in the distribution for interaction fragments. 
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Figure 3: Distributions by the mean number of 5-electrcins per 1 mm length for beam 
particles (solid histogram) and relativistic fragments with charges Z1r > 2 (shaded 
histogram) from "white"stars EZfr = 5 + 1 and 4 + 1 + 1 

3 Fragment charged configurations 

The distribution of 123 "white" stars N ws in the charge configurations EZ fr is presented 
in Table 1. Events with fragments Z fr = 5 and 4 and identified charges Zpr = 6, 
accompanied by protons, are interpreted as channels 9C-+8B + p and 7Be + 2p, due to 
the absence of stable isotopes 9B and 8Be. These two channels are relative to the most 
low-threshold dissociation of the nucleus 9C and constitute about 30% of the events of 
EZfr = 6. The ratio of 8B "white"stars with heavy fragments (8B-+7Be + p) and stars 
containing only Hand He are shown to be approximately equal [9]. Therefore, one can 
expect that the statistics of the Table 1 contains a large fraction of events produced 
exactly by the 9C nuclei. 

The result of identification of fragments Z fr = 1 in this group of events is presented 
in Fig. 4 (dotted histogram). The distribution has < pf]c > = 1.5±0.1 GeV and a- = 
0.4 GeV. In fact, the identification in these cases is not necessary because of limited 
options, and protons can serve as a calibration mechanism in more complicated cases. 

Table 1 allows one to derive useful indirect conclusions about the composition of 
the beam. For example, there is only one event EZfr = 4 + 2, which might arise from 
the dissociation llC-+7Be + 4He having the lowest threshold for the isotope nc. Thus, 
a possible presence of n C in the secondary beam is negligible. Six "white" stars with 
the total charge EZfr = 7 are associated with 12N nuclei, captured in the beam. 12 N 
nuclei were produced in charge exchange processes 12C-+12N in the producing target. 

The distribution of "white"stars produced by 7Be, 8B and C nuclei of the charge 
configurations EZ fr, which consist only of the nuclei H and He, is presented in the 
Table 2. One excluded from the sum EZfr one H nucleus for the 8B cases and 2H 
for the C cases. There are similar fractions of the channels 2He and He + 2H, which 
correspond to the appearance of 7Be as a core of 9C. 

Besides, it is possible to note the production of five "white" stars C-+6H (Table 2). 
Events of this type in the cases of the 12C and 11 C isotopes, requiring a simultaneous 
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Table 1: Distribution of "white"stars Nws in charge configurations '£,Zfr 

'£,Zfr Zfr Nws 
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Figure 4: Distribution by polar angles 0 for doubly charged fragments in the 
"white" stars C--+3He 

Table 2: Distribution of the numbers and fractions of "white" stars of 7Be, 8 B and C 
nuclei, over H and He configurations 

Channel 7Be Fraction, % 8B(+H) Fraction,% 9C( +2H) Fraction,% 

2He 41 43 12 40 21 42 
He+2H 42 45 14 47 22 44 
4H 2 2 4 13 5 10 
Li+H 9 10 0 0 2 4 
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Figure 5: Distribution by opening angles 82He between fragments in the "white"stars 
C-+3He. 

collapse of three He clusters, could not practically proceed without target fragments 
due to a very high threshold. Being related to an extremely high threshold, they could 
not proceed without the production of target fragments. In contrast, similar processes 
related to the breakups of cluster He pairs, were observed for the "white" stars 7Be-+4H 
[8] and 8B-+5H [9]. These events require a full identification of the He and H isotopes 
and a kinematical analysis to be performed in future. It is quite possible that one will 
find some cases which would correspond to the cross-border stability in the direction 
of nuclear resonance states 9C-+8 C. 

The question about the contribution of 10C nuclei to the statistics of the Table 
1 which would be characterized by configurations consisting only of the He and H 
isotopes, remains open. A detailed identification and an angular analysis will be crucial 
in this regard. 

4 Search for 33He events 

Table 1 shows the production of 13 "white"stars with the 3He configuration. The 
distribution by the polar angles 0 for these fragments, which illustrates the degree 
of collimation, is presented in Fig. 4. Angular measurements allow one to derive the 
opening angle distribution 82He for fragment pairs (Fig. 5). Four narrow He pairs 
with 8 2He < 10-2 rad are clearly seen due to an excellent spatial resolution. The 
obtained statistics permits to begin the search for the channel 9C-+33He as the most 
interesting challenge. The 10C admixture could also lead to the events of a deep 
nucleonic regrouping 10C-+23He + 4He. 

The method of the multiple Coulomb scattering was used to determine p,Bc values 
of He fragments. Such measurements were implemented only for 14 tracks because of 
the characteristics of the stack used and because of the fragment angular dispersions 
(dashed histogram in Fig. 2). The average value < pf3c > was found to be equal to 
4.6±0.2 GeV, with <J'= 0.6 GeV. The fraction of the fragments that could be defined 
as 4He nuclei is insignificant as compared with 3He. A systematic decrease in the value 
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Figure 6: Microphotography of "white"star 9C-,33He at 1.2 A GeV. The upper photo 
shows the dissociation vertex (indicated as IV) and fragments in a narrow cone. Three 
tracks of relativistic He fragments can clearly be seen in the bottom photo. 

< pf3c > with the respect to the beam calibration is due to energy losses in interactions. 
The procedure for determining the p/3c values of all three fragments became possible 

only in a single event C-+3He (shaded histogram in Fig. 2). The values allow one to 
interpret the event as a triple production of 3He nuclei with a total value p/3c = 
12±1 GeV. The interpretation of events as 10C-+33He + n is unlikely, because in 
this case one would need to modify not one but a pair of clusters 4He by overcoming 
a threshold of at least 37 Me V in a peripheral interaction without target fragment 
production. 

This event is a first identified candidate for 9C-,33He. Its mosaic microphotography 
is presented in Figure 6. The values of the 3He transverse momenta Pt, obtained 
by pf3c and angular measurements are equal to 318±53 MeV /c, 128±20 MeV /c and 
110±14 MeV /c. Then the total momentum I:Pt transferred to the system 33He is 
equal to 551 60 MeV /c. By introducing the I:Pt correction, one can get noticeably 
lower values of P; in the 33He center of mass - 138±23 MeV /c, 66±10 MeV /c, and 
74±10 MeV /c. 

The excitation energy estimated from the difference of the invariant mass Met f of 
the 33He system and the fragment mass is equal E3He = 11.9±1.4 MeV. The peculiarity 
of this event is the presence of a 23He narrow pair of an energy of EwE = 46±8 keV. 
Such a low E2He value of the relativistic 23He pair is close to the decay energy from the 
ground state of 8Be-+24He. In the study of 7Be-,3He + 4He [8] so narrow relativistic 
pairs 2He were not found. The discussed "white" star is one of the four 3He events with 
such narrow pairs (Fig. 5) .. This observation can motive the study of an intriguing 
opportunity of the existence of a 23He narrow resonant state near the threshold. 

5 Conclusions 

For the first time nuclear track emulsion is exposed to relativistic 9C nuclei. The 
picture of the charge configurations of relativistic fragments is obtained for the most 
peripheral interactions. A dissociation event 9C-,33He accompanied by neither target 
fragments of the nucleus target nor charged mesons is identified. This paper provides 
a framework for further accumulation of statistics and for a detailed analysis of 9C 
interactions. 
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Abstract 
The available experimental data from nucleus-nucleus collisions at beam energies from the 

Coulomb barrier up to 70 AMeV and various projectile-target asymmetries are investigated. 
The scenario involving pre-equilibrium emission in the early stage followed by deep-inelastic 
transfer or incomplete fusion leads to consistent agreement in most of the cases. At beam 
energies around and above 50 AMe V there are signals of the mechanism of neutron loss ( dy­
namical emission) preceding the thermal equilibration of the massive projectile-like fragment. 
At beam energies below 10 AMeV, deep-inelastic transfer appears to be the dominant reac­
tion mechanism, with contribution from the possible extended evolution of nuclear profile in 
the window (neck) region, mostly in the case of heavy target nuclei. 

1 Introduction 

During almost a century of nuclear physics studies, only approximately one half was in­
vestigated of up to 6000 nuclei stable against nucleon emission. The known ,B-unstable 
nuclei consist mostly of proton-rich nuclei, produced in compound nucleus and spalla­
tion reactions. Properties of proton-rich nuclei were investigated to the proton dripline 
from the light nuclei up to the proton-rich fissile nuclei. The situation differs on the 
neutron-rich side. Only few regions are known, most thoroughly the light nuclei up to 
the oxygen, produced via fragmentation of heavier nuclei, where the neutron dripline 
has already been reached. Heavier neutron-rich nuclei are known mostly in the region 
of light and heavy fission fragments. An extensive area of very neutron-rich nuclei still 
remains to be investigated. 

The main difficulty in the production of neutron-rich nuclei is that, due to the 
absence of the Coulomb barrier, emission of neutrons is the most effective way of de­
excitation. Intense emission of neutrons from the highly excited (hot) nuclei explains 
the relatively easy production of proton-rich nuclei. In order to produce neutron-rich 
nuclei, the excitation energy acquired during the nuclear reaction must be low enough 
and the neutron-rich nuclei should be produced primarily in the so-called cold processes 
with minimal neutron loss due to emission. 

Frequently used for production of exotic nuclei are spallation and fragmentation 
reactions at relativistic beam energies, which are limited by the fact that projectile 
nucleons are stripped by the target and the production cross sections are independent 
of the target neutron-to-proton (N /Z) ratio. Neutron excess is reached by stripping the 
maximum possible number of protons and lesser number of neutrons. To reach even 
higher neutron excess it appears necessary to capture additional neutrons from the 
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target. Such effect is in principle possible in the reactions of nucleon exchange, which 
dominate at beam energies around the Fermi energy ( 20 - 50 AMe V ) . Highly precise 
experimental data are rather scarce at present, mostly due to the charge distributions 
of reaction products, leading to a complex procedure of identification and separation. 

2 Production of projectile-like fragments 

A large variety of reaction mechanisms has been observed in nucleus-nucleus collisions 
in the Fermi energy domain ( 20 - 50 AMeV ) depending on the impact parameter, 
projectile-target asymmetry and the projectile energy [1]. The reaction mechanisms 
typically observed are peripheral elastic and quasi-elastic ( QE ) scattering/transfer re­
actions around the grazing impact parameter, deep inelastic transfer ( DIT ) reactions 
at semi-peripheral impact parameters, incomplete fusion ( ICF ) reactions at central 
impact parameters with a typical participant-spectator scenario and pre-equilibrium 
emission of direct particles, caused by the onset of two-body nucleon-nucleon colli­
sions at central and mid-peripheral impact parameters. While such a scheme is well 
established, there are still many open questions related to the development of isospin­
asymmetry in nucleus-nucleus collisions in the Fermi energy domain. Studies of isospin 
degrees of freedom in nucleus-nucleus collisions in the Fermi energy domain reveal many 
interesting details of the reaction scenario. Recently, an enhancement in the produc­
tion of neutron-rich nuclei was observed in peripheral nucleus-nucleus collisions [2, 3], 
which can be related to the effect of neutron-rich surface of the target on the nucleon 
exchange. Recent experimental observations in the semi-central collisions signal that 
the neutron-rich mean-field can play a role in the re-separation phase, leading to fast 
transfer of neutrons in this phase [4] or to dynamical emission [5]. Large uncertainty 
exists e.g. in the transition from the regime of binary collision ( DIT or ICF ) to the 
high-energy participant-spectator scenario. 

2.1 Experiment on production of exotic nuclei at 15 AMeV 

The reactions induced by beams with energy around 15 AMeV can in principle demon­
strate features of both the reaction mechanisms known at energies close to the Coulomb 
barrier, such as complete fusion, and reaction mechanisms known at higher energies. 
The production cross sections at !hese energies are necessary in order to determine the 
optimum regime for production of exotic species, such as the optimum beam energy 
and target thickness. Until now, no high resolution heavy residue data exist in this 
region. 

In order to fill this gap, experimental data at the beam energy of 15 AMeV were 
obtained recently at the Cyclotron Institute of the Texas A&M University using the 
recoil spectrometer MARS. A beam of 15 AMeV 86Kr from the K500 superconducting 
cyclotron, with a typical current up to 10 pnA, interacted with 27 Al and 58•64Ni targets 
of typical thickness around 2.0 mg/cm2 . The reaction products were analyzed with the 
MARS recoil separator [6]. The primary beam struck the target at 4 degrees relative 
to the optical axis of the spectrometer. 

Figure 1 shows the results for the reaction 86Kr+64Ni at 15 AMeV at the 4 degree 
setting. The products with Z=29-24 seem to be reproduced reasonably well by the 
PE+DIT/ICF+SMM simulations [1, 4, 7, 8] and from the comparison of both experi-
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Figure 1: Mass yield curves from the reaction 86Kr+64 Ni at 15 AMeV at 4 degrees. Symbols -
measured data. Lines - result of the PE+DIT /ICF+SMM simulation, filtered by the spectrometer 
angular and azimuthal acceptance. 

mental and calculated total isotopic yields for the reaction 86Kr+64Ni at beam energies 
15 and 25 AMeV - this work and [2], respectfully - it can be seen that the produc­
tion cross sections do not drop during the transition from 25 to 15 AMeV, the shapes 
of mass distributions remain similar, with some possible excess of neutron-rich nuclei 
appearing at 15 AMeV, representing a component produced mostly at higher angles, 
which thus needs verification in a corresponding measurement since the measurement 
at 4 degrees does not provide a decisive answer. 

2.2 Systematic analysis of available experimental data 

In the framework of the Eurisol Design Study, a project of the future European ISOL 
facility [9], a representative set of available experimental data was used for model anal­
ysis of the production cross sections of exotic nuclei at beam energies 6 - 70 AMeV, 
with the goal to predict possible exotic beam rates ~nd determine optimum energy for 
stable and unstable incident beams. Table 1 provides overview of the dominant reac­
tion mechanisms of projectile-like products depending on beam energy and reaction 
asymmetry. As one could expect, the scenario involving pre-equilibrium emission in 
the early stage followed by deep-inelastic transfer or incomplete fusion leads to con­
sistent results in most of the cases above 10 AMeV. It nevertheless appears that the 
participant-spectator scenario starts to play role at energies above 50 AMe V for very 
asymmetric projectile-target combinations. Also in this domain there are signals of the 
mechanism of neutron loss ( dynamical emission ) preceding the thermal equilibration 
of the massive projectile-like fragment. Such effect seems to be more pronounced in 
the case of proton-rich projectile-like fragments while in neutron-rich cases it may be 
overshadowed by intense statistical emission of neutrons. A signal of analogous behav­
ior of the neutrons was observed also in the multifragmentation data in the work [5]. 
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Table 1: Classification of principal reaction mechanisms based on mass asymmetry and 
beam energy 

Normal kinematics Nearly symmetric Inverse kinematics 

Low energies Deep-inelastic transfer 
:'.::'. 10 AMeV Extended nuclear profile ? 

Transitional Pre-equilibrium emission Pre-equilibrium emission 
energies Deep-inelastic transfer Deep-inelastic transfer 
10- 20 AMeV + + 

Incomplete fusion Incomplete fusion 

Fermi energy Pre-equilibrium emission Pre-equilibrium emission Pre-equilibrium emission 
domain Deep-inelastic transfer Deep-inelastic transfer Deep-inelastic transfer 
20- 50 AMeV + + + 

Incomplete fusion Incomplete fusio_n Incomplete fusion 
or 

Participant-Spectator 
Neutron loss ? 

Fragmentation Pre-equilibrium emission Pre-equilibrium emission Pre-equilibrium emission 
energies Deep-inelastic transfer Deep-inelastic transfer Deep-inelastic transfer 
2'. 50 AMeV + + + 

Incomplete fusion Incomplete fusion Incomplete fusion 
Neutron loss ? or 

Participant-Spectator 
Neutron loss ? 

Also the behavior in semi-central collisions at lower energies [4], where fast transfer of 
multiple neutrons can be deduced, points toward non-standard dynamical evolution of 
neutrons, most probably in the neck region between the projectile and target. At beam 
energies below 10 AMeV, deep-inelastic transfer appears to be the dominant reaction 
mechanism, with the possible extended evolution of nuclear profile in the window ( 
neck ) region, mostly in the case of heavy target nuclei. It would be desirable to obtain 
experimental data at normal kinematics between 10-20 AMeV, where one can expect 
a smooth transition between the behavior at higher and lower energies. However it is 
interesting to determine the maximum beam energy at which the low energy behavior 
suggesting an extended nuclear profile survives in the very asymmetric reactions with 
a heavy target. 

2.3 Dynamical neutron emission 

The reaction of the massive heavy ions of 129Xe with the light target 27 Al was inves­
tigated in the work [10] at beam energy 50 AMeV, i.e., around the upper limit of the 
Fermi energy domain. In this case, as indicated in FigJ3, our filtered PE+ DIT /!CF +SMM 
simulation fails to reproduce the experimental data, both in terms of magnitude and 
neutron excess ( symbols ). 

A possible explanation for the failure of the PE+DIT /!CF simulation can be a 
transition from the binary DIT /!CF scenario to ternary participant-spectator scenario. 
To test this hypothesis the ICF model was modified so that both spectators remain 
cold, gaining excitation energy and kinematic properties in the same way as the cold 
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Figure 2: Experimental (symbols) and simulated mass distributions from the reaction 129Xe+27 Al at 
50 AMeV for selected elements. Solid lines represent the PE+participant-spectator+SMM simulation 
after filtering procedure and subtraction of six neutrons prior to de-excitation. Dashed lines represent 
simulation without subtraction of neutrons. 

fragment in the binary ICF scenario. Simulation using this model was performed and 
an improvement was achieved in terms of magnitude ( dashed line ), however the shift 
in the isospin, with experimental data being less neutron-rich, remained practically 
unchanged. It is de-facto excluded that the isospin shift could be caused by the de­
excitation stage, since in the same reaction at lower beam energy 26 AMeV and in 
the reactions 129Xe+197 Au,90Zr at 44 AMeV [11], with similar projectile-like source 
and excitation energies, no such shift is observed. Thus the shift is caused by the 
dynamical stage. One possible cause of the shift can be the mechanism of dynamical 
emission of neutrons, as recently reported in the work [5]. If such emission takes place 
during the re-separation, a significant shift towards the proton-rich side can be achieved. 
Such an assumption was tested by a modified participant-spectator simulation ( solid 
line ) where six neutrons ( with a corresponding decrease of excitation energy ) were 
subtracted from the projectile-like spectator. This simulation leads to a reasonable 
agreement with experimental data, thus suggesting that mean field effects in the re­
separation stage can influence the production cross sections of heavy residues, primarily 
in proton-rich systems. 

A further test of the onset of the participant-spectator scenario can be provided by 
the reaction of a 78Kr beam with a target of 58Ni which was investigated in the work 
[12] at beam energy 75 AMeV, i.e., above the Fermi energy domain. In this case, the 
filtered participant-spectator simulation fails to reproduce the experimental data. 

Figure 3 shows that the filtered PE+ DIT /ICF +SMM simulation ( dashed line ) 
appears to reproduce the magnitude of the cross section in the experimental data ( 
symbols ). There still remains a shift in the isospin of the heavy residues, similar 
to the reaction 129Xe+27 Al at 50 AMeV. Also in this case improvement was achieved 
by subtracting neutrons prior to de-excitation, in this case three of them, as it is 
documented in Figure 3 by the solid lines. Thus again an isospin-dependent mechanism 
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Figure 3: Experimental ( symbols ) and simulated ( lines ) mass distributions from the reaction 
78 Kr+58 Ni at 75 AMeV for selected elements. Dashed line - PE+DIT/ICF+SMM simulation after 
filtering procedure. Solid line - PE+ DIT /ICF +SMM simulation after subtraction of three neutrons 
and filtering procedure. 

of dynamical emission of neutrons can play a role. 

2.4 Production of exotic nuclei below 10 AMe V 

An attempt was undertaken to test the model framework used in the Fermi energy 
domain at the energies close to Coulomb barrier. It was established that using the 
original DIT code of Tassan-Got [7] the production cross sections of multi-nucleon 
transfer could not be reproduced. It was necessary to modify the parametrization of 
the nucleon density profile to allow opening of the transfer window at larger separation 
distances. Using the modified parameters of the trapezoidal density profile ( maximum 
full density radius Ro enlarged by 0. 7 fm and the slope increased from 0.65 to 2.2 fm 
), it was possible to reproduce reasonably well the cross sections of the multinucleon 
transfer in the reaction 58Ni+208Pb at 5.66 AMeV [13], as documented in Figure 4. 
The necessary extension of the nuclear density profile can be possibly interpreted as 
a mean field effect due to evolution of the low density nuclear matter in the window 
( neck ) region in the initial stage of the reaction. This explanation can provide an 
alternative to the initially suggested enhancement of the di-proton transfer [13]. An 
analogous behavior was observed also for the collisions of 64Ni+208Pb at 5.47 AMeV 
[14] and 64Ni+238U at 6.09 AMeV [15], which can be reproduced by the DIT code with 
the same modified parameters of the nuclear density profile. 

In the context of a possible mean field effect such as the above mentioned extension 
of the nuclear profile and specifically the assumption that it can be related to the initial 
energy of the beam, it is of interest to investigate data also at somewhat higher initial 
beam energy. In [16], projectile-like nuclei were observed in the reaction 22Ne+232Th 
at beam energy 7.9 AMeV, using two detectors positioned at 12 and 40 degrees. 

The comparison of the observed isotopic yields ( symbols ) at 40 degrees with the 
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Figure 4: Experimental [13] ( thick lines ) and simulated mass distributions from the reaction 
58 Ni+208 Pb at 5.66 AMeV for selected elements. Thin solid and dashed lines - simulation with and 
without extended nuclear profile. 

results of a standard PE+ DIT /ICF +SMM simulation ( dashed lines ) and of the version 
using the DIT code with the extension of the nuclear profile ( solid lines ) is shown 
in Figure 5. The extension of the nuclear profile amounted to approximately 75% 
compared to the three reactions at beam energy 5.5 - 6.0 AMeV. Again the standard 
PE+ DIT /ICF +SMM simulation underpredicts the magnitude of the observed cross 
sections and an improvement is achieved when using the extended nuclear profile, with 
the necessary extension weaker by 25% than in reactions at lower beam energy. Thus, 
it appears that there exists a trend where the magnitude of the extension decreases 
with beam energy, possibly due to a shorter collision time. 

2.5 Technical aspects of secondary beams in the Fermi energy 
domain 

The analysis presented in the previous sections allows to. consider the reactions in 
the Fermi energy domain as a possible source of neutron-rich nuclei for secondary 
beam formation. A logical continuation of the present study is the investigation of the 
practical aspects and specifically the possibilities to produce reaction products with 
optimum mixture and properties for subsequent formation of the secondary beams using 
the ISOL (IGISOL) method. The kinetic energy of the products will limit the possible 
target thickness and, due to the wide angular and charge distributions, the in-flight 
method for the formation of secondary beams would not lead to high quality beams. 
As relatively suitable appears the possibility to use a version of the ISOL method, 
where the products will be stopped in a gas volume ( gas cell ) and subsequently 
extracted, charge-bred and formed into a beam. Such a solution is in principle verified 
and practically used to form secondary beams of the fission products or products of 
fragmentation reactions [17, 18]. 

For the separation of exotic products we can assume a system consisting of a large-
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Figure 5: Experimental [16] ( symbols ) and simulated ( lines ) mass distributions from the re­
action 22 Ne+232Th at 7.9 AMeV for selected elements at 40 degrees. Dashed lines - standard 
PE+DIT/ICF+SMM simulation, solid lines - PE+DIT/ICF+SMM using the DIT code with the 
extension of the nuclear profile. 

bore superconducting solenoid ( of typical magnetic field of 5-7 Tesla) along the lines 
described in [19]. The primary beam will be collected with an on-axis blocker covering 
the angular range Oto 2 degrees. The deep inelastic products, along with the elastically 
scattered beam will pass the solenoid and will be focused into a gas cell after traversing 
appropriate diagnostic detectors ( e.g. PPAC, ionization chamber etc.) and a degrader 
of appropriate thickness. After that point, the techniques developed in [17, 18] can be 
applied to extract and form the rare isotope beam (RIB). Depending on the reaction of 
choice, the angular range up to 10 degrees should be adequate to collect the products 
of interest from heavy-ion rehctions in the Fermi energy regime. 

3 Summary and conclusions 

The available experimental data from nucleus-nucleus collisions at beam energies from 
the Coulomb barrier up to 70 AI\leV and rnrious projectile-target asymmetries were 
investigated. The scenario invoh·ing pre-equilibrium emission in the early stage of the 
collision followed by deep-inelastic transfer or incomplete fusion leads to consistent 
agreement in most of the cases. It nevertheless appears that the participant-spectator 
scenario starts to play role at energies around 50 AMeV for very asymmetric projectile­
target combinations in inverse kinematics. At beam energies around and above 50 
AMeV there are signals of the mechanism of neutron loss ( dynamical emission ) pre­
ceding the thermal equilibration of the massive projectile-like fragment. Such effect 
seems to be clearly pronounced in the case of proton-rich projectile-like fragments while 
in neutron-rich cases it may be overshadowed by intense statistical emission of neutrons. 
A signal of analogous behavior of neutrons was observed also in the multifragmentation 
data of [5]. Also at beam energies below 10 AMeV, deep-inelastic transfer appears to 
be the dominant reaction mechanism, with contribution from the possible extended 
nuclear profile in the window ( neck ) region, mostly in the case of heavy target nuclei. 
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The production of secondary beams in the Fermi energy domain requires specific 
technical solutions, including ion-optical devices with angular acceptance up to 10 
degrees, such as superconducting solenoids, and effective event-by-event tagging proce­
dure for an in-flight scenario or a highly effective gass cell for production of high-purity 
secondary beams. A considerable advantage is offered by the possibility that the pri­
mary beam can be easily eliminated, since the majority of exotic products is emitted 
at angles away from zero degrees. 
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THE dp-+ (pp)n CHARGE EXCHANGE CHANNEL 
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Abstract 

An estimate of the spin dependent part of the np ~ pn exchange amplitude was 
made on the basis of the dp-; (pp)n data, taken at 1.67 AGeV/c in a full solid 
angle geometry. The np -; pn amplitude turned out to be predominantly spin 
dependent. To extend these studies to higher energies the designed experiment 
STRELA is well on the way to data taking and processing. 

1 Introduction 

The elementary np - pn process can be understood and interpreted from different 
points of view. Sometimes it is referred to as a backward elastic scattering or charge 
exchange process. On the quark level it may treated as a u and d quark exchange 
between the proton and the neutron, respectively. Looking at the reaction with an 
incoming neutron in the laboratory frame one will have a fast proton and a recoiled 
neutron in the final state. The deuteron is a fast system of loosely bound proton and 
neutron, an ideal case for impulse approximation. The pionless deuteron break-up re­
action in a few Ge V region proceeds predominantly as a quasi free nucleon interaction 
with participation of a bound nucleon while the second one acts as a passive spectator. 
Therefore one may expect similar behaviour of the charge exchange processes in the 
dp --* (pp )n and in the elementary np --* pn reactions. It is worth to underline that 
the charge exchange in the dp --* (pp )n channel may also proceed via more compli,. 
cated mechanisms like intermediate inelastic states. But even for the case when the 

i)o-•/o •* 
n P. {} 

np-pn 

{ro-•/o •◊ 
n P, 

D • -----• D p 
dp-(pp)n 

Figure 1: Elementary np-; pn (upper) and dp-; (pp)n (lower) charge exchange reactions. 
Empty circles stand for the neutron and full circles denote proton. Subscript t means target 
proton, double arrows show possible spin orientations. 

charge exchange is due to a quasi free np --* pn elastic scattering the presence of the 

1 E-mail: jozef. urban©upj s. sk 
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deuteron itself may call out some distinguishing features of this reaction. The situa­
tion is schematically illustrated in figure 1. In the first case both spin orientations are 
allowed in the final state while in the second one for small angle scattering due to the 
produced charged symmetry (two protons moving in the very forward direction with 
small relative momenta) the reaction can proceed only if the scattered proton spin flips 
as a consequence of the Pauli exclusive principle. 

2 Formalism 

The original idea to take of use the charge exchange reaction on the unpolarized 
deuteron for the determination of the spin-dependent part of the np -----t pn charge 
exchange was proposed by Pomeranchuk [1] and Chew [2]. The possibility to use the 
charge exchange reaction on the unpolarized deuteron for determination of the spin­
dependent part of the np -----t pn charge exchange was· emphasized partly in the series 
of works [3-8]. The effect can be understood qualitatively in the following way. Two 
nucleons, bound in the deuteron may be in 3 S1 and 3 D1 (T = 0) spatial and spin 
symmetric states; their isospin is antisymmetric. In charge exchange at 0°, the transi­
tion from 3 S1 or 3 D1 to a charge symmetric 1 S0 or 1 D2 state of two protons requires 
spin flip, in order to satisfy the Pauli principle and ensure an anti-symmetric total 
wave function. In this way, the spin-dependent part of the elementary charge exchange 
amplitude will be reflected through the probability of the charge exchange process on 
the deuteron. Later the mathematical formalism was developed by Dean [6, 7]. These 
formulas were obtained under certain assumptions, namely relying on the validity of 
the impulse and closure approximations. In the work by Lednicky and Lyuboshitz [9] 
it was shown that at relativistic energies these two assumptions are also justified. 

The differential cross section of the elementary pn -----t np charge exchange process 
may be represented as a sum of the spin-independent (subscript SI) and spin-dependent 
(subscript SD) parts: 

(1) 

The relation between the cross section of the peripheral charge exchange dp -----t ppn 
reaction of the deuteron and the elementary pn -----t np process has been discussed 
in many works. Mathematical formalism developed in [6-8] allows to connect the 
differential cross section for the deuteron charge-exchange break-up and the elementary 
pn -t np reactions, in the frame of the impulse approximation as follows: 

(do-jdt)dp-+(pp)n = [1 - S(t)](dcr/dt)~;__,pn + [1 - 1/3S(t)](dcr/dt)~~-pn• (2) 

where S(t) denotes the deuteron form-factor. This expression implies that at zero 
transfer from the target proton to the neutron, i.e. at the scattering angle 180° w.r.t. 
CMS and S(0) = 1, the differential cross section equals to [10]: 

(3) 

Thus, the charge-exchange break-up reaction of the unpolarized deuteron on the un­
polarized target proton at zero transfer (t = 0) is completely determined by the spin­
dependent part of the elementary np -----t pn backward scattering in CMS ( 180° ) , so 
the deuteron acts as a spin filter. It should be noted that this result also remains 
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valid when the deuteron D-state is taken into account [9]. Thus, studying the process 
dp --. (pp )n, at small transferred momenta, allows for estimation of the spin-dependent 
part of the elementary np --. pn reaction. 

3 The dp ~ (pp )n Charge Exchange Channel 

3.1 Experimental Results 

The experiment was realized at the JINR LHE synchrophasotron by irradiating the 
one-metre hydrogen bubble chamber with a deuteron beam of 3.35 GeV /c momenta 
in full solid angle geometry. Applying the standard bubble chamber processing chain: 
scanning, measuring, geometrical and kinematical reconstruction and visual particle 
identification, 17 reaction channels have been observed in the final statistics. They all 
are presented in Table 1. In spite of the fact that only the first reaction is examined 
in this paper, they may be useful to the interested reader. 

Channel Number of events 
1. ppn 102778 
2. ppmr0 31295 
3. p11+nn 65284 
4. dp 16184 
5. dp11° 3950 
6. dp11°11° 1839 
7. d11+n 4963 
8. d11+n11° 1843 
9. 11+11+nn 315 

10. ppp11 - 5487 
11. ppp11-11° 167 
12. ppp11-11°11° 67 
13. pp11+11-n 116:3 
14. pp11+11-rm0 49 
15. dp11+11- 576 
16. dp11+ "-11° 39 
17. dp11+ "-"o"o 1414 

Table 1: The list of observed channels 

The number of events in the studied channel was converted to a cross section using 
the dp total cross section [11] and the total number of events corrected for losses 
due to the chamber threshold value. In the case of nuclear beams impinging on a 
fixed proton target, all the fragments of the incoming nuclei are fast in the laboratory 
frame and, thus, they can be detected, measured well and identified with minimal 
losses. The losses were determined under two assumptions: random losses in different 
reaction channels are proportional to the number of events in a given channel and 
that the systematical losses are concentrated in the elastic channel at small scattering 
angles. An exponential function was fitted to the dN / dt, t being the four-momentum 
transfer squared for ltl > 0.06(GeV/c) 2

, and extrapolated back for the interval of 
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/t/ < 0.06(GeV/c)2, to estimate the number of events, this gave a systematic error of 
about 4%. More detailed description of the experimental set-up and data processing 
can be found in [12]. Approximately half of the observed events corresponds to the 
deuteron pionless break-up dp-, ppn, consisting of charge retention dp-, (pn)p 83 % 
and charge exchange dp -, (pp )n reactions. In the latter case the neutron is the fastest 
secondary nucleon in the deuteron frame and with 17 512 events, equivalent to a cross 
section of 5.85± 0.05 mb, forms about 17 % of the break-up. The quoted errors are 
only statistical. 

For the impulse approximation and at higher energies the final state interaction 
(FSI) may play crucial role. Experimental investigations of final state interactions 
showed that the backward-forward asymmetries 

A= N(a < go0
) - N(a > go0

) 

N(a < go0
) + N(a > go0

)' 

(4) 

of the distribution of the angle a, defined as cosa = (p-;q)/(/'11/Psl), are very sensitive 
to FSI, where p-; - is the momentum of the spectator with respect to the deuteron 
frame, and q - is the three-dimensional momentum transfer from the incident nucleon 
to the scattered one. In the works [14, 15] it has been shown that for the values of 

It I< 0.3 (GeV/c) 2 

0.5 
-----•--•----+---+-

+-· 
-► 

~ ------i ' ...o-.-•-•-•::O.... -+-~ [o~=~-==-+-+--__c___i___-+---.-----1 
~ -+-

..0.5 

0.1 0.2 0.3 
P,,...[GeV/c] 

Figure 2: Asymmetry of the angle a as a function of the spectator momenta lp:j.All the 
quantities arc to be understood in the deuteron frame. The empty circles correspond to 
charge exchange dp -> (pp )n and full ones stand for the charge retention dp -> (pn )p break­
up data. 

/t/ < O.l(GeV/c) 2 and spectator momenta /p-;/ < 0.1 GeV /c the asymmetries caused 
by FSI arc practically absent, this is well demonstrated for both charge retention and 
charge exchange deuteron break-up channels in Fig. 2. It is important to stress the 
above mentioned absence of FSI when moving to higher energies where experimental 
data on np-scattering is scarce. In the region above 1 Ge V only the preliminary results 
of the Delta-Sigma group [13] are known. In connection with the achievements of the 
polarisation research methods at Dubna (Nuclotron) and Juelich (COSY), the chance 
of restoring the amplitudes and phases of the nucleon-nucleon scattering in the region 
of energies below and above 1 Ge V has significantly enhanced. 

In connection with the appreciable contribution of events with intermediate .6.­
isobar [15, 16], the main part of which comes from quasi-pp collisions (proceeding 
mainly via .6. ++ and .6. + -isobars) see diagrams a) and b) in the Fig. 3, it would be 
necessary to introduce corrections for this effect. 
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Figure 3: The Feynman diagrams for dp - ppn reactions with intermediate ~-isobar. 
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Figure 4: Spectator momentum (deuteron Figure 5: Spectator nucleon momentum 
frame) distributions from the charge retention ( deuteron frame ) dependence on its polar an­
dp -> (pn)p and charge exchange channels gle (target proton frame) for the dp - ppn 
dp-+ (pp)n normalized to the maxima. events. 

In the Fig. 4 the comparison of the spectator momenta distributions from the 
charge retention and charge exchange break-ups is shown. The relative enhancement 
in the spectrum of the proton spectators from the charge exchange, connected with 
the contribution of intermediate isobaric states, is clearly visible. Comparing the two­
dimensional plot in Fig. 5 with the histogram in the Fig. 4 one can see that this 
enhancement is concentrated in the region of momenta above 0.2 GeV /c, i.e. outside 
the cone of 5° and does not influence the differential cross section at t = 0. 

The charge exchange differential cross section on the deuteron at t = 0 will be 
estimated from our data and compared with the available data for the np - pn reaction 
at the same energy. The closest energy data comes from measurements made at the 
SATURN accelerator [17, 18]. Fig. 6 shows the values of dcr/dtlt=O of the np -
pn reaction as a function of the incident momenta. The individual differential cross 
sections dcr/dt, from Bizard et al. [17] in the region of momenta (1.4-1.95) GeV/c, at 
each momentum were extrapolated to t = 0 by the expression 

dcr/dt = aexp(bt + ct2). (5) 

To determine the dcr / dtlt=O of the np --t pn reaction, at our incident momentum of 
1.675 GeV /c/nucleon, an exponential fit was made to the results of Fig. 6, which gave 
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Figure 6: Dependence of the da / dtlt=O for the 
np -; pn reaction on the beam momentum. 
The data points da /dtlt=O were computed from 
a fit (5) to the np -; pn experimental results 
l 17]. The solid curve is a simple exponential 
fit to the data points. 

Figure 7: Differential cross section of the dp-; 
(pp)n charge reaction at small !ti. The solid 
curve is a fit (5) to the data. 

the following value of da/dtlt=D = 54.7 ± 0.2 mb /(GeV /c)2
• The obtained value will 

be related to the estimated differential cross section of the quasi-elastic dp ---+ (pp)n 
charge-exchange at t = 0 from our experiment. One would like to stress that the 
systematic error in data by Bizard et al. [17] makes 5%. 

The result of a fit (5) to the differential cross section of the dp ---+ ppn reaction is 
shown in the Fig. 7. The extrapolation tot= 0 has given a value of da/dtlt=D = 
30.2 ± 4.1 mb/(GeV/c)2. 

One can introduce the ratio of the differential cross sections at t = 0 for the forward 
scattering ( charge exchange) on the deuteron and proton 

R = (da/dt)dp = 0.55 ± 0.08. 
(da/dt)np 

Under the assumptions stated above it can be related to 

2 (da/dt)~f -x--~~ 
3 (da/dt)dp 

(6) 

(7) 

and accordingly the value of the spin-independent part of the elastic np---+ pn charge 
exchange cross section 

ID (da/dt)~~ 2 
Rnp = (da/dt)~f = 3 x R - l = 0.21 ± 0.17 (8) 

has been obtained. 

3.2 Experiment STRELA 

Based on the ideas and experimental results presented in the previous subsection the 
experiment STRELA was designed and constructed in the LHEP, JINR Dubna [19] 
with the aim to select and detect charge exchange events in deuteron proton collisions. 
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STRELA is a typical one-arm spectrometer composed of scintillator detectors(S1, S2, S3), 
drift chambers(Dl-D7) and analyzing magnet. The recent version of the experimental 
set-up is shown in figure 8. The sensitive areas of the drift chambers are the following: 
125x125 mm2 for Dl-D5 and 250x250 mm2 for D6-D7. Z axis is chosen in the beam 
direction. Chambers Dl, D2, D4, D5, D6 are equiped with xy wires, the uv planes of 
D3 and D7 are inclined with an angle of 22.5°, Dl and D6 are composed of 8 sensitive 
planes while the others contain 4. Each chamber contains equal number of x/u and 
y /v planes. Two intensities of the magnetic field B = 1. 7T and B = 0.85T are used 
to select deuterons and two protons, respectively. The drift length for all chambers is 
rmax = 21mm, more technical details can be found in [20]. 

s\. s'l. 

\ ~ .,. .... 

~\ 

' 'S 

Figure 8: Experimental arragement of the STRELA drift chambers. 

The control and read-out electronics were upgraded with new VME crates and 
all the modules were tested. The basic characteristics of the drift chambers were 
established from irradiation of a polyethylen target with a deuteron beam of 3.5 GeV /c 
momentum. For each wire the minimal (tmin) and maximal (tmax) drift times were 
determined. The average total drift time was found to be tmax - tmin ~ 450ns. In the 
track finding procedure the relation between the measured drift time and the minimal 
distance/radius (r) from the anode wire to the track plays an important role. To find 
the function, transforming the drift time (t) to radius, also referred to as r(t) relation, 
is the central task. This tranformation function may depend on many parameters 
like: the electric field intensity, gas mixture, pressure, temperature and the chamber 
geometry. For determination of the tranformation function two methods were applied: 
the linear one, mainly used for on-line and the cumulative or integral one suitable for 
off-line purposes. It is worth to underline that this process is carried out iteratively 
and r(t) is corrected in every iteration step. 

Track finding and track projection reconstruction takes place for each block of 
unanimous planes. Blocks are defined dynamically and should involve at least 3 sen-
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sitive planes for unambigous track determination. The simplified algorithm can be 
summarized as follows: 

1. Fired wires of different planes with maximal z distance are combined into dou­
blets. For each pair 4 tangentials are computed. 

2. For each tangential the distances di to all the fired wires are evaluated. If di > 
dmin the hit is refused. The cut dmin is usually very loose about an order bigger 
than the chamber spatial resolution (~ 90 - 120µm). 

3. If the number of hits, found in the previous step, Nhits ~ Nmin the tangential 
becomes a track candidate. In our case Nmin = 4 was used. If more candidates 
survive then that with minimal I',di is selected. 

4. Track candidate is input to the track reconstruction. The projection of a straight 
track is parametrized in the plane perpendicular to the wires as e.g. for xz plane 

z =ax+ b, (9) 

where a and bare free parameters. The distance D between the track candidate 
and each fired wire is computed for all accepted hits. The straight line parameters 
are determined from x2 fit, so that the residual 

~r = r- lDI (10) 

is minimized [20]. Then the algorithm is repeated again from the track finding. 
Usually 2 - 3 iteration steps are sufficient. 

Figure 9: Example of a reconstructed one 
track event from four hits. 

Figure 10: Example of a reconstructed two 
track event from nine hits. 

An examples of one reconstructed track from 4 hits figure 9 and two reconstructed 
tracks from nine hits are shown in figures figure 9 and figure 10, respectively. The zoom 
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Figure 11: Zoom of a reconstructed one track event from four hits with basic quantities. 

in Fig. 11 explains the basic quantities used in the track finding and reconstruction 
algorithm. 
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Figure 12: Residual dependence on the number of iteration. 

As stated before the transformation function r(t) plays a crucial role in the track 
reconstruction procedure, therefore during the iteration it also corrected. The criterion 
for the iterative correction is that the residuals of the reconstructred tracks should have 
a Gaussian distribution with a zero mean. For that reason the b,.r vs t dependence of 
the reconstructed tracks are divided into small b,.t intervals, projected to b,.r axis, the 
mean values are computed and the transformation r(t) is corrected for this value. Fig. 
12 illustrates the track residual dependendence on the iteration number. As it can be 
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seen four iteration steps give a acceptable mean value. This way of iterative correction 
to the transformation function r(t) is referred to as autocalibration. 

Summary and Conclusion 

• The obtained ratio of the charge exchange differential cross sections at t = 0 
for dp ---+ (pp )n and np ---+ pn reactions R = 0.55 ± 0.08 testifies the prevailing 
contribution of the spin-dependent part to the np ---+ pn cross section scattering. 

• Continuation of researches at higher energies on STRELA set-up is important. 

• STRELA electronics (VME + modules) was successfully tested. 

• Track reconstruction for STRELA drift chambers was tested on exprimental sam­
ples. 

• Autocalibration improves the reconstruction quality. 

• STRELA is ready for data taking and processing. 
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Abstract 
The paper presents several sorting methods of y-ray events which were implemented in the data 

acquisition, processing and visualization system, developed at the Institute of Physics of the Slovak 
Academy of Sciences. The sorting methods using various shapes of gates (conditions) are presented, 
including rectangular windows, polygons, gates defined by arithmetic functions, spherical, ellipsoidal 
and composed gates. The examples illustrating the use of these methods are presented as well. 

I. Introduction 

Today's generation of y-ray spectrometers such as Gammasphere [I] are capable of 
collecting large quantities of high-fold data in which many y-rays are detected in 
coincidence in the same event. To utilize the optimum resolving power of the 
instruments, it is necessary to analyze the data with the optimum gating fold. The 
optimum gating fold depends on experimental factors such as the average multiplicity 
of y-ray cascades and the amount of data collected. Typical high-fold analysis requires 
gating folds between 2- 5, but high-fold events of over IO energies per event occur in 
the experiments. The question is how to sort such high-fold coincidence data in order 
to produce spectra of various fixed dimensions under various selection criteria. 

The operation of the sorting is based on "gates" or "conditions". When storing the 
events in "list mode", the sorting operation can substantially reduce storage volume 
necessary. Very frequently, the gates are used to create slices of the integral spectra of 
lower dimensionality also. If high-fold coincidence events are unfolded into a lower 
dimensional histograms, the statistics can become artificially high so that peak 
positions and statistics may be wrong, [2]. Properly proposed gating methods lead to 
an improvement in spectral quality, in particular, the peak-to-background ratio, and to 
a decrease of uncorrelated events in the resulting spectrum. 

2. Sorting of high-fold data from y-ray detector arrays 

Sorting methods involve combinatorially decomposing each n-fold event into a 
number of lower m-fold subevents (m ~ n) [2]. 
Each n-fold event generates 

(
n)= n! =n(n-1) .. ·(n-m+1) 
m m!(n-m)! 1-2·3 .. ,m 

m-fold subevents where each subevent contains m energies from the original event. 
Common difficulties using the sorting methods of analysis are in that: 

1 E-mail:Miroslav.Morhac@savba.sk 
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• if unfolded m-fold subevents are assumed to be independent and can be further 
decomposed into lower fold events - this is not correct, it can introduce spikes 
appearing in the spectra, [2] 

• if high-fold coincidence events are unfolded into a lower histogram dimension, 
the statistics can become artificially high so that peak positions and statistics 
may be wrong. 

To avoid these spikes appearing in the spectra each m-fold correlation can only be 
used once in a spectrum incrementation. Properly proposed gating methods lead to an 
improvement in spectral quality in particular the peak-to-background ratio, and to a 
decrease of uncorrelated events in the resulting spectrum. 

3. Sorting methods implemented in DaqPro Vis 

Several sorting methods we have implemented in our data data acquisition, 
processing and visualization software package, DaqPro Vis, which is developed at the 
Institute of Physics, SAS [3]. The basic element for data sorting is gate (condition). To 
satisfy typical experimental needs we have implemented various types of gates / 
conditions in DaqPro Vis: 

• Rectangular window, 
• polygon, 
• arithmetic function, 
• spherical gates, 
• ellipsoids, 
• composed gate. 

A. Rectangular window 

It specifies a set of event variables with lower and upper channels determining the 
region of event acceptance. This is a classical gating method commonly used. Let us 
take the simplest two-fold events and let us assume we desire to analyze variable, but 
only those events that satisfy the condition 

911:,; X1:,; 9u1, 

where g11, gu1 are lower and upper limits of the gate, respectively. Analogously for 
three and more fold events, two-dimensional region can be set e.g. 

911:,; X1:,; 9u1 AND 912:,; X2:,; 9u2 

In general, for n-fold rectangular window gate one can write 

911 :,; x, :,; 9u1 AND 912 :,; X2 :,; 9u2 AND 

AND ~n :,; Xn :,; 9un 

where x1,x2 , ... ,xn are event variables. An example of rectangular gate applied to two­
parameter spectrum is shown in Fig. 1. The gate is located to the peak area. 

176 



, 1 rilinA:1 m lit ?;') 1% l"i I% k5 lW I)) 1i1 

Fig. I. An example of rectangular gate applied to two-parameter spectrum. 

··-~ ~ 
~ 1 

... J ~'{ 1 
~ 7 

~ 
-~,~ ""'I 

~ J 
{;;; j 

$1; ~ 
i 

f1;. '1 

- L . ......,-....,_,..,.,._,......,._--.--_...,..,~...,....--.--..,.........,...., 
"'i 

, , i:t-:,,,d tw ix ,~o Si, ?':1 ni l"f :oo :;,, 
Fig. 2. An example of polygon gate applied to two-parameter spectrum. 

B. Polygon 

An efficient and simple way to choose the region of event acceptance in two­
dimensional space of event variables is interactive setting of appropriate closed 
polygon. The polygon gate consists of sequence of coordinates of two event variables. 
It allows one to separate various parts of the spectrum. The advantage of this kind of 
gate is that one can design easily irregular shape. Its disadvantage is that it cannot be 
extended to higher dimensions and that it must be set manually. An example of 
polygon gate applied to two-parameter spectrum is shown in Fig. 2. The gate in the 
figure is defined by a set of segments which form the closed polygon around the 
irregular shape. 

C. Arithmetic func(jon 

This type of gate is represented by mathematical function of event variables 
(detection lines) Xi, X2, .•. , Xn 
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The allowed operators are: +, -, *, /, ''\ sqr, log, exp, cos, sin, The built-in syntax 
analyzer is able to recognize the expressions written in Fortran-like style using names 
of event variables for operands, above-given operators and parentheses. During the 
sorting, for each event, the value of the function is calculated. If the value is less or 
equal to zero the event is accepted, i.e., the logical value of the condition is "true". 

By employing a suitable analytical function, one can specify more exactly the 
region of interesting parts in the spectrum. 

4. Spherical gates 

Photopeak events are distributed approximately with Gaussian distribution. It 
means that in the hyperspace they have a spherical symmetry. When choosing the 
function with elliptic base for two variables one can reduce the uncorrelated 
background , 

( X1;C1J +( X2~C2 J-1~0, 
where C1, C2 determine the position of the photopeak, '1, '2. are proportional to a1 , G°2 
(see Fig. 3). 

X2 i 
Background 

r2 I , ~~~~ Peak + Background 

r2 

r1 

r1 -x1 

Fig. 3, Elliptical gate. 

The extension of this function to n-dimensional case is straightforward. In general, 
one can define free any arithmetic function using the above-given set of operators. 

When sorting events with Gaussian or quasi Gaussian distribution the gates with 
elliptic base are of special interest. The radii of ellipses are proportional to standard 
deviations o; or to the FWHMi = .J21og2CTi (full width at half maximum) of the 

photopeak distribution. Then for symmetrical n-dimensional spherical gates one can 
write 

n ( J2 L X; - Ci - R2 ~ 0 
i~1 0.5FWHMi 

However, due to various effects in detectors the peaks exhibit left-hand tailing. It is 
needed to propose the special gates reflecting the tails in spectrum peaks. In [4] special 
gates reflecting the tails in spectrum peaks were proposed. The problem is to extend 
the gate shape in the tail direction. To explain it, we resort to two-dimensional 
asymmetrical spherical gate by introducing the tailing coefficient Tin the variable x2 
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( 
X1 - C1 )2 + ( X 2 -C2 )2 -R2 < 0 

0.5 · FWHM1 0.5 · FWHM2 • T -

where T ~ 1. To introduce tailings to both directions it turns out that we have to 
employ logical OR function so that the gate is intersection between two-tailed 
spherical gates 

( 
X.,-C, )2 +( X2-Ci )2-ft-<O OR 0.5-~ 0.5-~-T -

( 
X.,-C, )2 +( X2-Ci )2 -ft- <0 

0.5-~-T 0.5-~ - . 

It is straightforward to extend this idea ton-dimensional spherical gate [4] 

(o.5-~-T J +(o.5~J + ... +(o.5~~r-Ff~O CR 

( 
~-c; )2 +( A:z-'2 y + { Xn-Cn J-Ff<O CR 05-~ 05-FWt'llT) ... 0.5-~ -

( 
~-c; )2+( A:z-Ci )2+ +( Xn-Cn J2-Ff<0 05-~ 05-~ ... 0.5-FW111i-T -

By using the spherical gates the significant volume reductions over the cuboidal gates 
can be achieved as shown Tab. 1. 

Tab. 1. The ratios of volume reduction achieved when using the spherical gates over the 

cuboidal gates. 

DIMENSION 

1 
2 
3 
4 
5 
10 

VOLUME OF 

HYPERSPHERE 

2R 
TTR2 

4
/3 TTR

3 

1/i TT2R4 

8/15 TT2R5 

I h20 TT5R10 

VOLUME OF 

HYPERCUBE 

2R 
4R2 

8 R3 

16 R4 

32R5 

1024 RIO 

RATIO 

1.00 
1.27 
1.91 
3.04 
8.11 

401.54 

From the table we can see that the volume of processed (and consequently stored) 
events can be significantly decreased if an ellipsoidal gate is used instead of cuboidal 
gate. 

By application of suitable spherical gate the experimenter can separate the events 
contributing to the background from the spectrum, [5] [6]. This can be achieved if we 
design the shape of the gate in coincidence with the shape created by distribution of 
events of our interest in the spectrum. 

In the next few examples we present the examples of applying the gates to two- and 
three-dimesional data. An example of two-dimensional spherical gate is shown in 
Fig. 4. An example of another two-dimensional y-ray spectrum with spherical balls 
gate is shown in Fig. 5. (Asi by sme mali jeden z predchdzajucich obrazkov vyhodit, 
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ukazuju podobne veci.) To illustrate the use of three-dimensional spherical gate, let us 
have the three-dimensional y-ray spectrum as shown in Fig. 6. We have chosen the 
spherical gate similar to that shown in Fig. 7. By applying of this gate to the spectrum 
from Fig. 6, we get the three-dimensional spectrum shown in Fig. 8. The gate is shown 
as shaded balls inside of the spectrum, i.e., the shaded channels satisfy the condition 
connected with the gate. An example of three-dimensional y-y-y-ray spectrum with 
spherical gate with different widths of Gaussians in different directions is shown in 
Fig. 9. 

y. 

Fig. 4. An example of two-dimensional spherical gate. Fig. 5. Two-dimensional y-ray spectrum with 
spherical balls gate. 

Fig. 8. An example of the application ofthree­
dimensional spherical gate to three-dimensional 

spectrum. The gate is shown as shaded balls 
inside of the spectrum. 

',. ~ ... ,~ 

Fig. 7. Spherical gate shown as surface. 

Fig. 9. An example of three-dimensional y-y­
y-ray spectrum with spherical gate with 

different widths ofGaussians in different 
directions. 

The proposed model of this type of gates allows us to change the width of spherical 
Gaussians. By changing parameters, we can select any part of the spectrum. However, 
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according to this model, one cannot change independently tailings for individual 
dimensions and angles between the Gaussians. 

D. Ellipsoids 

To change independently the tailings for individual dimensions and angles between 
the Gaussians and to make the design of the shape of the gates more flexible we 
proposed ellipsoid gates. In parametric form the ellipse can be expressed 

x1 = ,; cos(!)+ c1, 

x2 = r2 sin(!)+ c2 , 

where Ci, C:! determine the position of the ellipse, '1, '2 are radii and are independent 
oft 

One can change freely the lengths of half-axes, the widths of ellipsoids as well as 
the angle between them. Let us express n-dimensional k-th ellipsoid Ek with center 
positioned at Ci, C:!, ... , Cn and lengths of half-axes a1, bi, a;_, bi, ... , an, bn, 

x1 = b1 cos(tn_1)cos(tn_2 ) .... cos(t1) + c1 

xk_1 = bk cos(tn_1)cos(tn_2 ) .... cos(tk_3 )sin(tk_2 )+ ck_1 
x k = Ak(tk_1)cos(tn_1)cos(tn_2) .... cos(tk_2)sin(tk_1) + ck 

x k+l = bk+l cos(tn_1)cos(tn_2 ) .... cos(tk_1} sin(tk) + ck+l 

In order to describe tailings in the gate let us propose the change of radii in 
dependence on the parameters t 

for i= 1 

}1i{f
1
) = a, +bi+ a,-l1c:os(2t

1
) for !1 E (0,.::) AND(31Z",2n) 

2 2 2 2 
rW1) = bi othernise 

for i> 1 

a. +b a- -b. 
Ai(ti_1) = y+ysin(2ti_1) for ti_1 e (0,1r) 

Ai(ti-l) = bi otherwise 

where ti= ui + si, ui e (0,21r) and Si is angle shift of the axis. Finally, then-dimensional 
gate can be expressed as logical OR of the individual ellipsoids 

£ 1 OR £ 2 OR ... OR En . 

Using this gate, one can define in more flexible way the region of interest. 
An example of two-dimensional ellipsoid gate applied to the spectrum of nuclear 

multi fragmentation is shown in Fig. 10, [7]. The ellipsoid gates have been positioned 
to the areas of our interest, i.e. during the sorting process the events which form the 
ridges are excluded. An example of three-dimensional ellipsoid gate is shown in 
Fig. 11. The figure demonstrates that one can change freely the lengths of half-axes, 
the widths of ellipsoids as well as the angle between them. 
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Fig. 10. Two-dimensional ellipsoid gate applied to Fig. 11. An example of three-dimensional ellipsoid 
the spectrum of nuclear multifragmentation. gate. 

E. Composed gates 

The result of application of any of the above-defined gates (conditions) is either the 
value ,,true", i.e., the event is accepted for further processing or the value ,,false" 
(event is ignored). By applying logical operators (AND, OR, NOT) to operands 
(previously defined gates) and using parentheses one can write very complex logical 
expressions defining the shape of the composed gate. The shape can be very 
complicated and can define even the composition of disjoint subsets. 

:♦ ,. t~; >, 

Fig. 13. Two-dimensional gate B. 

Fig. 14. Two-dimensional gate C. Fig. 15. Resulting composed condition 
(A OR 8) AND C. 

Let us denote the gates shown in Figs. 12, 13, 14 as A, Band C, respectively. Then 
the resulting composed gate defined by logical function (A OR B) AND C is shown in 
Fig. 15. 
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5. Conclusions 

In the paper we have presented the conventional as well as new developed 
algorithms of experimental data sorting. An attention must be paid when unfolded 
events are further decomposed into lower fold events. By using the unsuitable 
methods, the statistics can become artificially high so that peak positions and statistics 
may be wrong. The sorting methods presented can decrease the required storage space 
and improve the resolution of the analyzed y-ray spectra. 

The algorithms of various types of gates/conditions, including rectangular 
windows, polygons, entered by arithmetic function, spherical and ellipsoidal gates, and 
composed gates were implemented in DaqProVis system, which is being developed at 
the Institute of Physics, Slovak Academy of Sciences since early 90-ties. [8, 9]. 
Thanks to its modular structure and object oriented approach it has evolved to a very 
efficient tool for the analysis of multidimensional events and spectra [3]. 
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PROCESSING OF MULTIDIMENSIONAL EXPERIMENTAL 
DATA IN NUCLEAR PHYSICS 

M. Morhac1
, V. Matousek and I. Turzo 
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Dubravska cesta 9, 845 11 Bratislava, Slovakia 

Abstract 
The paper presents several sophisticated algorithms for the processing of spectroscopic data. These 

include algorithms for background elimination, for separation of peak containing regions from peak-free 
regions, deconvolution and identification of information carrier objects. 

1. Introduction 

One of the basic problems in the analysis of the spectra is the separation of useful 
information contained in peaks from the useless information (background, noise). In 
order to process data from numerous analyses efficiendy and reproducibly, the 
background approximation must be, as much as possible, free of user-adjustable 
parameters. Baseline removal, as the first preprocessing step of spectrometric data, 
critically influences subsequent analysis steps. The more accurately the background is 
estimated the more precisely we can estimate the existence of peaks. In the 
contribution we present an algorithm to determine peak regions and separate them 
from peak-free regions. Subsequently it allows to propose a new baseline estimation 
method based on sensitive non-linear iterative peak clipping with automatic local 
adjusting of width of clipping window. One of the most delicate problems of any 
spectrometric method is that related to the extraction of the correct information out of 
the spectra sections, where due to the limited resolution of the equipment, the peaks as 
the main carrier of spectrometric information are overlapping. Conventional methods 
of peak searching based usually on spectrum convolution are inefficient and fail to 
separate overlapping peaks. The deconvolution methods can be successfully applied 
for the determination of positions and intensities of peaks and for the decomposition of 
multiplets. 

2. Background estimation 

Very efficient method of background estimation, based on Statistics-sensitive Non­
linear Iterative Peak-clipping algorithm (SNIP), has been developed in [1]. In [2] we 
extended the SNIP method for multidimensional spectra. In multidimensional spectra, 
the algorithm must be able to recognize not only continuous background but also to 
include all the combinations of coincidences of the background in some dimensions 
and the peaks in the other ones. In [3] we proposed several improvements of the SNIP 
algorithm. Further we have derived a set of modifications of the algorithm that allow 
estimation of specific shapes of background and ridges as well. Examples of one-, 
two-, and three-dimensional spectra before and after background elimination are given 
in Figs. 1-3. 

1 E-mail:Miroslav.Morhac@savba.sk 
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(a) (b) 
Fig. I An example of y-ray spectrum with estimated background using decreasing clipping 
window (a) and background estimated using SNIP algorithm with simultaneous smoothing 
(b). 

(a) (b) 
Fig. 2 An example of two-dimensional y-y-ray spectrum before (a) and after background 
elimination using the algorithm with simultaneous smoothing (b ). 

(a) (b) 
Fig. 3 An example of three-dimensional y-y-y-ray spectrum before (a), and after background 
elimination using the algorithm with simultaneous smoothing (b). 

3. Estimation of peak regions 

In [4-5] the authors propose a peak-search method based on two-pass convolution 
of the spectrum with the first derivative of the Gaussian. Besides of the identification 
of peaks the method can be utilized for the determination of peaks intervals [6]. Based 
on this approach we proposed an improved background estimation algorithm with 
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clipping window adaptive to peak regions widths. The comparison of both methods is 
presented in Fig. 4. ,.,,,. l -· ;<<\' 
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(a) (b) 
Fig. 4 Experimental y-ray spectrum with estimated background using fixed width of clipping 
window (a), and width automatically adjustable to the widths of peak regions (b). 

4. Deconvolution 

The peaks as the main carrier of spectrometric information are very frequently 
positioned close to each other. The extraction of the correct information out of the 
spectra sections, where due to the limited resolution of the equipment and overlapping 
of the signals coming from various sources, is a very complicated problem. 
Deconvolution and restoration are the names given to the endeavor to improve the 
resolution of an experimental measurement by mathematically removing the smearing 
effects of an imperfect instrument, using its resolution function. As a rule 
deconvolution problems are very ill-conditioned, i.e., very small errors or noise in the 
deconvolved spectrum cause enormous oscillations in the resulting data. In the 
contribution we have studied only positive definite deconvolution algorithms (Gold 
[7], Richardson-Lucy [8], [9] and Maximum a posteriori [10]). In [11] we proposed 
boosted positive definite deconvolution algorithm. In [12] we developed deconvolution 
algorithm based on Tikhonov regularization of squares of negative values. Both allow 
to improve the resolution up to delta functions. Examples of one-, and two­
dimensional spectra before and after deconvolution are given in Figs. 5 and 6, 
respectively. 
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(a) (b) 
Fig. 5 Original and deconvolved y-ray spectrum using classic (a), and boosted (b) Gold algorithm. 
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(a) (b) 
Fig. 6 Original (a), and deconvolved y-y-ray spectrum using boosted Gold algorithm (b). 

5. Identification of spectroscopic information carrier objects 

In [13] we proposed a peak searching algorithm based on convolution with the 
second derivative of Gaussian for multidimensional spectra. The algorithm is able to 
recognize crossing points of ridges of lower-fold coincidences from n-fold coincidence 
peaks (Fig. 7). 

(a) (b) 
Fig. 7 Synthetic (a), and experimental (b) two-dimensional spectra with found peaks denoted by marks. 

(a) (b) 
Fig. 8 Low-statistics y-ray spectrum before (a), and after application of Markov smoothing (b). 
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(a) (b) 
Fig. 9 Low-statistics y-y-ray spectrum before (a), and after application of Markov smoothing (b). 

In many cases in low-statistics spectra we need to smooth data before application 
of peak searching algorithm. In [ 14] we proposed a smoothing and peak enhancement 
method based on Markov chains. Again we generalized the method for 
multidimensional data. In Figs. 8 and 9 we illustrate the smoothing and peak 
enhancement properties of the method. 

In the spectra of nuclear multifragmentation one needs to determine ridges of 
corresponding points from very sparsely distributed two-dimensional experimental 
data. In [15] we proposed an algorithm based on linearization and smoothing using 
inverted positive second derivative of Gaussian. Application of Gold deconvolution 
allows decomposition of identified ridges to subridges. An illustrative example is 
presented in Figs. 10 and 11. 
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(a) (b) 
Fig. 10 Original Si-Si spectrum (a), and its detail (b). 
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(a) (b) 
Fig. 11 Spectrum from Fig. 10 with determined ridges (a), and decomposed to subridges (b). 
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Identification of rings in two-dimensional spectra from RICH (Ring Imaging 
Cherenkov) detectors was another problem where our advanced techniques were used. 

The goal was to determine the rings of corresponding points from very sparsely 
distributed two-dimensional experimental data. The algorithm is based on two­
dimensional Gold deconvolution. In Fig. 12 we illustrate the results obtained by using 
the deconvolution algorithm to identify the rings in the synthetic spectrum. The 
synthetic spectrum was composed of 200 events randomly positioned in 6 circles and 
another 200 (Fig. 12(a)) or 500 (Fig. 12(b)) random noise events added to these 
spectra. The identified circles are shown in Fig. 12 . 
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(a) (b) 
Fig. 12 Synthetic spectrum composed of 200 randomly distributed events arranged in 6 
randomly positioned circles with added 200 (a), and 500 (b) randomly distributed noise 
events. The circles represent the identified ones. 
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(a) (b) 
Fig. 13 An example of simulated spectrum from GEANT (a)., and identified rings after 
convolution with the response (b ). 
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An example of the result achieved by applying the algorithm to the simulated 
spectrum obtained from GEANT program is given in Fig. 13. In Fig. 13(a) the 
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simulated spectrum consisting of events randomly distributed in 12 rings and m 
Fig. 13(b) the identified rings after convolution with the response are presented. 
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(a) (b) 
Fig. 14 An example of experimental RICH spectrum (a), and three identified centers after 
deconvolution with three rings after convolution with the response (b ). 
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As a final example we present the results obtained from identification of the rings 
in experimental data from HADES RICH detectors. In Fig. 14(a) the original spectrum 
containing the events from 3 rings and noise is presented. Spectrum after 
deconvolution, showing the identified centers of the rings and its convolution is shown 
in Fig. 14(b ). It can be seen, that the algorithm identifies correctly the ring and 
suppresses the noise in the experimental spectrum. 

6. Conclusions 

We have generalized and extended the existing basic SNIP algorithm for additional 
parameters and possibilities that make it possible to improve substantially the quality 
of the background estimation. We have included these modifications and derived the 
algorithms for two-, three-, up to n-dimensional spectra. 

We proposed an algorithm for the determination of the peak regions. In the 
contribution we suggested an algorithm of background estimation with the clipping 
window adaptable to the widths of peak regions as well. Moreover the algorithm for 
separation of peaks containing regions from peak-free regions can be utilized for 
fitting purposes to confine the fitting regions. 

To improve resolution in spectra we analyzed a series of deconvolution methods. 
We proposed boosted deconvolution algorithms and the algorithm based on Tikhonov 
regularization of squares of negative values. Both algorithms are able to decompose 
the overlapped peaks practically to o functions while concentrating the peak areas to 
one channel. 

Further in the contribution we present peak searching algorithm based on the 
second derivatives of Gaussian and peak searching algorithm for low-statistic spectra 
based on Markov chain method. The presented algorithms were implemented in 
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DaqProVis system [16] and partially in ROOT system in form of TSpectrum 
classes[ 17]. 
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