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As is known fom QED, a possible solution to the ghost-pole trouble can be obtained by 

imposing the Q 2-analyticity imperative. Here, the pole is compensated b) the a nonanalytic 
contribution that results in finite coupling renormalization. 

We apply this idea to QCD and arrive at the Q 2 analytic as(Q). This s( lution corresponds 

to perturbation expansion, obeys AF and, due to nonperturbative contributi( n, has a regular IR 
behaviour. It does not contain any adjustable parameter and has a finite IF limit as(O) which 

depends only on group symmetry factors. 
In the one-loop approximation it is equal to 41t /Po :::: 1.40 and turns ou: to be surprisingly 

stable with respect to higher order corrections. On the other hand, theIR be 1aviour of our new 

analytic solution agrees with recent global low energy experimental estima .es of as(Q 2). 

The investigation has been performed at the Bogoliubov Laboratory of 1 heoretical Physics, 
JINR. 

AuaJIHTuqecKaJI 6e~aJI KOHc'rauTa CBJIJH KX,U 
C KOHCqHhJM JIK DOBC.l(CHHCM 

H yuuuepcaJibHoe Juaqeuue as(O) 

p.B.illupKo6, H.JI.Coll06lf06 

KaK InsecTHO H3 K3Jl, B03MOJKHoe perneHHe npo6neMbi npH3paqHoro m IJIIOCa MOJKeT 6biTb 

nonyqeHo HaJIOJKeHHeM yCJIOBHll aHanHmqHocm no Q 2. llpH 3TOM non10: KOMneHcHpyeTCll 
BblpaJKeHHeM, HeaHaJIHTHqHbiM nO a, KOTOpOe npHBO):IHT TaKJKe K KOHeqHOi I nepeHOpMHpOBKe 
3apl1Aa. 

Mbl HCnOJib3yeM 3TY H):leiO AJlll ~all KXJl H nonyqaeM AJlll a.(Q) aHa rmmqeCKOe Bbipa­

JKeHHe. 3TO perneHHe 06Jia):laeT CBOHCTBOM acHMnTOTHqecKOii CB060):Ibl, a e ro perynllpHOCTb B 
HHcppaKpaCHOii o6naCTH 06ll3aHa Henepryp6aTHBHbiM BKJia):laM. 0HO He C( ):leplKHT AOnOJIHH­
TeJibHbiX napaMeTpOB H B HHcppaKpaCHOii o6JiaCTH HMeeT KOHeqHblll npeAeJJ as(Q), 3aBHCllll{Hii 

Jllflllb OT CHMMeTpHHHbiX cpaKTOpOB. 
B O):IHOneTJieBOM npH6JIIfJKeHHH OH paBeH a,(O) = 41t/Po :::: 1.4( H OKa3biBaeTCll 

YAHBHTeJlbHO CTa6HJibHbJM no OTHOllleHHIO K BbiClliHM nonpaBKaM (TeM ClMbiM CXeMHO-HH­
BapltaHTHbiM). llonyqeHHOe aHaJIHTH'IeCKOe perneHHe TaKJKe comacyeTCll C l!e):laBHIIMH HHTer­

paJibHbJMH 3KCnep11MeHTaJibHblMH OL{eHKaMH noBe):leHifll a.(Q 2) B HHcppaKp< .CHOii 06JiaCTH. 

Pa60Ta BbinOJIHeHa B Jla6opaTOpHH TeopemqecKoii cpH3HKH HM.H.H.EOIDJII060Ba 0115111. 
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1. We recall first some results obtained in QED about 40 years ago. The QED effective 

coupling a (Q 2), being proportional to the transverse dressed photon propagator amplitude, 
s 

is an analytic function in the cut complex Q 2 plane and satisfies the Kailen-Lehmann 
spectral representation. fhe «analytization procedure» elaborated in papers [ 1 ,2] consists of 
three steps: 

1) Find an explicit expression for aRJQ 2) in the space-like region by a standard RG 

improvement of perturt:ative input. Continue this expression to the time-like Q 2 domain. 

2) Calculate the imaginary part of aRJ- Q 2) on the cut and define the spectral density 

PRG((J, a) = Im aRJ- CJ, a). 

3) Using the spectral representation with pRG in the integrand, define an analytic 

a <Q>. an 

For one-loop massless QED, this procedure produces [2] an explicit expression (see 
Eq.(2.6) in Ref.[2] or analogous QCD Eq.(2) below) which has the following properties: 

a) It has no ghost pole; 
b) Considered as a function of a in the vicinity of the point a = 0 it has an essential 

singularity of the exp (- 37t I a) type; 
c) In the vicinity ,>f this singularity for real and positive a it admits an asymptotic 

expansion that coincides with usual perturbation theory: 
d) It has a finite u traviolet asymptotic limit, a(oo, a)= 31t, which does not depend on 

the experimentally input value a := 1 I 137. 
The same procedure in the two-loop massless QED approximation yielded [2] a more 

complicated expression with the same essential features. 

2. To use the sante: technique in QCD one has to make two observations. First, since 

a (Q 2) has to be definc:d via a product of propagators and a vertex function, validity of the s 

spectral representation s not obvious. However, this validity has been established in Ref.[3] 
on the basis of analy :ic properties of the vertex diagrams. Second, for QCD with an 
arbitrary covariant gauge, the running of the coupling and gauge parameter are intercon­
nected. For simplicity, we assume that the MS scheme is used. 

In the following we use the spectral representation in the nonsubtracted form 

a (Q 2> 00 

a(Q 2) = s = _! J p(a, A) da . 
47t 1t 0 (J + Q 2 - if. 

The usual massies:; one-loop RG approximation yields the spectral function 

1t 
(I) A)- -- 2 ' 

PRG((J - ~0(1 2 + 1t ) 
I= In _Q_ 

A2' 

Substituting P~b into 5 pectral representation Eq.(l) we get 

2 
~0 = 11 -3 nf" 

(1) 
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(2) 

where we have used the QCD scale parameter A. The «analytic» r mning coupling Eq.(2) 
has no ghost pole and its limiting value 

<i1)(0) = 41tl~ 
s 0 (3) 

does not depend on A being a universal constant which depends on 'y on group factors. 

We have become accustomed to the idea that theory supplies us with a family of 

possible curves for a (Q 2
) and one has to choose the «physical one> of them by comparing s 

- 2 with experiment. Here, in Eq.(2) the whole bunch of possible curve~ for a (Q ) correspon­
s 

ding to different A have the same limit at Q 2 = 0 as shown on the Figure. For n
1 

= 3 it is 

equal to 

<i1)(0) = 41tl9 ~ 1.396. 
s (4) 

Another feature of Eq.(2) is the fact that its correct analytic pro~ erties in the IR domain 
are provided by a nonperturbative contribution* like exp (- I I a~0) 

*The connection between «Q 
2 

analyticity>> and <<a nonperturbativity>> has been discussed in Ref.[4]. 
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To investigate the ;tability of the result, Eq.( 4 ), with respect to the next loop correc­

tions, we have considered the two-loop approximation to a (Q 
2

) in the form s 

and 

a<2> = __ 1 _ ~ _ ~ _ 38 
RG R [L +- b In L] • L- In 2 • bl - 2 • ~~ - 102- -3 nf 

~-'o I A ~O 

/(/) 
2) - 2 • 

l,kG(<J, A) - ~O[R 2(/) + I (/)] 
l =In _Q_ 

A2 • 

R(l) = z_,. b
1 

In (~/ 2 + 1t
2 ), /(l) = 1t + b1 arccos _ 1 

"Vl2+1t2 
(5) 

The limiting two-loop value ~2)(0) is also specified only by group factors via ~0 and 

~1 . Surprisingly, this value found by numerical calculation practically coincides with the 

one-loop result. For the MS scheme in a three-loop approximation c?3>(0) changes by a few 
s 

per cent. Thus, the vah e a (0) is remarkably stable with respect to higher loop corrections 
s 

and is practically independent of renormalization scheme. 

3. To fix A we use the reference point M = 1.78 GeV with a (M 2) = 0.33 ± 0.03 [5]. 
t s t 

Corresponding solutior s c?1 = 1.2·3>(Q 2) are very close to each other for the interval of 
s 

interest Q 2 
:5; 10 GeV:. For instance, at Q 2 = 10 GeV2 we have a:<1>(10) ~ a:<2>(10) = 

s s 

= 0.267, ~3)(10) = 0.2 55. Here, again we used n
1 

= 3 as the average number of active 

quarks in the spectral c ensity. This seems to be reasonable in the IR region. 

For a more realisttc description of the evolution of a (Q 2) in the Euclidean region 
s 

3 GeV < Q < 100 GeV, one should take into account heavy quark thresholds. Using the 
explicitly mass-depend !nt RG formalism [7] developed in the 50's, a «smooth matching» 
algorithm has been de lised recently [6]. This can be given to correct analytic properties 
while incorporating heavy quark thresholds. 

The idea that a (Q 2
) can be frozen at small momentum has been recently discussed in s 

some papers (see, e.g .. Ref.[8]). There seems to be experimental evidence indicating be­
haviour of this type fo · the QCD coupling. As the appropriate object for comparison with 
our theoretical construction we use the average 

k 

A(k) = ± f dQa
5
(Q 2

, A). 
0 

(6) 



Shirkov D. V., Solovtsov l.L. Analytic QCD Running 9 

«Experimental» estimates for this integral are A(2 GeV) = ).52± 0.10 GeV [9] and 
A(2 GeV) = 0.57 ± 0.10 GeV [10]. Our one-loop results in case Eq.(2) for A are summari-

zed below for a few reference values of fi)M't2). 

- 2 
as<M't) 0.34 0.36 0.38 

A(2 GeV) 0.50 0.52 0.55 

Note here that a nonperturbative contribution, like the second term in l.h.s. of Eq.(2), 

reveals itself even at moderate Q values by «slowing down>) tlte velocity of the a (Q 2) 
s 

evolution. For instance, in the vicinity of c and b quark threshc Ids at Q = 3 Ge V it con­
tributes about 4% which could be essential for the resolution of t 1e «discrepancy)) between 

DIS and z0 data for as(Q 2). 

4. We have argued that a regular analytic behaviour for a ({; 2
) ·in the IR region could 

s 0 

be provided by nonperturbative contributions which can be considered as a sum of powers 

of A2 jQ 2
. 

Probably, our most curious result is the stability of a «long -range intensity of strong 
interactioM, a (0), as well as the a (Q 

2
) IR behaviour that turr s out to agree reasonably 

s s 
well with experimental estimates. 

·On the other hand, the nonzero a (0) value evidently contrrulicts the confinement pro-
s 

perty. To satisfy this, one should have 

a: (0) = 0 
s 

as it has recently been emphasized by Nishijima [ 11] in the c :ontext of the connection 
between asymptotic freedom (AF) and color confinement (CC). 

It is possible to correlate this type of the IR limiting behaviour with the RG-improved 

perturbative input and Q 2 -analyticity by inserting a Castillejo-C alitz-Dyson zero into our 
solution (see paper [ 12]). Such a generalyzed analytic soluticn will contain additional 
parameters. In this construction there is no evident relation betwc:en AF and CC. Here, CC 
is provided by nonperturbative contributions. 

The authors would like to thank A.M.Baldin, A.L.Kataev ani V.A.Rubakov for useful 
comments. Financial support of I.S. by RFBR (grant 96-02-16126-a) is gratefully acknow­
ledged. 

References 

1. Redmond P.- Phys. Rev., 1958, v.112, p.1404. 
2. Bogoliubov N.N., Logunov A.A., Shirkov D.V. - Sov. Phys. JETP, 1959, v.37, 

p.805. 
3. Ginzburg I.F., Shirkov D.V.- Sov. Phys. JETP, 1965, v.49, p.335. 
4. Shirkov D.V.- Lett. Math. Phys., 1976, v.1, p.179. 



10 Shirkov D. V., Solovtsov I.L. Analytic QCD Running 

5. Narison S.- Phys. Lett., 1995, v.B361, p.121. 
6. Dokshitzer Yu.L., ~ihirkov D.V.- Zeit. f. Phys., 1995, v.67, p.449; 

Shirkov D.V., Mikhailov S.V.- Zeit. f. Phys., 1994, v.63, p.463. 
7. Bogoliubov N.N., ~:hirkov D.V.- Nuovo Cim., 1956, v.3, p.845. 
8. Mattingly A.C., Stevenson P.M.- Phys. Rev., 1994, v.D49, p.437. 
9. Dokshitzer Yu.L., Webber B.R.- Phys. Lett., 1995, v.B352, p.451. 

10. Dokshitzer Yu.L., Khoze V.A., Troyan S.I.- Phys. Rev., 1996, v.D53, p.89. 
11. Nishijima K.- Czech. J. Phys., 1996, v.46, p.l. 
12. Kirzjnits D.A., FaiJtberg V.Ja., Fradkin E.S.- Sov. Phys. JETP, 1960, v.38, p.239. 

Received on April 17, 1996. 



Kparrucue coo61J4eHUJI OHJJ.H M2[76]-96 JINR Rapid Co111munications No.2[76]-96 

Y,IJ,K 539.12.01 

QUARK CONDENSATE IN THE INTERACTING 
PION-NUCLEON MEDIUM AT FINITE TEMPERA TtrRE 
AND BARYON NUMBER DENSITY 

T.I.Gulamov* 

The chiral condensate in the interacting pion-nucleon system,(qq)*, is i1.vestigated at finite 
temperature and density. The analysis has been done within the conventiomJ hadron dynamics 
on the base of the Weinberg Lagrangian. At zero temperature and a finite uucleon density the 

interaction corrections increase the ratio(qq)* /(qq)0 at the level of~ 10'*. At finite value of 

the temperature, the thermalized pion population tends to compensate eve 1 this small effect, 
so that at high value of the temperature the in-medium chiral condensate be ;omes close to that 
in the free pion-nucleon gas. 

The investigation has been performed at the Bogoliubov Laboratory of 1 heoretical Physics, 
JINR. 

KuapKOBhiH KOHJJ;eucaT 

DO B38HMO.ll:eHCTBYJOIIleH UHOH-HYKJIOHHOH cpe.ll:e 

npH KOHe""IHOH TeMnepaType H 6apHOHHOH UJIOTHOCTH 

T.H.FyJla.M06 

KupaJILHbiH KOH.lleHCaT(qq)* HCCJieJzyeTCll BO B3aHMO.D:eHCTBYIOIUeii IIHO~-HyKJIOHHOH Cpe.D:e 
IIpH KOHeqHOH TeMIIeparype H 11JIOTHOCTH 6apHOHHOro 3apli.D:a. AHaJIH3 III OBe.D:eH Ha OCHOBe 
narpaHJKHaHa BaiiH6epra. YqeT BJaHMo.D:eHCTBHll IIpHBO.D:HT K cna6oMY (IIJpli.D:Ka 10%) yse­

nuqeHHIO OTHOWeHHll (qq)* /(qq)0 IIpH H)'.TieBOH TeMIIeparype. 0.D:HaKO IIpl! KOHeqHOH TeMJie­

parype 3TOT 3!j>!j>eKT KOMIIeHCHpyeTCll BCJie.D:CTBHe IIpHCYTCTBHll TepMaJIH3( BaHHLIX IIHOHOB H 
HX B3aHMO.D:eHCTBHll C HyKJIOHHhiMH HCTOqHHKaMH. flpH BhiCOKHX TeMIIepaT!pax 3HaqeHHe KH­
pa!ILHOro KOH.lleHCaTa BO B3aHMO.D:eHCTBYIOIUeH cpe.D:e JIOqTH He OTJiuqaeTCll OT ero 3HaqeHHll B 
H.D:eaJILHOM raJe. 

Pa6oTa BhiiiOJIHeHa s Jla6opaTOpuu TeopemqecKoii !j>H3HKH HM.H.H.E01 oni06osa OIUIH. 

I. Introduction 

The investigation of hadron properties in the hot and dense nu ;lear matter is an im­
portant and interesting problem of the modern nuclear physics. Very likely, the effective 
hadronic parameters, the mass or decay width, could differ significarttly from their values 
in the free space, depending on the temperature and density of the environment. 

*Physical and Technical Institute of the Uz.A.S., 700084, Tashkent, Uzbekistan. 
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Furthermore, the critica phenomena, such as formation of the quark-gluon plasma and the 
chiral symmetry restora:ion, are expected to occur in the extremely hot and dense matter. 

One of the modem md widely used methods to study the in-medium effects is the QCD 
Sum Rules (QCD SR) [ 1], extended to the case of finite temperature and density [2]. While 
being successful in describing the hadron properties in free space, the QCD SR approach is 
also believed to be a u:;eful tool for the theoretical investigation of hadron spectra in hot 
and dense nuclear matt~r. The reliable way is to describe the medium-nonaffected short­
range dynamics in term> of quark and gluon degrees of freedom, while the long-range and 
medium-sensitive dynamics is described by introducing the temperature- and density-de-

pendent in-medium condensates (ijq)*, (G J1VG
11
)*. etc. It has been made, for example, in 

Ref.[3], where the authors have evaluated, as input of the Sum Rule, the expectation values 
of quark and gluon opeJ ators taken over the states of the free pion gas at finite temperature. 
That scheme is reasona >le for the investigation of hadron properties at relatively low tem­
peratures and/or densiti·~s. whereas for a highly compressed and heated matter, the free gas 
approximation is certair1ly not relevant. To extend the consideration to higher values of the 
temperature and density, it is necessary to evaluate the thermal averages of the QCD opera­
tors in a strongly interacting system. 

This problem is not new, in fact. The chiral condensate (ijq)* in the hadronic medium 
at finite baryon numbe1 density was investigated in Refs.[4). Another case, the interacting 
pion gas at finite temperature, was considered in Ref.[5]. In the present work, we study one 
more possibility, the in .eracting pion-nucleon gas at finite temperature ~nd baryon number 
density, and evaluate 1he thermal average of the operator qq = uu + dd, using the con­
ventional hadron dynan1ics. 

II. The Model 

According to the Feynman-Hellmann theorem, the in-medium quark condensate 1s 
related to the free energy density (thermodynamical potential) Q(T, J.L) 

• a 
(ijq) = om Q(T, J.L), 

q 

where m is the curreut quark mass. This form may be rewritten so as to separate the q 

vacuum and matter par .s: 

r,; • a a 
,q 1) = om 0{0, 0) + om (il(T, J.L) - Q(O, 0)) = 

q a q 

= (ijq)0 + om Ml(T, J.L). (3.1) 
q 

We' shall calculate the quantity Ml(T, J.L) = il(T, J.L) - Q(O, 0) within the conventional 
hadron dynamics. Therefore, Ml(T, J.L) explicitly depends on the effective hadron 
parameters (masses an<l coupling constants) rather than on the quark mass m . This means 

q 

that to calculate the quirk-mass derivative, one should employ the «chain rule» [ 4]: 
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Neglecting the dependence of the nucleon-meson couplings on he current quark mass, one 
can write: 

(qq)* = (qq)O + [aN a! + a1t -.;.] MJ.*(f, ll) = 
N dm1t 

(- ) (- * 1 ( 2 )' = qq 0 + aN A '!N) + a1t 2 A 1t a . (3.2) 

where the symbol A (Q )* stands for a matter contribution to the statistical average (Q )* (so 

that A (Q )* ~ 0 as T ~ 0, ll ~ 0), and N(N) and 1t are the nucleon and pion field opera-
a 

tors, respectively. The coefficients aN are defined by ,1t 

dm2 

dM(-) 1t(-) aN = :-.m = N lqql N , a = - = 1t lzql 1t , o 1t -dm · 
q q 

and can be found by using the Gell-Mann-Oakes-Renner (G \10R) relation [6] and the 
definition of the nucleon I:N-term [2,3,7]: 

The final expression of the ratio R- = (qq) * / (qq)
0 

reads: 
qq 

I: 
R- = 1- _!i_ A (NN)*- - 1

- A (1t
2 )*. 

qq f2m2 2f2 a 
1t 1t 1t 

(3.3) 

To calculate the «matter» parts of the averages (NN) * and (1t
2

) ', we employ the Weinberg 
a 

Lagrangian [8] that successfully combines the chiral symmetry predictions with low-energy 
1t- N phenomenology [9]. In this paper, we restrict ourselves tJ the second order in inter­
action and keep terms up to the third order in hadronic densities and their derivatives. The 
relevant piece of the Weinberg Lagrangian is of the type: 

£ int = £ 1 + £ 2 + £ 3' 

g1t -.5 i -
£ 1 = 2

M Ny f'tNd 1t, £ 2 = - 2 Nf't(11 x d 1t) N, 
N ll 4f ll 

1t 

- gN -.5 2 
£ 3 = 

2 
N y f'tN1t ·d 1t. 

8MNJ1t ll 
(3.4) 

While performing the calculations, we neglect antiparticle ~.tates in the nucleon propa­
gator. In this connection, we use the nonrelativistic reduction of the interaction vertices, 
given in the textbook [10]. 
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III. Numerical Results and Discussion 

For the numerical ccmputation, we use the value of the sigma-term r.N = 46 MeV and 

g!/(41t) = 14.3. Note that the li (NN)* average in (3.3) is the scalar nucleon density, which 

in the nonrelativistic lin,it is reduced to the nucleon number density. Since we treat the 

nucleon density pas an independent variable, we replace the li (NN)* by p and concentrate 

on the evaluation of the ~ (-r ) •. 
a 

Let us first consider the zero temperature limit, when the thermalized pions disappear 
and the interaction exhibits itself in the nucleon-nucleon correlations. The diagram giving 

b. c. ..•.. 
. . . . d 

CD
a. \ :~ ; (Q). 

\"'..... ..,~': \....... ..,,..... :.. .\ 
t I : • CDCD \) 

Fig.l. The interaction correc .ions contributing to the ratio 

(qq)* /(qq)voc· Solid and dl,shed lines denote nucleons 

and pions, respectively, anc the cross denotes the ope-
rator insertion 

1.2 

1.0 T (MeV) 

1 0.8 
C1' 

::::; 
~ 0.6 

0.4 

0.2 
0.0 0.5 1.0 1.5 

PI Po 

Fig.2. Density dependence •>f the ratio (qq}* /(qq}vac at 

the different values of the te nperature. The dotted line is 
the ideal gas contribution ar d the solid line is the result 
of the full calculations 

contribution at T = 0 is shown in Fig.1 
(a), and represents the qq content of 
the exchanged pions. The numerical 
result at T = 0 is displayed in Fig.2 
(upper curves), where the dashed line 
represents the ideal gas contribution 
and the solid line is the result of the 
complete calculation. Our result is in 
agreement with that of Ref. [ 11 ], 
where it was obtained from the cal­
culation of the exchange Fock energy 
in the static approximation. Exchan­
ged pions effectively grow the total 
in-medium value of the chiral conden­
sate, but this correction is rather small 
and at the saturation density p

0 
it does 

not exceed 10% of the ideal gas con­
tribution. 

The result at T = 150 MeV is re­
presented by the lower curves in Fig.2. 
It is seen from the figure that at a high 
value of temperature the interaction 

· effect becomes even more weak. 
Recall that the contribution originated 
from the thermalized pion population 
is regulated mostly by the temperatu­
re. The positive contribution from 
diagram (a) is partially compensated 
by the contribution of diagrams (b, c), 
which is expected from the compa­
rison of C 1 and C 

3 
(3.4 ). Other terms 

originated from the NN1t1t interaction 
(£ 

2 
in (3.4) and diagram (d) in Fig.1) 



Gulamov T.I. Quark Condensate in the Interacting 15 

give a positive contribution, thus effectively increasing the total in-medium content of 

\qq)*. Despite these terms, the resulting behaviour of the chiral cond,!nsate in the interacting 
pion-nucleon medium at finite temperature and density is decreasin;~ in shape. 

We would like to mention the important role of other hadror.ic degrees of freedom 
which are not included into the present consideration. Inclusion of other types of N - N 
interaction (e.g., the repulsive vector-meson exchange) might alter the final results, but this 
question is beyond the scope of the present paper. 

IV. Summary 

In summary, we have estimated the chiral condensate (qq)* in the interacting pion­
nucleon matter at finite temperature and baryon number density. The calculations are per­
formed on the base of the conventional hadron dynamics up to the second order in inter­
action and the third order of hadronic densities and their derivatives. At zero temperature 
and of a finite nucleon density the interaction corrections sligt tly. increase the ratio 

(qq)* /(qq)
0
. However, at finite temperature this effect is compensaed by the contribution 

originated from the thermalized pions and their interaction with nucll!on sources. This com­
pensation is a consequence of the dynamics, based on the chiral symmetry. 

Note that our results might be altered in a more realistic description. Namely, other 
light mesons, as well as delta isobars in the baryonic sector, should be included into con­
sidQ"ation within conventional hadron dynamics based on the chira symmetry. Neverthe­
less, relying on the present schematic model we are able to figure out hints for interesting 
phenomena originatd from the finite temperature effects. 

Acknowledgements 

Useful discussions with Prof. A.I.Titov are greatly acknowlec ged. The author also 
thanks D.A.Mirkarimov for helpful recommendations on the comput 1tional side. 

References 

I. Shifman M.A., Vainstein A.I., Zakharov V.I.- Nucl. Phys. B, 1979, v.l47, p.345. 
2. Bochkarev A.I., Shaposhnikov M.E.- Nucl. Phys. B, 1986, v.268, p.220; 

Drukarev E.G., Levin E.M.- Prog. Part. Nucl. Phys. A, 1991, v.556, p.467; 
Adami C., Hatsuda T., Zahed I.- Phys. Rev. D, 1991, v.43, p.n1; see also Ref. [3]. 

3. Hatsuda T., Koike Y., Lee S.H. - Nucl. Phys. B, 1993, v.374, p.221. 
4. Cohen T.D., Fumstahl R.J., Kreigel K.- Phys. Rev. C, 1992, v.45, p.1881; 

Celenza L.S., Pantziris A., Shakin C.M., Sun W.D. - Phys. Rev. C, 1992, v.45, 
p.2015; 
Chanfray G., Ericson M. - Nucl. Phys. A, 1993, v.556, p.427; 
Lee G.O., Ko C.M.- Phys. Lett. B, 1994, v.338, p.118. 



16 Gulamov T.l. Quark Condensate in the Interacting 

5. Bunatian G., Wambach J.- Phys. Lett. B, 1994, v.336, p.290. 
6. Gell-Mann M., Oakts R., Renner B.- Phys. Rev., 1968, v.175, p.2195. 
7. Adami C., Brown G.E.- Phys. Rep., 1993, v.234, p.l. 
8. Weinberg S. - Ph:1s. Rev. Lett., 1966, v.17, p.616; Phys. Rev. Lett., 1967, v.18, 

p.188; Physica A, 11179, v.96, p.327. 
9. Baym G., Campbell D.K. - «Chiral Symmetry and Pion Condensation». In: «Mesons 

in Nuclei, v.3, Horth Holland Publishing Company, 1979 and references therein. 
10. Ericson T., Weise W.- «Pions and Nuclei», Clarendon Press, Oxford, 1988. 
11. The first paper Iiste•l in [4]. 

Received on March 27, 1996. 



Kpa1111Cue coo61J4eHUJI OHJIH N!2[76]-96 JINR Rapid Conmunications No.2[76]-96 

YAK 539.1.074 

y- 1t
0 DISCRIMINATION WITH A SHOWER 

MAXIMUM DETECTOR USING NEURAL NETWORKS 
FOR THE SOLENOIDAL TRACKER AT RHIC 

G.L.Gogiberidze 1
, R.R.Mekhdiyev2 

This paper presents a modern approach to discriminate y- 1t
0 particles in the RHIC STAR 

shower maximum detector using neural nets. At the initial energy of 30 Ge V the rejection 

factor, approximately 6, has been obtained for 1t
0. 

The investigation has been performed at the Particle Physics Laborator r, JINR. 

Pacnoluasauue y - 1e
0 s JlCTeKrope MaKCHMyMa JIHBHJl 

JlJIJl 3KcnepnMeHTa STAR ua KOJIJiaiiJlepe RHIC 

F.Jl.Fozu6epui>3e, P.P.MexmueB 

C HCDOJib308aHHeM MeTOAHKH HeHpOHHbiX ceTeii 8 paMKax naKeTa JETNi !T CMOAeJIHp08aHO 

paJAeJieHue y - 1t
0 8 AeTeKTope MaKCHMYMa JIH8HJI ycTaHo8KH STAR. Ilpu t aqaJibHoii ::mepnm 

'IaCTHLlbl 30 f38 AOCTHrnyTO llleCTHKpaTHOe DOAaBJieHHe 1t0 DO OTHOIIIeHHtl K '(-K8aHTaM. 
Pa6oTa 8binOJIHeHa 8 Jla6opampuu C8epX8biCOKHX 3Heprnii 01-UIH. 

I. Introduction 

The application of software neural network for the pattern recognition and triggering 
tasks, is well known. Here we have used a standard back propagat on training algorithm 
following the JETNET package [1] to study the problem of discriminttion between photons 
and neutral pions in the shower maximum detector (SMD) for the solenoidal tracker at 
RHIC (STAR Project) [2]. This problem is especially difficult at high energies when two 

electromagnetic showers initiated by photons from the 1t
0 decay are <•verlapped and appear 

as a single cluster in the apparatus. 
This ivestigation was motivated by the needs of the STAR exp~riment for the y and 

y-jet physics, to determine the kinematics of the primary quark-glu~m_ scattering. On the 

other hand, a clean sample of 1t
0-mesons is important for QCD studic:s. 

1Permanent address: Institute of Physics, Georgian Academy of Sciences, GE-380C77 Tbilisi, Georgia, e-mail: 
goga@sunse.jinr.dubna.su 

2Permanent address: Institute of Physics, Azerbaijan Academy of Sciences, AZ-37C 143 Baku, Azerbaijan, 
e-mail: mehdiyev@sunse.jinr.dubna.su 
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It is also interesting t:> investigate the ability of the neural network to distinguish two 
particle types, and how this ability depends on the energy of primary particles. 

2. Pattern Generat on 

A sampling calorimeter constructed of lead and plastic scintillator layers, was chosen 
for electromagnetic end-c 1p calorimater (EMCE) in STAR Project [2]. The shower maxi­
mum detector, a part of EMCE, is placed at a depth of - 5X0, between two longitudinal 

segments of EMCE. Its purpose is to measure centroids and lateral profiles of the showers 

to help electrons and gamma quanta to be separated from 1t
0

. 

To generate patterns for training and testing, 24 strips, 1.0 em wide, placed in radial 
direction, were included t,J one tower of the EMCE instead of two active plates of shower 
maximum detector. The total width of the tower was about 30 em. Particles were directed 
to the central part of the tower, which is rather large and covers half of the tower. For 
practical application we s 1ggest that signal can be read out from all strips of the tower as 
well as from the strip tha: covers the halves of the neighbouring towers. The edge effects 
of the electromagnetic shower development have not been considered here. 

In total, 9000 events of each particle type were generated, 3000 - at the energy of I 0, 
20, and 30 GeV, correspondingly; 2500 of each set of particles were used for training and 
500 - for test purposes. These single particle events have been pulled through the detector 
using a STAR simulation program which is close to the official version. 

SMD was piaced betHeen two longitudinal segments of EMCE. 
The amount of material in front of the SMD was estimated as follows: 
- 8.0 mm aluminum walls of time projection chamber (TPC); 
- 12.7 mm aluminurn front plate; 
- five layers of EM<:E: 5-mm-thick lead absorber plates and 4-mm-thick scintillator 

(Polystyrene) tiles; 
- 3.2-mm-thick aluminium box of the shower maximum detector. 
The maximum value Jf the magnetic field was 0.5 T . 
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Fig. I. The distribution of the total energy deposition in shower maximum detector for y (a) and n° 
(b) at 30 GeY 
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Fig.4. Profiles of e.m. shower in SMD initiated by 1 GeV (a) and 100 G~V (b) y without (full line) 
and with (dotted line) magnetic field of 0.5 T 

The distribution of the deposited energy in the SMD for iC~cident y (a) and 1t
0 (b), 

correspondingly, is presented in Fig.l. It is clearly seen that even for 1t0 there is a non-zero 
probability that the deposited energy disappears from the first longitudinal segment of 
EMCE. 

Let us enumerate possible cases when it is unachievable to resolve two photons from 

the 1t
0 decay: 

• One of the photons is missed because it is outside the detector acceptance. Figure 2 
shows the distribution of energy deposition depending on the distance from the 
location of the SMD strip having maximum energy deposi ion. 

• One of the photons has a low energy and cannot be distingt ished from the noise. The 

d . F 3 h (El - E2) . h 0 d I . curve presente m 1g. s ows asymmetry R = EI + E2 m t e 1t ecay resu tmg 

in two y-s with energies El and £2. 
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• One of photons doe; not give a significant energy deposition in the SMD due to 
statistic factors (y do~s not convert before the SMD). 

• Effective distance between two photons is small, compared with the transverse size 
of the electromagnet! c shower. 

The last effect strongly depends on the thickness of the matter before the SMD and the 
magnetic field which turns lrajectories of the charged particles and therefore spreads out the 
electromagnetic shower. Fi~ure 4 shows the averaged profiles of the e.m. shower in the 
SMD strip layers without (f Jll line) and with (dotted line) magnetic filed of 0.5 T for y with 
incident energy of 1 GeV ( 1) and 100 GeV (b), correspondingly. 

Only these particles which give the energy deposition in the SMD not less than 40% 
on the average, are considered further. About 8% of events were rejected using this cut in 
the paper. 

3. Network Trainin1: 

The task to separate y and 1t
0 is reduced to determining the correspondence between 

selection of the X. input ·1alues and Y output values whose true meanings are known 
I 

beforehand. 
Our strategy was not t(l use sophisticated variables as, for example, in [3] but just the 

energy deposition in strip for input nodes. It is significant, that this method can be used not 
only for an off-line analysi:;, but also for a triggering, of course, with necessary hardware. 

The architecture of the network employed in the present study is a conventional one, 
i.e., a network of the feed lorward type with two hidden layers. 

In this paper we do no1 intend to determine the best architecture, where the number of 
the hidden nodes is considt:red optimal. We have used two layers of hidden nodes. These 
results were obtained with the 24-16-8-1 architecture. The increase of the hidden nodes 
number does not improve t 1e situatio~ much, but dramatically rises the training time. 

Due to the high nuinbt:r of connected weights in the neural network the principle of 
mirror symmetry has been used. We have prepared ordinary and «inverted» patterns with 
an equal probability, where strip number i was replaced by strip number 24 - i + I.· 
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Fig.5. Mean square errorE vs. epoch number 

This is done to meet the ordinary requi­
rements for neural nets: the number of pat­
terns should be more than the number of the 
connected weights by IO times. 

The network starts with random weigths, 
the training vector (normalized energy depo­
sited in strips) feeds into the network through; 
the output vectors o. (dimensional in our case) 

I 

are calculated and compared with target vec­
tor t. If the pattern is y, then tis equal to I, if 
not - t is equal to zero. When k events are 
presented to the network, the weights are 
updated by minimization of the summed 
square error E for all patterns k: 

I 

I 
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identified (c) y (left side) and rt
0 (right side) 

1 " 2 E = 2k £..J (ok - tk) · (1) 

k 
Weights were updated using the Langevin learning procedure which includes the Gaus­

sian noise (0.2 of learning rate in our training). This procedure was repeated every k events. 
Our choice was k = 10. 
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Presentation of the number of patterns 
equal to their quantity in the test set accor­
ding to the adopted terminology is called 
epoch. The decreasing of a mean square 
error during the network training is shown 
in Fig.S. For each epoch the percentage of 
the correctly classified patterns is computed 
by means of threshold£ = 0.5, classifying an 
input as y, if the output is greater than £, and 
as pion - in another case. It must be 
emphasized that various £ thresholds can be 
used for practical purposes. The neural net 
recognizes patterns using shapes of energy 
deposition in the SMD strips with different 
results: (a) well identified; (b) partially 
identified and (c) hardly or misidentified y 

and 1t
0 with the incident energy of 30 Ge V 

(Fig.6). 
The increase of netwc·rk response (threshold £ = 0.5) for training and testing sets in 

dependence on the epoch number is presented in Fig.7. The difference illustrates adaptation 
of the neural net to the training set. This can be improved by a significant increase of the 
training set, but, at present, this way is costly due to CPU time. 

4. Results 

The set of test events used for checking the neural net response is completely inde­
pendent of the training ev !nt set. Figure 8 presents the distribution of e.m. shower width 
for the events initiated by photons and pions of 10 GeV (a) and 30 GeV (b) initial energy. 

Shower width is defined ai follows: W = ~ L (R/ x Ek for y (solid line) and rt
0 (dashed 

k 

line), where Rk is the dist:mce between the center of the shower and strip number k, Ek-

energy deposited in the strip. Using this information we can reject y from rt
0 for the 10 Ge V 

initial energy, but for 30 CeV the difference is small. With about 10% of y loss, the cut on 

the shower transverse size. can reject only 45% of rt0. 

Figure 9 shows the output signal for showers initiated by y and rt
0 for the 10 GeV (a) 

and 30 GeV (b) initial energy, correspondingly. As is seen, at the initial energy of 30 GeV 

the neural network can rej !Ct about 66% of rt0 with y losses less than 10%. 

To determine a possib lity of improving the neural net response using a complementary 
information for 30 GeV etents, we have combined the EMCE and the SMD information. 
Three .tdditional input var abies have been used: 

• Maximum energy ir the tower of the first longitudinal part of EMCE divided by the 
total energy deposition in this first part; 

• The same for the second longitudinal part; 
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Fig.9. Neural net output for y (dashed) and rc0 (solid) of 10 GeV (a) and 30 GeV (b) initial energy 

• Total energy deposition in the first longitudinal part is divided by the total energy 
deposition in the EMCE. 

We have also rejected the events with a small energy value ~10% in average) deposited 
in the second hidden layer (less than 1% of all events). The 27-20-10-1 architecture and 
large number of training epoch (5000) have been used. The discrimination results on 

y- rc0 made in the neural net at the initial energy of 30 GeV rue given in Fig.lO. 
Let us define the rejection factor as the ratio of the number of signal gone through 

some conditions - to the number of background events also gone through the same con-

ditions. With losses of y less than 50%, the rejection factor, a Jproximately 6, for rc0 has 
been obtained. 

In Ref. [3] it is written that with the energy increasing the 1elative efficiency of neural 

network algorithm for y - rc0 separation is better, compared wi ;h other algorithms. In our 
investigation the efficiency of neural network algorithm doe; not deteriorate with the 
energy increase. 

It should be also noted, that despite the fact that the use of the information from EMCE 
decreases the mean square error as defined in (1) from 0.14 to 0.12, still it does not 
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Fig.lO. Neural net output for y (dashed) and rr.0 (solid) with additional EMCE information 

drastically improve y- rr.0 separation. This can be explained in the spirit of [4]. Let us 
consider the border pattern;, those where the neural net output is close to the border be­
tween the classes, e.g., is about 0.5. Adaptation of the neural net on the training set happens 
due to the number of the ~>order patterns in the training set approximately equal to the 

number of connected weigt~s - 103
. Additional training of the neural net on these border 

patterns (but independent :>f the initial training set) can improve the situation, but to 
generate the patterns requir,:s huge CPU time resources. 

5. Conclusion 

Back propagation neun I network is a powerful tool to study y and rr.0 separation in the 
STAR detector. Training ani testing were performed with the Monte Carlo data. Results are 

presented for «poor» (one layer of strips) SMD choice. Rejection factor against rr.0 equal to 
6 at 53% y-efficiency is acttieved for the initial particle energies of 30 GeV. 
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OFF-SPECULAR NEUTRON REFLECTION 
FROM MAGNETIC MEDIA 
WITH NONDIAGONAL REFLECTIVITY MATRICES 

D.A.Korneev, V.I.Bodnarchuk, V.K.Ignatovich 

The reflection of neutrons from magnetic substances is described using the reflection mat­
rix with nondiagonal, in general, matrix elements which determine 11eutron spin reverse. In 
external field the spin reverse is accompanied by changes of the net tron kinetic energy and 
reflection angle. The particular case of reflection from a magnetic m1 rror with magnetization 
noncollinear to the external field is considered. The probability of spir re~erse and a deviation 
of reflection angles from the specular one are calculated. The experimo :nt to observe this effect 
is described and its results are reported. 

The investigation has been performed at the Laboratory of Neutro 1 Physics, JINR. 

HelepKaJILnoe oTpa1Kenue ueiiTpouos OT MarnHTHJ.IX cpe)l; 

C He)l;H8fOHaJILHLIMH M8TpHU:8MH OTp81KeHHJI 

J!.A.KopneeB, B.H.Eoonap'lyK, B.K.HmamoBU'l 

0TpaJKeHHe HeHTJlOHOB OT MarHHTHbiX Cpell OIIHCbiBaeTCJI M; lTpHI.{eH OTpaJKeHHJI C 
OTJIH'IHbiMH OT eyJIJI, B 061.1.{eM CJiyqae, He)IHafOHaJibHbiMH KOMIIOHeHTaMH, KOTOpbie OIIpe)leJIJI­
IOT BepOliTHOCTb nepeBOpOTa CIIHHa. Bo BHeiiiHeM IIOJie nepeBOpOT CIIHHa npHBOliHT K H3Me­
HeHHIO KHHeTH'IeCKOH :meprnH HeUTJlOHa H yma OTpaJKeHHJI. B pa60T! paCCMaTpHBaeTCJI qac­
THbiH CJiyqaU OTpaJKeHHJI OT MarHHTHOfO 3epKana, HaMarHH'IeHHOCTb K JTOpOro HenapaJIJieJibHa 
BHeiiiHeMY IIOJIIO. Bbi'IHCJIJieTCJI BepOliTHOCTb nepeoopoTa CIIHHa H BeJI f'IHHa OTKJIOHeHHJI yma 
OTpaJKeHHll OT 3epKaJibHOfO. )laHO OIIHCaHHe 3KCIIepHMeHTa H ero pe3yJ bTaTOB IIO HaMIO)IeHHIO 
llaHHoro 3!jxpeKTa. 

Pa6oTa BbiUOJIHeHa B Jla6oparopHH HeiiTpOHHoii <lJu3HKH Olf51H. 

1. Introduction 

Since the time of the first works by Hughes and Burgy [1] specular reflection has been 
used to polarize neutrons. With polarized neutrons one can investigate, for instance, mag­
netization profiles of films and multiayered systems [2-6]. It wLs pointed out [7-13] that 
reflection from films with noncollinear magnetic structures is 111ore complicated than re­
flection from films with collinear ones. In noncollinear case the reflection is characterized 
by the reflection matrix: 
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II 

with nonzero elements R + _ and R _ +. To measure all matrix elements in R is the main goal 

of polarized neutron reflectlmetry. 
In the next section, the: angular characteristics of reflection w~h spin-flip in external 

fields are considered. In th ~ third section, t})e matrix elements of R and the intensities of 
constituent beams for the ;ase of reflection from a magnetic mirror with magnetization 
noncollinear to the external field are calculated. In the fourth section, the experiment to 
observe the off-specular reflection is described. 

2. Angular Splittin~ of the Reflected Beam 

The reflection of neutr lOS from an interface in an external magnetic field can be. off­
specular (though coherent) if it is accompanied by spin flipping [7 ,9]. In general, the 
incident beam after reflecti1>n undergoes triple splitting, as shown in Fig. I. It contains the 
middle part which is spec Jlar and two side lobes which are off-specular and perfectly 
polarized. The intensities o·' the side lobes are determined by the matrix elements R+- and 

II 

R_+ of the matrix R and by incident beam polarization. If the incident beam is perfectly 

polarized, one of the side lobes vanishes. If the incident beam is nonpolarized, two side 
beams in weak external fieUs have almost equal intensities. The splitting of the beam takes 
place because of spin flipping, energy conservation and the conservation of components of 
neutron momentum parallel to the interface. 

Let us denote k = (k
11 

k .l) the wave vector of the incident neutron with the k .l' k
11 

being its normal and parallc:l to the surface components. In the external field B the neutron 

has the potential energy - crB, where B is measured in h2 /2mjl (m, ll are the neutron mass 

h 
T 

p+ 
. h+ 

~ 
'- - / -·~ 

I hO 

'\.. /~ k~ +ll 
p-

M 

Fig. I. Following the reflection from a magnetized mirror with the 
magnetizati Jn M noncollinear to the external magnetic field 8 0 

the nonpohrized incident neutron beam with a wave vector k0 

splits into three beams. Two off-specular beams with the wave 

vectors k + ;md k- are ideal! y polarized. The splitting of the beam 
gives the distribution over height h of the reflected neutrons and 
it can be m:asured by a moving or a position sensitive detector 
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Fig.2. The relative angular splitting of 
spin reversed beams in dependence on 
A. (in Angstroms) and the external 
magnetic field for ~Po = 4.2 mrd. The 

crosses are the experimental points 
(see Sec.4) 
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and magnetic moment, respectively) and a are the Pauli mattices. On spin reverse the 
potential energy changes in magnitude by± 2B. Because of ener~y conservation it changes 

the kinetic energy: k2 -t k2 ± 2B. In the reflection from an interface the components k
11

, 

are. also conserved. Thus the change of the kinetic energy mean:: the change in the normal 

component k .L: k .L -t k f = -'-f k~ ± 2B, and as a result leads tc, change in the reflection 

angle. It is not difficult to calculate the angular deviation of stJ.ifted beams. For a small 

grazing angle cp
0 
= 10-2 + 10-3 we have 

± t:.k± a! = k .L = -'-f 1 ± 2B I ki - 1 = -'-f 1 ± 1.47·10-10 ~01..2 I<!>~ - 1. 
"'O .L 

Here the neutron wavelength A. is measured in Angstroms; B, in Gauss; and cp0, in radians. 

The dependence of relative splitting acp± I cp
0 

on A. and B is shown in Fig.2. 

If the external field is sufficiently large, spin reverse is forbidden for Llcp < 0. 

1\ 

3. Matrix R 

Let us find the solution of the Schrooinger equation in th! presence of the external 
magnetic field B0 and a magnetized reflecting mirror: 

(Ll - u9(z > 0) + aB(z) + k2
) 'I' = 0, (3.1) 

where u is an optical potential of the mirror, which is suppc sed to fill the half space 
z > 0, e is a step function equal to unity when the unequality in its argument is satisfied 
and to zero in the opposite case, 
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B(z) = B
0
9(z < 0) + B 19(z > 0), 

and B
1 

is the magnetic indnction of the mirror. We consider the case when B0 is unparallel 

to B1. The solution is: '!f(rl = exp (ikll r 11 ) ~(z), where 

II+ II+ II 

~(z) = ll(z < 0) [exp (ikl.z) ~0 + [exp (- ikl.z) R~0] + 

"'+ II + 9(z < 0) exp (ik l.z) T~. (3.2) 

II II II ± ~ 2 11,± • ( 2 
R, Tare reflection and trar smission matrices, kl. = k l. ± aB, k l. = V k l. - u ± aB, and ~ 

is the spinor state of the in,;ident particle. For simplicity in the following, we shall omit the 
subscript .L 

Matching of the wave function at the interface z = 0 for arbitrary ~0 gives two equa-
" II tions for R and T: 

II II II 

I+R=T, 
II II II II 

k+(l- R) =C. 

The solution of these equa:ions can be represented as follows: 

R = <k" + k'~-~ <k+- k'~. 1- = (k+ + k'+rl 2k+. 

II 

Here we shall consider in detail the matrix R only: 11 

It is possible to get riel of the matrices a in the denominator by representing R in the 
form 

1\ 1\ 1\1 A'+ 1\.1 1\ 

R = (k- + k }(k - k ~IN= A IN, (3.3) 

where, N is the number ani it is useful to calculate it as a matrix element: 
11

1 
II II II 

N =(+I k+k- + k+ k'- + k'-k+ + k-k'+l + ), 

where I ± ) represent the eigen states of the matrix aB0: /B01 ± ) = ± B01 ± ). Evahmtion 

gives 
N = (k+ + k'~ (k- + k')- (k'-- k'~ (k+- k) sin2(XI2), (3.4) 

where ~ = "k2 ± B
0 

and k'± = "'l/k2
- u ± B1 are the c-numbers now, and X is the angle 

between vectors B
0 

and B
1
. The numerator of (3.2) can be reduced tc the form: 

1\ , 1\1\ 1\1\ 
A = k-k+- k'-k + + k-k'+- k'-k'+ = 

= k+k-- k'+k'- +(I /2) (k'- + k'+)(k+- k) - (1 12) (k'+- k')(k-ab
1 

+ ab 1k~. 
where t~e first two terms ,Jo not contain the a matrices at all, and b1 is the unit vector in 

the direction of B1. 
II 

Now we are to calculate matrix elements of A 

( ± IA1 ±) = 1k- ± k')(k+ =f k'~ ± (k'+- k')(k+ + k-) sin2(XI2), 
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1\ '+ I ± ( =F lA I ± ) = - (k - k l k sin X· 

" In the case of X= 0 (and similarly for X= 1t) the matrix R becomes diagonal with the 
elements: 

" For the general case the final expressions for the matrix elements of R are: 

(3.5) 

These formulas are useful to calculate the beam splitting, but the notations are. not ap­
propriate for an experiment, because both spin states in the incidt:nt beam are characterized 

by the same wave vector k+ = k- = k with a given normal comronent k. Thus, if we con­
sider the splitting of the part of the beam initially polarized along the field, we must replace 

k2 
- B

0 
by k2 which means shifting of all k2 in (3.5) by + B

0
. nus, k + for that part of the 

beam becomes, k+ = ...J k2 + 2B
0

, and k'± = ...J ~- u ± (B
1 

± B
0
). For the part of the incident 

beam polarized in the opposite direction we must take k + = k and then, k- = ...J k2 
- 2B

0
, and 

'± _, 2 
k ='lk -u±(B1 =FB0). 

It is easy to estimate the intellf)ity of reflected beams in the ;;ase when the inside field 

is strong enough to make k'- be imaginary, and leave k'+ to be real. In the first appro­

ximation with respect to B
0

/ k2 the denominator can be replaced by 1, and the intensity of 

the off-specular beam become proportional to 

2 
yB1 sin2 X 

= whee y= l2k/(k + k'+) 1
2 = 1. 

2(u + B
1
) ' 

4. Experiment 

The experiment was performed at the time-of-flight reflectoneter of polarized neutrons 
at the IBR-2 reactor in Dubna. 

The sample was a thin anisotropic FeCo film on a glass st bstrate. The external field 
was applied either parallel to the anisotropy axis in the film plar e (X = 0) or at an angle of 
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Fig.3. The dependence of the 11:flected neu­
tron intensity on the angle • of detector 
positioning. a) B = 0.2 kGs, :c = 76°, the 
detector aperture &II= 0.18 mrd, the gra­
zing angle of the incidenf bt :am is •o ,; 

= 4.2 mrd. The intensity distrihution maxi­
ma for different A are observed at the same 
specular angle • = •o· b) a= 6.3 kGs, 

X= 76°, &II= 0.18 mrd, •o = ~ .2 mrd. The 

angular distribution of the reflec: ted intensity 
for two different intervals of A. In the vici­
nity of the specular beam (~· = •0), off­

specular ones appear. The a~gular shift 
.i• = • - <Po has the quadratic dependence 

on averaged wavelength ( A ) 
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Fig.4. The wavelength dependence of N+R+ + 
+ N _R_ in the specular direction • = <Po for X = 0 

and X= 76 deg and of IR_J 2 for X= 76 deg in 

the off-specular direction (.icp = 0.7 mrd.). a) B = 
= 6.3 kGs, b) B = 3.2 kGs 

0.01 + 7 'kGs. The polarize< I neutron beam with a wide Maxwellian spectrum was incident 
on the film at a grazing angle clio= 4.2 mrd. The polarization of the beam P(A.) was a 

monotonous function decreasing from P = 0.98 at ').. = 1.8A. to P = 0.5 at ').. = 7 A. The de­
tector with a cadmium slit of 0.5 mm width was placed at 2.68 m from the sample. Thus, 
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the angular aperture of the detector was &!> = 0.18 mrd. To dettrmine the reflection co­
efficients the intensities of the incident and reflected neutrons were measured at different 
orientation and magnitudes of the external field B. 

For X= 0 the dependence of N+R+ + N_R_ on the wavelen.~th was measured. Here 

N±(A.) are proportional to the intensities of the incident neutrons with two spin projections 

on the external field, and R± are the squares of modules of the rela :ed reflection amplitudes. 

For X= 76 deg, the angular distributions of the reflected neutrons were measured for 
two magnitudes of the external field: 0.2 and 6.3 kGs (Fig.3). In the field H = 6.3 kGs, 
off-specular neutrons were observed at <1> > <j>0. To determ1 ne the dependence of 

L\<l> = <1> - <1>
0 

on lambda the energy range of counted neutrons was ·estricted to two intervals 

L\A.1 and L\~ around A.1 = 2.6A and A.
2 

= 3.5A, respectively. The measured ratio of the 

magnitudes L\<j>1(A.1) and L\<j>2(A.
2
) (Fig.3b) satisfies the rehtion L\<j>

1
(A.

1
)/ L\<j>

2
(A.

2
) = 

= (A.1 /A-
2

)
2 with the precision better than 5%, and corroborates the quadratic dependence of 

L\<l> on A.. The measurements of L\<l> at fixed A.· and different B corrc borate the linear depend­
ence L\<l> r:x:B. For the fixed position of the detector at L\<j> = 0.7 mid and two magnitudes of 
the external field: B = 6.3 and 3.2 kGs the spectral dependence of the square modules of 
R++' R+- and R_+ were measured (Fig.4). The spectral intervalnf the measurements was 

determined by the angular detector aperture <1> = 0.18 mrd. The probabilities I R± 'f(A.) /2 

were also measured at &!> = 1.06 mrd for two magnitudes of th1: external magnetic field 
(Fig.5). The position and spectral width of the functions R± 'f{A.) corroborate the expected 

theoretical dependence L\<j> r:x:BA-2. It is evident that measurement of nondiagonal elements 

0.20 -,-------------------, 

Fig.5. The dependence of I R+ 1
2 on A for 

Acj> = 1.06 mrd and two fields: B = 5.1 kGs, 
and B = 3.2 kGs. The shift and broadening 
of the spectral interval for the weaker field 

corroborate the dependence ~cj> r:x.B/-..2. The 
bell shaped forms of both spectra are rela­
ted to the small aperture &p = 0.18 mrd of 
the detector 

0.15 

0.10 

0.05 
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I R± ':f(A.) 12 in a wide spedral interval of A. and in the off-specular direction requires detec­

tor with wide angular ~.perture contrary to the measurement of the sum N+R+/A) + 
+ N_R __ (A.) in the specular direction. 

5. Conclusion 

The obtained experimental data demonstrate that the reflectometry in high external 
fields (B > 2 kGs) from nilncollinear structures with nondiagonal reflection matrices reveals 
strong angular dispersion of the reflected neutrons with reversed spins. For the case of 
nonpolarized incident beam the observation of this dispersion gives the opportunity to 
measure the nondiagonal elements R± ':f(A.) in the off-specular beams and the sum 

1 /2(R++(A.) + R __ (A.)) in the specular one. It also gives the opportunity to get information 

on the distribution of malnetization in films using nonpolarized neutrons. 
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MOLECULAR CYTOGENETICS 
OF RADIATION-INDUCED GENE MUTATIONS 
IN DROSOPHILA MELANOGASTER 

l.D.Alexandrov, M. V.Alexandrova, 
l.L.Lapidus, A.L.Karpovsky 

The classical paradigm of spatially unrelated lesions for gene mutati ms and chromosomal 
exchange breakpoints induced by ionizing radiations in eukaryotic cells \l as re-examined in the 
experiments on the mapping of garnrna-ray- or neutron-induced breakpc ints in and outside of 
white (w) and vestigial (vg) genes of Drosophila melanogallter using th" in-situ hybridization 
of the large fragments of the genes under study with the polytene chrom< •somes of the relevant 
mutants. The results for the random sample of 60 inversion and trar slocation breakpoints 
analysed to date have shown that (i) 50% of them are mapped as the hot spots within big 
introns of both the genes, and (ii) 21 of 60 breaks (35%) are located I)Utside of genes. It is 
important to note that 26% (16/60) of the breakpoints analysed are flanked by the deletions, 
the sizes of which vary from the quarter to a whole of the gene. It was f<•Und that the deletion~ 
flank both the inversion and translocation breakpoints and arise more often after action of 
neutrons than photons. An unexpectedly high frequency of the multiple-damaged w and vg 
mutants that have the gene/point mutation and additional, but separate, < hromosome exchange 
(the so-called double- or triple-site mutants) has shown that the gene ic danger of ionizing 
radiation is higher than usually accepted on the base of single gene1 point mutation asses­
sements. 

The investigation has been performed at the Department of Radiation Safety and Radiation 
Researches, JINR. 

~oneKynspuas UHToreueTHKa 
pa,llHaUHOHHO·HH.llYUHpOBaHHbiX reHHbiX MyraUHH 
y Drosophila melanogaster 

H.JI,.AlteKcauiJpos u iJp. 

llapa.!Utl'Ma KJiaCCU'IeCKOii pa.rtHaU:UOHHOii reHeTUKU 0 pa3HbiX <<M UllieHliX>> A.Jlll reHHblX 
Myrau;uii U a6eppaU:UOHHbiX pa3pb!BOB 1IpH HaCJieAyeMbiX 06MeHaX Xp< •MOCOM B OMYlJeHHbiX 
KJieTKax BbiCUlHX OpraHU3MOB 3KC1IepHMeHTa.JibHO IIOKa He 060CHOBa~ a, IIOCKOJibKY 1IpliMOii 
aHa.JIH3 pacnpe.l(eJieHHll TaKUX pa3pb!BOB BHyrpU H BOKpyr reHa .[10 CUX 10p He 6biJI 1IpOBe.l(eH. 
BOCIIOJIHllll 3TOT 1Ip06eJI, Mbl 1IpOBO.liHM TaKOH aHa.JIH3 C IIOMO!UbiO . ~eTO.l(a MOJieKyJillpHoii 
pa.rtHOHJOTOIIHOii ru6pUAH3au;uu in situ (RIISH) reHOMHbix <tJparMeHTOB nsyx reHOB Drosophila 
melanogaster (W U vg) C IIOJIUTeHHblMH XpOMOCOMaMU Ha 60JibUlOH Bbi60pKe faMMa- H HeHT· 
pOH·HHAYL\HpoBaHHbiX Myrau;uii 3THX reHOB, U:HTOreHeTH'!eCKU aCCOU: tHpOBaHHbiX C UHBep­
CHOHHbiMH U TpaHCJIOKaU:HOHHbiMU pa3pb!BaMU. PeJyJibTaTbl A.Jlll 60 11p JaHa.JIH3UpOBaHHbiX Ha 
CefO.l(HlllliHUH .l(eHb TaKUX pa3pb!BOB IIOKa3biBaiOT, 'ITO 1) IIOJIOBHHa U3 mx HaxO.[IUTCll BHY'fPH 
U3YlJeHHbiX reHOB, KJiaCTepu3yliCb B UX 60JibUlUX UHTpOHaX, 2) 35% (21/60) pa3pb!BOB paCIIO· 
JIOJKeHbl 3a npe.[leJiaMH 3THX reHOB U 3) 26,6% (16/60) pa3pb!BOB <t>Jiau~ upy!OT ll,eJieU:HH (IIOTe-
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pu) 'laCTH HJJH scero reHa. CymecrBeHHO, 'ITO JieJJeuuu HaMJOJiaJOTCll npu scex HJ)"'eHHbiX 

OOMeHax H BHJiax HlJ l)"'eHHll, HO 'lallte UOCJie JieiiCTBHll HeiiTpoHOB. HeolKHJiaHHO BbiCOKall 

'lacTOTa (35%) KOMil!leKCHbiX MYJ<lHTOB C TO'IKOBOH MYJ<li.{Heii reHa H COnyTCTBYJOiltHM He-

3aBHCHMbiM a6eppauH•>HHbiM o6MeHOM (TaK Ha3b1BaeMble MYTaHTbl c JIByx-~x-caiiToBbiMH no­

BpelKJleHHliMH Ha reHO 11) fi0Ka3biBaeT, 'ITO reHeTH'IecKall OUaCHOCTb HOHH3HpYJOiltHX HlJI)"'eHHii 

ropaJJio Bblme, 'leM plCC'IHTbiBaeMall ceii11ac no BbiXOJIY npocrblx reHHbiX MYTauuii. 

Pa&rra BblfiOJJHeHa B 0rJieJJe paauauHOHHOii 6eJonacHOCTH H paauauuoHHbiX ucCJieJioBa­

HHii OIDIH. 

One of the paradigm> in the classical radiation genetics claiming that the different and 
spatially unrelated «targc:ts» or «sites» of initial damage promote the gene mutation and 
chromosomal break-rejoi ting in eukaryotic cells irradiated by ionizing radiation [1] has not 
been experimentally sub ;tantiated since the direct and systematic analysis of breakpoint 
distribution in and outside the gene has been not carried out yet. The relationship between 
gene mutation and breakpoint observed at times on the cytological level has been treated as 
the «position effect» or ~s the result of gene damage by the same particle that induces the 
break in close proximity to the gene [I]. 

The current version of paradigm that the radiation-induced chromosomal exchange 
breakpoints were predominantly located within the moderate repeats of DNA neighbouring 
to gene is founded theon:tically [2,3] rather than experimentally since the immediate ana­
lysis of the broken repea1 s and genes has not been performed once again [ 4]. 

Thus, the two related and crucial for foundation of paradigm questions as to whether 
the chromosomal rearrangements with the breakpoints located within the gene are the con­
stituents of the spectrum of gene mutations induced by ionizing radiation and, if so, what 
are the distribution patter11s of breakpoints on the molecular gene maps, remain unresolved 
as a matter of fact. 

To answer questions, the spectrum of gene mutations induced by gamma-rays (5-

40 Gy) or fission neutro11s (2.5-20 Gy) at the white+ (w+) and vestigial+ (vl) genes of 
Drosophila melanogaster was at first studied by the conventional genetic and cytological 
analysis. Using of the ge11es which are differring from each other in both the fine exone­
introne structure and the location in genome (Fig.!) permits the general and gene specific 
features to be ascertained in the action of radiation on the gene level. 

According to the data obtained to-date, one of the general conclusions based on the 
results for the two genes ;tudied is that the spectrum of gene mutations for any Drosophila 
gene damaged by low- or high-LET radiation consists of the three main subclasses: 
(i) cytologically point m Jtations, (ii) single- or multi-locus deletions and (iii) exchange 
mutations (inversions, tra tspositions, translocations) with gene specific phenotype. The last 
come to almost the third Jf all radiation-induced heritable gene alterations [5,6]. 

Therefore, the chro nosomal exchanges modifying the gene expression are the 
important and constant part of spectrum of gene mutations induced by different quality 
radiation. What are the di~ tribution patterns of the chromosomal breakpoints for the exchan­
ges score? 
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Fig.l. A genome (the polytene chromosomes) of Drosophila melanogaster and 
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(a) and (b) denote the schemes of the physical maps (in kb = 1000 base pair of 
DNA) and the fine ex on (black boxes) - intron (broken lim s) structures, res­

pectively, for w+ (B) and vg+ (C) genes 
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The cytological analysis of the mutant w and vg polytene chromosomes has shown that 

each of the genes recombinates to form exchange with the sr ecific sites of its own or 

heterogenous chromosome to give rise to the inversions and t·anspositions or the trans­

locations, respectively (Fig.2a,b and Fig.3a,b). However, the se,:ond breakpoint of the ex-
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Fig.2. Genomic (a and b) and intragenic (c) localization of the chromosomal exchange breakpoints 
underlying the inversions (In' and translocations (T) induced by gamma-rays (y) or neutrons (n) in 
Drosophila sperms and scored as the w gene mutations. (a) and (b) denote the schemes of the third 

and X polytene chromosomes, respectively. (c) showes the physical map of 6 kb w + gene and 

adjacent regions covered by 1l and wR fragments with the relevant EcoRI and BamHI sites, exons 
(black boxes) and introns (broken lines). The location of the breakpoint «hotspote>> is depicted by 
the black arrows. The sizes ol deletions accompanying the breakpoints are shown by the black boxes 
below the map. The genomic sites with which the w gene interacts are noted by the thin arrows (for 
inversions) or the numbers w th letter in parentheses (for translocations). 
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Fig.3. Genomic (a and b) and intragenic (c) localization of the chrorrosomal exchange breakpoints 
underlying the inversions (In) or transpositions (Tp) and translocation; (T) induced by gamma-rays 
(y) or neutrons (n) in Drosophila sperms and scored as the vg gene mutations. (a) and (b) denote the 
schemes of the third and second polytene chromosomes, respectively, .he «hotspots>> on which were 
shown by the numbers in parentheses (the amount of independent hits for given site). (c) shows the 
physical map of 16 kb vg gene and adjacent regions covered by ORS and OR2 fragments with the 
relevant BamHI and Pstl sites. For all the rest designations see Fig.2 

changes was found to be closely associated always with the sites of cytological localization 

of the genes under study (3C2.3 band for w +, Fig.2b and 49D3 Jand for vg +, Fig.3b ). 

Since such breakpoints are accompanied by the gene-specific phenotypes it may be 
presumed, if the classical notions are bearing in mind, that these breaks are lying in close 
proximity to the genes and the mutant phenotypes were brought about by «position effect>> 
or by direct gene lesions accompanying the chromosomal break;. 

To detect precisely the position of the breakpoints around tht: genes of interest, the state 
of gene structures and of their neighbouring sequences was studied by in situ radioactive 
isotope hybridization technique (RIISH) [7] and using the sets of gene fragments covering 
the genes and adjacent sequences (Fig.2c and Fig.3c). In parti:ular the cloned in pUCI9 

distal (L+, 7.5 kb) EcoRJ-BamHI and proximal (R +, 8.0 kb) EamHI-EcoRI fragments of 
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genomic DNA covering th! w + gene and the 3.5 kb DNA stretches from each side of this 

gene were used for analysi! of the exchange w mutants, and the cloned in EMBL3 proximal 

(0R8, 16.5 kb) and distal (OR2, 21.5 kb) genomic fragments of the vg + locus were em­

ployed for analysis of the vg re-arrangements. It is of importance to note that the couples 

have got the BamHI sites in common lying in the big introns of the genes (Fig.2c and 

Fig.3c). When using thest tagged fragments we have suggested that localization of the 

whole fragment or its part! visualized as hybridization site at full intensity or labeled sites 

at less than half full intensity, respectively, on the mutant polytene chromosome will be 

determined by a seat of brc:akpoint in or outside the gene. 

The data for the 60 "' and vg exchanges examined to-date show that 35% (20/60) of 

them have the breakpoints ocated outside the genes under study (Fig.2c and Fig.3c). There­

fore, the w and vg phenoty Jes for a large proportion of cytologically visible exchanges are 

not directly founded by th! breaks and seem to result from the «position effect» or inde­

pendent damage of gene. To choose between these alternative explanations, the relevant 

experiments are under way. 

A new and important finding is that more large part of the exchanges studied (50%) 

have the breakpoints !yin;~ inside both the genes since the transferences of any whole 

fragment (the breaks are passing through the big introns near BamHI site) or only unequal 

parts of OR2 (the breaks a:e located in the second big intron of the vg gene) are observed 

in such cases. 

These results show thct although the initial (preaberration) lesions were distributed by 

a chance through the gem volume only those of them which are situated in the certain 

(«target>>) intron sequence! have a high likelihood to be realized as the chromosomal ex­

change breakpoints. The s udy of the molecular nature of these «targets» is an important 

task in hand for our resear-:hes. 

Other new and important result of the work performed is that a considerable part 

(26.6% or 16/60) of the v and vg exchanges analysed is found to be the mutants the 

breakpoints of which are c:ccompanied with the molecular deletions of varying sizes (7-

38 kb or even more) (Fi~ .2c and Fig.3c). Thereby, as is seen, all partial deletions are 
begining within the big introns also. It is of importance to note too that the deletions 

accompany both the invt rsion and translocation processing independently of quality 
radiation, but more frequer tly after action of neutrons. 

Thus, the results outlined above enable one to note the following new molecular fea­

tures of exchange processir g in the irradiated eukaryotic cells: (i) the exchange breakpoints 

are regularly located with n a gene; (ii) the breaks are clustered within the certain and 

relatively short sequences l•f the big introns, and (iii) almost the third of breaks are flanked 

by the molecular deletions the sizes of which vary from 7 to 38 kb (i.e., the whole gene). 

Among the others tw•J our findings require some comments. Firstly, the exchange 
break/deletion combination (each of them are usually independent events) shows that the 

radiation-induced chromos•Jmal exchanges are formed by more complex mechanism than 

one based on the genetic recombination as such [8]. Our data allow the suggestion to be 
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made that such exchanges are promoted by the local clustered and recombinogenic damages 
over several topologically drawn closer to one another chromat n molecules with subse­
quent mis-rejoining by «illegitimate» recombination either «slip{:age» or by both the pro­
cessings, simultaneously. The increase of severity of DNA-relat;!d damage, for example, 
after action of high-LET radiation must rise both the likelihood ,>f deletion formation and 
its size that is really observed in the experiments with neutrons (Fig.2c and Fig.3c). The 
sequencing of DNA at the exchange breakpoints without the del ~tions detected by RIISH 
technique should answer the important question as to whether the deletions attend any 
radiation-induced break-rejoining processing. 

Secondly, the data obtained for the two genes studied show ·hat exchange breakpoints 
are often situated outside the gene and accompanied nevertheless )y gene inactivation. This 
inactivation for gene which was transferred to centromeric heterochromatin (euchromatin­
heterochromatin rejoining) may really result from the «position effect» [9] (it is all our 
cases where the genes under study recombinate with the , 9, 40, 41, 80 and 81 
heterochromatic regions of the polytene chromosome;;, Fig.2a,b a11d Fig.3a,b). However, 
this effect is not typical for euchromatin-euchromatin rejoin ng [9]. Therefore, gene 
inactivation in such exchanges (all our the rest cases) is obviou ;ly broght about by inde­
pendent point (?) damage of gene itself. Thus, the genome of such mutants containes two 
(or more) heritable mutations simultaneously (the so-called com~ lex or double, triple, etc., 
mutants) . 

. The property of ionizing radiation to induce such complex mutants proportionally to 
dose has been already noted earlier on the base of cytological [ 10] and genetical [ 11] data. 
Confirmation of these observations on the molecular level is anotler important result of our 
work which has had a great theoretical and applied significance showing that a new 
approaches need to assess the genetic risk of ionizing radiation tte genetic danger of which 
is proved to be higher than accepted on the base of single gene/point mutation assay. 
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