
ISSN 0234-5366 

KPATKME COO6UJ.EHMS1 OMS1M 

JINR RAPID COMMUNICATIONS 

6[80]-96 

The Character of Metastable States 0 
of the Antlprotonic Helium 

Next-to-Next-to-Leading Order QCD Analysis 0 
of Combined Data for xF

3 
Structure Function 

and Higher-Twist Contribution 

Powerful Neutron Beams from Accelerators 0 
Accounting of Nucleon Correlations for Study 0 

of Momentum Distributions in Nuclei 

Overlap Functions in Nuclear Correlation 0 
Methods and Direct Nucleon Removal Processes 

Molecular Alterations Underlying 0 
the Spontaneous and y-Ray-lnduced Point 

Mutations at the White Locus 
of Drosophila Melanogaster 

Can Superheavy Elements Exist in Nature? 0 
Study of Deep Subbarrier Reactions 

on a Pb Target 

Numerical Optimization of Actively Screened SC 
Magnets Coil Geometries 

Narrow Resonances in the System 
of Two 1t--Mesons 

New Method of Analysis of Intermediate 
Energy Neutron Spectra (1 keV ~ E ~ 100 keV) n 

M3AaTenbCKMM 0TAen OMSlM AY6HA 

JINR Publishing Department DUBNA 



061teAMHeHHWi4 MHCTMyYT I AepHWX MCCneAOBaHMit 

Joint Institute for Nuclear Research 

6[80]-96 

KPATKME COO&W.EHMSI OMSIM 

JINR RAPID COMMUNICATIONS 

Ay6Ha 1996 



A.V.Matveenko, H.Fukuda 

OrJIABJIEHHE 
CONTENTS 

The Character of Metastable States of the Antiprotonic Helium 
A.B.MaTBeeHKO, X.<l>y:Ky.ua 
XapaKrep MeTacra6HJJLHLIX COCTOliHHH auTunpoTonuoro rMHll ........................................ 5 

A.V.Sidorov 
Next-to-Next-to-Leading Order QCD Analysis of Combined Data 
for xF 3 Structure Function and Higher-Twist Contribution 

A.B.CH.IlOpOB 
CooMecTHLIH Kx,r(-anaJIH3 .uannLIX no xF 3 B TpeTLeM nopll.llKe 

TeOpHH BOlMYmenHH H ODpe.llMeHHe BKJI8.1la BLICWHX. TBHCTOB .••••.. :••••••••••••••••••••••••••••••••ll 

B.H.MHxaH1Ios 
MomnLie IIY'IKH ueliTpouoo c ucnoJIL30BanneM ycKopnTMeli 
V .N .Mikhailov 
Powerful Neutron Beams from Accelerators •••••••••••••••••••••••••••••••..••.....•..•..•..•.•••••••••••••..•••••. 17 

M.K.Gaidarov, A.N.Antonov, S.E.Massen, G.S.Anagnostatos 
Accounting of Nucleon Correlations for Study 
of Momentum Distributions in Nuclei 
M.K.fai-i.uapoB, A.H.AHTOHOB, C.E.MacceH, r.C.AHarHOCTaTOC 
Y'leT HYKJIOHHLIX KOppeH• ... uli JVJ• nly'lenn• 
HMnyJILCHLIX pacDpe.llMeHHH B ll.llpax •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••.23 

S.S.Dimitrova, M.K.Gaidarov, A.N.Antonov, M.V.Stoitsov, P.E. odgson, 
V.K.Lukyanov, E.V.Zemlyanaya, G.Z.Krumova 
Overlap Functions in Nuclear Correlation Methods 
and Direct Nucleon Removal Processes 
C.C.llHMHTPOBa, M.K.faH.uapos, A.H.AHTOHOB, M.B.CTOHUOB, 
fi .E.Xo,!OKCOH, B.K.Jiy:KMIHOB, E.B.3eMJ151HruJ. , r.3.KpYMOBa 
ClryHKQHH nepeKpLITHll B ll.llepHLIX KOppeJili ... HOHHLIX MeTO.IlaX 
u npliMLie npo ... eccLI c nepeMemeuneM o.uuoro HYKJIOna ••••.•.•.••••••••••.•.•••••••••••••••••••.••.••••••• 31 

M.V.Alexandrova, I.L.Lapidus, I.D.Alexandrov, A.L.Karpovsky 
Molecular Alterations Underlying the Spontaneous and y-Ray-Induced 
Point Mutations at the White Locus of Drosophila Melanogaster 
M.B.AneKcaH.Ilposa, .H.JI.JianH.Ilyc, .H.ll.AneKcaH.upos, A.JI .KapnoscKHH 
MOJieKyJillpHLie H3MeHeHHll, OOYCJIOBJIHBaiOUlHe CDOHTaHHLie H HH.Ily._.HpOBaHHLie 
y-u3JiyqeuneM TO'IKOBLie MYTa ... uu B JIOKyce whitey Drosophila melanogaster ••••••••••••• 41 



10 .U. OraHeC51H 
Moryr JIH cymecraoaaTt. a npHpo.lle caepxu.lKent.re 3JieMeHTt.r? 
Yu.Ts.Oganessian 
Can Superheavy Elements Exist in Nature? ......................................................................... 49 

B.I.Pustylnik, L.Calabretta, M.G.Itkis, E.M.Kozulin, Yu.Ts.Oganessian, 
A.G.Popeko, R.N.Sagaidak, A.V.Yeremin, S.P.Tretyakova 
Study of Deep Subbarrier Reactions on a Pb Target 
E.l1.nycTLIJILHHK, n.Kana6perra, M.f.I1TKHC, 3 .M.KOJyJIHH, IO.U.OraHeC51H, 
A.r .noneKo, P.H.Caraiimu:, A.B.EpeMHH, c.n.TpeTL51Kosa 
HlyqeHHe rJiyOOKOHeynpyrHX peaKQHH Ha CBHHQOBOH MHWeHH ....................................... 59 

A.V.Fedorov, I.A.Shelaev 
Numerical Optimization of Actively Screened SC 
Magnets Coil Geometries 
A.B.~e.nopos, 11 .A.illenaes 
qHCJieHHoe MO.lleJIHpoBaHHe OOMOTKH aKTHBHO 
3KpanHpoaannt.rx CD-MamHTOB ............................................................................................. .63 

Yu.A.Troyan, V.N.Pechenov, E.B.Piekhanov, A.Yu.Troyan, 
S.G.Arakelian, V.I.Moroz, A.P.Ierusalimov 

Narrow Resonances in the System of Two 1t--Mesons 
IO.A.Tpo51H, B.H.ne'feHoB, E.E.OJiexaHOB, A.IO.Tpo51H, 
c.r.ApaKeJI51H, B.I1 .Mopo3, A.n.l1epycanHMOB 

YlKHe pelonanct.r a CHCTeMe .llByx 1t--MelOHOB .••••••••••••••••••••••••.••.••.•..••.•..••••••••••...••••.••...••.•. 73 · 

Yu.P.Popov, P.V.Sedyshev, M.V.Sedysheva 
New Method of Analysis of Intermediate Energy Neutron Spectra 
(1 keV ~En~ 100 keV) 

IO.n .nonoB, n.B.Ce.nLJWeB, M.B.Ce.nLJWeBa 
Hoawii MeTO.ll aHaJIHla cneKTpoB iteiiTponoa npoMe.lKyYO'IHt.rx 3Hepmii 
(1 K3B ~En ~ 100 K3B) ···································••••••••••••••••••••••••••••••••••••••••••••••••••••••••• .. •················79 



Kparrucue coo6144eHUJ1 OHHH M6{80]-96 JINR Rapid Communications No.6{80]-96 

YAK 539.12.01 

THE CHARACTER OF METASTABLE STATES 
OF THE ANTIPROTONIC HELIUM 

A. V.Matveenko, H.Fukuda* 

A simple semianalytic wave function for «the Atomcule» - metastable state of the 
antiprotonic helium - is derived using body-fixed hyperspherical coordmates: 

\}1 
1(R, ~. T), a ~. y) = R 1[c,(R) sin 'a.a e--r-E;xap PJ)a) + 

+ c
2
(R) cos J a.b e-~xbp jrob- 9b))Bg(y, ~. <i), 

where B6<r. ~. a) is a-projection of the rotational motion, Cl; and 9; are the usual two-body­

channel hyperspherical angles, cos ro
0 
= ~ · ~. defines the angle fixing the position of the 

inertia tensor principal axis~ in the particle triangle plane with respect to one of its sides x
0 

(same for rob). Formally this expression is the well-known linear combination of two 

approximately resonant hydrogenic orbitals: the novel position is their angular part that 

exhibits the common pure rotational (dynamic) component B6(y, ~. a) a d the kinematic part 

coupling together collective (ro;) and channel (9;) angles in a general case. Hyperradius Rand 

~. 11 are internal dynamic variables. 
As lower lying states of j}He+ have the configuration of the ground one, i.e., the product 

of two hydrogenic orbitals, all they have a rather different character. This determines the 
longevity of high angular momentum molecular states. 

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

XapaKTep MeTacra6HJILHLIX cocroJIHHH aHTHnpoTOHHoro reJIHJI 

A.B.MamBeemco, X.CfJyKyoa 

nOJI)"'eHa npoCTllll no.nyaHaJ!HTH'ICCKaJI BOJIHOBaJI <PYHKUHll ,!11lll MeTaCTa6HJJbHbiX COCTO­
liHHH aHTunpoTOHHoro reJIHll . HcnOJib3YJOTCll nmepcq,epH'IeCKHe Koop.anHaTbl c ocbJO KBaHTO­
BaHHll, HanpaMeHHOH B.!lOJlb O,!lHOH H3 rnaBHbiX oceif TCH30pa HHepQHH CHCTeMbl TpeX 'laCTHU. 
8b16op OCH KBaHTOBaHHll UOJBOJlliCT <PaKTOpHJOBaTb BpamaTeJibHYJO COCTallJlliiOII{YJO BOJIHOBOH 
<PYHKUHH. Ee OCTaBUiaJICll 'laCTb HMeCT BH.!l OObi'IHOH MOJieKyJlllpHOH Op6HTaJ!H; HOBbiM MOMeH­
TOM liBJllleTCll xapaKTepHllll 3aBHCHMOCTb aTOMHbiX Op6HTaneif OT TaK HaJbiBaeMbiX «BHYT­
peHHHX yrnOB», KOTOpbiMH B ,!laHHOM Cllyqae liRllliJOTCll: yrOJI MeJK.!lY napoif liKOOHeBCKHX BeK­
TOpoB, a TaKJICe yroJI, 33,!1aJ0ll{HH UOJIOJICeHHe rnaBHOH OCH TeH30pa HHepUHH. 

*School of Administration and Informatics, University of Shizuoka, Yada 52-1, Sluzuoka-shi, Shizuoka 422, Japan 
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noc.:on·~ C<>CTOSHHJI, JICJCaiUHC HHJCC, HMCJOT rnaaHWM 00p330M J:OH«<!Hryp3.UJIIO OCHOB­

HOIU COCTOliHHJI (npoiOR,IlCHHC aTOMHWX op6HTalleH), lliiTOM8TH'ICCJ:H peW3.eTCll BOnpoc 0 

MeTaCTa6HJI•HOCTH JlliHHWX C<>CTOSHHH (JIHHCHHOH J:OM6HHauHH aTOMHWX op6HTalleH). 

Pa6on awnonueua B Jla6oparopHH TeOpeTH'ICCJ:OH «<!JOHJ:H HM. H .H .Iioromo6o&a OIDIH. 

Recently observed laser-induced transitions in antiprotonic helium atoms [1] 
unambiguously demonstrated that the anomalous longevity of antiprotons results from the 

formation of high angular momentum states of jjHe+ [2,3]. The full variational calculation 
[4] of the corresponding Coulombic three-body problem has practically reproduced the 
observed transitions. On the other hand, there are many experimental findings that have not 
been explained theoretically. Among them are phase and density effects, isotopic effect and 
quenching by foreign gases [1] . Though it is widely believed that the formation of the 
exotic system is due to an atomic electron replacement by the incoming antiproton, there is 
neither direct experimental information nor reliable theoretical prediction on the distribution 
of the captured particles. The most probable principal quantum number of the initially 

formed state is estimated to be n = ""M• / m ~ 38, where M• is the reduced mass of the e 
captured antiproton and m is the electronic mass. The total angular momentum J of this 

e 

state is expected to be equal to the angular momentum of the corresponding circular orbit, 
i.e., J = 1 = n - 1. In this communication we shall derive a semianalytic wave function for 

metastable states of jjHe + which has all symmetry properties of the state and its kinematical 
features exactly incorporated. They define the probability distribution and, as a result, the 
physical characteristics of the state. Though a pseudosymmetry operator, accounting for the 
above-mentioned kinematic features of metastable states can be formally created, we just 
consider them as forming «the charactent of the state [5,6]. In a similar context, propensity 
rules for radiative and non-radiative decay of resonant states of two-electron atoms, also of 
the positronium negative ion [7], based on the underlying approximate molecular-orbital 
structure, demonstrate· the usefulnes"s of the idea. 

Let X and x be Jacobi vectors for the three-body system p + e +a (see the Figure). It 
is a standard molecular configuration but contrary to the usual case the mass of the 
«valence,. particle is the biggest. The hyperradius R and the corresponding reduced masses 
M and J.L are given by 

MR 2 =MX 2 +~ 
1 1 1 1 1 1 -=-+- -=-+--

M m- m ' J.L m m-+m 
p e a p e 

(1) 

The total centre of mass Hamiltonian of the problem then reads 

1 1 a s a A2 

H = 2M R S oR R oR + 2MR 2 ' 
(2) 

depending on the set of six coordinates {R, ~}. where ~ serves for five hyperspherical 

angles. The most commonly used space-fixed choice of variables ~ is {a , ~. X } with ~ 
" c 

and X defining the polar angles of the corresponding vectors and 

( ...fMx) ac = arctan ~ . (3) 
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In this case 

Figure. Three-body molecular Jacobi coordinates X and x (c­
set), with a-particle playing the role of the valence particle, form 

the reference configuration [tan (2ro) = J.IX2 sin (29) / (MX 2 + 
+ J.1X2 cos (29))]. As a-particle and p are much more heavier 
than electron, the actual position of x and the inertial tensor 
principal axis cannot be pictured properly, they practically 
coincide with Xa and (1) = a a'· Two additional Jacobi-vector sets 

(a and b) are not pictured. They are defined as in our paper [8] 

a . 2 a 12 L2 

A2 =- ~sm 2ac ~+--2 -+-.-2-, sin22a oac oac cos a sm a 
c c c 

7 

(4) 

where I and L are the angular momenta corresponding to x and X. As is well known there 
are three different sets of Jacobi vectors for a three-body problem so the underscript notifies 
the set chosen. 

The hyperspherical harmonics (HH) are defined as the solution of the angular part of 
the Schrooinger equation 

[A2
- K(K + 4)]Y If.~)= 0, (5) 

with K being the quantum number of the so-called grand angular momentum. As only 

normal parity states, i.e., those for which the quantum number of the total parity p = (-) 1, 

will be considered in the communication, we can omit the superscript in the corresponding 
context. 

The recently derived parametrization of the body-frame HH [8] will be intensively used 
in our derivation. It reads 
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where 
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J 

vzz~) (;. ll. y, ~. a)= L y:~Lm'(c)<;. ll)IJ',:_MJ(y, ~.a), (6) 
m' = 0(1) 

Jp J 
YK/Lm'(c)(;,T'I) =JKIL(a)""' pl!ll (9)d 1

P ,(ro)UJpl ~ m,m mL' 
(7) 

m 

IJ'PM'(y, ~.a)= <-
4
'2m ~~ : [D' M (y. ~.a)+ p(-) 'v' M (y, ~.a)] (8) 

m 1t + u -m,- 1 m,- 1 Om 

with the coefficients forming the Clang-Fano orthogonal matrix [9] 

u::;_1 = p{-/ +I+ m..;2- BOm(l, J, -m, mIL, 0). (9) 

J>'!'(9) are the normalized associated Legendre polynomials of cos 9 and the parity projected 

combination of the Rose d-functions [ 10] is of the form 

d Jp ( ) - I [d J J + m'd J 
'ro - ~(I B )(I B ,(ro) + p(-) ,(ro)] . m, m + Om + Om' m,m m,-m 

(10) 

As is indicated in (7) all three auxiliary variables a , cos 9, ro should be expressed in terms 
c 

of common dynamic variables { ;, l1}, say, hyperspheroidal coordinates [8]. The parameter 
ro defines the angle between the vector X and the principal axis of the three-body inertia­
tensor (Figure). The {y, ~. a}-set is given by the Euler rotation bringing the space-fixed 
frame into the inertia-tensor frame. Following [II] we shall choose among solutions (6) the 
HH which do not have internal (configurational) excitation by putting 

K=J=l+L. (11) 

Under this condition we have 

!KIL(a) = cos1ac sinLac (12) 

thus finishing the specification of the three-body angular basis (6). 
By introducing the partial-wave expansion of HH into the eigenvalue equation (5) and 

integrating over {y, ~. a} -variables we arrive at the system of J + 1 SchrOdinger equations 
for vector-column HH (7) with the components m' = 0, 1, ... , J defining the projection of 
the total angular momentum onto the body-fixed z-axis. 

Now we are ready to construct the wave-function for Plfe + metastable states. They 
should be molecular orbitals formed by two approximately degenerate atomic orbitals: 
(a+ e)-hydrogenic state depending on radial variable xb' with principal quantum number 

nb = I, and (a+ p)-hydrogenic state depending on x with n = J + 1, angular momentum 
a a 

L =J. 
x. 

Firstly, we note that due to specific mass relations for the particles constituting Plfe + 
we have ro ~ 9 ' (Fig.), and the quantization axis practically coincides with the a 

corresponding side of the particle triangle. Thus, as the electron is occupying the Is-state 
the total angular momentum J is mainly due to the pair angular motion given by L and, 

x. 
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as a result, only (m' =D)-component of the wave-function survives. Accordingly, the 
molecular orbital of the metastable state can be written in the fonn 

<p(R, ~. 11. a, ~. y) = ~(y, ~. a)R 'rc1 (R)f10Ja)dt,~<roa)Utre-{::£;xa + 
J 

+ c2(R)fJJ0(aJ} L J>7<9J)d;~ 0(roiJCJ',:t e_,c~;\], (13) 
m 

where we have used the functional form (7) twice with 

~xa " 
tan aa = ~M X , cos 9 = ~ · X , ro = 9 '- ro (Fig.), a a a a a (14) 

a a 

and where the reduced masses J.l. and M correspond to Jacobi vectors x and X , a a a a 
respectively; similar notation holds for the Jacobi pair xb and Xb. Naturally, En and e1 are 

the energies of the corresponding orbitals or variational parameters close to their values. 
The particular form (13) demonstrates the flexibility of the parametrization of HH in the 
form (7): starting from the space-fixed frame we wore able to factorize y, ~. a-Euler 
rotation as 

(15) 

for the antiprotonic orbital and as 
1\ Jp - - 1\ Jp 1\ Jp 1\ 
D (y, ~. a) - D (0, rob' 0) D ($b' xb) (16) 

1\ 

for the electronic state, where D 1P(Q, ro, 0) is the parity-preserving rotation in the triangle 
plane and c1> a(b) is the azimuthal angle of the corresponding vectors. 

The general expression for y falm' (7) can be further simplified for both y~O.JO(a) and 

y j.JOO(b) if we make use of the following expressions 

ulpJ = (-)J+m...J2- 0 1 
mO p Om ~21 + 1 

v(21 + no + o ) 
Pm(9) = (-)m Om d'P(9) 

J 2 Om 

and apply the group property of d Jp_matrices [11] 
J 

·d 1P (a+ ~) = ~ d 1P(a)d 1P (~) 
mm' k.. m~t ~tm' · 

~t=O 

The simplified form of (13) will then be 

\ji(Atomcule) = [c1(R)x:e-{::£;xaP Jroa) + 

+ c2(R)x; e-~xbP1 (rob- eb)JBt<r. ~. a). 

(17) 

(18) 

(19) 

Here the sin 1 a factor supplied by the scalar part ( 12) of the HH (7) has been used to 
account exactly for the pair-interaction singularity. Though roa ::: and rob ::: eb hold, the 
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Legendre polynomials P} ro) and P j.rob- 8b) provide the correlation due to electron­

antiproton interaction and play the crucial kinematic role incorporating the two-body 
relative motion into the three-body wave function. 

«The character» of the long-lived antiprotonic states is emphasized by the primitive 
form of their wave function (19). Accordingly, these states comprise a specific series of 
resonant states with its own «ground state». As the probability distribution for the states 
(19) is of some particular configuration one might expect the overlap integral between them 
and non-molecular states to be small. The approximate solution (19) is keeping equal to 
zero the projection of the total angular momentum onto the body-fixed z-axis. One more 
approximate quantum number specifying «the character» of the metastable state will appear 
if we introduce the hyperradial-adiabatic approximation [12,13]: it will be the vibrational 
quantum number describing the excitation mode in the corresponding adiabatic potential. 

To finish the paper we answer the question: «What metastable antiprotonic states are: 
atomic or molecular states?» They are definitely molecular states as they exist due to the 
peculiar correlation between the electron and antiproton motion and they are long-lived just 
because of their molecular form (19). On the other hand, crude energetic characteristics of 
the metastable states can be calculated in a kinematically more primitive approaches: 
keeping either a-particle (atomic picture) or both, a-particle and antiproton (Born­
Oppenheimer adiabatic description), fixed. 

The title of the recent paper by J.M.Rost and D.Wintgen [7] is: «Positronium Negative 
Ion: Molecule or Atom?» Using hyperspherical adiabatic approach they demonstrate the 
molecular mode in the resonance spectrum of (e + e + e~-system that is, of course, not so 
much evident for the ground state of the system. 
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NEXT-TO-NEXT-TO-LEADING ORDER QCD ANALYSIS OF 
COMBINED DATA FOR xF3 STRUCTURE FUNCTION AND HIGHER­
TWIST CONTRIBUTION 

A. V.Sidorov 

The simultaneous QCD analysis of the xF3 structure function meas red in deep-inelastic 

scattering by several collaborations is done up to 3-loop order of QCD. The x dependence of 
the higher-twist contribution is evaluated and turns out to be in a qualitative agreement with 
the results of «Old>> CCFR data analysis and with renormalol) approach predictions. The Gross­
Llewellyn Smith sum rule and its higher-twist corrections are evaluated. 

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

CoaMeCTHLiii KX)I, anaJIHJ .ll3HHLIX no xF3 a YpeTLeM nopH,llKe 

TeOpHH BOJMymeHHH H onpe,lleJieHHe BKJI3,ll3 BLICWHX TBHCTOB 

A.B.Cuoopos 

CosMeCTHLiii KXll aHaTJH3 AaHHLIX no CTpyKrypHoii <f!yHKUHH xF3, H3MepeHHoii 

pa3!1H'IHLIMH KOJUia6opaUHliMH, npoBeAeH B 1-, 2- H 3-nemesoM npu6.nuJKeHHH. OnpeAeneHa 
X-3aBHCHMOCTb BKIJana BbiCIIIHX TBHCTOB B CTpYKTYPHYIO <flYHKUHIO. OnpeAeJJeHa 3KCUepHMeH­
TallbHall BeJIH'IHHa BKIJana BbiCIIIHX TBHCTOB B npaBHJIO CYMM fpocca - JlbiOBeJUIHHa-CMHTa. 

Pa6oTa BLmOJJHeHa s Jla6opaTopHH TeopeTH'!ecKoii <f!H3HKH HM. H.H.Eoron106osa 0115111. 

1. The experimental data of the CCFR collaboration (we'll call them «old») obtained at 
Fermilab Tevatron [ 1] for the xF

3 
structure functions of deep-inelastic scattering of 

neutrinos and antineutrinos on an iron target provide an important means of accurate 
comparison of QCD with experiment. However, in view of revision of «old» data an­
nounced by CCFR collaboration [2] the question arises: what can we say about the 

comparison of the QCD predictions on Q2 dependence of the xFix, Q 2) structure function 

(SF) based on the data of neutrino DIS experiments different from those of CCFR? 
In the present note, a combined fit of the experimental data of the CDHS [3], SCAT 

[4], BEBC-WA59 [5], BEBC-Gargamelle [6] and JINR-IHEP [7] collaborations for the 
xF3 structure functions is done in order to determine the x dependence of the SF, higher 

twist (HT) contribution and the value of the scale parameter AMS . 

2. We'll use, for the QCD analysis, the Jacobi polynomial expansion method proposed 
in [8]. It was developed in [8]-[14] and applied for the 3-loop order of peturbative QCD 
(pQCD) to fit F2 [13] and xF

3 
data [14,15]. 
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The Q 2-evolution of the moments MjQC0 (N, Q 2) is given by the well-known 

perturbative QCD [ 16,17] formula: 

[ 

2 JN pQCD 2 _ as<Qo ) 2 2 D 2 _ 
M

3 
(N,Q ) -

2 
H,jQ0 ,Q )~ (N,Q0 ), N- 2, 3, ... 

as<Q ) 

dN = f.D>.N /2~0 . (1) 

The factor H,jQ;,Q 2) contains next- and next-to-leading order QCD corrections* and 

is constructed in accordance with [ 14] based on theoretical results of [ 19]. 
The expression (1) provides an input for reconstruction of the SF by the Jacobi poly­

nomial method. Following the method [ 10,11 ], we can write the leading twist contribution 
to the structure function xF3 in the form: 

N 
max X 

xFfC0 (x,Q 2) = xa(I - x)P 2, e~ P(x) 2, ct>{a, ~)(~)M3QC0U + 2, Q 2), (2) 
n=O }=0 

where e ap(x) is a set of Jacobi polynomials and c~">(a, ~) are coefficients of the series of 
n 1 

e ap(x) in powers of x: 
n 

n 

eaP(x) = ~ c~">(a, ~)(~)xi. (3) 
n .tt... 1 

}=0 

The unknown coefficients M3(N, Q;) in (1) could be parametrized as Mellin moments 

of some function : 
I 

~I)(N, Q;) = J duN-2Ai(I- x)c(I + yx), N = 2, 3, ... 
0 

To extract the HT contribution, the nonsinglet SF is parametrized as follows: 

2 ....nOCD 2 2 xF
3
(x,Q )=XI')~- (x,Q )+h(x)/Q, 

(4) 

(5) 

where the Q 2 dependence of the frrst term in the r.h.s. is determined by perturbative QCD. 
Constants h(x.) (one per x-bin) parameterize the HT x dependence. We put x . = 0.03, 0.05, 0.08, 

I . I 

0.15, 0.25, 0.35, 0.45, 0.50, 0.55, 0.65, 0.80 fori= I, 2 ... II. The HT contribution or F
2 

was 

determined in [20]. The values of constants h(x.) as well as the parameters A, b, c, y and scale 
I 

parameter A are determined by fitting the combined set of data of 192 experimental points of 

xF3 in a wide kinematic region: 0.5 GeV2 ~ Q 2 ~ 196 GeV2 and 0.03 ~ x ~ 0.80 and 

Qg = 10 GeV2
. We have put the number of flavors to equal 4. In accordance with the result of 

[3] concerning the disagreement of their data with perturbative QCD at small x, a cut x ~ 0.35 

*For reviews and references on higher order QCD results see [18]. 
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Table. Results of the 1-, 2- (Nmu. = 10) and 3- order (Nmu. = 8) QCD ftt (with TMC) of the 

combined xF 3 SF data for f = 4, Q 1 > 0.5 Ge V1 with the corresponding statistical errors, 

normalization coeft'lclents and values of the HT contribution h(x;) 

·i df. 

A 

b 

c 

y 

AMs, MeV 

X; 

0.03 

0.05 

0.08 

0.15 

0.25 

0.35 

0.45 

0.50 

0.55 

0.65 

0.80 

1-loop approx. 

312/176 

6.68 ± 0.38 

0.760 ± 0.027 

4.03 ± 0.07 

0.675 ± 0.156 

191 ± 46 

0.086 ± 0.087 

0.001 ± 0.028 

-0.127 ± 0.123 

-0.286 ± 0.046 

-0.401 ± 0.058 

-0.284 ± 0.073 

-0.436 ± 0.093 

0.005 ± 0.079 

-0.243 ± 0.069 

0.176 ± 0.063 

0.020 ± 0.037 

2-loop approx. 

316/176 

6.92 ± 1.43 

0.768 ± 0.072 

3.97 ± 0.17 

0.452 ± 0.624 

159 ± 39 

2 h(x;), GeV 

0.090 ± 0.091 

0.022 ± 0.032 

-0.094 ± 0.126 

-0.230 ± 0.050 

-0.334 ± 0.056 

-0.220 ± 0.068 

-0.366 ± 0.090 

0.047 ± 0.077 

-0.200 ± 0.068 

0.202 ± 0.072 

0.024 ± 0.039 

3-loop approx. 

312/176 

7.11 ± 0.38 

0.778 ± 0.027 

3.82 ± 0.07 

0.189 ± 0.128 

163 ± 31 

0.067 ± 0.085 

0.093 ± 0.047 

-0.011 ± 0.131 

-0.200 ± 0.050 

-0.327 ± 0.054 

-0.178 ± 0.062 

-0.403 ± 0.083 

0.036 ± 0.074 

-0.242 ± 0.064 

0.154 ± 0.060 

-0.012 ± 0.039 

13 

was used for CDHS data. The target mass corrections (TMC) are taken into account to the 
order o(M 4 

1
jQ 4

) [14]. 
nuc 

The nuclear effect of the relativistic Fermi motion is estimated from below by the ratio 
Rf!N = F3° I Ft obtained in the covariant approach in light-cone variables [21]. 

3. Results of the fit for distribution parameters, the shape of the next twist contribution 
h(x) and parameter A are presented in the Table and in the Figure. 
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The experimental values of xF3 for each collaboration were multiplied by the 

normalization factors C coil which were considered as free parameters. Their values are not 
sensitive to the order of pQCD in use and were found to be equal to: C BEBC-W AS9 = 

SCAT JINR -IHEP BFBC -Gard = 0.92 ± 0.00, c = 1.06 ± 0.03, c = 1.02 ± 0.05, and c = 
= 0.97 ± 0.04 . The value of C CDHS = 1 was fixed. 

The obtained value of AMS is larger than that given by a similar analysis of CCFR data 

[ 15] AMS = 134 ±57 MeV but exhibits relatively small statistical errors. Results of the 

NLO and NNLO fit the constant of strong interaction a5NL0 (Mi) = 0.105 ± 0.004 and 

a5NNLO(Mi) = 0.107 ± 0.003 in agreement, within the errors, with usual DIS results [22]. 

Additional uncertainties to the value of a;,.Mi> due to extrapolation of the Q 2 dependence 

of the SF with four flavors (/= 4) in a wide kinematic interval 
0.5 GeV2 s; Q 2 s; 196 GeV2 were found to be about 0.001 in [23] and 0.5 should be taken 
into account, too. 

The value of the perturbative part of the GLS sum rule [24] at Q 2 = 10 GeV2 estimated 
-I xFpQCD(x) 

by using results of the Table is equal to J 3 
dx = 2.60 ± 0.23 in agreement with 

0 X 

results of the «old» CCFR data analysis [25,12]. 

0.8 r--------------------, 

0.6 hNNLO(x) ( GeV2) 
0.4 

0.2 

0.0 I I "" T ,,......_ I 

-0.2 

-0.4 

-0.6 

X 
-0.8 L-----L-...L...-_.__....I.-..I__,_l....L..I __ __.__....___...L...-..L........L....1.....1.....L.J 

0.01 0.1 

Figure. Higher-twist contributions from NNLO fit and the theoretical 
prediction for h(x) from [26] 
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The shape of h(x) is in qualitative agreement with theoretical predictions of the 
dispersion method of the renormalon approach [26] (for reviews and references see [27]) 
and with results of the QCD analysis of «old» CCFR data presented in [15]. The only 
difference is the positive value of measured h(x) at small x. The obtained h(x) obviously 
differs from the precise values of HT contribution for singlet SF F2 presented in [20]. See 

also [28] for model dependent evolution of h(x). 

4. In conclusion it should be stressed that combined fit provides still a more precise 
determination of AMS and h(x;) in comparison to the analysis of «old» CCFR data [15], 

while the shape of the SF ruled by parameters A, b, c and y is determined less accurate. The 
most discrepancy with the «old» CCFR data analysis takes place for the HT contribution to 
the GLS sum rule and for the HT x dependence at large x. 

Based on the results of the Table, one can estimate the value of the first moment of 
1 

I h(x) . LO • NLO 
h(x): h 1 = x dx. The obtamed values: h 1 = --{).42 ± 0.27 , h1 = --<>.29 ± 0.28, and 

0 

h~NLO = -o.26 ± 0.27 are in agreement wi.th theoretical predictions of [29] 

h
1 
= -o.29 ± 0.14 and [30] h1 = -{).47 ± 0.04 as well as with the recent result of [31]. 

For a more precise determination of the HT contribution to SF, the role of the nuclear 
effect should be clarified and a more realistic approximation for RJe!N = FJe / F

3
N is 

needed. We also did not take into account the threshold effects on Q 2 evolution of SF due 
to heavy quarks [32] which is necessary owing to a wide kinematic region of data under 
consideration and have been realized in [23]. 
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MOIUHbiE IIY'IKH HEHTPOHOB 
C HCllOJib30BAHHEM YCKOPHTEJIEH 

~ "' B.H.Muxau.11oB 

PaccMcrrpeHhl B03MOIHOCTH HCn01Ib30BaHHll B ll,llepHOH 3HepreTHI:e MOII{HhiX II)"'XOB HeiiT­
poHOB, COJ,IlaBaeMhiX YCI:OpeHHhiMH 3ap.t1IeHHhiMH 'laCTHUaMH, OCHOBHhle -rpe6oBaHHJI 1: flY'II:Y 
Tai:HX 'laCTHU H 1: yCI:OplffCJIIO. 

Powerful Neutron Beams from Accelerators· 

V.N.Mikhailov 

A possibility of using powerful beams from particle accelerator in nuclear engineering and 
basic requirements to beam parameters as well as the accelerator type have been discussed. 

BBe.neune 

B03MO:lKHOCTH HCDOnb30BaHIDI B .smepHOH 3HepreTHKe HeHTPOHHbiX DOTOKOB, o6paJye­

MbiX nyqKaMH 3aps.JKeHHbiX 'lacTHU H3 ycKopnTens., OOCYJK.II;aiOTCSI yqeHbiMH c Kouua 40-x 

I'O.II;OB (no.npooHOCTH MO:l!CHO HaUTH B (1]). fio.n .ll;eHCTBHeM YCKOpeHHbiX npOTOHOB HnH 

.npymx 'laCTHU B MHWeHH H3 CBHHUa HnH BHCMYTa oopaJyeTCSI 20 + 2 5 6biCTpbiX HeHTPOHOB, 

KOTOpbie 3aTeM TepManH3YJOTCSI H pa3MHO:l!CaiOTCSI B OKpYJKaiOIUeH OOOnO'IKe, npe.II;CTaBnSIIO­

IUeH co6ou no.nKpnTn'lecKnif peaKTop ua rennOBbiX ueifTPOHax. TaKYJO cxeMy ceifqac Ha3bi­

BaiOT yCHnHTeneM 3Hepmn (2), H OHa HMeeT KaK CBOHX CTOpOHHHKOB, TaK H npOTHBHHKOB. 

CTopoHHHKH 3neKTPQ.smepuoro MeTo.na no.ll;'lepKHBaiOT TaKne ero npenMyweCTBa, KaK 

CDOC06HOCTb C:lKHraTb 
232-r'h HnH OOe.II;HeHHbiH ypaH, 6onee KOpOTKHH DO cpaBHeHHIO C peaK­

TOpaMH Ha 6biCTPbiX HeifTpouax UHKn Hapa60TKH .ll;enSili..{HXCSI MaTepnanOB, HaKOHeU, ero 

UOBbiWeHHYJO 6e30naCHOCTb, HCKniO'IaiOIUYJO BepOSITHOCTb B03HHKHOBeHHSI B peaKTOpe He­

ynpaMS!eMOH uenHOH peaKUHH (HUP), a B cnyqae TOpHeBoro UHKna - TaK:l!Ce H B03MO:lK­

HOCTb HeKOHTPOnHpyeMOI'O pacnpOCTPaHeHHSI .smepHOI'O OpYJKHSI. 

HanpOTHB, onnoueHTbi no.n'lepKHBaiOT HH3KYIO 3<l><J>eKTHBHOCTb y cKopHTenen, npnBo.II;SI­

wYJO K BbiCOKHM 3aTPaTaM 3HepmH Ha O,IUfH nonyqeHHbiH B TaKOH yCTaHOBKe HeHTPOH, 

He.II;OCTaTO'IHYJO HHTeHCHBHOCTb YCKOpeHHOI'O nyqKa H BbiCOKHe Ha'IBnbHbie KanHTanOBnO-

* MHHHCTCpcTBO arowHoii npoMhlwneHHOCTH PoccHH, MocKBa 
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)l(eHIDI. llpH 3TOM OHH HCXOAHJJH HJ cnopHOfO nonO)I(eHHll, 'ITO «TO 06cTOliTenbCTBO, 'ITO B 

nOAKPHTH'IeCKOM peaKTop e B OTnH'IHe OT KpHTH'IecKoro He MO)I(eT ocymecTBnliTbCll HUP, 

He liBnlleTCll cepbeJHbiM apryMeHTOM B nonhJY ycKopHTenbHOro MeTOAa. MHoroneTHllll 

npaKTHKa noKaJana, 'ITO perynHpOBaTb CaMOnOMep)I(HBaJOmyJOCll peaKUHIO H JalllHlllaTb 

peaKTop OT HUP HeTPYAHO» [3). 
Mo)I(HO cornacHTbCll c TeM, 'ITO «HeTPYJlHO JamHTHTb peaKTOp OT HUP», HO O'leHb 

TPYAHO H KpaitHe AOporo, KaK noKaJan onhiT 1JepHo6bmll, YCTPaHliTb nocneACTBHll ee 

BOJHHKHOBeHHll, no3TOMY nonHoe HCKnJO'IeHHe BOJMO)I(HOH HUP npeACTaBnlleTCll AMOM, 

onpaBAbJBaiOlllHM yoenH'IeHHe Ha1.JanbHOH CTOHMOCTH 3neKTPOliAepHOfO peaKTOpa. 

JleHCTBHTMbHO, CefOAHll HeT AeHCTBYJOlllefO ycKOpHTMll, CnOC06HOfO nOCTaBnliTb 

nY1.JOK npoTOHOB MOlllHOCTbJO nopJ~AKa 100 MBT H OTBe'laJOmero seeM ApymM TPe6o­

BaHHliM . 3To B nepBYJO O'lepeAb CBliJaHO C TeM, 'ITO ycKOpHTenH paJBHBanHCb Anll HyxA 

3KCnepHMeHTanbHOH <j>HJHKH, rAe TaKHe ypOBHH MOlllHOCTH He HyxHbl. 11. XOTll Ha HMnynb­

CHbiX YCKOpHTMliX MmOBeHHall MOlllHOCTb nY1.JKOB, HanpHMep, 3neKTpOHOB ne)I(HT B AHanaJ­

JOHe fBT, CpeAHllll MOlllHOCTb ycKopeHHbiX nY1.JKOB OCTaeTCll Ha ypOBHe AeCliTKOB KHnOBaTT. 

BMecTe c TeM Henp epbiBHoe paJBHTHe TexHonomH ycKOpHTeneH, oco6eHHO B noc­

neAHHe 10-15 neT, H TeXHHKH nOnY1.JeHHll H ynpaoneHHll nY1.JKaMH AOCTaTO'IHOH 

HHTeHCHBHOCTH nOJBOnlleT nO-HOBOMY BJmliHYTb Ha JaAa'ly COJAaHHll HeHTPOHHOfO nY1.JKa, 

OTBe'laJOmero TPe6ooaHIDIM ::~neKTPOliAepHoro peaKTopa. B 3TOH pa6oTe KpaTKO pacc­

MoTpHM OCHOBHble TPe6o BaHHll K nY1.JKY 6bJCTPbiX 1.JaCTHU, reHepHpyiOllleMy HX ycKOpHTenJO 

H BOJMO)I(Hble HanpaoneHHll ero peanHJauHH. 

Tpe6ooaHHll K ny'I KY 6bJCTpbiX 1.faCTHU 

B o6meM BHAe ::~neKTPOliAepHbiH peaKTop pa6oTaeT no cneAYJOllleH cxeMe. 

Pa6o'lee oemecTBO p eaKTopa TaKooo, 'ITO 'IHcno poXAaJOlllHXCll HeHTpoHoB MeHhllle 

'IHCna nepBH'IHbiX, H. p eaKUIDI AefleHIDI 6b1CTPO JaryxaeT, ecnH Anll ee nOMep)l(aHIDI B 

aKTHBHYIO JOHY peaKTop a He nocTaBnliiOTCll HeHTPOHbl OT BHeiiiHero HCTO'IHHKa. TaKHM 

HCTO'IHHKOM MO)I(eT 6bJTb ycKOpHTenb npOTOHOB HJJH Apymx 1.JaCTHU AOCTaTO'IHO BbiCOKOH 

3HepmH, KOTOpble npH BJaHMOAeHCTBHH C MHIIIeHbiO HJ Tli)I(MbiX 3neMeHTOB AaJOT 

nepBH'IHbiH noToK HeHTPOHOB BbiCOKOH 3HepmH. HeHTPOHHbiH noToK HJ MHWeHH nonaAaeT 

B paJMHO)I(aJOlllYIO o6onO'IKy, rAe TepManHJyeTCll, H peaKUHll AMeHHll HAeT Ha TennOBbiX 

HeHTpoHax. B TaKOM noAJCpHTH'IeCKOM peaKTope ero MOlllHOCTb ocerAa nponopuHoHanbHa 

MOIUHOCTH nY1.JKa npcrynaJOlllHX OT YCKOpHTenll 1.JaCTHU, T .e. peaKTOp OKaJbJBaeTCll nHWb 

cooeo6paJHbiM ycHnHTeneM 3HepmH nY1.JKa ycKopHTenll. 

EcnH ycKopHTenb n o CTaonlleT nY1.JOK npoTOHOB MOlllHOCTbJO nY1.JKa Pb' To B peaKTope 

BbJAenlleTcll Tenno MOlllHOCTbJO Ph= GPb' rAe G - K03<P<PHUHeHT «ycHJJeHHll» MOlllHOCTH 

nY1.JKa. TorAa noneJHall MOlllHOCTb ::~neKTPOliAepHoro peaKTopa P pasHa 
u 

P =(Crt - 1 /rt Tlb)Pb- P · u e g a (1) 

3Aecb P - MOlllHOCTb c o6cTBeHHbiX Hy)I(A ycKopHTenll, pacxoAyeMall Ha ero noMep)l(aHHe a 

B pa6o'leM COCTOliHHH HeJaBHCHMO OT MOlllHOCTH nY1.JKa, l1 - KnA npeo6pa30BaHHll 3neKT­
e 
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pOCTaHUHeH TeWIOBOH 3HeprHH B 3JieKTpHtJeCKYJO, T\ - KII,IJ, npeo 6pa30BaHIDI MOIUHOCTH 
g 

npoMhiinneuuoii qacTOTbi B BhiCOKOtJacTOTHYJO, T\b- KII,IJ, nepe)l.atJH Bq-MOIUHOCTH ycKopH-

eMOMY nyqKy. 

B 3TOM BbipaxeHHH pH)!. napaMeTPOB HMeeT npouepeuuy10 ua n p aKTHKe BeJIHtJHHy. TaK, 

ueJIHtJHHa 11 ua )l.eHCTBYJOIUHX 3JieKTpocrauuru~x pauua 0,35. Ko3cp¢uuueuT 11 JaBHCHT OT e g 
THna Bq-reuepaTOpa H ero pa6oqeif tJaCTOTbl, H B paCCMaTpHBaeMbiX HHXe yCKOpHTeJIHX 

MoxeT 6biTb npHIDIT paBHbiM 0,6 . Ko3cp¢uuueuT T\b onpe)l.enHeTcH THnoM ycKopHTeJIH, H ero 

MOXHO OOJI,OXHTb paBHbiM 0,9. 

Benuquua G onpe)l.enHeTCH MHOrHMH napaMeTpaMu: BH)I.OM H 3Heprnen 6biCTPhiX JapH­

xeHHhiX tJaCTHU (npOTOHbl HJIH 6onee THXeJible (4]), MaTepHaJIOM Mlf WeHH, paJMHOXaiOIUeH 

o6onotJKH H )l.pyrnx KOHCTPYKUHH peaKTopa. Ha)l.o OTMeTHTh, 'ITO TOtJHble )l.aHHbie no 

<}>HJHKe npoueccou B 3JieKTPOH)I.epuoM peaKTope OTCYTCTBYIQT. liMeiOIUHecg 3KcnepuMeu­

TaJibHhie )l.aHHbie nonyqeuhi ua paJJIHtJHhiX ynpomeuHbiX MO)I.eJIHX MHweuen H no.IJ)IexaT 

CHCTeMaTHJauHH H )I.OnOJIHHTeJibHOH npOBepKe, T.K. HX TOtJHOCTb He peBOCXO)I.HT 20 + 30%. 

no OnTHMHCTHtJeCKHM npe)l.nOJIOXeHHHM [2] .IJ)IH npoTOHOB c 3Heprneii 1 f3B ycHJieHHe G 
MOXeT )I.OCTHraTb B peaKTOpe BeJIH'IHHbl 30 + 35. ECJIH nO)I.CTaBHTb 3TH BeJIH'IHHbl B (1), TO 

nonyqHM 

P = (10,5 - 1,85)Pb- P • u a 
(2) 

nonaraH, 'ITO MOIUHOCTb COOCTBeHHbiX Hyx)l. ycKOpHTeJIH p COCTaBJIHeT 1 + 3 MBT H a 

.IJ)IH OUeHOK eiO MOXHO npeue6pe'lb, HJ (2) HaxO)I.HM, 'ITO paCCMaTPHBaeMbiH peaKTop cno­

co6eu npOHJBO)I.HTb 3JieKTPOOHeprniO MOIUHOCTbiO nOpH)I.Ka 1 fBT, a HMeHHO TaKOH MOIU­

HOCTH peaKTOp HMeeT npOMbiWJieHHOe JHatJeHHe, eCJIH MOIUHOCTb nyqKa npOTOHOB 

100 + 120 MBT. Cne)I.OBaTeJihHO, HHTeHCHBHOCTh nyqKa npoTOHOB )I.OJIXHa 6biTb 0,1 A H 

BbiWe. 

3Ty MOIUHOCTb CJie)l.yeT pacnpe)l.eJIHTb B MHWeHH no HeKOTOpOMy 06'beMy C TeM, tJT06bi 

HCKJIIO'IHTb ee HarpeD BbiWe )I.OCTHXHMOro y)l.eJibHOro TenJIOC'beMa, a TaK)Ke nOJIY<JHTb BOJ­

MOXHO 6onee paBHOMepuoe none HeHTPOHOB B pa60tJeH JOHe . .Jl;Ig 3TOro )I.OCTaTO'IHO, no­

BH)I.HMOMy, paJ)I.eJIHTb npOTOHHbiH nyqoK Ha 10 + 15 nyqKOB MeHbW eH HHTeHCHBHOCTH H 

o6nyqaTb HeCKOJibKO MHWeHeH B UeHTpe peaKTOpa. MaTepHaJIOM MHWeHH MOXeT 6LITb 

CBHHUOBO-BHCMYTOBbiH pacrmaB, O)I.HOBpeMeHHO BblllOJIHHIOIUHH pOJib TenJIOHOCHTeJIH 

nepBH'IHOro KOHTYPR OXJIR)K)I.eHHH. llpH paJ)I.eneHHH nyqKa npOTOHOB CHHXRIOTCH TRKXe 

TPe6ouauru~ K «BhmycKHOMY OKHY» ycKopHTeJIH. 

PaJYMeeTCH, ycKopeuue nyqKa )I.OJIXHO conpouo)K)I.aTbCH MHHHMaJibHhiMH noTepHMH, a 

ynpaBJieHHe HM 6biTb npaKTHtJecKH 6eJLIHepUHOHHbiM. 

Tun ycKopHTeJIH 

Bhi6op THna ycKopHTeJIH B nepuy10 oqepe)l.b onpe)l.enHeTcH Ha)l.exuocTbiO H 3Kcnnya­

TaUHOHHbiMH KatJeCTBaMH (3<}><}>eKTHBHOCTb, CTOHMOCTb, )I.OJiroBetJHOCTb, peMOHTOCnoco6-

HOCTb H )l.p.) Bq-npeo6paJoBaTeJIH. Cne)l.yeT TaKxe YtJHTbiBaTb onhiT, nonyqeHHbiH B 70-x 

ro)l.ax npu coopyxeuuu MeJOHHhiX <}>a6pHK. Tor)l.a B ClllA 6biJI nocTpoeu nuueiiHhiH 

ycKOpHTeJib B noc-AnaMoce [5], B Kaua)l.e - UHKJIOTPOH «Triumf » B BauKyBepe [6], B 
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Espone - UHKJIOTJ>OH SIN B l.liOpuxe [7], a noJ:xce y Hac - nuHeHHblH ycKopuren& B 

TpouuKe [8]. XOTll Ha 3THX ycKopurenllx 3Heprnll nyqKa B 1,5-2 pa3a u HHTeHCHBHOCTb B 

1()() pa3 MeHbWe Tpe6yeMOH, TeM He MeHee MO:liCHO C,llenaTb HeJCOTOpbie 3aKJIJO'IeHHll. Ilpex­

,lle BCero, cne,llyeT JaMeTHTb, 'ITO npoeKTHall HHTCHCHBHOCTb Uy<IICOB Ha nepe'IHcneHHbiX Bbi­

We ycKOpHTenliX 6~>~na n 011yqeHa He cpaJy nocne ux nycKa, a T011bKO qepe3 HecKon&KO neT 

HanpllxeHHOH pa60Tbl. C e ifqac Ha UHKJIOTPOHe SIN norepu nyqKa cocTaBnliJOT 0,3 J.LA npH 

BblBC,IleHHOM nyqKe 1 MA H COCpe.llOTO'ICHbl, B OCHOBHOM, B paHOHe BblBO,Ila. 

JIHHeHHblH ycKOpHTenb o6na,naeT KaJC npeHM)'IUeCTBaMH: 

- aBTOMaTH'IeCJCHH BblBO.Il nyqKa; 

- B HMnynbCHOM pe:XCHMC MfHOBeHHall HHTeHCHBHOCTb npeBblWaeT 0,1 A, 

TaJC H HC,IlOCTaTJCaMH: 

- O'leHb BblCOICall p a60'Iall 'lacTOTa H, KaJC cne,llCTBHe, CTOHMOCTb Bq-reuepaTOpa; 

- npOTli:XCeHHblH pe30HaTop, .llnll BoJ6y:xc.u.eHHll ICOTOporo TPe6yeTCll 40 +50 MBT aq_ 

MOIUHOCTH B pe:lKHMe uyn eBOH HHTeHCHBHOCTH nyqKa, UOOTOMY 3<txl>eKTHBHOCTb nepe,ll.a'IH 

Bq-MOIUHOCTH nyqKy OICaJblBaeTCll npHCMJlCMOH npH HHTeHCHBHOCTH BbiWe 0,3 A. 
OcuoBHOH ue.u.ocTaTOK UHKJIQTPOHa )'CTPaHlleTCll, ecnu Bb16paTb npe.u.noxeHHbiH pauee 

UHKJIOTPOH C p~eneHHblMH op6HTaMH (9], B ICOTOpOM COXpaHlleTCll OCHOBHoe ,II.OCTOHHCTBO 

nuueituoro ycKopurenll - 3<lxPeKTHBHblH BblBO.U. nyqn. Toma 3To npe.u.no:xceuue 6blno He­

CK011bKO npe:liC,II.eBpeMeHHblM, T.IC. MarHHTHall CHCTeMa B Tp8,nHUHOHHOM TennOM BapHaHTe 

6~>~na ueno.u.xo,ll.liiUeH. 

CsepxnpoBO.U.HMOCTb, ocsoeuuu Ha ycKopHTenllx BblCOKHX 3ueprnH, MO:lKeT c ycnexoM 

npuMeHliTbCll B paccMaTPHBaeMoM .u.uanaJoue . 3Hepruif. Ecnu JaMeua rennoH KarywKH ua 

CBepxnpOBO.II.lllUYJO B TP8.nHUHOHHOM MarHHTe UHKJIQTPOHa (10] TOnbKO CHH:lKaeT pacXO,II.bl 

Ha 3neKTpoUHTaHHC MarHHTa, OCTaBIIllll ero pa3Mepbl UO'ITH HeHJMeHHblMH, TO nepeXO,II. IC . 

ManoaneprypHblM Cll-MarHHTaM, B qacmocm, cuuxpQTPOHHbiM, .u.aeT uen&IH Pll.ll. npeHMY­

IUecTB: 

- COKpamaeT .llO MHHHMYMa paCXO,II.bl 3HepntH Ha B036y:xc.u.eHHe MarHHTa; . . 
- BO MHOTO pa3 COKpamaeT pa3Mepbl H BeC MarHHTa; 

- npH p~eneHHH <i>YHKUHH nOBOpOTa nyqKa H <l>oKYCHpOBKH, 'laCTOTbl 6eTaTPOHHbiX 

JC011e6aHHH 'laCTHU He JaBHCliT OT HX 3HepntH, 'ITO CHHMaeT OpraHH'IeHHe ua npe,ll.enbHYJO 

3Hepnt10 B UHKJIOTPOHe. 

Ceifqac B <l>Pr JaBep waeTCll coopy:xceuue UHKJIOTpoua c p~eneuu&IMH op6HTaMH H 

csepxnpOBO.II.liiUeH MarHHTHOH CHCTeMOH [11] ua 3HepntiO 38 M3B. 3anycK 3TOro yc­

KOpHTenll U03B011HT OTBeTHTb Ha MHOnte BOUpoCbl OTHOCHTeJlbHO MawHH 3TOTO THna. 

3JCCTPanOnliUHliH&paMeTPOB UHKJIQTPOHa (11] Ha 3Hepnt10 1 f3B (12] nOKaJbiBaeT nep­

cneKTHBHOCTb 3TOro THna MawHH .llnll 3neKTpoll,ll.epHOro peaKTOpa. IlpHBneJCaTenbHbiM Bbl­

rnli,II.HT npe.u.no:xceuue HJHa'lan&uo p~enHTb ycKOplleMbiH nyqoK ua 10 JCauanos c OT.U.enb­

HOH csepxnpoBO.II.lllUCH MarHHTHOH CHCTeMOH CHHXpOTpoHHOro THna B Ka:liC,II.OM (13]. Bbi­

COKHH npHpoCT 3HepntH Ja OOOpoT nOJBOnlleT ICa:liC,II.blH MarHHTHblH KaHan BbinOnHHTb B 

su.u.e nnocKoH cnupanu, a ue6on&wu BblCOTa Cll-MarHHTOB- paJMeCTHTb see 10 Kauanoo 

o.u.uu nan .u.pyntM B o6mu x renueBblX KpuocTaTaX. PaJMemeuuble MeQy HHMH o6mue .llnll 

, BCeX KaHanOB rennble B q -pe30HaTOpbl CpaBHHTenbHO HHJICOH 'laCTOTbl npH HHTeHCHBHOCTH 

nyqJCa 0,1 A o6ecne'IHBaiOT Koo<t><I>HUHeHT nepe.u.a'IH aq-3HepntH nyqKa 0,9. 
Col!l.aHHe ycKopurenll c nyqKoM npOTOHOB 1 f3B u TOKOM 0,1 A - Ja,naqa cnoxuu, 

HO pa3peWHMall npH COBpeMeHHOM COCTOliHHH yCKOpHTenbHOH TeXHHICH. KnoH BapHaHT 
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YCKOpHTeJI.II 6y,lleT npHH.IIT B .ll,llepHOH :mepreTHKe, nOKl!IeT 6yJlymee, HO Ha'IHHaTb :ny 
pa6oTy H)')KHO yxe ce}iqac. 

3aKJIIO'IeHHe 

Ha pa3JJH'IHbiX 3Tanax p3.3BHTH.II .ll,llepHon 3HeprerHKH ycKopeHHbie nyqKH 3ap.11xeHHbiX 
'laCTHU paCCMa1'pHBaJIHCb KaK B03MO:lKHOe aJibTepHaTHBHoe peweHHe B03HHKaiOI.l.{HX npo6-
JieM. B KOHUe 40-x ro,lloB CTO.IIJia 3a,lla'la cpo'IHOH opraHH3aQHH npoH3BO.IlCTaa .lleJI.IIl.l.{HXC.II 
MaTepuanoa B .llOCTaTO'IHOM o61.eMe. B 70-e fO.Ilbi npe.llCTaamVIocb, 'ITO pecypcbi p3.3-
.lleJIHTeJibHbiX ycTaHOBOK HC'IepnbiBaJOTC.II, a B peaKTOpax Ha 6blC1'pblX HeH1'pOHaX BpeM.II 
Y.llBOeHH.II Tonnuaa CJIHIIIKOM BeJIHKO. TeM He MeHee OHH 6bmH t.teHee .llOporocTO.IIl.l.{HMH u 
npO.IlOJI:lKaJIH pa3BHBaTbC.II. 

Ceuqac, KOr.lla aonpocbi 6e3onacHOCTH .ll.llepHon 3HepreTHKH liBJiliJOTC.II onpe,lleJI.II­
IOI.l.{HMH, nyqKH 3ap.ll:lKeHHbiX 'lacTHU npe,llCTaBJI.IIIOTC.II e,llHHCTBeHHbiM Cpe,llCTBOM nOJIHOro 
HCKJIJO'IeHH.II HUP B peaKropax H npe.llOTBpameHH.II HeKOHTIJOJIHpyeMoro pacnpocTpaHeHH.II 
.ll,llepHOro Op)')KH.II. PellleHHe 3THX HaCyl.l.{HbiX 3a,lla'l B nepBYJO O'lepe.llb onpe,lleJIHTC.II TeM, KaK 
6biC1'pO H 3KOHOMH'IHO YCKOpHTeJIH H3 npu6opa .!VI.11 <t>u:uNecKHX 31CCnepHMeHTOB 1'paHC­
¢opMHpyiOTC.II B Ha,lle:lKHyJO u MOI.l.{HyJO npoMbllllJleHHyJO ycTMony. OHJHi u UEPH 
o61.e.llHH.IIIOT yqeHbiX BOCTOKa H 3ana,lla EBpoDbl, H, .llYMaeTC.II, 'ITO OObe.llHHeHHe HX YCHJIHH 
o6ecne'IHT pellleHue 3TOH 3a,lla'IH. 
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ACCOUNTING OF NUCLEON CORRELATIONS 
FOR STUDY OF MOMENTUM DISTRIBUTIONS IN NUCLEI* 

. I I 2 3 M.K.Gaidarov, A.N.Antonov, S.E.Massen, G.S.Anagnostatos 

Nuclon momentum distributions of the 12C, 160, 40Ca, 56pe, 208Pb and some light neutron­
rich nuclei are calculated by a model using the natural orbital representation and the 

experimental data for the momentum distribution of the 4He nucleus. The model allows rea­
listic momentum distributions to be obtained using only hole-state natural orbitals or mean­
field single-particle wave functions as a good approximation to them. To demonstrate the 
model, different sets of wave functions were employed and the predictions·were compared 
with the available empirical data and other theoretical results. 

Ylfer II)'KJIOHHitiX KoppeJIJIQHii .lVIJI H3Y1feHHJI 

HMDYJIItCHitiX pacnpeJleJieHHH B JIJlp&X 

M.K.rauoapoB u op. 

JhmyJIJ.CHLJe pacnpeJleJieHHll fiYKIIOHOB B Jl.llpax 12C, 160, 40Ca, 56Fe, 20IIpb H B HeKOTOpi>IX 
JierJCHX HeHTpoHHQ-H36biTO'IHI>IX Jl.llpax paCC'IHTlllfl>l C OOMOIUJ.IO MOJleJIH, ICOTOpall HCDOJIJ.3YCT 
DpeJlCTaBJieHHe ecTecTBeHHLIX Op6HTaJieH H UCDepHMeHTaJIJ.HI>Ie JlaHHI>Ie 06 HMnyJIJ.CHOM pac-

DpeJleJieHHH liJipa 4He. MOJleJIJ. no3BOIIlleT DOJiy'IHTh peanHCTH'IecJCHe HMnyJIJ.CHI>Ie pacnpeJle­
JieHHll, HCDOJIJ.3Yll TOJIJ.ICO ecTecTBeHHI>Ie Op6HTaJIH Jli>IPO'IHI>IX COCTOliHHH JIHOO OJlHO­
'IaCTH'IHI>Ie BOJIHOBI>Ie <PYHICLUIH CpeJlHero OOIIll ICaJC XOpowee npHMHJKeHHe. qro61>1 npoJle­
MOHCTpHpoBaTJ. B03MOJKHOCTH MOJleJIH, HCOOJIJ.30BaJIHCJ. p33HI>Ie HaOOpl>l BOJIHOBI>IX <PYHJCUHH H 
61>1JIH DpoBeJleHI>I cpa&HeHHJI C HMeiOIUHMHCll UCnepHMeHTaJIJ.HI>IMH JlaHHI>IMH H JlpyrHMH 
TOOpeTH'ICCICHMH pe3yJIJ.TaTaMH. 

1. Introduction 

The systematic investigations of the nucleon mornentum distributions in nuclei extend 
the scope of the nuclear ground-state theory. The experimental situation in recent years 
makes it possible to study quantities such as: the nucleon momentum distribution n(k) 
which is specifically related to the processes like the (p, 2p), (e, e'p) and {e, e') reactions, the 

*The work is partly supported by the Bulgarian National Science Foundation under the Contracts 
cl>-406 and cl>527 

1lnstitute of Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia 1784, Bulgaria 
2Department of Theoretical Physics, Aristotle University of Thessaloniki, Thessaloniki 54006, Greece 
3Institute of Nuclear Physics, NCSR «Demokritos», Aghia Paraskevi-Attiki, 15310, Greece 
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nuclear photoeffect, meson absorption by nuclei, inclusive proton production in proton­
nucleus collisions, and even some phenomena at low energies such as giant multipole 
resonances. 

The main characteristic feature of the nucleon momentum distribution obtained by 
various correlation methods [1-7] is the existence of high-momentum components, for 

momenta k > 2 fm -I, due to the presence of short-range and tensor nucleon correlations. We 
emphasize also the fact that theoretical results of the methods mentioned above as well as 
experimental data for n(k) obtained by they-scaling analysis of inclusive (e, e') experiments 
[8,9] confirm the conclusion that the high-momentum behaviour of the nucleon momentum 

distribution (n(k)l A at k > 2 fm-1
) is almost the same for nuclei with mass number A= 2, 

3, 4, 12, 16, 40, 56 and for nuclear matter (see [2], p.139). More generally, the above 

property of n(k) is true for all nuclei with A 2: 4, and 4He is the lightest nuclear system that 
exhibits the correlation effects via the high-momentum components of the nucleon momen­
tum distribution. Since the magnitude of the high-momentum tail is proportional to the 
number of particles, this effect is associated with the nuclear interior rather than with the 
nuclear surface. This allows us to suggest a practical method to calculate the nucleon 

momentum distribution for nuclei heavier than 4He (e.g., 12c, 160, 40ca, 56pe, and 208Pb) 

from that one of 4He which is already known from the experimental data. In general, the 
knowledge of the momentum distribution for any nucleus is important for calculations of 
cross sections of various kinds of nuclear reactions. 

In the last years the light exotic nuclei with N I Z > 1 are studing very intensively. The 
peculiarities of these nuclei start from N I Z = 2 when a deviation from the shell-model 

scheme of the nuclear levels is discovered (for instance, in 11Be nucleus). In nuclei with 

N I Z = 3 (8He, 11 Li) the neutron «halo~ and associated anomalously large rms radius are 

observed. In the region N I Z = 2.5 (nucleus 10r..i) the nuclear structure is established as a 
core of (A- I)-particles in the ground state plus loosely-bound extra neutron. These 
peculiarities of the nuclei which have not been identified before show that the nuclear 
physics began investigating regions of nuclei with new feature. This induces our 
calculations on exotic nuclei momentum distribution based on the method suggested 
recently [10]. 

2. The Model 

The model uses the transparency of the single-particle picture existing within the 
framework of the given correlation method by means of the natural orbital representation 
[ 11 ], where the proton momentum distribution normalized to unity has the form: 

n(k) = 4!z L (2j + 1) A.nlj I Rnlj (k) 1
2

• 

nlj 

(1) 

In (I) R 1• (k) is the radial part of the natural orbital in the momentum space, A. 
1
. is the 

n1 niJ 

natural occupation number for the state with quantum numbers (n, l, j) and 
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I (2j + o \lj = z. (2) 
nlj 

In the case of neutron momentum distribution Z has to be replaced by the number of the 
neutrons N. It was shown by the Jastrow correlation method (JCM) [6] that the high­
momentum components of the total n(k) caused by short-range correlations are almost 
completely determined by the contributions of the particle-state natural orbitals. This fact, 
together with the approximate equality of the high-momentum tails of n(k) for all nuclei 
with A~ 4, allows us to make the main assumption of this work. namely, that the particle­
state contributions to the momentum distributions are almost equal for all nuclei with 
A ~ 4. Using the equality, we obtain the following general relation of the correlated proton 

momentum distribution of a nucleus (A, Z) with that one of the 4He nucleus: 

where 

[ 

F l-1 A~ 4 

N= 1+-Z1 L (2j+1)1..A/~-1..1He ' 
. n'J sl/2 

nlj 

(4) 

and FA,Z is the Fermi level for the nucleus (A, Z). 

As shown in the previous papers the hole-state o!bitals are almost unaffected by the 
short-range correlations and, therefore, the functions Rnlj (k) can be replaced by the shell-

model single-particle wave functions. The hole-state occupation numbers 1.. 1. are close to 
n'J 

unity within the JCM and we can set them equal to unity with good approximation. Thus 
the correlated nucleon momentum distribution can be calculated for any nucleus by means 

of the occupied shell-model wave functions and the momentum distribution of the 4He 
nucleus which is taken from the experimental data [8] and which contains short-range 
correlation effects. 

3. Calculations and Discussion 

In this work we calculate the proton momentum distribution for nuclei 12C, 160, 4°Ca, 
56pe, 208Pb and the nucleon momentum distributions for the Li,Be, B, and C isotopes. 

Empirical estimations for n(k) are available for nuclei 12C and 56pe [8]. 
In our calculations of proton momentum distributions we use two types of MFA single­

particle wave functions: 1) single-particle wave functions obtained within the Hartree-Fock 
method by using Skyrme effective forces and 2) multiharmonic oscillator single-particle 
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Fig. I. Proton momentum distribution n(k) versus k of 12C. Calculations 
by using single-particle wave functions from the multihannonic 
oscillator shell model [13] are presented by solid line; and those by 
using the Hartree-Fock single-particle wave functions, by long-dashed 
line. The short-dashed line is n(k) calculated in the Jastrow correlation 
method [6]. The solid triangles represent the data from [8] . The 

normalization is: J n(k) d 3 = 1. 
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Fig.2. Proton momentum distribution n(k) versus k of ~e. Calculations 
by using single-particle wave functions from the multihannonic 
oscillator shell model [ 13] are presented by solid line; and those by 
using the Hartree-Fock single-particle wave functions, by long-dashed 
line. The solid triangles represent the empirical data from [8]. The 
normalization is as in Fig. I. 
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Fig.3. Proton momentum distribution in Li isotopes obtained by 
using harmonic-oscillator s.p. wave functions with hro defined by 
Eq.(5). The normalization is as in Fig. I 
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Fig.4. Neutron momentum distribution in Li isotopes obtained by 
using harmonic-oscillator s.p. wave functions with hro defined by 
Eq.(5). The normalization is as in Fig. I. 
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wave functions (with different values of the oscillator parameter for each state) which lead 
to a simultaneous description of ground-state radii and binding energies [ 12, 13]. In addition 
to [ 13 ], in our calculations the multiharmonic oscillator s.p. wave functions are 
orthonormalized. In order to calculate the nucleon momentum distributions of the exotic 
nuclei we use harmonic-oscillator single-particle wave functions with an oscillator 
parameter which is A as well as N and Z dependent. This parameter gives, in principle, an 
estimate of the lowest energy level spacing and its variation with the number of the 
neutrons and protons. It represents also the average trend in the variation of the shape of 
the self-consistent nucleon-nucleus potential as a function of Nand Z. In [14] an expression 
for hro as a function of N and Z is determined based on a formula for the nucleon charge 
radius which was proposed in [15] reproducing well the experimentally available RMS 
charge radii and the isotopic shifts of some even-even nuclei. It has the form: 

~ro= 38.6A-t/J[1 + 1.646A-1 -0.l91(N-Z)A-1r 2. (5) 

One can see from Figs.1 and 2 that the use of the single-particle wave functions from 
the multiharmonic oscillator shell model leads to better description of the experimental data 
for the central part of the momentum distribution than the use of the Hartree-Fock single­
particle wave functions. In both cases the main deviations from the experimental data are 

for small momenta (k ~ 0 5 fm- 1
) . They are larger in the case when the Hartree-Fock s.p. 

wave functions are used and this is a common feature of the results for all nuclei 
considered. This is due to the well-known fact [16] that the Hartree-Fock method cannot 

give a realistic wave function for the 1s state in the 4He ·nucleus. Namely this function 

(R1~e (k)) takes part in. the expressiOJl for n(k) (Eq.(7)) in all nuclei. Both types of s.p. wave 
1/2 

functions, however, give similar results for the middle part as well as for the tail of the 

momentum distribution in all cases considered. Concerning the exotic nuclei one can see 
from Fig.3 that all Li isotopes have almost the same proton momentum distributions. The 
small difference comes from the different values of nco= 1tro(A, Z, N) . The neutron 
momentum distributions of the same isotopes are presented in Fig 1. 

The comparison of the results obtained by using different mean-field single-particle 
wave functions can be useful for the proper choice of the latter in the applications of the 
model to practical calculations of n(k) in cases when the knowledge of this quantity is 
necessary. 

4. Summary 

Suggesting a practical method for realistic calculations of the nucleon momentum 
distribution in light, medium and heavy nuclei, we would like to test whether the high­
momentum tail of the momentum distribution for any nucleus can be approximated by that 
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for 4He. We also check to what extent this approximation affects the central part of the 
momentum distribution. The numerical results in this work confirm to a great extent the 
abilities of the suggested correlation model to give realistic estimations for the proton 

momentum distribution in 12c and 56pe and to predict the beha~iour of n(k) in 160, 4°Ca, 

and 208Pb nuclei. They are in agreement with the results for the proton momentum 

distribution in 160 and 4°Ca ob,tained within other theoretical methods in which the 
correlation effects are incorporated using nuclear matter results and w.ith some empirical 

data for 12C and 56pe obtained using the y-scaling method. We also make predictions for 
the proton and neutron momentum distributions of exotic nuclei. The knowledge of the 
realistic momentum distributions obtained in this work would allow us to describe in a 
similar way as it is done in [17] the quantities which are directly measurable in processes 
of particle scattering by nuclei. 
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IN NUCLEAR CORRELATION METHODS 
AND DIRECT NUCLEON REMOVAL PROCESSES 

S.S.Dimitrova1.,2, M.K.Gaidarov1,3, A.N.Antonov1.,2•3, M. V. Stoitsov1
, 

2 3 3 4 P.E.Hodgson , V.K.Lukyanov , E. V.Zemlyanaya , G.Z.Krumova 

A theoretical method to obtain overlap functions and spectroscopic factors from a model 
one-body density matrix (OBDM) accounting for short-range nucleon- ucleon correlations is 
applied to describe one-nucleon removal processes on the 160 and 40Ca nuclei. The method 
allows the differential cross sections of (p, d) reactions and the momentum distributions of a 
transitions to a single-particle states from (e, e'p) reactions to be calculated. It is shown that 
the overlap functions obtained within the Jastrow correlation method lead to a satisfactory 
description of the quantities considered. 

fi»YJIKQHH nepeKpltRHJI B JmepHitiX KOppe.1IJIUHOHHitiX MeTO.I(8X 

H npJIMitie npouecclti c nepeMemeuueM O.l(uoro lfYKJIOHa 

C.C.)lUMumposa u op. 

TeopeTH'ICCKHii MCTOA nOJI)"'eHHll «PYHKUHii nepeKpLITHll H cneJCTpOCJConn'lecJCHX «PaKTo­
pos H3 MOAeJibHOH OAHO'IaCTH'IHOH MaYpHUbl IUIOTHOCTH, yqHTb!BaiOI.UHH KOpOTKOAeHCTBYIOLUHe 
H)'KJIOH-H)'KJIOHHble KOppeilliUHH, HCfiOJlb3YeTCll )11lJI OfiHCaHHll npoueccOB C Bbi6HBaHHeM OAHO­

ro H)'KJIOHa H3 JIAep 160 H 4°Ca. Bbi'IHCJieHbl COOTBeTCTBYJOLUHe AHqxpepeHUHaJibHble Ce'!eHHll 
(p, d)-peaKUHH, a TaJCJKe HMnyJJbCHble paCfipeAeJieHHll nepeXOAOB K OAHO'IaCTH'IHbiM COCTO­
.IIHHliM HJ (e, e'p)-penunii. Cpasueuue c ucnepHMeHTOM noJCaJano, 'ITO nOJI)"'eHHble «PYHKUHH 
nepeKpLITHll C yqeroM KOpoTKOAeHCTBYJOLUHX KOppeilliUHH Slcrposa fi03BOJI.IIIOT YAOBJJeTBOpH­
TCJibHO onucan paccMa-rpusaeMble lleJIH'IHHbl. 

1. Introduction 

The one-nucleon removal reactions provide useful information about the nuclear struc­
ture and the mechanisms of the interaction processes. Such reactions have been used to 
extract spectroscopic factors from the observed reaction cross sections. The (p, d) reaction 
has been a reliable spectroscopic tool (see, e.g., [1-7]). Knock-out reactions initiated with 
electrons have been also used for studying single-particle properties of nuclei (e.g., -[8-12]). 

1Institute of Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia 1784, Bulgaria. 
2Nuclear Physics Laboratory, Department of Physics, University of Oxford, Oxford 0Xl -3RH, U.K. 
3Joint Institute for Nuclear Research, Dubna 141980, Russia. 
4Department of Physics, University of Rousse, Rousse 7017, Bulgaria. 
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In particular, the extracted data for the nucleon momentum distributions from the (e, e'p) 
experiments for a variety of nuclei by means of they-scaling method [I3] show unambi­
guously the existence of high-momentum components in them. 

In the one-nucleon removal reactions the measured momentum distribution for a 
transition to a discrete state a in the residual nucleus p (p ) is expressed by the bound-state a m 
wave function which is the Fourier transform of the overlap wave function q>a(r) between 

the ground state wave function of the target 'I'(A) and the wave function of the final state of 

the residual nuclues 'I'(A- I ) [ I4,I5]. In the coordinate space q, (r) is defined as a . 

q>a(r) =('¥~-I) I a(r) I 'I'(A)), (I) 

where at (r) and a(r) are creation and annihilation operators for a nucleon with spatial 
coordinate r (spin and isospm coordinates are not put in evidence). In the mean-filed appro­

ximation (MFA) 'I'(A) and 'I'(A- I) are Slater determinants and the overlap wave function is 
identified with the single-particle wave function corresponding to the mean-field potential. 
In approaches going beyond the limits of the MFA (correlation methods) the overlap 
function is different from the MFA single-particle wave function. Therefore, the growing 
interest in the interpretation of the recent (p, d) and (e, e'p) experimental data is motivated 
by the possibility to clarify the limitation of the nuclear mean-field picture and to find the 
extent to which the hole orbitals in nuclei are depleted by means of the experimentally 
based information. The overlap functions (l) are not orthonormalized. Their norm defines 
the spectroscopic factor of the level a 

sa= <q,a I q,a> (2) 

and the normalized overl.ap function i~: 

;;; (r) = S - 1 / 24> (r). 
'~'a a a (3) 

The general relationship which connects the asymptotic behaviour of the one-body 
density matrix with the overlap functions of the (A- I)-particle system eigenstates [I6] is 
of significant importance because it enables one to obtain quantities connected with them 
by means of the exac~ OBDM (or by a realistic one obtained with a given correlation 
method) of the ground state of the A-particle system. The one-body density matrix associa-

ted with the ground state 'I'(A) of the target nucleus with A nucleons is defined as 

p(r, r') = ('I'(A) I at (r) a(r') I 'I'(A) ). (4) 

After inserting the complete set of eigenstates 'I'~- I) of the residual (A - I)-nucleus, 

Eq.(4) becomes: 

p<r. r ') = L. q,:<r) <~>a<r') = L. sa~:<r) ~a<r'), (5) 
a a 
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where q,a and q,a are the overlap functions (1) and (3), respectively, Sa is the spectroscopic 

factor (2) and the summation implicitly includes also the continuum states associated with 
all scattering channels of the (A - 1) system. 

The aim of the present work is to test the applicability of the overlap functions, 
obtained from the asymptotic restoration procedure [17] (which ses a correlated OBDM 
from the Jastrow correlation method [18,19]) as realistic form factors within the DWBA 

analyses of pick-up reactions on 160 and 4°Ca nuclei. We emphasize that our calculations 
give absolute cross sections with no normalizing factors. In addition, the theoretical results 
for the single-particle momentum distributions are compared with the available experi­
mental ones from (e, e'p) reactions on the same nuclei. 

The results for the differential cross sections of (p, d)-pick-up reactions calculated 
within the DWBA with overlap functions as trial form factors are presented in Sec.2. In 
Sec.3 a comparison of the theoretical estimations for the single-particle nucleon momentum 
distributions with available experimental data for (e, e'p)-knock-out reactions is made. The 
concluding remarks are given in Sec.4. 

2. Overlap Functions as Realistic Form Factors 
in the (p, d)-Pick-Up Reactions 

It has been shown in [ 19] that the nucleon-nucleon correlatio s affect mainly the one­
body characteristics of the particle states above the Fermi level, while the hole states are 
almost unaffected. Moreover, this fact was confirmed in [ 17] using the possibility to restore 
the overlap functions, the separation energies and the spectroscopic factors for bound 
(A - I)-particle eigenstates by means of the ground-state one-body density matrix of the 
target A-particle system. The overlap-, mean-field- and natural orbital wave functions are 
quite similar for the hole states in nuclei. This justifies the use of shell-model orbitals 
instead of overlap functions within DWBA calculations for such kind of nuclear states. This 
approximation, however, is no longer valid for the particle states where the overlap 
functions significantly differ from the mean-field wave functions. Therefore, neither natural 
orbitals nor shell-model wave function can be used instead of the particle-state overlap 
functions within the DWBA analysis of the experimental data for one-nucleon transfer 
reactions. 

It has been shown in [16] that the radial part of the overlap function for the lowest 
bound state can be obtained by the radial part of the OBDM p/j(r, r') at r' =a ~ oo: 

Pr (r, a) 

where 

k . = 1i-l ..V2m(E (~- I)- E (A)) 
nl] nl] 0 (7) 

depends on the separation energy Ea = En~J- I)- E
0
(A). The separation energy is: 
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2 2 
E 1. =1i k 1. /2m 

no'J no'J 
(8) 

and the spectroscopic factor is : 

sn lj = <<~>n lj I <~>n t/ 
0 0 0 

(9) 

The coefficient C 1. can be obtained from the asymptotic form of the diagonal part of the 
no'J 

radial OBDM. In principle, the overlap functions for all bound states of the (A - 1) nucleon 
system can be constructed from the OBDM repeating the above procedure. 

In order to test the role of the overlap functions as realistic form factors we have 

calculated using the DWUCK4 code [20] the {p, d) reaction on 160 and 4°Ca at different 
incident proton energy. The overlap functions for the one-neutron removal from 1p and 

1d states in 160 obtained in [ 17] are compared in Fig.1 with the form factors calculated 
under two different approximations, namely the separation energy prescription (SEP) and 
the effective binding energy prescription (EBEP). 

The differential cross section for the {p, d)-pick-up transitions is calculated within the 
DWBA approach using a zero-range interaction. It can be written in the form [20]: 

ddsJ (6) S D 2 

1!!!....:....:. = l ___i!L __ o d,sJ (9), (10) 
dD. 2 2} + l 104 DW 

lp·state ld-state 
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Fig. I. One-neutron removal overlap functions [ 17] (solid line) and form factors obtained 
within the SEP (long-dashed line) and EBEP (short-dashed line) for the transitions to the 

I / 2- ground state and to the 5 / 2+ excited state in 150. All functions are normalized to 
unity 



Dimitrova S.S. et al. Overlap Functions in Nuclear 35 

where S1 . is the spectroscopic amplitude, j is the total angular momentum of the final state, 
SJ n; = 1.5 x 104 MeV·fm3 and d%wC9) is the cross section calculated by the DWUCK4. 

The standard DWUCK4 procedure is performed by calculating the bound-neutron wave 
function using the SEP and EBEP and different sets of proton and deuteron optical model 
parameters are used. For our purposes the standard DWBA form factor was exchanged by 
that obtained in the framework of the one-body density matrix calculations and the spectro­
scopic factor S1 . in ( 10) was taken to be equal to unity, si ce our overlap functions 

Sj 

«contain» the sepctroscopic factor. Their normalization is (2): 

(11) 

As an example, the results for the differential cross sections of 160 (p, d) reaction at 
E = 45 .34 MeV calculated with overlap functions as trial form factors and with standard 

p 

one are given in Fig.2. They are compared with the experimental data from [2,21]. As can 
be seen the shape of the angular distribution for the raction is well reproduced in both types 
of calculations. The use of overlap functions for the hole state leads to a good agreement 
with the data in their absolute values. This means that the residual interactions are taken 
into account sufficiently well as compared with the other models. Moreover, the spectro­
scopic factors deduced from the restoration procedure which are «contained» in the overlap 
functions are sufficient to reproduce the amplitude of the first maximum of the differential 
cross section for the hole states. The results for the transitions to the excited states are less 
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Fig.2. Differential cross section (solid line) for the 160 (p, d) reactiOn at EP = 45 .34 MeV 

incident energy to the 1/ 2- and 5 / 2+ states in 150. The DWBA results within the SEP 
(long-dashed line) and EBEP (short-dashed line) are shown. The experimental data [2,21] are 
given by the solid circles 
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Table. Spectroscopic factors for the ground states and the 5 /2+ and 7/2- excited states 
in 150 and 39Ca, respectively 

ISO 39ca 

I / 2- (g .s.) 5/2+ 3 / 2+ (g.s.) 11r 

OVF [17] 1.86 0.03 OVF [17] 3.60 0.08 

SEP (Ep = 45 MeV) 3.40 0.25 SEP (Ep = 27.5 MeV) 2.30 0.32 

EBEP (Ep = 45 MeV) 0.06 EBEP (Ep = 27.5 MeV) 0.16 

SEP (Ep = 65 MeV) 3.70 0.18 

EBEP (Ep = 65 MeV) 0.08 

satisfactory. The reason is that the population of the particle states in 160 and 4°Ca cannot 
be realistically described by the simple central pair-correlation included in the Jastrow-type 
OBDM. 

In the Table we give the values of the spectroscopic factors of the transitions to the 

ground state and some excited states in 160 and 4°Ca considered in our work. A comparison 
is made between the spectroscopic factors extracted from the OBDM [ 17] and those from 
the experimental data applying DWBA. Let us consider the spectroscopic factors of the 

transitions to the ground state, especially in 160. The problem of obtaining reasonable 

values for the spectroscopic factors in 160 is well known and intensively studied [21,22]. 
The DWBA calculations wtth optical model parameters obtained from the elastic scattering 
analysis fail to reproduee the shape of the differential cross section [22]. By adopting the 
adiabatical deuteron optical model the shape of the cross section is well reproduced but the 
value of the spectroscopic factor exceeds the maximum allowed value of 2. However, using 
the overlap function from [17] which has a physically acceptable magnitude, one can 
achieve good agreement with the experimental cross section. We note that the results of the 
standard DWBA calculations depend significantly on the optical potentials used and on the 
incident energy . Let us look at the spectroscop~c factors of the transitions to the excited 
states. It is seen that they vary among themselves more than the values for the ground 
states. They depend on the optical model parameters and the incident energies but also on 
the procedure applied to calculate the form factors. The spectroscopic factors of the overlap 
functions [ 17] do not always reproduce the magnitude of the experimental cross section. 
Obviously it is difficult to obtain reliable information about the absolute spectroscopic 
factors of the excited states unless a more refined OBDM is used. 

We would like to emphasize that our calculations are absolute in contrast to the stand­
ard DWBA results which are adjusted to give the correct magnitude of the differential cross 
section. Especially for the particle states different prescriptions for calculating the form 
factor, which have acceptable justification, lead to quite different values for the spectro­
scopic factors . Thus it is worthwhile to investigate the differential cross sections of pick-up 
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reactions using absolute form factors which are extracted, however, from more 
sophisticated one-body density matrices, as for example the ones obtained by variational 
Monte Carlo calculations [23]. 

3. Momentum Distribution of a Transition 
to a Single-Particle State from (e, e'p) Reactions 

The most direct way to get information on the single-particle wave functions is to study 
the one-nucleon knock-out reactions. In this Section we present orne results of the calcu­
lations of the single-particle momentum distributions corresponding to a transition to a 
given s.p. state in comparison with the empirical data from the (e, e'p) reactions. In the 
Plane-Wave Impulse Approximation (PWIA) the energy ro and the momentum q lost by the 
electron are transferred to a proton with binding (missing) energy E and missing mo-

m 

mentum p . From the .energy and momentum conservation laws the latter are determined by 
m 

• 0 

E = ro-E - TA 1, m p - P = k -q 
m p ' 

(12) 

where k and E are the momentum and the energy of the knocked-out proton, respectively, 
p p 0 

and TA _ 
1 

is the kinetic energy of the residual nucleus. The (e, e'p) cross section in the 

PWIA can be written in the form: 

d6CJ 
de'dk = Kael(Pm' Em)' 

p 

(13) 

where K is a kinematical factor and CJ is the elementary electron-proton cross section [24 ]. 
ep 

The spectral function S(p , E ) is the joint probability of finding a proton with separation 
m m 

energy E and momentum p inside the nucleus. For the transition to a discrete state <X one m m 
can write 

(14) 

where the s.p. momentum distribution 

Pa(Pm) = I cpa(Pm) 12 (15) 

is the Fourier fransform squared of the overlap (1) between the initial and final nuclear 
state. The integration of the empirical data over the interval that covers the peak of the 
transition under study gives the single-particle momentum distribution p (p ). The spectro-a m 
scopic factor sa for a given a-state is determined by scaling the theoretical predictions for 

Pa(Pm) to the experimental data. 

In the present work we consider the s.p. momentum distributions in the 160 and 4°Ca 
nuclei. As an example, we given in Fig.3 the momentum distribution for the transition to 

the second 1 /2+ excited state in 39K from the 4°Ca(e, e'p) reaction. In Fig.3 the 
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Fig.3. Momentum distribution for the transition to the second 
l /2+ excited state in 39K from 40Ca (e, e'p) reaction. The calcu­
lations by using 2s-overlap functions from [ 17] are presented by 
the dashed line. The stars and circles represent the empirical data 
measured in different kinematics [9]. The CDWIA calculations 
[9] are shown by solid lines 

experimental data are given 
together with their Coulomb 
Distorted Wave Impulse Appro­
ximation (CDWIA) analysis [9] 
which is used to obtain spectro­
scopic factors for discrete tran­
sitions and rms radii for the 
various orbitals. The CDWIA 
calculations are performed em­
ploying different wave func­
tions so that their rms radii are 
fitted to dscribe the data. In our 
method the necessity to use 
such parameters is avoided and 
we would like to emphasize the 
possibility of obtaining the mo­
mentum distribuitons in a con­
sistent way on the basis of the 
OBDM corresponding to a cor­
related system. At the same 
time it is important to note the 
fact that the overlap functions 
from [17] are for neutron 
bound states. In the case of pro­
ton bound states some modi­
fications due to the Coulomb 
asymptotic behaviour of the 
overlap functions have to be 
taken into account. Never­
theless, one can see that the 
calculated results for the 

momentum distributions are close to the experimental data. Especially this can be seen from 
Fig.3 where the minimum in the momentum distribution for the transition leading to the 

I /2+ state in the 39K at 2.522 MeV is well described. Our calculations show that generally 
the shape of the momentum distributions of the transitions can be adequately described by 
mean-field wave functions for momenta up to the Fermi momentum kF ("' 250 MeV/c). 

Measurements over a more extended range of the momenta and with better accuracy are 
necessary to test the various bound-state wave functions. 

4. Conclusions 

In the present work a new method for theoretical studies of the one-nucleon removal 
processes is suggested. It is shown that the overlap functions of the (A - I)-particle system 
eigenstates obtained in [ 17] by using the general relationship [ 16] which connects the 
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asymptotic behaviour of the OBDM with them can be successfully applied as realistic form 

factors to calculate the differential cross sections of 160 (p, d)- and 4°Ca (p, d)-pick-up 
reactions at various incident energies. The results of our calculations demonstrate that the 
obtained angular distributions do not need remormalization by introducing the 
spectroscopic factors . The overlap functions provide a physic I and model-independent 
definition of the spectroscopic factors. The angular distributions are in good agreement with 
the experimental data in their absolute values for the ground states and less satisfactory for 
the excited states. 

Our calculations of the s.p. momentum distributions of various orbitals in 160 and 
4°Ca describe satisfactorily the empirical data obtained by the (e, e'p)-knock-out reactions 
at momenta below the Fermi momentum. The results are also in agreement with the 
CDWIA calculations using bound-state wave functions evaluated in a mean-field potential. 
New measurements should be done at higher momenta where the SRC effects on the 
momentum distribution are sizable. Using the correct asymptotic behaviour of the proton 
overlap function in the procedure [17] and more realistic OBDM, one can expect that the 
resulting overlap functions will be able to describe more accurately the experimental single­
particle momentum distributions. 
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MOLECULAR ALTERATIONS UNDERLYING 
THE SPONTANEOUS ANDy-RAY-INDUCED 
POINT MUTATIONS AT THE WHITE LOCUS 
OF DROSOPHILA MELANOGASTER 

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

The white locus in D.melanogaster was selected as a target gene for the study of the 
mutational spectra of spontaneously arising and radiatiOIJ-induced gene q~.utations in a whole 
organism. Analysis of 6 spontaneous and 73 y-ray-induced white mutations by a combination 
of cytological, genetic and molecular techniques revealed that on the chromosomal and genetic 
levels all spontaneous mutations showed themselves to be point mutants. The share of such 
mutants among all heritable radiation-induced gene mutations is about 40%, whereas the rest 
ones are due to exchange breaks (8%) as well as multilocus, single-locus or partial-locus 
(intragenic) deletions (52%).The DNAs from 4 spontaneous and 17 y-ray-induced point 
mutants were analysed by Southern blot-hybridization. The three spontaneous and 7 radiation 
mutants showed an altered DNA sequence at the left (distal) half of the white gene due to 
insertion or DNA rearrangement. The rest (58%) of the radiation-induced point mutations did 
not indicate any alternations in this part of the gene as detected by this technique and probes 
employed. 

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

MoJieKyJIHpHLie H3MeHeHHJI, o6yCJioBJIHBaJOmue 
CDOHf8HHLie H Hll,!lYQHpoB8HHLie Y·H3JIY'JeHHeM 
TO'IfKOBLie MyY8UHH a JioKyce white y Drosophila melanogaster 

M.B.AlleKcanopoBa, HJI.Jlanuoyc, 
H.,l!.AlleKcanopoB, A.JI.KapnoBcKuu 

Jlmc:yc white y D.melanogaster 6&m H36paa B KaqeCTse reHa-MHWeHH )I.Jlll HJyqeHHll cneK­
TJla cnoHTaHHbiX H pa.nuauuoHHO-HHJzyUHpOBaHHbiX reHHbiX MYTllUHH B ue.nocTHOM opraHHJMe. 
KOMIUieKCHbiH LIHTO-reHeTHKD-MOJieKyJillpHbiH aHaJIH3 6 COOHTaHHbiX H 73 HH.lzyUHpoBaHHbiX 
y-H3JI)"'eHHeM MYTai.IHH white noKaJaJI, qTo Ha xpoMOCOMHOM H reHCTuqecKOM ypoBHliX see 
COOHTaHHble MYTai.IHH OpoliBJIJIIOT Ce6ll KaK TOqKOBble. ,IJ;OJIJI TaKHX MYTllUHH cpe,!UI HaCJie.Izye­
MbiX p3,!1HllUHOHHO-HH.lzyUHpoBaHHbiX COCTaBJIJICT OKOJIO 40%, roma KaK OCTaJibHble o6yCJIOB­
JieHbl XpOMOCOMHbiM pa3pbiBOM npH <lJopMHpOBaHHH OOMeHHbiX a6eppaUHii (8%), JIHOO 
MYJibTHJIOKYCHbiMH, O.UHOJIOKYCHbiMH HJIH qaCTuqHbiMH (BHyTJJHreHHbiMH) .ue.neuHliMH (52%). 
,IJ;HK OT 4 COOHTaHHbiX H 17 pa.nHaUHOHHbiX MYTaHTOB TOqKOBOH npHpO.Ubl 6b1Jla HJyqeHa C 
nOMOILibiO 6JIOT-rn6pH.llH3llUHH no CaYJePHY· YcTaHoBJieHo, qro 3 cnoHTaHHbiX H 7 
pa.nHai.IHOHHbiX MYTllUHH HMeiOT MOJieKyJillpHble H3MeHeHHll 8 JieBOH (.aHCTaJibHOH) OOJIOBHHe 
reHa, o6yCJIOBJieHHbie HHCepllUHliMH WHJIH C'fJJYKTYPHbiMH nepeCTpoHKaMH ,IJ;HK. 0CTaJibHble 
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HJ HJY'fCHHbiX TO'IK08biC p aaHauHOHHO-HH.!1YUHpo83HHbiC M)'TauHH (58%) HC COIICplK3T HJMC­

HCHHH 8 3TOH '13CTH reHa , 8blliB1lliCMbiX 113HHbiM MCTOIIOM H npo6aMH, HCOOJlb3083HHbiMH 8 

pa60Te. 

Pa60Ta 8biOOJIHCHa 8 Ornene pallH3UHOHHOH 6eJ003CHOCTH H pallH3UHOHHbiX HCCJ1CIIQ-

83HHH mum. 

I. Introduction 

Summing up the main fu ndamental generalizations of the classical radiation genetics in 
the fields concerning gene mutation processing, H.Muller in his Nobel lecture had parti­
cularly laid stress among the others that the radiation-induced point (on the chromosomal 
level) mutations in animal cells are similar to the natural (spontaneous) ones in all features 
on which the comparison had been done [I] . This generalization founded mainly on the data 
from the genetical and/or cytological experiments with Drosophila before molecular era in 
modem biology and genetics is basic so far to our risk estimation procedure using the 
doubling dose method [2]. 

The current studies of the molecular nature of the point mutations arising spon­
taneously at the different loci of Drosophila (Hw, w, ry, f, etc.) had unequivocally shown 
that the bulk of them had resulted from insertion of the dispersed, repetitive DNA 
sequences, such as mobile elements or transposons [3]. 

On the other hand, the fi rst results of the molecular analysis of point mutations induced 
by sparsely ionizing radiation at some of these Drosophila loci (w, ry) indicated that the 
main part of such mutants have arisen through large changes in the gene, especially dele­
tions [4,5] . Recent analysis of radiation-induced HPRT- and APRT-deficient mutants of 
mammalian cells indicates also deletions as the major type genetic lesion recovered [6,7]. 

Thus, as the first molecular data show, the genetic alterations underlying the spon­
taneous and radiation-induced gene/point mutations in Drosophila germ cells seem to be 
qualitatively different, but the number of tested mutants are small. Moreover, spontaneously 
arising and radiation-induced mutations have been isolated in the genotypicly different 
Drosophila strains the difference of which on fine molecuar structure of gene studied and/or 
on DNA repair may determine the peculiarities of spectra of the gene mutations recovered. 

To study this issue more precisely, the complex (genetic, cytogenetic, molecular) ana­
lysis of spontaneous and y-ray-induced gene mutations in the different loci (white-w, 
vestigial-vg) and genotypes (wild-type D-32, c(3)G, phr-) of Drosophila melanogaster was 
started. In this commu.nication, we present the genetic and cytogenetic characteristics of 
spontaneous and y-ray-induced (5-60 Gy) gene mutations at the w locus from wild-type 
D-32 line as well as the first data on the molecular nature of some point mutations among 
them analyzed by Southern blot-hybridization. 

II. Materials and Me thods 

The spontaneous w mutations were recovered in the large-scale experiments (1987-
1994 years) described earl ier [8,9], and y-ray-induced ones were obtained as has been 
described by Alexandrov [ 10]. All transmissible w mutations were analysed by conventional 
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cytology of the polytene chromosomes to discriminate the exchange (intra- or interchro­
mosomal) mutations from point (not associated with cytologically detectable chromosomal 
changes) ones. To detect the whole or partial deletions of the w gene, a sensitive and 

reliable genetic test on visible complementation with wsp was employed using the more 

sensitive wspA allele described earlier [11]. Isolation of genomic (from mutant and wild-type 

flies) and plasmid DNA, digestion of these DNAs with various r striction enzymes, 32P­
labelling of the probes by nick-translation and Southern blot-hybridization were performed 
according to standard procedures [12] . 

III . Results 

According to data of cytological and fine genetic (complementation) analysis (Table) 
all 6 of spontaneous w mutations found have the point intragenic lesions since they show a 
normal chromosomal 3C2 region where the w locus lies· as well as complementing pheno-

type over wspA (the mutation type of the complementers). The analogous analysis of 73 
y-ray-induced w mutations revealed more complex spectrum of the radiation-induced gene 
mutations consisting of at least five different mutation types (Table): (i) exchange mutations 
showing the chromosome rearrangements involving translocations or inversions, one of two 
breakpoints of which passes through the site of the gene under study; (ii) multilocus 

Table. Spectra of spontaneous and y-ray-induced white mutations 
in Drosophila sperms classified by ftne genetic and cytological analysis 

"(-ray dose, Gy 

0 5 10 20 40 

Number of mutants 6/267466 5/69375 10/60954 15/37955 39/57897 
isolated I Number of F1 
progeny studied 

Mutation types: 

Exchange mutations 0 0 0 1(0.06)* 3(0.09) 

Multilocus deletions 0 2(0.4) 2(0.2) 4(0.27) 15(0.38) 

Point mutations: 

Total 6(1.0) 3(0.6) 8(0.8) 10(0.67) 21(0.53) 

Complementers** 6 I 5 5 17 

Partial complementers 0 0 2 2 1 

Non-comolementers 0 2 1 3 3 

*The number in parentheses indicates the fraction of the total for given dose. 
**See text. 

60 

4/5994 

2(0.5) 

1(0.25) 

1(0.25) 

1 

0 

0 
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Fig. I. (A). Restriction map of thew+ locus of D-32 wild-type strain in kilobases (I kb = 1000 bp). The 

coordinate 0.0 is the point of the copia insertion in the allele w0 [13] . Restriction sites were determined 
by Southern blot-hybridization of digested genomic DNA with pCS54, pJ768 or pJ52 probes [14] which 

were a kind gift of Dr. V..Anashchenko 'Gatchina). (B). The position of the w+ trascript (six exons as 
the black boxes and five introns as the broken lines) as determined by [15]. pCS54, pJ768, pJ52, and 
pGAw2 probes contain sequences from other Drosophila strains [5,14] 

deletions being themselves the losses of the w locus and the adjacent genes; (iii) point 
mutations with the putative intragenic lesions much of which behave as complementers, and 
the rest of them do either (iv) the partial complementers or (v) the non-complementers. The 
complementation patterns of the last two mutation types indicate on the presumed partial or 
total losses of the w gene, respectively [5]. 

Thus, 100% of spontaneous and almost 40% (29173) of y-ray-induced w point 
mutations demonstrate the same phenotypic, cytological and genetic features as if sup­
porting the generalization of the classical radiation genetics above noted. Does it mean that 
the molecular alterations underlying these point mutations are the same consisting of base­
pair changes, insertions or very small intragenic deletions? 

To answer this intriguing question, 4 spontaneous and 17 y-ray-induced w point 
mutants were further analysed by blot-hybridization, permitting the detection of deletions 
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Fig.2. Southern blot-analysis of DNAs from spontaneous and y-ray-induced w point 
mutations after digestion with Hind lii and hybridization with pCS54; 14nes 1-12: wild­
type D32 strain; spontaneous mutants w88c45, w88d46, w92ll ; radiation mutants 
w74b29, w83f29, w88d32, w8Jk2, w8Jk6, w87g67, w87g14, w78f39, respectively. 
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or inversions with a minimal size of about 100 bp as well as the gain or loss of restriction 
enzyme sites. Taking into account the fact that eye pigmentation is about zero or uniformly 
reduced in mutants studied as in ones mapping usually at the distal end of the locus [5], 
DNAs from spontaneous and radiation-induced mutants and wild-type flies of the D-32 
strain were digested with Hind III, Bam HI or Sal I restriction enzymes and hybridizated 
with pCS54, pJ768 or pGAw2 probes which permit the detection of the genetic lesions 

located in this half of the w + gene (Fig.l ). 

As the hybridization pictures show, digestion of DNA from the spontaneous mutant 
w88c45 with Hind III and following hybridization with pCS54 give rise to three fragments 
of 8.2, 5.0 and 2.9 kb, instead of a single 8.2 kb in wild-type fli es (Fig.2, lines I and 2). 
Hybridization of w88c45 DNA with pJ768 result in the same t ree fragments (data not 
shown) indicating that molecular alteration (insertion with duplication) affects the genic 
fragment between coordinates -0.7 and + 1.4 kb which is in common for both probes 
(Fig.l). Spontaneous mutant w92ll is identical to w88c45 (Fig.2,lane 4), whereas w88d46 
seems to be a deletion derivative of these mutants since it shows 2.9 kb being in common 
for three mutants studied and a new fragment of 5.9 kb instead of two fragments of 8.2 and 
5.0 kb (Fig.2, line3). Therefore, these hybridization results indic te an interruption of the 
w sequence in the spontaneous mutants studied by a gain of genetic material the 
investigation of nature of which requires the further experiments. 

DNAs from the y-ray-induced mutants w74b29 (40 Gy), w8l k2 (10 Gy), w83j29 (40 

Gy), w87gl4 (10 Gy) and w88d32 (40 Gy) did not show any discrepancies from w+ allele 
in hybridization pattern after digestion with Hind III and blotting with pCS54 (Fig.2, lines 
5,8,6,11,7). The analogous results were obtained for the radiation mutants w67a (40 Gy), 
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Fig.3. Southern blot-analysis of DNAs from spontaneous andy-ray-induced point white mutations after 
digestion with Sal/ and hybridization with pGAw2; lines 1-8: spontaneous mutants w88c45, w88d46, 
w9412; wild-type D-32 strain; radiation mutants w81k8, w8Jk6, w8/k7, w87g75 

w71k (40 Gy), w81k3 (1 0 Gy) and w83c20 (40 Gy) (data not shown).The single Hind III 
fragment of 8.2 kb in wild-type flies is replaced by three new fragments of 8.5, 5.0, 2.7 kb; 
14.0, 3.3, 2.7 kb and 6.5, 3.3, 2.7 kb in w81k6 (10 Gy), w87g67 (20 Gy) and w87f39 (5 
Gy), respectively (Fig.2, lines 9,10,12) and by two new fragments of 9.4, 4.7 kb and 8.5, 
2.7 kb in w72b (40 Gy) and w81k4 (10 Gy), respectively (data not shown). Therefore, all 
of these mutants display the gross structural alterations in the left half of the w gene being 
likely consequences of.insertion or DNA rearrangement events. 

To study this point more precisely, the digestion with Sal 1 and hybridization with 
pGAw2 probe were performed for the three spontaneous and four y-ray-induced mutants. As 
the results obtained show, the wild-type flies, spontaneous (w88c45, w88d46, w94l2) and 
two radiation-induced (w81k8, w87g75) mutants indicate a single Sal 1-Sal 1 fragment of 2.7 
kb (Fig.3, lines 1-5,8) discovered by pGAw2 (Fig.1). This means that the genic fragment 
between coordinates - 3.05 and - 0.6 is not affected in these mutants. Therefore, these 
results support independently our notion claimed above that the genetic alterations in the 
spontaneous mutants are located within the genic fragment between coordinates - 0.6 and 
+ 1.4 affecting the second and third exons and first and second introns of the w gene 
(Fig.1 ). 

The single Sal 1-Sal 1 fragment of 2.7 kb in wild-type flies is replaced in w81k6 (10 
Gy) and w81k7 (20 Gy) by two new fragments of 4.3 and 3.0 kb (Fig.3, lines 6 and 7) 
showing that these y-ray-induced mutants are structural ones, but the lesions detected 
earlier elsewhere in Hid 111 -Hind Ill fragment of 8.2 kb by hybridization with pCS54 
(Fig.2, line 9) are precisely located in Sal 1- Sal/ fragment in contrast with site of lesions 
in Sail-Bam HI fragment in the spontaneous mutants. 
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IV. Conclusion 

The results presented in this communication indicate the presence of the large 
molecular changes in 3 spontaneous and 7 y-ray-induced point w mutations displaying the 
similar phenotype, genetics and cytology. The rest 10 radiation mutants studied seem not to 
show any alterations at least after Hind III-digestion and hybridization with the large gene 
fragment (pCS54). It is quite possible that step-by-step analysis of the whole DNA sequence 
in these mutants with a set of a short fragments as probes will permit one to detect more 
small alterations than those revealed by a large probes used firstly. It is of interest and 
important the more so that the share of point mutants without detectable molecular changes 
(likely, a true point mutations with base-pair changes) in our set of y-ray-induced w 
mutations (10/17 or almost 58%) is much higher than that obtained by others for the white 
[5] or rosy [4] loci in Drosophila germ cells after X-ray-irradiation. The further our ongoing 
experiments must ascertain the reason of this discrepancy and give a new information on 
the molecular spectra of the heritable gene mutations idduced by den'sely ionizing radiation 
(neutrons, heavy ions). 
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YAK 539.173 

MOrYT JIH CYIUECTBOBATh B llPHPO,UE 
CBEPXTHJKE.JihiE 3JIEMEHThl? 

IO.a. Ozanec11.n 

Ha OCHOBe 3KCnepHMeHTaJJbHbiX H TeOpeTH'IeCKHX pe3yJJbTaTOB nOCJJeAHHX JJeT no 06Hapy­
JKeHHIO OCTpOBa CTa6HJJbHOCTH TliJKeJJbiX Ae<j>OpMHpOBaHHbiX l!Aep B6JJH3H OOOJJO'IeK Z = 108 H 
Z = 162 paccMaTpHBaiOTCll paAHOaKTHBHbie csoiicTBa 6onee TliJKeJJbiX HYKJJHAOB B6JJH3H 3aMK­
HYTbiX c<j>epH'IeCKHX o6ono'leK c Z =114HZ= 184. 113 paccMOTpeHHll CJJeAyeT, 'ITO AJ!lll!Aep 
C Z = 106 + 108 H N = 180 + 184 MOJKHO OJKHAaTb 60JJbiiiHe BpeMeHa JKH3HH BnJJOTb AO 

T1/ 2 - 108 JJeT. noA06Hbie CBepXTliJKeJJbie H CBepXCTa6H.JlbHbie HYKJJHAbl, -o6p33yiOIIIHeCll B 

npouecce HYKJ!eOCHHTe3a, MOfJJH COXpaHHTbCll B MaJibiX KOJJH'IecTB3X AO HaiiiHX AHeH. B 
OTJJH'IHe OT BCeX npeAbiJlYIIIHX 3KCnepHMeHTOB, HaUeJJeHHbiX Ha nOHCK CnOHTaHHOIU AeJJeHHll 

l!Apa 298114 (EkaPb), npeAJJaraeTCll nocTaHOBKa onbiTOB no o6HapyJKe HIO peAKHX co6biTHH · 
paAHOaKTHBHOro pacnal{a liAep C Z = 106 + 108 (EkaW-EkaQs) C MaCCOH OKOJJO 290. npeAnO­
naraeTCll, 'ITO pacnaA 3THX HYKJJHAOB 6yAeT npeAcTaBJJliTb paAHOaKTHBHbiH pl!A ('leTBepTLiii K 
H3BeCTHbiM TpeM uenO'IKaM ecTeCTBeHHOH paAH·OaKTHBHOCTH), COCTOliiiiHH H3 nOCJJeAOBaTeJJb­
HbiX ~- H CX-paCnai{OB, KOTOpbiH MOJKeT OKOH'IHTbCll CnOHTaHHblM AeJJeHHeM. noK33aHO TaKJKe, 
'ITO B OnbiTaX no nOHCKY KOppenHpOBaHHbiX paCnaAOB CBepXTliJKeJJbiX npHpOAHbiX H3JJY'IaTeneii 

MOJKeT 6biTb AOCTHrnyra tJYBCTBHTeJJbHOCTb 06HapyJKeHHll BnJJOTb AO 1 -2 l r/r B npeAnOJJO­

JKeHHH, 'ITO BpeMll JKH3HH paAHOaKTHBHbiX l!Aep ~ 108 JleT. 
Pa6oTa BbinOJJHeHa B Jla6oparopHH l!AepHbiX peaKUHH HM. r .H.<l>nepoBa OI:UIH. 

Can Superheavy Elements Exist in Nature? 

Yu. Ts. Oganessian 

Basing on the experimental and theoretical results obtained in recent years on the discovery 
of the stability domain of heavy deformed nuclei near the shells with Z = 108 and N = 162, the 
radioactive properties of heaviest nuclides near the closed spherical shells with Z = 114 and 
N = 184 are considered. From the examination of these properties it follows that one can expect 

long half-lives of up to T112 - 108 years for the nuclei with Z= 106 + 108 and 

N = 180 + 184. Such superheavy and superstable nuclides, formed in the nucleosynthesis 
process, can still exist in small quantities to the present day. In distinction to all previous 

experiments aimed at the search for the spontaneous fission of a 298 114 (EkaPb) nucleus, it is 
proposed to perform experiments on the discovery of rare events of the radioactive decay of 
nuclei with Z = 106 + 108 (EkaW-EkaOs) and A= 290. It is assumed that the decay of these 
nuclides will represent the radioactive chain (the fourth one besides the three known chains of 
natural radioactivity), consisting of sequential ~- and ex-decays, which may end with 
spontaneous fission. It is also shown that in the experiments on the search for natural 

radioactivity correlated decays of superheavy nuclei the detection sensitivity of up to 10-21 g/g 

may be achieved, assuming that the half-life of radioactive nuclei is ~ 108 years. 
The investigation has been performed at the Flerov Laboratory of Nuclear Reactions, JINR. 
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11cTOpHH sonpoca 

3KcnepHMeHTaflbH~e H TeOpeTHqeCKHe HCcneno&aHHH nOTeHUHaflbHOH 3HeprHH ~ep 

}'Ka3biBaJOT Ha JHaqHTeJibHOe BIIHHHHe CYp}'KTyp~ Ha <flopM)' ~pa B OCHOBHOM H .o:e<PopMH­

pOBaHHOM COCTOHHHHX. 

3To 06cTOHTeJibCTBO HrpaeT peWaiOIU)'IO pOJib B CTa6HJibHOCTH oqeHb TH:lKeJJbiX ~ep, He 

YCTOHqHB~X K CnOHTaHHOMY .O:eJJeHHIO. 

AeHCTBHTeJibHO, eme B pauunx pa6oTax B.MaHepca. B.CBHTeUKOro [1,2], C.HHJibccoua 

[3], B.CYpyYHHCKOro [4], B.OawKesnqa [5], P.HHKca [6] H .o:p. 6w10 noKaJauo, qTo .llJIH 

CBepXTH:lKeJJ~X H.O:ep, B OTCyYCTBHe MaKpoCKOnHqecKOI'O (KaneJJbHOI'O) 6apbepa .O:eJJeHHH, 

yqeT ~KTa ~epuoH CTPYKTYPbl npHBO.O:HT K nonneHHIO 6apbepa .o:eneHHH, pe3KO YMeHb­

WaJOIUero BepoHTHOCTb c nOHTaHHOI'O .O:eJJeHHH. 0pH BceH HeonpeneneHHOCTH pacqeTOB 

npounuaeMOCTH 6apbepa .o:eneuHH Janpem ua cnouTaunoe .o:eneune B o6nacTH JaMKHyYbiX 

c<PepnqecKHX o60JioqeJC Z = 114 H N = 184 [7 ,8] ouenH&anHCb sennqnuoH - 1030-35
• 

HenbJH 6biJIO HCKJIJOq HTb (XOTb H C MaflOH BepoHTHOCTbiO), qTo 3TH JanpeTbl CTOJib 

BeJIHKH, qTo BpeMH :lKHJHH CBepXTH:lKeJI~X H.D:ep OTHOCHTeJibHO CnOHTaHHOI'O .O:eJJeHHH 6y.o:eT 

~ 108 
neT (6e3 ~KTa H.D:epu~x o6onoqeK - 10-20

c). Apyrne BOJMO:lKHbie THnbi pacna.o:a 

- a- H ~pacna.o:~ - o n pe.O:eJJHIOTCH, KaK HJBeCTHO, pa3HOCTbiO Mace H CYp}'KTypOH ~ep 

B6JIHJH OCHOBHOro COCTOHHHH, KOTOp~e TaK:lKe JaBHCHT OT CHJibl 3<P<l>eKTa ~epHbiX 060110-

qeJC. Pa3Jinqu~o~e <flopMYJibl Mace }'KaJbiBanH uaBbiCOKYJO cTa6HJILHOCTb csepxTH:lKeJJbiX ~ep 

OTHOCHTeJibHO H 3THX THn OB pacna.o:a (9,10) . 
Toma no.o:o6u~e CBep XTH:lKeJJble H CBepxCTa6HJibHble H.D:pa, eCJIH 6bl OHH 00pa30BaJIHCb 

B npouecce HYKJieoCHHTeJa, MOrJIH COXpaHHTbCH B npHpo.o:e .0:0 HaiUHX .O:HeH. Ope.o:nonara­

JIOCb, qTo OCHOBHbiM THnOM pacna.o:a CBepXTH:lKeJIOI'O H.D:pa 6y.o:eT CnOHTaHHOe .O:eJJeHHe. 

J.i.o:eH nOHCKa CBepXTH:lKeJibiX ~JieMeHTOB no CnOHTaHHOMY .O:eJJeHHIO npHHa.llJie:lKHT 

f.H .<J>nepoBy H ero COYpY.O:HHKaM, KOTOpble II 1972-1988 IT. npe.o:npHH.IVIH WHpOKOMaCW­

Ta6Hble 3iccnepHMeHTbl n o OOHapJ)I(eHHIO CnOHTaHHOI'O .O:eJJeHHH B pa311HqHbiX npHpO.O:HbiX 

o6pa3UaX H B KOCMHqeCKHX nyqax. 

J.iccne.O:OBaflHCb pa311HqHble MHHepanbl, o6e.o:ueuu~e ypaHOM ( OCHOBHOH H, tPaKTHqecKH, 

e.o:nucT&euu~o~H npnpo.o:u~o~ii HCToqnnK <floua cnouTauuoro .o:eneuHJI c Ts.f . = 1016 
neT), KOH­

ueHTpaTbl npO.O:}'KTOB XHMHqecJCOro OOOraiUeHHH TH:lKeJJbiX MeTaJIJIOB nnaTHHO-CBHHUOBOH 

rpynnbl , MeTeOpHTHoe BeiUecTBO H MHOrHe .O:pyrne OOpaJUbl. 

He B.O:aBUCb B .o:eTanbHbiH aHaflHJ BCeX 3KCnepHMeHTOB, KOTOpble qnTaTeJJb MO:lKeT HaH­

TH B OpHrHHaflbH~X pa60Tax (11-14) H 0030pax (15,16), npHBe.O:eM KOHeqH~H peJyJibTaT. 

npe.o:nonaranOCb, qTo .o:eneune 6y.o:eT HCnbiTbiBaTb TH:lKeJJoe ~po c z ~ 110. O:lKH.D:aJIOCb, qTo 

cpe.o:uee qncJIO HeHTpOHOB, B03HHK8101UHX npH .O:eJieHHH CTOJib TH:lKeJIOfO H.O:pa, 6y.o:eT 

-10. BBH.D:Y BbiCOKOH n poHHKaiOIUeH cnOCOOHOCTH HeHTpoHOB MO:lKHO 6b1110 HCnOJibJOBaTb 

MaceHBH~e o6paJU~ secoM 20 + 30 Kr, .llJIH KOTop~o~x HJMep.smHcb pe.O:KHe co6LITHH MHO:lKe­

CTBeuuoro pO:lK.D:eHHH HeHTpoHOB. 

AnH HCKJIJOqeHHH <flou a OT BJaHMO.O:eHCTBHH KOCMHqeCKHX MIOOHOB C OOpaJUOM annapa­

Yypa noMemanacb B no.D:JeMHYIO na6opaTopniO ua rny6nuy - 1000 M so.o:uoro 3KBHBaneuTa. 
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llyreM TIUaTeJibHOfO aHaJIH3a co,nep.lKaHIDI ypaHa B o6pa3Uax y,nanOCb AOCTHilfYTb Bb!COKOH 

'IYBCTBHTeJlbHOCTH, COOTBeTCTBYIOIUeH pemCTPaUHH OAHOTO co6biTHSI B MeCSIU C V ~ 3. 
0T,neJibHbie C06biTHSI, 3apemCTPHPOBaHHbie B WIHTeJlbHbiX 3KCU03HUHSIX, KOTOpbie HeJlb3SI 

6biDO OTHeCTH K pacna.ny ypaHa, HMeJIH, K COXaJieHHIO, Manyro MHOXeCTBeHHOCTb (V - 2). 

3TH co6biTHSI Pa.JYMHO 6biJIO HHTepnpeTHpoBaTb KaK BepxHIOIO rpaHHUY oxu,naeMoro 3<f>-

<l>eKTa. 0Ha COCT.aBJISIJia - 10-14 
r/r B npe,nUOJIOXeHHH, 'ITO CBep XTSIXeJIOe S!,npO HMeeT 

nepHo.n nonypacna.na T112 - 108 
neT. 

EcTecTBeHHO, OTCYTCTBHe 3<f><f>eKTa B no.no6HLIX 3KcnepHMeHTax MoxeT HaUTH 

paJJIH'IHbie o6'bSICHeHHSI. EcnH cBepxTBXeJibie B.npa o6pa.JoBanHCb B n pouecce HYKJieOCHHTe-

8 
3a, TO BUJIOHe BepOSITHO, 'ITO HX BpeMSI XH3HH 3Ha'IHTeJlbHO MeHbW e 10 JieT. 0UHaKO B 

UeJIOM BOUpOC 0 cymeCTBOBaHHH B npHpo,ne Sl,nep, 3Ha'IHTeJlbHO TSIX eJiee ypaHa, OCTaeTCSI 

OTKpb!TbiM. 

HHxe Mbl UOUbiTaeMCSI npOaHaJIH3HpOBaTb 3TY npo6neMy C COBp eMeHHbiX U03HUHH. 

HcKyccTBeHHbiH CHHTeJ H cBoiicTBa 

TpaHCaKTHHHAHbiX 3JieMeHTOB 

H3BecTHO, 'ITO BCe '3JieMeHTbl C Z > 100 6biJIH CHHTe3HpOBaHbl B Sl,nepHbiX peaKUIDIX UOA 

,neHCTBHeM TSIXeJlbiX HOHOB. 0,nHaKO B JII060H KOM6HHaUHH MHWeHb - HOH peaKUHSI CJIHSI­

HHSI Be,neT K o6paJOBaHHIO B,nep co JHa'IHTeJibHbiM ue<f>HUHTOM HeHTPOHoB; Bee npo.nYKTbi 

pacna.na KOMUaYH.n-B.npa JHa'IHTeJibHO y.naneHLI OT JIHHHH ~-cTa6HJibHOCTH. Hao6opoT, B 

HYKJieOCHHTeJe H30TOUbl HMeiOT 3Ha'IHTeJlbHbiH HeHTPOHHbiH H36biTOK H paCUOJIOXeHbl 3a 

JIHHHeif ~-CTa6HJ1bHOCTH . 

BMecTe c TeM, 3KCnepHMeHTbi, npe.nnpHHSITbie B JlapMWTa.nTe [1 7-19] H B .D:y6He [20-
23] DO CHHTe3y HOBbiX 3JieMeHTOB B peaKUHSIX XOJIOAHOTO CJIHSIHHSI ( a OCHOBe Pb-MHWeHH) 

H ropSI'Iero CJIHSIHIDI (Ha OCHOBe MHWeHH H3 TSI)I(eJlbiX H30TOUOB aKTHHOH,nOB), npHBeJIH K 

OTKpbiTHIO 6onee 30 HOBbiX HJOTonoB c Z = 102 + 112 H N = 150 + 165. 3TH B.npa pacnono­

xeHbi .naneKo OT BepwHHbi npe.nnonaraeMoro OCTPOBa cTa6HJILHOCTH Z = 114 H N = 184. 
O,nHaKO Bee H30TOUbi c Z ~ 106 npeHMymeCTBeHHO HCUbiTbiBanH a.-p acna.n, 'ITO CBH,neTeJib­

CTBOBano 06 HX Bb!COKOH CTa6HJibHOCTH OTHOCHTeJibHO CUOHTaHHOro ,ne.neHIDI. 

06DBCHeHHe 3TOTO SIBJieHHSI 6biJIO Haif.neHO B 6onee COBepweHHbiX H ,neTaJibHbiX pacqe­

TaX KOJ1J1eKTHBHOro ABHXeHHSI S~,nep. 

3.11aTHKOM, P.CMOJISIH'IYKOM H A.Co6H'IeBCKHM [24-26] 6LIJIO n oKaJaHo, 'ITO BJIHSIHHe 

B.nepHoii CTPYKTYPLI Ha npouecc .neneHIDI TPe6yeT yqeTa BbiCOKHX opB.nKOB .ne<f>opMaUHH 

.nJISI OUHCaHHSI SIUepHbiX <f>opM. C upyroif CTOpOHbl, npH npOHHKHOBeHHH '1epe3 UOTeHUHaJib­

HbiH 6apbep CTPYKTYPHOH npHpo,nbi MaccoBbiH K03<P<l>HUHeHT (HHepUHaJibHbiH <f>aKTop) 

ucnLITbiBaeT JHa'IHTeJibHbie BapHaUHH B npouecce .ne<f>opMauHH B.npa . Y'leT 3THX <f>aKTopoB 

npHBeJI K HeTpHBHaJibHbiM npe,nCKa.JaHHSIM cymeCTBOBaHHSI UO.l{'bCMa CTa6HJibHOCTH ue­

<l>opMHpOBaHHbiX S~,nep B6JIH3H o6ono'leK c Z = 108 H N = 162. 
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UeneHanpa811eHHbie 3KcnepHMeHTbi, nocTaBJleHHbie HaMH, no CHHTeJy CaMbiX nDKeJlbiX 

H30TOnOB 3neMeHTOB C Z = I 04, I 06, I 08 H II 0 nOKaJanH pe3KHH nO,Il"beM CTa6HnbHOCTH 

BJI.ep no Mepe npH6nH)I(eHHll K N = 162 [21-23]. nocKOnbKY tJeTHO-'IeTHble H30TOnbl c 

Z = I 04 HCnbiTbiB310T CnOHTaHHoe ,lleJleHHe, a BCe CHHTe3HpOB3HHble H30TOnbl C Z ~ I 06 -

a-pacna,ll, 6bmo nposeAeHo npliMOe cpasHeHHe TeopHH c 3KcnepHMeHTOM. OpH 3TOM 6hmo 

nonyqeHo xopowee KonH'IeCTBeHHOe cornacHe. 

3To Ba)I(Hoe 06cTOliTenbCTBO, TaK KaK ecnH Tenepb ,ll3HHbiH TeOpeTH'IeCKHH MeTOA pac­

tJeTa npHMeHHTb K o6naCTH 6onee Tll)l(eJlbiX BJI.ep, TO MO)I(HO nOnytJHTb 3H3'1HTeJlbHO 6onee 

peanHCTH'IecKHe npeACKa33HHll CBOHCTB CBepXTll)l(eJlbiX H~H,IlOB, tJeM 3TO 6binO C,llenaHO 

paHbwe. 

3Ta pa6oTa npoBOAHTCll asTopaMH [22,23], H pBJI. ~e nonyqeHHbiX peJynbTaTOB Ja­

cn~HsaeT o6c~eHHll B KOHTeKCTe paCCM3TPHBaeMOH HaMH npo6neMbl. 

O)I(H,IlaeMble csoii c TBa csepxTll)l(enbiX liAep 

KaK BHAHO H3 pHC. I , aMnnHT)'Aa o6ono'le'IHOH nonpaBKH npH nepeXO,Ile OT Ae¢opMH­

pOB3HHOH o6ono'IKH Z = 108, N= 162 K c¢epH'IeCKOH Z= 114, N= 184 MeHlleTCll a He-

6onbWHX npeAeJI3X (25) . 0AH3KO C pOCTOM 'IHCna HeHTpOHOB MeHlleTCll MaKpOCKOnH'IeCKall 

(KaneJibHall) COCT381llii01Uall nOTeHUHanbHOH 3HeprnH BJI.pa, 'ITO npHBOAHT K 3H3'1HTeJlbHbiM 

HJMeHeHHliM 6apbepa AeJieHHll BJI.ep. BcneACTBHe 3Toro pe3KO BOJpacTaeT cTa6HnbHOCTb 

CBepXTll)l(eilbiX BJI.ep OTHOCHTeilbHO CnOHT3HHOro ,lleneHHll. 

PactJeTHble JHa'le~Hll nepHOAOB ~-pacna,lla - T a npHBe,lleHbi B HH)I(Heif tJaCTH pHcyHKa. 

BHAHO, 'ITO, HanpHMep, M ll liAep c Z= 110 nepexoA oT N= 162 K N= 184 npHBOAHT K 

ysenHtJeHHIO napuHanbHoro nepHoAa Ta a 10
13 

pa3. 

0AHaKO BeiiH'IHHa T a Mll HJOTonos 6onee Tll)l(eJIOro BJI.pa c Z = 114 H N = 180 + 184 

COCT381llleT Bcero - I 0
3 

C. KoHe'IHO, TaKOe BJI.pO He MO)I(eT cymecTBOB3Tb B npHpO,Ile. 

BMeCTe C TeM, npOTOHHall H HeHTpoHHall 060nO'IKH HMeiOT pa3HYIO CHny H TeM CaMblM 

AaiOT pa3HbiH BKnaA a non HbiH 3<P¢eKT peJynbTHPYIOIUeif cTa6HnbHOCTH BJI.pa. EcnH CHnbHO 

HJMeHHTb 'IHcnO npOTOHOB, TO CTa6HnbHOCTb ll,llpa 6yAeT Onpe,lleJiliTbCll 8 OCHOBHOM 3¢¢eK­

TOM HeHTPOHHOH o6onO'IKH N- 184. nocne,llHHe paC'IeTbl P.CMOnliH'IYKa noJBOnliiOT 3TO 

C,lleJ13Tb (27) . 

Ha pHc.2 npeAcTaB1leHbi pac'leTHble nepHOAbi Ta H Ts.f. Mll HJOTonos 104 H 114 3ne­

MeHTOB B JaBHCHMOCTH OT tJHcna HeHTPOHOB. BHAeH orpoMHbiH 3<P¢eKT c¢epH'IecKoH o6o­

no'IKH N = 184. napuHanbHbie nepHOAbi cnOHTaHHoro AeJieHHll H a-pacna,lla BJI.pa 
288

104 

7 17 298 -
COCT381lliiOT 3 · 10 H 3 · 10 neT, COOTBeTCTBeHHO. Jlnll BJI.pa 114 napuHanbHbiH nepHO.ll, 

cnoHTaHHoro .D,eneHHll c ocTaBJllleT TaK)I(e 6onee 10
7 

neT, a TO speMll KaK Ta"' 10
3 

c. 
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PHc. l . a) KoHTYPHilll Kap1'a pac'leTHbiX 3Ha'leHHH aMIIJIHT)'llbi o6oJIO'Ie'IHbiX 

nonpaBoK (B M3B) K MaKpocKonH'IecKoif (KanenbHOH) 3HepmH n e<PopMai.lHH 

l!Jlep c pa3liH'IHbiMH Z H N. 6) napuHanbHbie nepHO)lbi a-pacnana (B ceKYH­

nax) B 3aBHCHMOCTH oT 'IHCJia HeifTpoHoB Mll H30TonoB c Z ~ 100. CIIJIOWHbie 

flHHHH - paC'IeT (25], TO'IKH - 3KCnepHMeHTaJibHbie 3Ha'leHHll 
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PHc.2 . n apUHaiibHble nepHOllbl cnOHT3HHOro lleJJCHHJI (KBan­

p&Tbl) II a-pacnana (Kp~KH) H30TOflOB 104 H 114 3.11CMCHTOB. 

0ncpb1Tb1C CHMBOnbl - paC'ICT (26,27), 'ICpHbiC TO'iKa H 

KB3llp3Tbl - 3KCnepHMCHTaiJbHble 3H3'1CHHJI, nonyqCHHbiC )l1IJI 

HJOTono s c Z = 104. CnnoWHble nHHHH npoBCllCHbl '1epe3 pac­

'ICTHble 3H3'1CHHJI 

B mo6oM CJI)"lae 3TH JHa'leHHH ua MHoro nopSI,II.KOB BeJIH'IHHhl Bhlwe Tex JHa'leHHH 

Ts.f. H T a' KOTOphle npe.uc KaJhiBanHcb H no.uTBepJK.IleHhl 3KcnepHMeHTOM .llJIH HJOTonoB, pac-

nonmKeHHhiX s6nHJH .ut$opMHpoBaHHOH HCHTPOHHOH o6ono'IKH N = 162. 
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MoryT nH cymecTBOBaT& B npHpo.ue 

csepx nDKen&Ie an eMeHT&I? 
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TipHBe,UeHHOe Bblllle, B Ka'leCTBe npHMepa, smpo 
288104 6y,ueT, no BCeH BepOSITHOCTH, 

Hcn&IT&IBaT& p--pacna.o.. O,uHaKO B npouecce nocne.uosaTen&H&Ix p--pacna.o.os napuHan&H&Ie 

nepHO.U&I T o6paJyiOI.UHXCSI smep c Z > 104 6y.uyT BOJpacTaT& scne.ucTBHe npH6nH)I(eHHSI K 
~-

nHHHH P-cTa6Hn&HOCTH . .IlpyraSI CHTyauH}I c <X-pacna.o.oM H cnoHT HHbiM .ueneHHeM. TipH 

HMH'IHH aciJciJeKTa HeHTpOHHOH o6onO'IKH N = 184 ysenH'IeHHe Z .uon)I(HO ycHnHBaT& aciJ­

ciJeKT npOTOHHOH o6onO'IKH no Mepe npH6nH)I(eHHSI K Z = 108. 3-fo 06CTOSITen&CTBO .UOn)I(HO 

npHBeCTH K yBenH'IeHHIO CTa6Hn&HOCTH 6onee T}l)l(en&IX SI.Uep OTHOCHTen&HO CnOHTaHHOfO 

.ueneHHSI B npe.uenax N = 180 + 184. Hao6opoT, c pocTOM Z napuHan&H&Ie nepHO.U&I smep 

OTHOCHTenbHO <X-pacna,na 6y.UYT YMeH&IllaT&CSI. 

EcnH HanO)I(HT& ycnosHe, 'ITO non Hoe speMSI )I(HJHH }I,Upa .uon)I(HO 6&IT& ~ 1 08
neT, TO 

Kpyr BOJMO)I(Hb!X KaH.uH.uaTOB CHnbHO OrpaHH'IHBaeTC}I o6naCTbiO Z OT .1 06 .UO 108 H N OT 

180 .uo 184. Eonee .ueTan&H&Ie pacqeT&I no MaKpOMHKpocKOnHqecKoH TeopHH eme CHn&Hee 

CyJSIT 3TH rpaHHUbi, ecnH He OTBeprHYT UenHKOM BOJMO)I(HOCTb cymeCTBOBaHHSI CTOnb CTa-

6HnbHbiX Hyt<nH.UOB. 

O.uHaKo, B n1060M cnyqae, npo6neMa noHcKa csepxTSI)I(en&IX npHpO.UH&Ix HJnyqaTenew 

MeHSieTCSI KopeHH&IM o6pa30M. HaH6onee cTa6Hn&H&IM SI,upoM 6y.ueT e EkaPb, KaK npe.uno­

naranoc& paH&Ille, a HYKnH.Il&I Ha 6 + 8 aTOMH&Ix HOMepos HH)I(e (o6n acT& EkaW-EkaOs) c 

Maccow A - 290. Tio.uo6H&Ie smpa 6y.uYT Hcn&IT&IBaT& nocne.uosaTen&H&Ie P- H <X-pacna.o.&I c 

o6paJOBaHHeM HOBbiX smep, y,uanSIIOI.UHXCSI OT o6onO'IKH N = 184. ,llnSI 'leTHO-'IeTHbiX SI.Uep 

no.uo6HaSI ueno'IKa nocne.uosaTen&H&Ix pacna.o.os .uon)I(Ha OKOH'I TbC}I cnoHTaHH&IM .ue-

neHHeM. ,llnHHa uenO'IeK 6y,ueT onpe,uen}!TbCSI KOHKypeHUHeH Me)l(.lly <X- H p--HJnyqeHHeM Ha 

scex cryneHSix pacna,na . .Iln}l ,unHHH&IX ueno'leK He HCKniO'IeHo, 'ITO KOHe'IHO }l.upo, y.uaneH­

HOe OT o6onO'IKH N = 184, HO BCe eme o6na,naiOmee H36biTKOM HeHTpOHOB, 6y,ueT HCnbiTbi­

BaTb TY MO.UY ,ueneHH}I, KOTOpaSI xapaKTepHJyeTC}I YJKHM CHMMeTpH'IHbiM pacnpe,ueneHHeM 

MaCe OCKOnKOB, BbiCOKOH KHHeTH'IeCKOH 3HeprneH H ManbiM 'IHCnOM HeHTpOHOB. f!o.uo6H&IH 

THn ,ueneHHSI 6&In Ha6niO,UeH B o6naCTH T}l)l(enbiX aKTHHH,UHbiX smep [28) . 

TIOCTaHOBKa 3KCnepHMeHTOB 

no nOHCKy CBepXTSI)I(en&IX aneMeHTOB B npHpO,ue 

TIOCTaHOBKa 3KCnepHMeHTOB no nOHCKY CBepXT}I)I(enbiX aneMeHTOB Tenep& 6y,ueT 

CHn&HO OTnH'IaTbC}I OT paHee npe,unpHHSITbiX OnbiTOB [11-16). Tio CYTH Ja,uaqa CBO.UHTCSI K 

nOHCKY HOBOfO pa,uHOaKTHBHOfO pSI,ua, OTnH'IHOfO OT yxe HJBeCTHbiX uenO'IeK pacna.o.a 
235u, 238u H 

232-rh. OcHOBH&IM npH3HaKOM o6HapyxeHHSI aToii uen o'IKH 6y.uYT nocne.uosa­

Ten&H&Ie <X-pacna,n&I H P-pacna,n&I, KOTop&Ie MOfYT JaKOH'IHTbC}I cnoHTaHH&IM .ueneHHeM. B 
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Ka'lecTBe 06J.eKTOB HCCJleJ].OBaHHll HaH60JJee nepcneKTHBHbiMH MOryT 6b1Tb I'OMOnOrH BOnb­

<l>paMa, peHHll, OCMHll. floKa, He HMell BCeX paC'IeTHbiX )l.aHHbiX, npe.a.nO'ITeHHe MO)I(HO 

oT.a.aTL EkaOs. 

lhMepHTeJibHall annapa1)'Pa Jl.OJJ)I(Ha 6h1Tb pacc'IHTaHa Ha noncK pe.a.KHX co6LITHH a­
pacna.a.oB C 3$j>eKTHBHOCTbKl, 6nH3KOH K 100%, C BbiCOKHM 3HepreTH'IecKHM H npOCTPaH­

CTBeHHbiM pa3peweHHeM ECJJn npoueccbl XHMH'IecKoro o6onuueHHll Os H EkaOs o.a.nHaKo­

Bbl, TO MO)I(HO Onpe)l.eJlHTb npe)l.enbHYJO 'I}'BCTBHTeJlbHOCTb 3KCriepHMeHTa no OOHapYJKeHHIO 

pa.a.noaKTHBHoro pacna.a.a EkaOs. )lnll ncxo.a.Horo BeiUeCTBa Os BecoM 1 r (npnroTOBJleHHoro 

B BH)l.e TOHKOI'O CJlOll - 0, 1 MrfcM
2

) OOHapYJKeHHe O)l.HOI'O aKTa KOppenHpOBaHHOI'O pacna.a.a 

B I'O.Il (a-a- HJIH s.f.-KOppenliUHH) 6yJl.eT COOTBeTCTBOBaTb KOHUeHTPauHH ll)l.ep Eka0s B 

o6paJue Ha ypOBHe 5 ° w- 14 
npH Tl/2 = 108 

neT. 

3-J"o COOTBCTCTByeT p acnpocTPaHeHHOCTH Eka0s B JeMHOH KOpe Ha ypOBHe 5 · 10-22 
r/r. 

flocKOJJhKY Macchi liJl.ep CTaOHJihHOro Os H mnoreTH'Iec~eoro EkaOs oTnH'IaiOTCll B 1,5 
pa3a, MO)I(HO cymecrBCHHO nOBbiCHTb OOOraiUeHHe Eka0s H, COOTBeTCTBeHHO, nOHHJHTb 

npe.D.en o6Hap)'JICeHHll csepxnn~eenoro liJl.pa. BoJMO)I(HO TaK)I(e }'BeJlH'IHTb 'IYBCTBHTeJlbHbiH 

o61.eM .D.ereKTopa H Bee o6paJua. 

3aKniO'IeHHe 

1. 3KcnepHMeHTaJlbHble HCCJleJ].OBaHHll nOCJJe)l.HHX neT no CHHTeJy Tll)l(eJlbiX 3neMeHTOB 

H paC'IeTbl MaKpOMHKpoCKOnH'IeCKOH MO)l.eJlH ll)l.ep npe)l.CKaJbiBaiOT JHa'IHTeJlbHOe nOBbi­

WCHHC cTa6HJihHOCTH c sepXTll)l(eJlbiX c<l>epH'IeCKHX li.D.ep BMHJH o60JJO'IKH N = 184. 

2. He HCICJIKl'leHo, 'ITO B o6nacTH TPaHCaKTHHHJl.HbiX 3JleMeHToB HJOTonbl c Maccoif -

290 Moryr o6na.a.aTL cBep xBbiCOKOH cTa6HJibHOCTbiO, conocTaBHMOH c npnpo.a.HLIMH pa.a.no-

aKTHBHbiMH l.llpaMH (T112 ~ 108 
neT). E011ee onpe.a.eneHHble JaiCJIIO'IeHHll o pa.a.noaKTHBHbiX 

CBOHCTBax HaH6onee .a.onro)I(HBymero liJl.pa H ueno'leK ero pacna.a.a Moryr 6biTb c.a.enaHLI na 

OCHOBC pac'leTOB M8CC H BepOliTHOCTeH )l.eJleHHll CBepXTll)l(eJlbiX ll)l.ep C yqeTOM 3<P<l>eKTa 

liJl.epHbiX o60JJo'leK. 3Kc nepnMeHTaJlhHall npoBepKa TeopeTH'IeCKHX .D.aHHbiX MO)I(eT 6LITb 

ocymecTBJleHa B 3KCnepH\IeHTax no CHHTeJY H H~CJle,llOBaHHKl paJJ.HOaKTHBHbiX CBOHCTB H30-

TOnOB 112 H 114 3JleMeHTOB C N = 170 + 171 H 174 + 175, o6pa3YJOIUHXCll B peaKUHliX CnHli-

HHll ll)l.ep 
238U H 

24
'i>u C HOHaMH 

48Ca 

3. BoJMO)I(HOCTb o6p aJoBaHHll TaKHX cBepXTll)l(eJlbiX liJl.ep B npouecce HYICJieOCHHTeJa 

TPe6yeT OT.IleJlhHoro pacc MOTPeHHll. Heo6xo.a.HMbl pac'leTbl napunanbHbiX nepno.a.oB Ts.f. H 

Tli aKTHHHJl.HbiX liJl.Cp c z = 98 + 102 c N = 184 + 190. 

4. 3KcnepHMeHTbl n o nOHCKY CBepXTll)l(eJlbiX npHpO.D.HbiX ll)l.ep, no BCeH BepOliTHOCTH, 

Jl.OJJ)I(Hbl 6h1Tb nauenenhl Ha o6HapYJKeHHe nocne.a.oBaTenbHblx a- H ~-pacna.a.oB, a TaK)I(e 

CnOHTaHHOI'O )l.eJleHHll. 
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CospeMeHHbie MeTO.Qbi pernc1'pauuu pa.nuorucTusuoro pacna.na If .neTaJibHbiH auanuJ co-
6biTnii ,naiOT BOJMO)I(HOCTb, B npUHUUDe, OOHap)')I(UTb HOBble U3JI}"' TeJIU B npupO.QHbiX o6-

pa3UaX BDJIOTb .QO ypOBIDI UX CO,nep)l(aHIDI - 10-2 ! r/r B npe,nnOJI )l(eHUU, 'ITO UX nepuo,n 

nonypacna.na co~TaBJIS~eT 108 neT. 
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STUDY OF DEEP SUBBARRIER REACTIONS ON A Pb TARGET 

B.I.Pustylnik, LCalabretta*, M.G.Itkis, E.M.Kozulin, Yu.Ts.Oganessian, 
A.G.Popeko, R.N.Sagaidak, A. V.Yeremin, S.P.Tretyakova 

The fission and evaporation cross section of a 224Th compound nucleus has been measured 
in the reaction 160 + 208pb up to 15 MeV below the fusion barrier, dee ly in the subbarrier 
energy region, which made it possible to analyse cross sections by 8 orders of magnitude lower 
than the geometrical cross section of heavy ion interaction with nuclei. 

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions, JINR. 

Hlrreuue my6oKoneynpymx peaKQHii ua CBHHQOBOH Mnweuu 

JJ.H.llycmbi..JibHUK U op. 
Ce'!eHHll JieJJeHHll H HCnapHTeJibHbiX peaiCUHH 6hVIH HJMepeHbl B peaiCUHH 160 + 208Pb B 

rny6oiConoJI6apbepHoii o6naCTH 3Hepmii, BllJIOTi. JIO 3HepmH 15 M3B HHJKe 6apbepa CJIHliHHll 
liJlep, 'ITO JlaJIO B03MOJKHOCTb Jl.1lll aHaJIH3a Ce'!eHHH Ha 8 nOpliJI)(OB BeJJH'IHHbl MeHbWe, '!eM 
reOMeTpH'IeciCoe Ce'!eHHe B3aHMOJieHCTBHll ll,!lep. 

Pa6oTa BblllOJIHeHa B Jla6oparopHH ll,!lepHbiX peaiCUHH HM. r.H.Cl>neposa OHSIH. 

1. Introduction and Experiment 

In the present work the fission and evaporation cross section of a 22"-rh compound 

nucleus has been measured in the reaction 160 + 208Pb up to 15 MeV below the fusion 
barrier, deeply in the subbarrier energy region, which made it possible to analyse cross 
sections by 8 orders of magnitude lower than the geometrical cross section of heavy ion 
interaction with nuclei. The fission experiment has been carried out at the beam of the 
tandem accelerator (NFIN, Catania, Italy). Single fission fragments were detected in the 
backward angular range of 90-164° and 198-270° by using mica dielectric detectors with 

an area of 170 cm2 [1] . Evaporation excitation functions have been measured for xn-, pxn-, 

and axn-decay channels of the compound nuclei 22"-rh produced at the beam of the U-400 
cyclotron (FLNR, JINR, Dubna). Products of complete fusion reactions were separated 
from the bombarding ions and products of transfer and deep inelastic reactions with the aid 
of the kinematic separator V ASSILISSA. Recoil nuclei and their a -decay were observed by 
means of a detector system installed in the separator focal plane. It consists of a pair of 

* Laboratorio Nazionale del Sud, Catania, Italy 
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large-area time-of-flight detectors and a silicon detector array consisting of eight inde­
pendent strips with the energy resolution of 30 keV for a-particles in the energy range of 
5-9 MeV [2] . 

A great body of experimental data was recently obtained on subbarrier fusion cross 
sections, however, in all these investigations fusion-fission and fusion-evaporation cross 
sections are obtained within a wide high-energy range, while in the subbarrier region there 
are only several points, where the energy is below the barrier by 1-8 MeV. In addition, 
recently some works have been published, where the cross sections of evaporation reactions 
differ by one order of magnitude, see [3] and references therein. Our interest in the study 
of such deep subbarrier interaction is connected not only with a possibility of investigating 
the fusion cross section and discussing the mechanism of subbarrier reactions enhancement 
in the case of spherical nuclei interaction, but also with a possibility of investigating 
structural effects in different fission modes of compound nuclei, produced in reactions with 
heavy ions. Earlier this type of investigations has been carried out only in reactions with 
light charged particles [ 4]. 

2. Experimental Results and Discussion 

The estimation of the fission and evaporation cross section necessarily involves both 
the details of the compound nucleus formation process and relative competition between 

~ 

j 
b 

fission and other modes in a 224-rh 
3 10 I I I I I j I I I I I I I I I I I I I I I I I I I I I I I I 8 compound nucleus decay process. 
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Calculations of the fusion cross 
sections were tested: (a) within the 
Wong approximation; (b) within the 
standard approximation of an inverted 
parabola with a nuclear potential in the 
form of Igo; (c) by the introduction of 
the vibrational zero-point motion of the 
surface; (d) by the method of coupled 
channels using a standard software 
package CCFUS . Figure 1 presents our 
experimental fission cross sections, data 
from different works joined in Ref.3 
and results of calculations in coupled-
channels approach. It is evident that at 

an ion energy of 160 :s; 80 MeV the 
subbarrier fusion cross sections, 
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sharper and at an energy of E* = 72.5 MeV are by nearly an order of magnitude lower than 
the experimental value of fusion cross section, whereas taking into account the channel 
coupling or zero-point vibrations leads to the increase of the cross section. 

To analyse the fission and evaporation cross sections, we used a statistical model of the 
deexcitation process of compound nuclei which, for the sake of universality, uses the 
minimum number of physical assumptions and parameters [5]. It is shown that the 
evaporation reaction cross sections are well described in the framework of the statistical 
model taking into account shell effects according to lgnatyuk and it is also shown that such 
calculations, making use of only one set of model parameters, namely, the scaling factor to 
the liquid-drop barrier of Cohen, Plasil and Swiatecki C = 0.65 + 0.7 and the ratio of the 
level density parameters ~/~v = 1.0, correctly describe the cross sections of evaporation 

reactions in a wide range of compound nuclei up to superheavy elements. In this work the 
dependence of the nuclear mass shell correction on the energy in the level density parameter 
and the fission barrier were introduced in calculations [6], C=0.67, Bjl=0)=5.9 MeV, 

respectively, and l = 15. max 

Figure 2 presents the comparison of the experimental data cross sections cr , 
xn 

O'ev = O'xn + O'pxn + O'w:n and O'ev + cr1 with the results of calculations. The energy scale is 

presented as a difference between the excitation energy and Bass-barrier excitation energy 

E* - E* (Bass). One can see from the figure that in spite of a wid range of cross sections 



62 B.I.Pustylnik et al. Study of Deep Subbarrier 

variations, the calculations reproduce well enough both the relative and absolute values of 
the cross sections. In the interval of excitation energies of 20-30 MeV, the contributions of 
the two fission chances to the total cross section are approximately equal, which has to be 
taken into account in the analysis of different characteristics of the fission process. It should 
be noted that our experimental values of evaporation cross sections differ by an order of 
magnitude from the data obtained in [3], but agree with the results of earlier work [7]. 

And finally, the study of deep subbarrier reactions using a Pb target is of special 
interest, since they form the basis for the synthesis of superheavy elements in cold fusion 

reactions [8] . Figure 3 presents the experimental fusion cross sections with ions of 160 and 

much heavier ions of 5<Ti, 58Fe, and ~i (solid lines are drawn through experimental 
points) [8], and one can see that for the nuclei under consirderation there are no substantial 
changes of the fusion reaction threshold, despite the substantial growth of the Coulomb 

forces (from 160 to ~i). This is a good reason to think that additional extra-extra push 
energy has not been observed. 

This work is supported in part by the Russian Fund of the Fundamental Investigation 
(Grants No.96-02-17743a and No.96-02-17209). 
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NUMERICAL OPTIMIZATION OF ACTIVELY SCREENED 
SC MAGNETS COIL GEOMETRIES 

I 

A. V.Fedorov, l.A.Shelaev 

This work is concerned with numerical optimization of actively screened SC magnets coil. 
An additional SC coil is suggested to shield stray fields. This SC coil only slightly increases 
the superconductor volume but drastically reduces the total magnet weight and its cost, and 
permits one to avoid such unpleasant features of the cold yoke as an additional energy losses 
due to steel magnetization in a pulse mode and nonlinearities with steel saturation at high 
fields. We consider analytically the field of a shielded magnet and show how the volume of 
superconductor should be increased to get a complete active" shielding. The design of SC coil 
geometries is performed by solving the optimization problem. Some results of actively 
screened dipole coil optimization are presented. 

The investigation has been performed at the Laboratory of Computing Techniques and 
Automation, JINR. 

qHCJieHHOe MO,IleJIHpOB3HHe 06MOTKH 3KTHBHO 

3Kp3HHpOB3HHitiX Cfi ·M3rHHTOB 

A.B.lPeoopoB, H.A.illeJI.aeB 

llpoBO.IlHTCJI qHCJJeHHoe MO.IleJIHpoBaHHe aKTHBHO :npaHHpoBaHHbiX Cll-MarnHTOB. ,!I;uJ 3K­
paHHpoBKH nOJIJI BHe MarnHTa HcnoJJbJYeTCJI .llOUOJJHHTeJibHall Cll-o6MoTKa . .IlaHHaJI o6MoTKa 
UOJBOJIJieT cywecTBeHHO YMeHbWHTb Bee ManiHTa H ero CTOHMOCTb H HJ6eJKaTb llOTepb 3HeprnH 
H HeJIHHeHHOCTeH B Man!HTHOM UOJJe BCJle,llCTBHe HaCb!WeHHJI <f>eppOMarneTHKa UpH CHJlbHbiX 
UOJJJIX. AHaJJHTHqeCKH HCCJle.llyeTCJI BOJMOlKHOCTb UOJJHOH 3KpaHHpOBKH Man!HTHOfO UOJJJI C 
UOMOWbiO BBe,lleHHJI ,llOUOJJHHTeJlbHOH OOMOTKH. PeaJJbHaJI reOMeTpHJI 06MOTKH UOJJyqeHa 
nyTeM peWeHHJI Ja.llaqH YCJJOBHOH OllTHMHJai.tHH. llpe,llCTaBJJeHbl peJyJJbTaTbl MO­
,IleJIHpOBaHHJI . 

Pa6oTa BblllOJJHeHa B Jla6opaTOpHH BblqHCJIHTeJlbHOH TeXHHKH H aBTOHaTHJai.tHH QJ.UIH. 

1. Introduction* 

In modern SC magnets the field strength and its quality are determined by a SC coil 
and its shape. Nevertheless, a cold steel yoke constitutes 80% and more of the magnet 
weight which significantly increases the magnet cost and time of it cool-down and warm-

*This work was supported by the RFBR under Grant No.95-0l-01467a 
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up [1] . The steel yoke increases the magnet field only by 20-25%, and its main role is to 
shield stray fields . This task can be successfully resolved by an additional SC coil that only 
slightly increases the superconductor volume, but drastically reduces the total magnet 
weight and its cost, and permits one to avoid such unpleasant features of the cold yoke as 
an additional energy losses due to steel magnetization in a pulse mode and nonlinearities 
with steel saturation at high fields . 

We consider analytically the field of a shielded magnet and show how the volume of 
superconductor should be increased to get a complete active shielding. The design of SC 
coil geometries requires solving the sophisticated optimization problem [2]. We present 
some results of actively screened dipole coil optimization. 

2. Ideal Screened Fields 

Dipole and quadrupole fields required in high energy accelerators are produced by SC 
coils of two shapes [3]: overlapping ellipses and cos a for a dipole field and crossed ellipses 
or cos 29 for a quadrupole one which provide ideal fields . Let us consider an elliptical 
conductor with axes a, b and a current density j immersed into a bigger or screening one 
with axes a , b and a current density j . The magnetic field outside this pair of conductors 

s s s 

is equal to [ 4] , 

B a s s s 

[ 

· b jab l 
out=Jlo 2 2+ 2 2 · z+~z -c z+~z -cs 

This equation shows ·that the outSide field is zero if the following two conditions are 
fulfilled 

J·ab=-J· a b 
s s s' 

c=c . s 

(2.1) 

(2.2) 

Eq. (2.2) means that the total currents in both conductors are the same but of opposite 
directions, and from (2.3) it follows that the focuses of both elliptical conductors coincide. 
Now suppose that 

a = ka and k > 1. s 

Then according to Eq. (2 2) and (2.3), we find 
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(2.3) 

The last approximation is valid if a.., b and k >> 1. This pair of screened conductors is used 
below to construct ideal screened fields. 

If we now take another pair of similar conductors with as opposite currents as before 
and overlap (or cross) them, we shall get an ideal dipole (quadrupole) magnet without stray 
fields. Then the dipole field of the screened magnet is equal to 

The gradient G inside the screened quadrupole lens equals 

G = _ . a- b [ 1 _ ...!!._ ( a+ b )"2] = G(1 _ ·) 
s J.l.ol a+b kbs as +bs g · 

Here dimensionless values of h and g show how much the field and gradient of screened 
magnets differ from the same value of unscreened coils. Evidently, a minimal value of k is 
1 + s /a , where. s is a distance between centres of the coil pairs. If we choose larger k, then 
there will be enough a current free space between screening conductors and a main coil to 
place there force collars that constrain coil motion to negligible levels. The area S of the 
main dipole coil is equal to 

S = 2ab [arcsin..!...._+..!...._~ 1 - .t_ ] ... 2bs [ 1 - _l_ ]· 
2a 2a 4a2 24a2 

The total current in this coil or its ampere-turns lw are then /w = j S. From this equation and 
equation (2.3) it follows that the same value for the screening coil /w is 

s 

(2.4) 

The field strength at the screening coil is very low, and so the critical current density in it 
is 3-5 times higher than in the main coil. Therefore, the total additional volume of the 
superconductor in this coil needed for a complete screening is of the order of 10% of the 
superconductor in the main coil if k is equal to 2.5 and more. 

A SC volume needed to screen a quadrupole lens is even lower. The cross section area 
S of its main coil equals 

m 



r 
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( -r 1 - i 1t ) c2 
-~ S = 2ab arccos 'V---- =--v1-e~. 

m 2-i 4 2 ' 

where e = ca -I is the coil ellipticity. The area of the screening toil is 

c2 ~ 2 S ==- 1 e 
s 2 --k2 

or almost the same as the main coil area. Therefore, Eq.(2.4) in the case of a quadrupole 
takes the form 

/w 
lws ""- f . 

It reflects the fact that a fi eld outside a dipole drops with a distance r as r - 2
; and outside a 

quadrupole, as ~-3. So the additional SC volume for screening a quadrupole is lower than 
in the case of a dipole. 

3. Dipole with Sh ielding Coil 

The determination of real screened dipole coil geometries is performed in two steps. 
First, we design the main coil to prOduce 5T magnetic field with low multipole content. 
Then kept constant the geometry of main coil we design the shielding coil to screen the 
field outside the magnet. 

Let us consider in cylindrical coordinates r, 9, z, 0 $ 9 $ ~, M infinitely long straight 

conductors. Dipole symmetries are implied. Cross section of these conductors has angular 

positions q> -A and q> +A , radial positions R
1
m and R

2
m, m = 1, ... , M. Let m m · m m 

,+ S min (R{"). ,-~max (R
2
m), then for r <,+magnetic field B +(r, 9) inside the aperture due 

to currents j in conductors is described by multipole expansion 
m 

B+(r,9)=By++iBx+=-B0 [1+ i a;ninBil 
n= I 

4J.L M 
B0 = 1t 

0 L jm(R2m- R{") sin Am cos q>m 
m=l 
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x sin (2n + 1) ~m cos (2n + 1) <pm. 

Magnetic field B -(r, 9) outside the magnet is described for r > r- by 

B-(r 9) =B- + iB- = ~ a- e2nei 
' y x "-'2n 

n=l 

x sin (2n- 1) ~m cos (2n -.1) <pm. 

The main coil geometries design is considered as an optimization problem with 
objectives: 

main dipole field of 5T, 

minimization of multipole field- a;n, n = 1, ... , N+. 

For dipole with shielding coil we add the objective of 

minimizat~on of outside magnetic field -a;, n = 1, ... , N -. 

The design variables for this optimization problem are <p , ~ , j , m = 1, ... , M . 
m m m 

Optimization was carried out by NAG Fortran Library routine E04UPF for M ~ 6, 

N+ = N- = 4. Geometric parameters of the coil and obtained values of designed variables 
are presented in Table 1. Table 2 gives the multipole field content for this coil. 

Magnetic flux lines and screening effects are depicted in Fig. I. Figure 2 represents total 
additional volume of superconductor needed for shielding coil (S ) (in per cent of main coil 

a 

superconductor volume) 

R . s 
ratto R. 

m 

j 
in dependence on current density ratio ~ and on coils radius 

lm 

The results above show that SC dipole magnet with low stray fields can be constructed 
in two-dimensional case. The total additional volume of the superconductor is well 
described by the formulae 

R . 
mlm s =--s 

a R j m' 
s s 

where S is the main coil superconductor volume. m 
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\m 

A (rad) 

<p (rad) 

Rt (mrn) 

R2 (mrn) 

j (A/mrn2) 

2n 

2 

4 

6 

8 

10 

12 
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Table 1. Actively screened dipole coil parameters 

I 2 3 4 5 6 

0.514 0.098 0.252 0.063 0.366 0.124 

0.514 1.210 0.252 0.666 0.366 1.030 

25 25 35.5 35.5 100 100 

35 35 45.5 45.5 101 101 

470 470 470 470 1053 1053 

Table 1. Multipole fteld content for actively screened dipole 

at. x 10-4, r= 15 mrn 

1.0066 

0.0006 

-.0002 

0.0000 

0.3920 

-.3395 

a2n x 10-4, r = 120 mrn 

0.0083 

0.0000 

-.0032 

0.0024 

29.6644 

13.7798 

To optimize coil ends, 3D magnetic field calculations were carried out. Obtained early 
coil geometries are used in calculations. 

Magnetic field due to current j in coil n is described by Biot Savart law 
c 

lio J 1 8=- j XV -d.Q. 
41t R 

n 

To calculate B we approximate the domain n by tetrahedral elements with plane faces. 
c 

Current density j is assumed to be a constant vectot within the element. Then the evaluation 
of integral over the domain n is reduced to summation of integrals over elementary 

c 

tetrahedrons. Last integrals are evaluated analytically. The magnet coil consist of straight 
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Fig. I. Magnetic field flux lines and screening effects for actively screened 
dipole 

Fig.2. Additional volume of superconductor for actively screened dipole 
(in per cent of main coil superconductor volume). kl = Ss/ Sm, 

k2 = i slim 
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Table 3. Actively screened dipole coil ends parameters 

\m 1 2 3 4 5 6 

dm (em) 100. 92. 100. 100. 96. 96. 

<Xm 1. 1. 1. 1. 0.4 0.4 

Table 4. Peak field in actively screened dipole coil blocks · 

\m 2 3 4 5 6 

IBI <n 5.82 5.48 2.62 3.95 1.75 1.73 

parts specified by its length d , m = 1, ... , M and coil ends specified by its ellipticity a. , m m 

m = 1, ... , M. Straight parts and ellipticity of shielding coil blocks are the design variables 
for coil ends optimization. Two partially contradictory objectives are imposed 

to remain the field uniformity on z axis inside the magnet, 

to screen field outside the magnet. 

Field uniformity inside the magnet and magnetic field on median plane outside the 
magnet are depicted on Figs.3 and 4 for parameters d , a. from Table 3. Table 4 gives the 

m m 

coil blocks peak field. 

As it was expected a priori the screening on the magnet end is not so complete than in 
2D case but field level is lower than one from the ends of main coil. 

4 . Conclusions 

The results presented here show that wholly screened ironless SC dipoles and 
quadrupoles may be constructed and successfully used in high energy accelerators. SC 
magnets of this type are five times lighter per unit length and have two times and more 
smaller dimensions. It means that the cost of magnet operation could be decreased due to 
reduced cooling power. 

Moreover, these magnets may be used in a collider when two magnets are placed in 
one cryostat side by side or «two-in-one». The fringing fields of one magnet lower than 
5Gs will not disturb the field in the neighbour one. To reach this value it needs to place 
axes of both magnets at a distance of 4.5-5 radius of the apertur . 
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NARROW RESONANCES IN THE SYSTEM OF TWO 1t --MESONS 

Yu.A. Troyan, V.N.Pechenov, E.B.Plekhanov*, A. Yu. Troyan 
LHE, Joint Institute for Nuclear Research, Dubna 

S. G.Arakelian 
Lebedev Physics Institute (Russian Academy of Sciences), Moscow 

V.l.Moroz, A.P.Jerusalimov _ 
LCTA, Joint Institute for Nuclear Research, Dubna 

The study of the production of exotic 4-quark resonances with isotopic spin I = 2 in the 
7t-7t--systems from the reaction np --+ pp7t+1t-1t- was carries out using the data obtained in the 
irradiation of lm H2 bubble chambers of LHE, JINR by neutrons at the momentum 

Pn = 5.20 ± 0.13 GeV/c. A number of enhancements were found at the masses of 0.330; 

0.354; 0.397; 0.447; 0.510; 0.569; 0.650; 0.736; 0.822, and 0.920 GeV/c2
. Experimental 

widths of resonances are comparable with the resolution that is linearly i creasing from 1.4 to 

15.0 MeV/c2 (ores) under alteration of masses from the sum of masses of pions to "'I 

GeV/c2. An attempt was made to determine the spins of resonances. For the resonances at the 

mass of 0.397 GeV/c2, the most probable value of spin was proved to be equal to J;:::: 6. 
The investigation has been performed at the Laboratory of High Energies, JINR. 

Y3KHE PE30HAHCLI B CHCTEME ,IlBYX 1t--ME30HOB 

IO.A. TpoliH u op. 

B peuuuu np --+ pp7t+1t-1t-, BhiJJ;e.neuuoii ua MaTepuanax o6.nyqenHll 1 M JKHJJ;KOBo~opo~­
HOH fTY3blpbKOBOH KaMepbl nB3 OIUIH HeHTpoHaMH c HMnyJibCOM pn = 5,20 ± 0,13 IJB/c, 

HCCJie~OBaHO 06paJOBaHHe 3K30TH'IeCKHX 'leTblpeXKBapKOBbiX pe30HaHC B C H30TOllH'IeCKHM 
cnHHOM I= 2 B CHCTeMe ~Byx 7t--Me30HOB. 06uapyJKeH Plm oco6eunocTeii c MaccaMH 0,330; 

0,354; 0,397; 0,447; 0,510; 0,569; 0,650; 0,736; 0,822 H 0,920 f3B/c2. 3 KcnepHMeHTaJJbHble 
WHpHHbl pe30HaHCOB OnpeJI.eJlliiOTCll 3KCnepHMeHTaJJbHbiM p33peWeHHeM no MaCCaM, KOTOpoe 

JIHHeHHO paCTeT OT 1,4 ~0 15,0 M3B/c2 (Ore
8

) npH H3MepeHHH Mace OT CYMMbl Mace ~Byx 

7t--Me30HOB ~o -=1 IJB/c2. C~e.naua nonbiTKa on~e.neuHJI cnHHOB pe3ouaucoB. ,LlnJI pe3ouauca 

C MaCCOH 0,397 f3B/c2 HaH6oJiee BepoliTHoe 3Ha'leHHe CllHHa OKaJaJIOCb paBHbiM J <:: 6. 
Pa6oTa BbinOJIHeHa B na6opaTOpHH BbiCOKHX 3Heprnii OHSIH. 

• E-mail address: plekhano@cv.jinr.ru 
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The first results of the study of resonances in 1t-1t--system from the reaction 

np-+pp1t+1t-1t-1to (57I2 events) at P =5.20±0.13GeV/c were reported at the 
n 

X International Seminar on Problems of High Energy Physics [I]. The data were obtained 
in an exposure of I m H2 bubble chamber of LHE JINR by monochromatic neutrons. The 

beam parameters, the methods of identification of reaction channels, the values of cross 
sections, etc., were published in paper [2]. 

In this report, we present the results of the study of two 1t--mesons system from the 
reaction (I) at the same neutron momentum (total, 8394 events of reaction (1) were 
identified). 

np --+ pp1t+1t-1t-. (1) 

The distribution of the effective masses of 1t-1t--combinations from the reactions (1) is 
shown in Fig. I. The distribution is approximated by an incoherent sum of the background 
curve talcen in the form of a superposition of Legendre polynomials of up to fourth power 
inclusive (coefficient of higher power polynomials are negligible), and by ten Breit -
Wigner resonance curves. The part of the background is equal to 9I %. The background 

n Pn=5.2 GeV/c 

J/17 

738 

' ~100 
c 
I) 

~ 

50~ 8385 events 

0o.3 0.4 0.5 

Fig. I. The effective mass distribution of 7t-7t--combinations at P = 5.2 GeV/c 
n 
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describes the region outside the resonances with x2 = 1.01 ± 0.14; 1D = 1.37 ± 0.10, that is 

very close to the pure statistical distribution (X2 = 1; 1D = 1.41). 

The obtained data are presented in the Table. 

Table 

M. ±llM• r. ± 6r. rR ± 6rR cr ± 6cr S.D. p 

MeV/c2 MeV/c2 MeV/c2 Jlb 

330 ± 6 12.1-2'8 11.1-2.8 2.5 ± 1.2 2.2 8.4·10-1 
+5.8 +5.8 

354 ± 6 12.1- 2'7 10.5-2.7 
+5.3 +5.3 

2.7 ± 1.3 2.3 7.6·10-1 

397 ± 6 12.1-1.7 9Tl.7 5.4 ± 1.4 4 .4 1.6·10-4 
+2.5 +2.5 

447±7 17.6-9'4 4 6-94 4.2 ± 1.7 2.7 9.0·10-2 
+31.3 1 0 +3; .3 

510 ± 7 21.6-8.8 17.6- 8'8 4.2 ± 1.9 2.4 1.9·10-1 
+25.7 +25.7 

569 ± 7 22.0-10.2 16.1-10.2 4.2 ± 1.6 2.9 4 .6·10-2 
+27.9 +27.9 

650 ± 8 19.r1o.4 5.9-5.9 4.5 ± 1.4 3.4 7.1-10-3 
+45.3 +45.3 

736 ± 6 22.8-7'4 6.0-6.0 7.8 ± 1.7 5.4 1.8·10-9 
+13.7 +13.7 

822 ± 9 27.T8·6 9.2-8.6 5.8 ± 1.4 3.7 2.2·10-3 
+15.7 +15.7 

920 ± 7 30.5-18.0 6.9-6'9 2.4 ± 0.8 3.5 5.4·10-3 
+108.7 +108.7 

The first column contains the central value of the resonance mass; the second one, the 
experimental full width of the resonance; the third one, the true re onance width, obtained 

by quadratic subtraction of the width of the resolution function for the masses of 1t-1t-­

combinations from the experimental widths. In the fourth colum, the cross section of the 
resonance production in reaction (1) is given (see [2]); in the fifth column, number of 
standard deviations above the background; in the sixth column, probability (multiplied by 
the number of bins) · that observed enhancements is due to backgro nd fluctuations. 

The experimental resolution for the masses crres(M) is well approximated by formula (2): 

Orcs= 2.1 · [(M- M0)/0.1] + 1.4, (2) 
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Fig.2. a) The distribution of cos 9P-:-:-P. for resonance at the mass of 397 MeV/c2 and . .. 
b) for resonance at the mass of 736 MeV /c2 

where M is effective mass of a resonance (in GeV/c2); M0, the mass of two 1t--mesons (in 

GeV/c2). The result for CJ is given in MeV/c2
. On can see from formula (2) that the mass 

. res • 

resolution is linearly increasing from 1.4 to 15.0 MeV/c2 under alteration of masses from 

the sum of masses of two pions to ==1 GeV/c2
. . 

To determine the spins of resonances there is analysed the distribution of 

cos E> ·- -the angle between the direction of motion of 1t--meson from the resonance 
P11_,PR•• 

decay (P -)and the direction of resonance motion (PR ) in general c.m.s .. All quantities are 
lt es 

taken in resonance c.m.s. (helicity coordinate system). It is known for strong decays that 
such distributions can be described by a sum of Legendre polynomials of an even power 
with the maximum powers of 21, where J is the resonance spin [3]. 

The distributions of cos E> - are shown in Fig.2a for the resonance at the mass of 
P,. .. PRe< 

397 MeV/c2
: dotted line is isotropic distribution; dash-dot line is the description by 

Legende polynomials of up to the fourth power inclusive; solid line, description by 
Legendre polynomials of up to 12 power inclusive. The corresponding confidence levels are 
equal to 2.5%; 8.3%, and 45.3%, respectively. Hence, one can conclude the spin of the 

resonance in 1t-1t--system at the mass of 397 MeV/c2 J ~ 6. In this procedure, the 
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Fig.3. The effective mass distribution of 7t-7t--combinations from the reaction 

Pd ~ 27t-27t+n [6] 
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background from the left and from the right is not subtracted, because it is essentially 
isotropic. 

The distributions of cos e . ......._ . are shown in Fig.2b for the resonance at the mass of 
P,._, PRes 

736 MeV/c2
: dotted line is the isotopic distribution; dash-dot line, description by Legendre 

polynomials of up 16 power inclusive; solid line, description by Legendre polynomials of 
up to 22 power inclusive. The corresponding confidence levels are equal to 19.4%; 32.5%, 

and 55 .8%, respectively. Hence, one can conclude the spin of the resonance in 1t-1t--system 

at the mass of 736 MeV/c2 J > 11. In this procedure, the background from the left and from 
the right is subtracted. 

We refer to survey article [4] devoted to theoretical discussion of the problem of 
4-quark resonances and present experimental situation. There are few experimental data in 
literature concerned with a study of similar resonances in this region of effective masses 

(from 2m7t to ==1 GeV/c2
) [5,6]. 

It needs to note the results obtained by OBELIX collaboration [6]. Figure 3 shows the 

effective mass distribution of 1t -1t--combinations from the reaction pd ~ 21t -21t + n. The 
arrows mark the following peculiarities in the effective masses spectrum: 0.38; 0.43; 0.51 ; 

0.62; 0.74; 0.82; 0.88 GeV/c2
. One can see a good coincidence (taking into account errors} 

between these peculiarities and our narrow resonance structures in the effective masses 

spectrum of 1t-1t--combinations from the reaction (1). The author of the paper [6] did not 
pay attention to these peculiarities in the distribution presented i Fig.3 . It is necessary to 
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note this distribution is plotted using a little statistics and by larger bins (28 MeV /c2) than 
in Fig.1. 

We are grateful to Dr. V.L.Lyuboshitz for help in this work and Dr. M.G.Sapozhnikov 
for valuable remarks. 
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NEW METHOD OF ANALYSIS OF INTERMEDIATE 
ENERGY NEUTRON SPECTRA (1 keV ~En~ 100 keV) 

Yu.P.Popov, P. V.Sedyshev, M. V.Sedysheva 

The new method of intermediate energy neutron spectrometry is proposed. The method is 
based on the analysis of the y-line shape of the primary transition during capture of the 
investigated neutrons in a special converter. This method allows both ulsed and continuous 
neutron fluxes (fields) to be analysed. • • 

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

HoBJ.Iii MeTO.Il anaJIH3a cneKTpoB ueiiTpouos npoMelKyrO'IHI>IX 
3Hepruii (1 K3B ~ En ~ 100 K3B) 

IO.II.IlonoB, II.B.CeoblweB, M.B.CeoblweBa 

llpe.!VIaraeTCll HOBLIH MeTOll cneKTp<>MeTpHH HeiiTp<>HOB npoMeJKyro'IHLIX 3Hepmii, OCHQ­
BaHHLIH Ha aHaJIHJe «<>opMLI 'tJIHHHH nepBH'IHOro nepeXOlla npH JaxBaTe HCCJieeyeMLIX HeHTp<>­
HOB cneUHaJihHLIM KOHBepTepoM. MeTO,l( 003BOJIHT aHaJIH3HpoBaTh !CalC HMnyJihCHLie, TalC H 
CTaiJ.HOHapHLie HeHTpoHHLie OOTOKH (nOJill). 

Pa6oTa BLIDOJIHeHa B J1a6oparopaa HeiiTp<>HHoii $HJHKH. O.uiH. 

The new method for analysis of spectra of intermediate energy neutrons, i.e., over the 
1-100 ke V energy interval, is described. The method is based o the idea of how to study 
the resolution of time slowing-down spectrometers over the keV energy interval suggested 
by one of the authors of [1]. In principle, intermediate energy neutron spectra can be 
investigated by the time-of-flight method, but this is only possible at pulsed neutron sources 
with a nanosecond range: Other methods of spectra analysis of neutron flux (field) shapes 
applied for investigations of fast neutrons, including the proton recoil method, measurement 
of the energy of emitted charged particles following a capture of the investigated neutrons, 
threshold reactions, etc., (see [2]) do not practically work in the intermediate energy region. 

The reported method is based on the determination of the y-line shape of the 
germanium y-spectrometer used to register primary gamma-ray transitions during radiative 
capture of intermediate energy neutrons in a special converter. When energy dispersion of 
the captured neutrons is approximately equal to or larger than the energy resolution of the 
y-spectrometer, the shape of the y-line amplitude is distorted due to difference in the 
captured neutron energies, i.e., a change in the excitation energy of decayed nucleus states 
in the converter material at a fixed final state of the measured y-transition. 
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Fig. I. Maxwellian neutron spectra 

If an intense (and hence, 
El-multipolarity) primary "(-

transition with the energy E~ 
to the i-th final level of the 
excited nucleus appears 
following a thermal neutron 
capture (E = 0) by a converter 

n 
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nucleus with the atomic weight 
A, the energy of an analogous 
transition following the capture 
of an E neutron is: 

E, . keV 

n 

E; = E!n + [A/(A +I)] · E. 
y rv n 

(1) 

As a converter, one is recommended to use an isotope with a smooth behaviour of the 
partial (for the given y-transition) capture cross section of neutrons from the investigated 
spectrum. This can be the cross section of a partial transition following a direct radiative 
capture (light or nearly magic nuclei) or the radiative neutron capture cross section 
averaged over many neutron resonances. In the latter case, it is necessary to have the 
converter with an average level spacing D << I keV. Then the energy dependence of the 
averaged partial capture cross section of neutrons with an orbital momentum l = 0 (s­
neutrons) is (see, e.g., [3]): 
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Since the gamma-
registration efficiency and 

the resolution power of the 

spectrometer for captured 

neutrons are practically 

constant (E~ is about 5 

MeV and its variations do 

Fig.2. The 6 MeV y-line shapes 
registered by the Ge(Li)­
detector for the capture of the 
neutrons from Maxwellian 
spectra, as well as thermal 
neutrons 
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Fig.3. The energy depend-
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spreading of the product is governed by the spectrometer resolution function Cf'o<E; for 

y-lines from thermal neutron capture 

(3) 

where the coefficient k is deterrned by the experimental geometry, registration efficiency 
and the measurement time, and E differs from E by a constant (see (1)). y n . 

The computer modelled results obtained with the proposed method are presented in 
Figs. 1 and 2. The Maxwellian neutron spectra at temperatures kT = 10, 20, 30 keV are 
shown in Fig. I. Figure 2 represents the correspondig responses of the Ge(Li) spectrometer 
with the resolution 4 keV for the 6 MeV )'-transition energy. The calculations were 
performed for the converter made of the material with neutron resonance parameters like 
those of gold. The energy dependence for the radiative capture cross section is shown in 
Fig.3. In calculations, we 
only used the energy de­
pendence of s-wave 
neutrons. 
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of the neutron flux energy 
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According to preliminary estimation of the efficiency of this method to register one 

y-quantum, about 103 - 104 neutrons captured in the converter are needed. At the same 
time, the registered y-quantum does not only indicate that a capture event has occurred but 
also provides information on the energy of the captured neutron. The proposed method, 
unlike the time-of-flight method, does not need long flight paths which reduce the 
efficiency of the method by several orders of magnitude (e.g., the flight path of 30m allows 

one to use only 10-7 of the total neutron flux). 
The proposed method can be used to analyse fluxes from stationary or pulsed neutron 

sources both inside and outside different moderators and other construction materials. Fig­
ure 4 illustrates the y-shape at 6 MeV observed following capture of neutrons with the 
energy distribution fn(En ) - 1 /En. 

The method can by very useful for dosimetry of intermediate energy neutrons, for 
protection physics, as well as for investigations of averaged cross sections for partial y­
transitions. 
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