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TOWARDS DECAY ANISOTROPY OF DILEPTONS 

E.L.Bratkovskaya, 0. V. Teryaev, V.D. Toneev 
Attention is attracted to the study of angular characteristics of e + e- pairs ':reated in hadronic 

and nuclear collisions. Due to spin and angular momentum constraints, 1 he dilepton decay 
anisotropy is found to be quite sensitive. to the contribution of differer t sources. This is 
illustrated by the anisotropy coefficients estimated for various proc !sses of dilepton 
production. 

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

06 3HH30TpODHH paCDa,ll3 ,IJ;HJieDTOHOB 

E.JI . .6pamKo8CKa.JI, O.B. Tep.Jl.eB, B.J(. ToHees 

06pamaeTCJI BHHMaHHe Ha HCCJie,!IOBaHHe YrJIOBbiX xapaKTepHCTHK e + e --nap, pOlK,lleHHbiX B 
a.!IPOHHbiX H Jl,!lepHb!X CTOJIKHOBeHHJIX. 06HapyxeHO, 'ITO H3-3a orpaHH'!eHH ii:, HaK.Jia):lbiBaeMbiX 
COXpaHeHHeM npoeKUHH CllHHa H YrJIOBOIU MOMeiiTa, aHH30Tp0llHJI paClla.!ll .!IH.JiellTOHOB OKa-
3b1BaeTCJI IICCLMa: qyBCTBHTeJILHOH K BIUil\.!IY OT pa3.11H'IHbiX HCTO'IHHKOB. 31 0 HJUIIOCTpHpyeTCJI 
paCCMOTpeHHeM KoJ$4JHUHeiiTOB aHH30TpollHH, OUeHeHHbiX )l.llll pa3.11H'!Hbl ( npouecCOB o6pa-
30BaHHJI JiellTOHHLIX nap. 

Pa6oTa BblllOJIHeHa B Jia6opaTOpHH TeOpeTH'!ecKoii «<J83HKH HM.H.H.EoJ'OJII06osa OIUIH. 

Leptonic probes are quite attractive since they provide weakly di;turbed information on 
hot and dense nuclear matter at different stages of its evolution in lteavy-ion collisions at 
intermediate and ultrarelativistic energies. Information carried out l1y leptons may tell us 
not only about interaction dynamics of colliding nuclei but also on p~operties of hadrons in 
nuclear environment and on a possible phase transition of hadrons in1 o quark gluon plasma. 
However there exist a lot of hadronic sources of lepton pairs because the electromagnetic 
field couples to all charges and magnetic moments. It is very desincble to have additional 
information which would allow one to disentangle various sources e {perimentally. For this 
aim, we propose to study a new observable- the decay anisotropy of a lepton [1]. 

Till the recent time, the invariant mass spectra dcr/ DM was the only observable to be 

investigated for the e + e- pairs created in heavy ion collisions. As i > seen from Fig.l, the 
variety of hadronic sources of lepton pairs gives rise to a very complicated picture. Really, 
lepton pairs may be produced due to the electromagnetic decay of time-like virtual photons 
which can result from the bremsstrahlung process or from the decay of baryonic and 
mesonic resonances including the direct conversion of vector mesons into virtual photons 
in accordance with the vector dominance hypothesis. The last proct:sss has turned out [2] 
to be quite competing with 1t1t annihilation which was considered :ts the most promising 
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channel for investigating properties of 
hadrons in nuclear matter [3]. In addi­
tion, there are rather large uncertainties 
in theoretical calculations. The most 
complete list of hadronic sources has 
been included into Quark Gluon String 
Model calculations [4] presented in Fig. I. 
Inspite of the fact that other models [5,6] 
predict different contributions of sources 
and/or even neglect some of them, they 
also reproduce these data within available 
large experimental error bars. So, to 
disentangle various leptonic channels 
experimentally the necessity of a new ap­
proach to this problem becomes quite 
evident. We see that spin variables taken 
into consideration may help in solution 
of this problem. 

Indeed, in all hadronic sources, the 

to e + e- pairs are created due to electro­
magnetic decay of time-like virtual pho­
tons. In the rest frame, the decay of an 
unpolarized photon gives rise to isotropy 
of the angular distribution for a created 

Fig. I. Invariant mass distribution for dileptons produ­
ced in Ca + Ca (2 GeV/A) collisions. Contribution of 
different sources calculated within QGSM [4] is 
shown. Experimental points are taken from [7] lepton pair since there is no preferential 

direction. However, the coupling of the 
virtual photon to hadrons may induce 
some dynamical spin alignment of both 

resonances and virtual photons. So, one can expect [1] that the angular distribution of a 
lepton will be anisotro Jic with respect to the direction of dilepton emission. This decay 
anisotropy defined for the given dilepton mass is carrying some information on the spin 
alignment of the virtual photon as well as on spins of interacting hadrons and thereby 
allows one to disentangle different production processes, in principle. 

Let characterize th! decay anisotropy by the azimuthal and polar angles, <p, e of the 
momentum I_ of a created electron with respect to the momentum of a virtual photon in the 

rest frame of this photc,n. For comparing the shape of the angular distribution in different 
channels, the differenti 11 cross section for dilepton production may be represented in the 
following form: 

da 
dM 2 d cos e = A (1 + B cole). (1) 

In a general case, the B coefficient may be a function of M, <p and masses of particles 
involved into the reacti m. · 
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The Dalitz decay of a pseudoscalar meson, say T\. is one of the s mplest cases since the 
zero spin of the meson disentangles the spin indices of the initial an :l final stated allowing 

one to factorize the production cr11(s) and decay probabilities. In particular, the angular 
distribution can be written as follows: 

(2) 

where the decay matrix 

IT11~e+e-yl2 1 ( E )L 
- M4 EJ.La~q~qly vapcrqpqlcr · JLV 

(3) 

+-
entering the decay width rTl ~ e e y is directly related to the lepton tensor 
LJ.Lv = Tr f_ yJl f+ 'Yv. Here q, q1 are the four momenta of a virtual and real photon. The final 

distribution is reduced to the following one*: 

dcr11 2 
2 

- 1 +cos e. (4) 
d.M d cos e 

The same answer results from the Dalitz 
decay on any pseudoscalar meson, in parti-

cular, for the 1t
0 decay which dominates at 

M:::;; 0.14 GeV. These results are plotted in 
Fig.2. 

Due to 3/2 spin of the delta, the 
dilepton differential cross section for the 

1.2 
1------------

0.8 

0.4-

. . 
!J. ~ Ne + e- decay cannot be reduced to the 
factorized form of eq.(2) though dcr/ dM is 
described quite well in this approximation. 
If the !J. alignment effect is neglected for a 
moment we get in this very crude appro­
ximation B = + 1. As was shown in [8], the 
value B = 1 is reached only in the limit of 
a real photon, M ~ 0 what illustrates a 
high sensitivity of anisotropy to the spin 
structure of the transition matrix element. 

B 0.0 
. . . . . 

Bremsstrahlung channel for e + e- pro­
duction is estimated in the soft photon ap­
proximation. One can see from Fig.2 that B 

-0.4-

-0.8 

. . . . . . 
',, ' ........... . .. ··.. .. •• •... •••• pp (2.1 C.V) 

pp (1.0 ~Vj···· ~::.:··············-
-1.2 L.....A.__.__.__.___._ ..... _...._..~..-....._ ....... ~o......~l......o.....J 

0.1 0.3 0.5 0.7 
M (GeV) 

Fig.2. M-dependence of the decay anisotropy coef­
ficient for different eleme11tary dilepton sources: the 
Dalitz decay of 11 and 1t

0 111esons, 1t + 1t--annihilation, 
pn and pp bremsstrahlung (at two energies) 

*Strictly speaking, this simple result corresponds to a particular case of vanishing neson momentum (or the rest 
frame of the 11 meson). In general, the decay anisotropy coefficient will be energy- and M-dependent (9]. 
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becomes M-dependent 'luantity changing its sign around M- 0.2 GeV. The distribution is 
not isotropic in this ca~e what introduces axial symmetry breaking. 

For the pion annihilation differential cross section we get B =- 1 [1] which is also 
plotted in Fig.2. This r !suit has not yet been averaged over the production angle, because 

the production and dec 1y frames coincide for the 1t1t ~ e + e- process. In contrast with all 
previous cases, averagir1g procedure for this channel depends on the dymamical distribution 
of pions and dilepton anisotropy for pion annihilation is vanishing when a system reaches 
an equilibrium state [11. Thus, the B values predicted for different channels are ranging 
from+ 1 to- 1 and may depend on the invariant mass M. A convolution of these B values 
with dcr/ dM for every source corresponds to the measured B values. We hope that this new 
observable will allow o 1e to discriminate different models fitting equally well the available 
data on dilepton production but predicting different contributions of dilepton sources. 

The decay anisotropy can give some feeling as to the strength of in-medium effects 
since only form factors, vertices, coupling constants and decay width of hadrons but not the 
spin structure of intera1:tion does be changed. [1]. A possible appearance of a new phase 

characterized by a four· velocity v 11 may be indentified too in this way what is useful as a 
possible signal of quar c-gluon plasma [1]. The proposed new observable, dilepton decay 
anisotropy, seems to be quite hopeful in attempt to disentangle various dilepton sources as 
weel as different theoretical models. 

This research is pllrtly performed in the framework of the Grants No. MP8300 and 
RFE300 from the Interr ational Science Foundation and Russian Government. The work of 
V.D.T was supported b:t Grant No. 3405 from INTAS. 
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BENT TUNGSTEN CRYSTAL AS DEFLECTOR 
FOR HIGH ENERGY PARTICLE BEAMS 

A.D.Kovalenko, V.A.Mikhailov, A.M.Taratin, V. V.Boiko\ 
1 2 S.I.Kozlov , E.N. Tsyganov 

The channeling properties of silicon and tungsten crystals are comparel l. The deflection of 
the beam of nuclei with energy 6 GeV per nucleon and their extraction frcm the Nuclotron, a 
new superconducting nuclear accelerator at the Laboratory of High Ener~ ies, JINR, with the 
bent silicoA and tungsten crystals have been studied by computer simulati011. Irwas shown that 
the use of tungsten crystals instead of ordinary silicon ones can increase 1 Clore than ten times 
extraction efficiency. 

The investigation has been performed at the Laboratory of High Energies, JINR. 

lf'lorHYfblH KpHCT3JIJI BOJiblj_)paMa B Ka'leCTBe )lelj_)JieK1'0pa )lJIJI llY'J• 

KOB '13CTHil BbiCOKHX 3HeprHH 

A.J(.KoBa.JleHiw u op. 
llpoBeJteHO CpaBHeHHe CBOifcTB KpeMHHeBOfO H BOJJblj>paMOBOfO MOHOKpHCTaJJJIOB ltJill Ka­

HaJJHpOBaHHll 'laCTHU. MeTO)tOM KOMDbiOTepHOfO MOJteJJHpOBaHHll HCCJJe)t JBaHO OTKJIOHeHHe 
nyqKa ll)tep C :;meprneif 6 f3B Ha HYKJJOH H HX BbiBOlt H3 HYKJJOTpOHa, HOB Jro CBepxnpOBO)tli­
IUero ycKOpHTeJJll l!Jtep Jla6opaTOpHH BbiCOKHX 3Heprnii OIUIH, c noHOIULIO H30rHYTLIX 
KpHCTaJJJIOB KpeMHHll H BOJJblj>paMa. lloKa3aHO, 'ITO HCDOJib30BaHHe KpHC raJJJJOB BOJJblj>paMa 
BMeCTO 06bi'IHbiX KpeMHHeBbiX )telj>JJeKTOpOB MOJKeT YBeJJH'IHTb 31j>lj>eKTHBH ::>CTb Bb!BO)ta nyqKa 
H3 HYKJJOTPOHa 6oJJee '!eM B )teCliTb pa3. 

Pa6oTa BLmonHeHa s Jla6opaTOpHH BbiCOKHX 3Heprnil OIUIH. 

1. Introduction 

The study of methods for steering high-energy particle trajectories by use of deflectors 
based on bent crystals began in the middle 70s. Nowadays, crystal optical elements have 
already found practical usage for extraction of beams from accelerators and for extracted 
beam spliting. The first beam extraction from a cyclic accelerator by neans of a bent crystal 
was performed at the Dubna synchrophasotron [1]. The extraction efficiency was small 
enough, about 10-4, because the system used for the beam guid mce onto the crystal, 

1Institute of Physical-Technical Problems, Dubna, Russia 
2State University of New York at Albany 
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namely a fast decreasir:g the closed orbit radius, was not optimum. A successful extraction 
of 120 GeV proton be;:m from the SPS with a record efficiency of about 10% was fulfiled 
recently at CERN [2]. The injection of a white noise at the deflector plates of the feedback 
system was used to initiate the transverse diffusion of particles onto the bent crystal. The 
deflection efficiency up to 50% was observed for highly parallel beam of 450 GeV protons 
at the bending angle at,out 1 mrad [3]. 

Up to the present t: me only silicon single crystals have been used for the deflection and 
extraction of particle !teams. However, higher deflection efficiences can be achieved by 

. using crystals with larger atomic number due to increasing the critical channeling angle and 
electric field intensity of the crystal planes. As it was noticed [4 ], tungsten crystals may be 
optimum for the deflector production because they have small lattice atom vibrations, high 
melting point and low msceptibility to radiation damage. 

Production of oriented single crystals of heavy metals with a purity of 99.99999% and 
a low discolation density is attainable at the present time. Experimental results obtained 
with the straight tungsten crystals have shown their high structure perfection [5]. It was 
shown that the crystal lattice damages which arose in the crystals oriented along [100] axis 
as a result of irradiatio11 with 100 keV protons at temperature 77 K and the flux about 1017 

p/cm2 are connected w th proton channeling and penetrate up to about 250 J..Lm, tens times 
more than those observed before. The method of detection of relative variations of 
nonlinear surface resis·:ance of the crystals at radio frequencies, or the so-called current 
states method, was use•l for the first time. The most important advantage of the method as 
compared to common!~· known ones is a growth of sensitivity with increasing the crystal 
structure perfection. 

The study of the characteristics of tungsten and molibdenum crystals as beam 
deflectors, and the development of methods for machining and bending the crystals without 
decreasing their structure perfection are the main goals of the investigations of the crystal 
optical systems plannec at the Nuclotron, a new superconducting nuclear accelerator at the 
Laboratory of High Ent:rgies, JINR. 

In this work the de·lection of the nuclei beam with energy 6 GeV per nucleon and their 
extraction from the Nuclotron, with the bent silicon and tungsten crystals have been studied 
by computer simulatioiJ. It was shown that the use of tungsten crystals instead of ordinary 
silicon ones can increa~ e more than ten times the extraction efficiency. 

2. Channeling P··operties of Si and W Crystals 

Let us consider the properties which determine the efficiency of silicon and tungsten 
crystals as deflectors for high energy particle beams. The numerical values of the crystal 
characteristics are presented for (110) planar channels and for protons with energy 6 GeV. 

1. The potential depth of planar channels for the static crystal lattice as it follows from 
Lindhard's potential fm a single atomic plane 

U0 = 21tZ1Z2e2NdPCa- Z2a- zt3
• (1) 
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where z
1
, Z2 are the projectile and crystal atomic numbers, N is tht atomic density, dP is 

the channel width, C = ...J3, a is a screening length. For the periodic planar potential with 
thermal vibrations of the crystal atoms included at room temperature in the Moliere 
approximation we have 

U
0

: 22.7 eV (Si) ~ 131.9 eV (W). 

2. The critical channeling angle, i}c = (2Uclpv) 112
- zi13

• deterniines the angular 

acceptance of the straight channels and for the realistic potential d~pths presented above 
equals 

'I'} : 87.7 Jlrad (Si) ~ 196.8 f.lrad (W). c 

3.The space acceptance of planar channels depends on the critica distance rc of particle 

approach to the channel wall for sustaining the stable traj~ctories of chilnneled particles 

2r 
As= 1 - -;f, rc =a+ kul' (2) 

p 

where u1 is the rms apmlitude of thermal vibrations of the crystal atoms. The value of k 

depends on the particle energy and the considered crystal thickness. The values of u1 and a 

are smaller for tungsten crystals, whereas the channel width is bigger 

u
1
, a, dp: 0.075, 0.194, 1.92 A (Si) ~ 0.05, 0.112, 2.2:8 A (W). 

So, the space acceptance of tungsten planar channels is bigger than for silicon ones, 
that is, their channels are more «open». 

4. The dechanneling length value can be estimated from 

(3) 

where E is the critical transverse energy of channeled particles, its value is correlated 
XC 

with r , and A is the average rate of transverse energy change with pt:netration depth, or the c 

friction coefficient. For well-channeled particles the friction coefficient is determined 
mainly by the electron scattering, which is proportional to the local electron density in the 
channel 

llE 
llsx (x) - p(x). 

The electron densities in the considered planar channels of tungsten and silicon crystals 
calculated in the Moliere approximation are shown in Fig. I. The nost difference of the 
density values is at the plane position, but in the middle of the channel the electron density 
for tungsten crystal remains still bigger two times than for silicon olle. The rate of increase 
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Fig. I. The averaged electron density 
in (110) planar channels of silicon 
and tungsten crystals at the room 
temperature in the Moliere 
approximation as a function of the 
distance from the atomic plane 

Fig.2. The rate of increase of the 
mean square angular deviation of 6 
GeV protons due to multiple 
scattering by the crystal electrons (e) 
and nuclei (n) in (110) channels of Si 
and W crystals as a function of the 
distance from the atomic plane 



Kovalenko A.D. et al. Bent Tungsten Crystal 13 

of the mean square angular deviation of the 6 Ge V proton beam due to multiple scattering 
by the crystal electrons and nuclei in (110) channels of Si and W crJstals are presented in 
Fig.2. The total rate is bigger for tungsten crystals almost everyHhere in the channel. 
However, as it will be shown below the dechanneling length is s1ill bigger for tunsten 
crystals. 

5. The maximum electric field intensity in the planar channels 

E : 6 GV/cm (Si) ~ 42.52 GV/cm (W). 
m 

6. The critical radius of the planar channel curvature for existence of the channeling 
states of particles in the bent crystals, R = pvleE , decreases for the tungsten crystal 

c m 

R : 1.16 em (Si) ~ 0.16 em (W). 
c 

That is, the tungsten crystals can be stronger bent, and we can get bigger deflection at 
the same crystal length. 

7. One of the serious problems which arise at the usage of the silicon crystals as the 
beam deflectors is their fragility. The silicon crystals can be elas1ically bent up to the 
definite limit after which they will be broken. This radius is propor :ional to the thickness 
of the cry~tal plate. In the first experiment there was discovered the beam deflection by a 
bent crystal, which was fulfiled in Dubna [6], it was shown that for 1he silicon crystal bent 
along (111) planes Rb/cm) = 76 x t(mm). The tungsten has the limit of elastic deformations 

also, but it is a plastic substance and can be bent to a smaller radms if dislocations are 
introduced. These dislocations which separate the elastically bent ~arts have not to be a 
catastrophic obstacle for high energy channeled particles. So, the tungsten deflectors could 
probably have bigger thickness than the silicon ones at the same curvature. 

3. Beam Deflection Efficiency 

The crystal bending decreases the depth of the effective planar potential and leads to 
the shift of the particle trajectories to the outer channel wall. In a harmonic approximation 
the depth of the effective potential for bent channels decreases as 

Ub(R) = u0(1-; r 
The decrease of the dechanneling length with the crystal bending occurs mainly due to this 
lowering of the potential barrier. However, for the crystal bent wih a large curvature a 
considerable decrease of dechanneling lengths occurs also due to stronger multiple 
scattering of channeled particles by the crystal electrons and nuclei because of the trajectory 
shift. 

The correct estimations of the dechanneling lengths demand thf calculations with the 
realistic potential and electron density of the crystals and with tadng into account the 
concrete conditions. So, the average rate of transverse energy change with penetration depth 
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due to multiple scatte-ing by the crystal electrons and nuclei in bent crystal A(R) was 

calculated here by averaging over initial distribution, P(ExO), of the incident particles in 

transverse energy 

E (R) 
:rc 

A(R) = f A(ExO, R)P(ExO, R)dExO, (4) 
0 

where A(ExO, R) is the Jate average over the trajectory for the particle with initial transverse 

energy ExO. Figure 3 sbows the dependence of the dechanneling lengths on the bend radius 

calculated in the Moliere approximation for silicon and tungsten crystals when the incident 
beam is parallel. The iechanneling length for W crystals is bigger than for silicon ones 
whereas the local friction coefficient is bigger everywhere in the planar channels of the 
tungsten crystals, Fig.2. It occurs due to considerably higher critical transverse energy for 
channeling in tungsten crystals. 

The knowledge of the capture efficiency of incident particles into the channeling rigime 

E (R) 
:rc 

Pc(R) = J P(ExO, R)dExO, (5) 
0 
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Fig.3. lhe dependence of dechanneling length on the bend radius 
of ( 110) channels for Si and W crystals, the incident beam is 
parallel 
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Fig.5. The same as fig.4 for the tungsten crystal 

and the dechanneling length S d allows one to estimate the efficiency of the beam deflection 

at the angle <X by the bent crystal 

(6) 
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As it was noticed earlier [7], these estimations depend on the selection of the critical 
approach r c of particles to the atomic planes of the crystal. Computer simulation of the 

particle trajectories in the crystals does not contain this parameter. Therefore, the 
comparison of the defle:tion efficiency of the Nuclotron beam with the tungsten and silicon 
crystals was produced by computer simulation of the beam passage through the crystals 
according to the model [7]. 

Figure 4 shows the deflection efficiency of nuclei with energy 6 Ge V /u by the silicon 
crystal bent along (110) planes as a function of the crystal bend radius for the parallel beam 
and the beam with uni'orm distribution in the range of the angles (-t}c' i}J, the bending 

angle a= 100 mrad. The same dependences for the tungsten crystal are presented in Fig.5. 
Here the symbols are the results of the computer experiments, and the curves are the 
analytical estimations a;cording to (3-6) with the values of r for best fitting these results. 

c 

For the parallel beam tl1e maximum deflection efficiency with the tungsten crystal is about 
50%. This is higher ten times than with silicon one. For the uniform beam when its width 

is larger than 2 t} w tl is differrence increases t} w I i}Si times in addition. The optimum 
c c c 

bend radius and the < orresponding crystal length, S = aR, reduce few times for the cr 

tungsten crystals. Therc:fore, the tungsten deflectors can be considerably shorter than the 
silicon ones. 

4. Multiturn Beam Extraction from Nuclotron 

A necessary angle for raising the Nuclotron beam to the experimental hall exceeds 
90 mrad. The circulating beam guidance onto the crystal can be produced by means of the 
closed orbit bump o~ b f increasin~ the vertical betatron oscillations of the beam particles. 
It is optimum to locate the crystal deflector at the azimuth, where the beam divergence is 
minimum that is near a focusing quadrupole. However, the deflector location near the center 
of the focusing quadrupole leads to large troubles with the crystal alignment while it is 
possible. When it is loc:tted outside the quadrupole the growing orbit bump takes away fast 
the beam from the angtlar region of channeling of the oriented crystal. On the other hand, 
as a result of the exci·ation of particle betatron oscillations the beam divergence at the 
crystal location increases. Therefore, it will be more optimum to decrease the distance 
between the beam and the crystal at the begining by means of the bump up to the touching 
at 3cryO, that is about 7 mm for the Nuclotron, and only then to throw the beam particles 

onto the crystal due to the transverse diffusion or the resonance excitation. The possible 
scheme for the Nuclotron beam extraction is presented in the work [10] and consists of the 
correcting magnets for creating the orbit bump and the inflector for the excitation of the 
vertical betatron oscilla ions of the circulating particles. 

At the usage of tent crystal for beam extraction from cyclic accelerator there is 
possibility for multiplt passages of circulating particles through the crystal deflector. 
Therefore, the extractio !l efficiency P can be higher than the deflection efficiency of the 

ex 

same beam at its single passage through the crystal [8,9]. 
For estimation of rc:al space and angular distributions of particles which hit the crystal 

and contribution of multiple passages of circulating particles through the crystal the 
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computer simulation of the Nuclotron beam extraction was fulfiled '1y the similar way as it 
was made earlier [10]. Two points in the accelerator lattice were C<,nsidered. The inflector 
is located in the first point, and the bent crystal in the second o 1e near the defocusing 
quadrupole through the superperiod from the inflector at the dista tee of 3 em above the 
closed orbit to be not the obstacle for the beam particles at the injection stage. The 
sinusoidal voltage with the resonance frequency 

f = frac(q )!,0 or f =(I - frac(q ))!,0, 
~ v ~ v 

(7) 

where q = 6.85 is a vertical betatron tune, frac(q ) is a fractional part of q , !,0 is a rotation 
v v v 

frequency, begins to be served at the inflector plates when the bearr approaches the crystal 
at the distance of 3cr ~ 7 mm as a result of the orbit bump. Figure 6 shows the calculated 

y 
distributions of particles in the impact parameters and angles wit 1 the crystal when the 
amplitude of the angular deflection in the inflector was 1 Jlfad that c:orresponds the voltage 
amplitude about 400 V for nuclei with energy 6 G_eV/u and ztf\ = 112.The angular 
distribution is approximately uniform with width about 300 J.lrad. 

The density of the particles depends on the angle, which the) have after the crystal 
passage [10]. Besides, some particles which hit the crystal can te lost due to inelastic 
nuclear interactions. The mean free path of protons between the nuclear interactions S 

n 
equals 45.5 em and 9.58 em in the silicon and tungsten, accordingly. For nuclei S is 

n 

proportio~al to A -O.?l, where A is their atomic weight. So, with increasing the nucleus 
weight the possible contribution of their multiple passages through the crystal deflector in 
the extraction efficiency decreases. 

The optimum crystal lengths were used in our computer experiments that is 1.5 em for 
the silicon crystal and 4 mm for the tungsten one. The calculated ' alues of the extraction 
efficiency for nuclei of 6d 2 are 27% and 2% with the tungsten and silicon deflectors, 

~ 120 a b u J :e 
0 
a. 

f1 ..._ 
80 40 0 

I... 
(1) 

..0 
E 
::::l 
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40 20 -

0 1 I .., .1"0 0 L-L.L......I...__,.---~,__,___,___._~--~..._, 
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Fig.6. The impact parameter (a) and angle (b) distributions of particles wilh the bent crystal when 
the amplitude of the angular deflection in the inflector is 1 Jlrad 
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Fig.7. The distributions of t},e extracted particles in the number of passages through the bent crystal, (a) 

for Si crystal, (b) for W cry ;tal. The beam particles are nuclei of 6C12 with energy 6 GeV per nucleon 

accordingly. Figure 7 shows the distributions of the extracted particles in the number of 
passages through the cry ;tal deflector. The extraction efficiency due to multiple passages is 
about 3% for the tungsten crystal and about 1% for the silicon one. Although the losses of 
unchanneled fraction due to nuclear interactions at the beam passage through the crystal are 
larger, the crystal length ~ = 0.033 S for Si and 0.042 S for W, and the beam broadening 

cr • n n 
due to multiple scattering is stronger, t'} = 0.42 mrad for Si and 1.2 mrad for W. 

ms 
So, our computer eneriments have shown that the efficiency of crystal optical systems 

for high energy particle beams can be increased about an order of magnitude with using the 
high-purity tungsten cry! tals instead of ordinary silicon ones. 
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STUDY OF THE SHORT-RANGE 3He STRUCTURE 

FROM THE dd ~ 3Hen REACTION 

V.P.Ladygin, N.B.Ladygina 

An experiment on studying of the tensor analysing power CO,NN,O,O ar d spin correlation 

CN,N,O,O due to the transverse polarization of both initial particles from the del~ 3Hen reaction 

has been proposed. Those polarization observables are very sensitive to tl e short-range 3He 
structure. This experiment is proposed to be done at the LHE Accelerator C Jmplex using both 
a polarized deuteron beam and a polarized deuterium target. 

The investigation has been performed at the Laboratory of High Energi' :s, JINR. 

H3Y'feHHe CTPYKTYPI>I 
3He ua MaJihiX paccTO.HHH.HX 

B peaK:UHH dd ~ 3Hen 

B.II.JlaoblZUH, H.H.JlaoblZUHa 

npeWIOJKeH 3KCnepHMeHT no H3)"1eHHIO TeH30pHOH. aHaJIH3HpYIOW eii cnoco6HOCTH 
CO,NN,O,O H CnHHOBOH KOppelUIUHH CN,N,O,O• CBll3aHHOH C HOpMa.ribHOH nOJ111pH3aUHeH o6eux 

Ha'laJibHbiX 'laCTHU B peaKUHH dd ~ 3Hen. 3TH nOJlllpH3auHOHHble Hafimo.!(afMble O'leHb 'fYBCT­
BHTeJlbHbl K CTPyK'I)1le 3He Ha MaJlbiX paCCTOliHHliX. ·3-rOT 3KCnepHMeHT npeWiaraeTCll npo­
BeCTH Ha YCKOpHTeJibHOM KOMIIJieKCe JIB3.: C HCnOJib30BaHHeM KaK nOJlllpl :30BaHHOfO nyq:Ka 
.!(eHTpoHOB, TaK H nOJlllpH30BaHHOH .!(eHTepHeBOH MHWeHH. 

Pa6oTa BhlnOJIHeHa B Jla6opaTOpHH BbiCOKHX 3Heprnil 01-UlH. 

1. Introduction 

We propose to measure the polarization observables in the dd ~ 3Hen reaction using a 
polarized deuteron beam and a polarized target [1]. The main goal cf the experiment is to 
explore the short-range 3He spin structure at distances unreachable using electromagnetic 
probes. 

This reaction belongs to the same class of processes as the det.tron-proton backward 
elastic scattering intensively investigated in the last years at Saclay and Dubna [1, 3]. 
Within One-Nucleon-Exchange (ONE) approximation the polarizatinn observables of this 
reaction are very sensitive to the 3He spin structure at small dist~ nee. Using of both a 
polarized target and a beam could allow one to extend sufficiently t 1e number of possible 

experiments and to separate the 3He structure from the reaction mec.1anism using different 
relative orientations of the initial deuteron spins. 
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2. Physical Moti,·ation 

The momentum distributions of spectator extracted from inclusive [4] 3He(e, e')X and 

exclusive (5] 3He(e, ep).t and 3He(e, ep)pn data, taking into account corrections due to final 
state interaction (FSI) and meson exchange currents (MEC) [6] and from breakup 

AeHe, p)X data at zero .mgle [7] within relativistic impuls approximation (RIA) [8] are in 
good accordance. On the other hand, the momentum distributions obtained from the 

exclusive measurements of the 3He(p, 2p)d and 3He(p,pd)p reactions [9] and inclusive meas­

urements of the AeHe, a)X breakup reaction [7], demonstrating a good agreement with each 
other, show an enhancement of extracted momentum density over calculations performed 

within RIA using a Fa :ldeev calculation of the wave 3He function [ 1 0] starting from 

momentum of spectator in the rest frame of 3Heq > 150 MeV/c. This discrepancy can be 

explained as the poor kr ow ledge of the 3He structure at large momenta, as the importance 
of the reaction mechanisms. 

The short-range spin structure of 3He has not been investigated so widely as the 

momentum distribution o date. The results of experiment with a polarized 3He target and 
polarized protons perforned at 290 MeV at TRIUMF [11] indicate that analysing powers 

A , A and A are 'lose to the lA predictions for the 3ik~2p) reaction. For the 
no on nn 

3ik~ pn) there is a strong disagreement with these predictions. This discrepancy can be 

related as with FSI, as w :th non-adequate knowledge of the 3He structure at small distances. 

Polarized electron scatteting on a polarized 3He target 3ikce; e' )X also can be used to study 

different components of the 3He wave function [12]. To describe the experimental results 

[ 13] obtained at differer t relative erientations of electron and 3He spin, it is necessary to 
take into account FSI an :I MEC in addition to the lA approach. 

These difficulties ir the interpretation of existing data require performing the new 

polarization experiments with 3He. But the number of possible reactions for this purpose is 

limited by the absence )f the polarized 3He beam of high intensity and polarimeters to 
measure the 3He polarizHtion. 

We propose to me~sure the spin observables in the dd ~ 3Hen reaction which are 

sensitive to the 3He and deuteron wave functions at short distances. The cross section of 
this reaction at high er ergies was measured at SATURNE [14]. At low energies this 

reaction is used to recon:;truct the D/ S ratio and parameter D
2 

of the 3He [15]. Low energy 

polarimeter based on thi:; reaction works currently at SATURNE [16]. 

We propose to measure the polarization observables in the dd ~ 3Hen reaction in the 
collinear geometry, wher 3He and beam deuteron have the same direction of the momentum 
in the center of mass. Ut1der these kinematical conditions the contribution of one from two 
diagrams required by the symmetry in the initial state is strongly suppressed (a few orders 

of magnitude) by the rapid decreasing of the deuteron and 3He wave functions versus 
spectator momenta. This occasion simplifies the analysis of the polarization phenomena for 
this reaction [I]. 
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Tensor analysing powers due to the polarization of the beam deu eron can be expressed 
as: 

1 ro; - 2f2 u2ro2 c =-----=::----=~ 
O,NN,O,O 2 2 + (1)2 

u2 2 
(1) 

In case of polarized beam, tensor analysing power is mostly defi 1ed by the 3He wave 
function (Fig.1 ). 

The expression for the spin correlation CN,N,O,O when bo1h the deuterons are 

transversally polarized has the following form: 

(2) 

where u1, ro2 and u2, ro2 are the S- and D-waves of the dt:uteron and the 3He, 

respectively. The sign of this observable is negative at small relative momenta of the initial 

deuterons, which is easy to understand. Since two protons in the 3He must have opposite 

directions of spins due to the Pauli principle, the maximal yield of 3He will be in case of 
opposite orientations of the initial deuteron spins. Spin correlations due to the normal 
polarization of both the deuterons are presented in Fig.2. Calculations are performed using 
3He and deuteron wave functions from Refs. [10-17], respectively. 

Considered observables (CO,NN,O,O and CN,N,o,o> are sensitive tl) the 3He structure at 

initial momenta of the deuteron 0.7-3.0 GeV/c that corresponds to tligh relative momenta 
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of the dp pair in the 3H ~. In this range the relativistic effects, as well as additional to the 
ONE reaction mechanisms (for instance, .1. excitation on the intermediate state) start to be 
very sufficient and must be taken into account in addition to simple ONE. 

Two deuterons in the initial state for this reaction give a lot of possibilities to study 
polarization effects in t 1e first scattering. The next step in the studying of this reaction 
could be the measurem!nt of T-odd observables like CLNSO 0 which are defined by the 

reaction mechanisms additional to ONE. This measurement could allow one to correctly 

extract the spin structun: of the 3He. In principle, this experiment could be done using the 
polarized deuteron ta:get and the extracted polarized deuteron beam of new 
superconducting accelentor Nuclotron in Dubna with specific orientations of spins of the 
initial particles. 

3. Experimental itudying of the dd ~ 3Hen Reaction 

We propose to us! the spectrometer to measure the spin correlation parameters 

CNNOO in the dp backYoard elastic scattering [18], dp ~ 3He7t 0 and dp ~ 3He11° [19, 20]. 

To select the 3He it is necessary to add to the equipment the system of charge particle 

identification. The meas llrement of 3He momenta and separation from the prime beam will 
be achieved by the sys ein of 3 magnets (the magnet of polarized terget and 2 bending 

magnets). The momentl m resolution of = 1% will be enough to separate the dd ~ 3Hen 
process from channels with possible pion production. Using of the time-of-flight 
information at the trigg•:r level will provide the selection of the particles of specific kind, 
reducing sufficiently the data taking time. 

To measure the spirt correlation CN,N,O,O we propose to use Moveable Polarized Target 

(MPT) installed rece~tly in LHE, ~INR and used for .1. crL T experiment [21]. To study the 

dd ~ 3Hen process it is necessary either to replace the C
3
H80 2 by the C3D80 2 in the 

existing target or to use the 6LiD polarized target. Parameters of polarized targets one can 
find in Refs. [22, 23]. 

To separate the 3He from background we propose to use the time-of-flight and charge 
identification systems. The main source of background is the break-up of the deuterons on 

the target material, sine! the 3He from dd ~ 3Hen has the rigidity close to the rigidity of 
the proton with a half of momenta of the initial deuteron. The ratio of background protons 

to 3He is approximately 104
- 105

. Note in case of using of the cp
8
o

2 
the yield of protons 

will be more than 5 times higher than for 6Li0 target. The next background process is the 
quasi-free NN ~ d1t ar d in case of using of C

3
D

8
0

2 
target we have 10 times more 

deuterons than for 3LiO target. 
During experiment we propose to reduce the high voltage on the scintillator counters 

and proportional chamt ers to suppress the single charged particles rate. The momentum 

analysis will provide tile separation of the dd ~ 3Hen from the quasi-free dN ~ 3He7t 
process. 
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The intensity of the deuteron beam is limited by MTP (108 det terons per spill). The 
number of events per spill can be expressed as: 

(3) 

where Nd is the number of deuterons per spill, p is the density of the target, L is its length, 

fv is the dilution factor of the target, NA is the Avogadro number, £\0. is the solid angle 

(5 · 10-3
), : ~ is the cross section of the process taken from Ref. [1 n 

The error bars for polarization observables can be estimated as: 

1 1 
A CN,N,O,O "" 3P p. ~N ' 

z T event 

1 1 
A CO,NN,O,O "" p ~N ' 

zz event 

in case of good selection of events from the dd ~ 3Hen. 
Under typical parameters of the polarized deuteron beam at Duona Synchrophasotron 

(P = 0.45 - 0.50 and P = 0.80) and number of useful events 10)00 per point we can 
z zz 

estimate the error bars for CN,N,O,O as 0.017 and for CO.NN,O,O as 0.013, respectively. 

The ratio of useful events in case of using of the 6LiD and C
3
D

8
o

2 
targets is appro­

ximately a factor of 3. Using of ~iD target will be especially important at Pd ~ 2.0 GeV/c. 

Under typical conditions of the Dubna Synchrophasotron the point Lt Pd = 2.5 GeV/c will 

take about 2(6) hours in case of 5 em of 6LiD(Cp8o2) target length. Calculations based on 

ONE give the beam request approximately 16( 48) hours for P d = 3 Ge V /c. 

4. Conclusion 

We propose to measure spin correlation parameter C N,N,o,o and t ~nsor analyzing power 

CO.NN,O,O in the dd ~ 3Hen process, which are most sensitive to the: 3He short-range spin 

structure at LHE Accelerator Complex using polarized deuteron beam and polarized 
deuteron terget. 

From two considered polarized deuteron tergets (propane-diol md 6LiD) the 6LiD is 
more preferable for this experiment from the point of view of higher factor of merit as well 
as less rate from the background processes. . 

The terget also can be used to study the T-odd effects for this process as well as to 
search for the A 1:\-dibaryon state in the reaction d{J': d) X [24] and as ~i polarized target 
to study the (6U, /it process [25] in the future. 
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INVESTIGATIONS OF THE NOISE PERFORMANCES 
OF THE FET All354r AT LOW TEMPERATURE 

S. V.Uchaikin 

Noise performances of the GaAs MES FET An354r are invest gated at the low 
temperature. The noise voltage of the transistors is 0.25+0.4 nV/Hz112 a1 the optimal drain 
current 30+ 100 rnA at the temperature of liquid helium. The optimal value 1 1f the signal source 
impedance is 20+100 kil. It was exposed that the transistor without package had advantage 
compared with the packaged transitors due to a better conaition for CO)ling at the liquid 
nitrogen. 

The investigation has been performed at the Laboratory of Particle Phy;ics, JINR. 

HcCJie.IJ;oaauue WYMOBbiX xapaKTepHCTHK 
TpauJucropoa All354f npu HHlKHX TeMneparypax 

C.B.YruzuKUH 

HcCJie.!IOBaHLI IDyMOBLie xaprunepHCTHKH nOJieBbiX apceHH.!I rarmHellbiX TJlaH3HCTopos 
An354r npH HH3KHX TeMnepazypax. npH pa6oTe B JKH,!IKOM reJIHH 3KBHBaJI!HTHaJI 3.,!1.C. IDyMa 
YpaH3HCTOpDB COCTaBWia 0,25+(),4 HBfru112 npH OOTHMaJibHOM TOKe c·roKa 30+100 MA. 
0DTHM3JlbHQe 3Ha'leHHe CODpOTHBJieHHJI HCTO'IHHKa CHrHaJia .I1,JUI HCCJle,!IOI 3HHbiX YpaH3HCTO­
pOB- 20+100 KOM. BbiJICHeHo, 'ITO BCJie,!ICTBHe JIY'IWHX yCJioBHH OXJiaJKJI~HHJI npH pa6ore s 
JKH,!IKOM aJOTe 6ecKOpDyCHbie YpaH3HCTOpbl HMeiOT 60Jiee XOpDWHe U1yt.1 OBble xapaKTepHC­
THKH, 'leM KOpDyCHble. 

Pa6oTa BbiDOJIHeHa s Jla6opaTOpHH csepxBbiCOKHx 3Heprnif OHSIH. 

Introduction 

The cooled amplifiers often are used in Low Temperature Phy:;ics. Their usage does 
not only decrease intrinsic noises but improves all the measuremen1 system performances 
due to the sensors and amplifier to be located closer to each other. In this case the influence 
of the ambient noises decreases because the length of small signal wires diminishes. In the 
case of resonance circuits of sensor sampling the quality factor of selective schemes 
increases and their performances increase too. 

Traditional GaAs transistors are used as active elements of the C<loled amplifiers at the 
temperature range lower than 77 K. In this material the energy of tt e dopant activation is 
very low and carriers do not freeze out at the temperature of liquid helium. 

In this paper the investigation of the noise performances of the GaAs MESFET 
All354f (NPO «Saturn», Ukraine) with and without package is desdbed. 
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Method 

The simplest scherr,e for the input circuit noise of the amplifier is shown in Figure 1. 
Here C. is the input capacitance mainly determined with the gate-source capacitance C , 

m P 
e and i are equivalen: sources of the noise voltage and current. 

n n 
It is known that for the field-effect transistors the sources of the noise voltage are the 

thermal noise of the channel resistance V and low frequency fluctuations caused by the 
n 
c~ 

fluctuations of the velocity of the charge carrier recombination in the nonsaturated 

region V 2
( ro): n, 

i = v2 + v2(ro). (l) 
n nc~ n1 

The first part of th'~ equation can be expressed with the effective temperature of the 
channel, T h' and its tratsconductance, g , the second one depends on technological factors c m 
and is hard to be calculated: 

k T 
e2 = ~ ....!!.___E! + V 2(ro). 

n 3 gm nf 
(2) 

The current noise a so consists of two parts. The first one, I , is caused by the noise 
nch 

voltage fluctuations along the channel which induce the noise charge in the gate since the 
gate is capacitively COUJ'led to the channel through C ; the second is the shot noise of the 

gs 
gate leakage current In ; 

I 

;2 = 12 + I 2
. (3) 

n nc~ n8 
These parts can be expressed with transconductance g , the effective temperature of the 

m 

corresponding part of channel T*h: the gate-source capacitance C and the gate leakage 
c p 

current I: 
g 

T* C 
16 kB ch ga + 2ei · .2__ g 1

n- 15 gm 
(4) 

cin-. VT1 

Fig. I. The !<JUivalent diagram of the input circuit of the FET amplifier 
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Experiment and Discussion 

We have investigated the temperature curves of the transconduc1ance, input impedance 
and noise of the 20 transistors. The temperature curves of the t1 ansconductance g at 

m 

different drain current are shown in Figure 2. As usual for the fiel i effect transistors the 
temperature diagrams g <n repeat the temperature diagrams of the carrier mobility !l(n 

m 

[2]: p L nll2q 
t w 1 

gm = L !lT, (5) 
I 

where pt is the technological factor; Lw, width of the channel; n1, de pant density; q, charge 

of electron; L
1 

, length of the channel. Two parts of the diagram can be seen. In the 

temperature range higher than 50 K the mobility is determined mainly with the scattering 

on phonons and proportional to T 312. At the lower temperatun the mobility usually 
decreases because of the scattering on the impurity centers. But fm high doping materials 
the influence of the impurity centers decreases due to the·shielding t:ffect of the carriers. In 
the result, the plateaus on the temperature diagram are obtained ~hen the temperature is 
lower than 50 K. 

The gate leakage current decreases with the ambient temperatun: and is not measurable 
in the temperature range lower 100 K (Figure 3 ). 

Following the approach from [1] the contribution of each nois<! source is determined. 
We have neglected the noise due to the load resistance. The typiCll results are shown in 
Figures 4 and 5. The first part of the equation (1,3) is independert of the frequency, the 
second one is in inverse 
proportion to the frequen­
cy. It is seen from Figure 4 
that the low frequency 

150~--------------~ 
/:::,. /:::,. 

fluctuation V2(ro) is negli-
nf 

gibly small at the low 

(f) 

E1oo 
temperature and this fre- E 
quency region. The other OJ 50 
part is lower by several 
times. 

The second part of de­
pendence i (t) is inde-

n 
pendent of the frequency, 
the first is in direct propor­
tional to the frequency. It is 
seen from Figure 5 that 

0 

0 
0 

3 

0 
0 

10 

0 
0 

3J 

0 
0 

T.K 

0 
0 

100 

0 
0 

/:::,. 
0 
0 

300 

shot noise of the gate 
leakage current I is invi-

n 
g 

Fig.2. The temperature curves of the tram conductance of the transis­
tor All354f. The drain current is: o - 8 rnA, 0- 15 rnA, /':;,-- 35 rnA 

sible at low temperature. 
The optimal value of the signal source impedance R is: 

opt 

e 
n 

R -
opt i 

n 

(6) 
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Fig.3. Th: temperature curve of the gate leakage current !
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~ 
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Fig.4. The fre~uency curves of the voltage at different temperatures. o - 300 
K, 0- 77 K !::::. - 4.2 K 

The combined effect of the noise sources is minimized for this value of the signal 
source impedance. R 

1 
i:; 30+100 ill for Af1354f at this frequency range. 

op 
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Fig.5. The frequency curves of the noise current in at different 

temperatures. o - 300 K, 0 - 77 K, ~ 4.2 K 
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Using the equations (3,4), we have calculated the ambient temperature curves of the 

effective temperatures Tch and Tc~· It was assumed that Tch and Tc~ could be decreases using 

the transistors without a package. In this case we have a possibility to create a better 
condition for cooling at the liquid nitrogen and helium. For this purpose we have measured 
transistors with a hole in the package. The results of the measuremcmts of the noise voltage 
with and without a hole are shown in tabular. The transistors withm,t a package have shown 
the same results. 

Temperature 293 K 77K 4.2 K 

Transistor Tch' K Tc~' K Tch' K Tc~' K 

With package 300 ± 30 - 85 ± 10 85 ± 30 75 ± 10 80 ± 30 

Without package 300 ± 30 - 75 ± 8 85 ± 30 72 ± 8 80 ± 30 

The transistors with and without a package were cooled mary times with a cooling 
speed of 5 K/s. They did not show any degradation of their characteristics. 

The amplifier (Figure 6) utilized a cooled transistor All354f as the input device was 
constructed [3]. The input niose of the amplifier is 0.5 nV/ Hz112 a 4.2+100 K. The power 
dissipation is 25 mW. The amplifier is used in a HTS SQUID magn~tometer. The additional 

noise of the magnetometer due to amplifier is 5·10--{i <I> if Hz112 at the transfer function 

dV!d<l> = 100 !!V/<1>0. It is lower than the noise of usual HTS SQUDs by several times. 
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+15V 

I U '~' f I [~I ' 

,....------.1---i f--tJ 

[~--~--~~~~~ 

COOLED UOLUME 

Fig.6. The diagram of the cooled preamplifier 

Conclusions 

1. The operation llf the gallium arsenide field-effect transistors AII354f was 
investigated at low temperature. The temperature curves of amplification and noise were 
estimated. 

2. It was exposed that the transistors without a package are preferable than the 
transistors with a packag ~ because of better conditions for cooling in the liquid. 

3. The investigation:~ allowed to create the amplifier with noise lower than the usual 
HTS RF SQUID noise. 
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ENERGY LEVEL SCHEME OF p He+ SYSTEM 
IN AN IMPROVED ADIABATIC APPROACH 

I. V.Puzynin, T.P.Puzynina, V.I.Puzynin, S.l. Vinitsky 

Energy level scheme of states of p He+ system is studied in the effecti 1e adiabatic approach 
which has been developed in our previous work [7]. Possibilities of ex1•erimental data fit by 
means of appropriate choice of effective potentials are discussed. Systematic calculations of 
the energy level system and their estimations are given. • • 

The investigation has been performed at the Laboratory of Computing Techniques and 
Automation and at the Bogoliubov Laboratory of Theoretical Physics, JI~R. 

CxeMa ypoaueu 3Hepruu p He +-cucTeMbi 

8 y.iJyqweHHOM a;J:H363TW:IeCKOM DO)lXO)le 

H.B.lly3bi.HUH, T.ll.lly3bi.HUHa, B.H.lly3bi.HUH, C.H.BunuqKuil 

CxeMa ypoBueii :;!Hepmu p He+-cucTeMLI H3yqaeTcJI B s!j>!j>eKTHBHOM OlHa6anNeCKOM no)l­
xo)le, KOTOpblH 6LIJI pa3BHT B HaiiieH npe)lbi.!lYIIleH pa6oTe [7]. 06cYJK.! ,aJOTCJI B03MOJKHOCTH 
<lJHTHpOBaHHJI 3KCnepHMeHTaJibHbiX )laHHbiX C nOMOIIlbiO OO)lXO)lJ!IIleiU B ,J6opa 3<lJ<PeKTHBHbiX 

noTeHI.IHaJIOB. BLmOJiueuLI cucTeMaTwleCKHe pac'leTLI ypoBueii suepmu iJ He+-cuCTeMLI u )la­
HLI OUeHKH HX 3Ha'leHHH. 

Pa6oTa BbinOJIHeHa B Jla6opaTOpHH Bbi'IHCJIHTeJibHOH TeXHHKH H aBTO ll:aTH3aUHH H B Jla6o­
paTOpHH TeopeTH'IecKoii !j>H3HKH HM.H.H.Eoroni06oBa OIUIH. 

1. Introduction 

Recent experiments [1] using the laser-induced saturation eff!ct have shown that the 

metastable states in the atomcule p He+ have quantum numbers n == 40, l == n - 1, 
nax max max 

which correspond to nearly circular orbits, and the main primary population appearing at 
n == 38. However, an isolated atomcule has, in addition to these stat1:s, a wide range of other 
populated metastable states. With allowance made for these states, the total population of 

metastable hadronic p He+ states amounts up to 30%, that is six or seven times greater than 
the experimental values. So, for the quantitative treatment of tb: obtained experimental 
data, first of all, the systematic calculations of the initial popula1 ions and the rotational-

vibrational states of the p He+ atomcule are the actual problem [2 . The previous study of 
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the exotic states has bee 1 performed in the crude Born-Oppenheimer (B-0) approximation 
[3-5] and adiabatic ap(mximation [6]. 

In this paper the em rgy level scheme of states of p He+ system is studied by means of 
the effective adiabatic approach [7]. 

2. An Improved ,\diabatic Approximation 

The adiabatic representation is based on the expansion of the Schrodinger three-body 
wave function 'I'(R, T) mer a complete set of the Coulomb two-center problem solutions [8] 
in the rotational system Jf coordinates [9] 

J- " J - -1 J 'I' v (R, T) = ~ <l>j (r, R)R Xjv(R). (1) 

j 

After averaging we have an infinite system of the radial equations [ 1 0] 

[ 
2 ] a ' ' ' ' --
2 

+ 2ME1 - U .. (R) X· (R) =" U .. (R) X· (R). dJ1 V II IV f-. I) IV 

I'* J 

(2) 

Here U.~(R) are effectivt potentials with fixed values of the total orbital momentum J and 
I} 

its projection m = m. [9] 
1 

ui;(R)=2M( Ei(R)-Elb-~ )+Hi1D(R)+J(l+~)"'-2m2' 

J d d J 
L ;/R) = H;/R) + dR Qij(R) + 2Qij dR + Bij(R), 

M=Mifmb, M
0 

is the reduced mass of nuclei, M0-
1 =Ma-l +Mb-l' in particular, Ma =MP is 

the mass of antiproton, llnd Mb = M He is the mass of the Helium nucleus, mb is the reduced 

electron mass, m// =m;1 +M;1
, of the separated atomic ion He+ with the binding 

energy - E
1
b = 2, E/R) are eigenvalues of the Coulomb two-center problem, - E1v is the 

binding energy, EJv = E1\- Elb' and E1v is the energy of the three-body system p He+ in the 

reduced atomic units (e :: h = mb = l). 
It should be noted that the asymptotic behavior of the effective potentials with respect 

to large quantum numbe'S may be studied by using a quasiclassical approximation [8], and 
the Kantorovich theorem [II] of reduction of the infinite system of equations (2) to the 
finite one may be proved. It makes possible to consider a finite system of equations and to 
use different types of ap :>roximations. One of them is usually connected with the so-called 
Born-Oppenheimer approximation which corresponds to the limit of infinite heavy mass of 
nuclei: 

[ ;

2

2 + 2M(E1v- u(1(R)) ]x:(R) =0. (3) 
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Here u(1 is the B-0 potential 

U 1 (R) = ( E (R) - E AS - 2:_ ) + J(J + 1) , 
ll I I R 2MR2 

M = M. I m is reduced nucleus mass, and - £
1 

is binding energy, E . = E
1 

- E
1
As, counting 

(J e v .v v 

out- E:s = 2. in a.u. (e = h =me= 1). This approximation possesse~ an important property. 

It gives a lower boundary of eigenvalues E
1

v of the corresponding eigenvalue problem for 

the system of equations {2) in accordance with the Brat'sev theoren, [12]. We examine this 
property numerically for the dt J.l molecule with orbital momenta J = 0, 1, 2 and obtain the 
following lower estimations of the energy £

1
v in e'Y: £00 =-329.16, -£01 =-43.66, 

£
10 

= -239.41, Ell= -8.52, £
20 

= -106.55, £
21 

= 3.40 counting out E 4.S = -2813.25 eV. Note 

,. 
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Fig.!. The potential U(R), wave functions x1i(R) and energy levels Eli, i = 0, I of the 

dtm molecule in the Born-Oppenheimer approximation 
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J =33 
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- E.~v(a.u) 

3.2153739 
3.2157178 
3.2158117 
3.1045745 
3.1048801 
3.1049874 
3.0072338 
3.0075051 
3.0076236 
2.9217561 
2.9219970 
2.9221254 

3.0927549 
3.0929178 
3.0931773 
2.9956804 
2.9958251 
2.9960777 
2.9105830 
2.9107113 
2.9109579 
2.8359814 
2.8360952 
2.8363371 

2.9834437 
2.9834510 
2.9838491 
2.8987555 
2.8987619 
2.8991364 
2.8246697 
2.8246753 
2.8250~~6 

2.7598029 
2.7598079 
2.7601455 

Fig.2. The scheme of the t:nergy levels - E1v (in a.u.) of the 

p4He+ atomcule 

that in the case J = 2, v = I we 
only have a quasistationary state. 
It means that only one bound 
state exists for J = 2 that coin­
cides with the numerical varia­
tional results [13]. The obtained 
estimation of the binding energy 
in more interesting case of J = I, 
v = 1 is a necessary condition 
for existence of such a weakly 
bound state. The Born-Op­
penheimer potential and the cor­
responding radial wave func­
tions of dt f.! molecule with the 
orbital momentum J = I are 
shown in Fig. I. This property of 
the Born-Oppenheimer appro­
ximation can be used for the 
creation of different approxi­
mation schemes by means of the 
appropriate correction of the ini­
tial adiabatic potentials based on 
the effective adiabatic approach 
[7]. We apply such an approach 
for the calculation of the ap­
proximate energy levels of the 

atomcule p He+ by using the 
know spectroscopic data on 
transitions between the meta­
stable states. The corresponding 
scheme of the energy levels 
- E1v is shown in Fig.2. On this 

scheme for each pair of values 
Jv three values of energy - E1v 

are given. The thick line cor­
responds to the lower bound of 
the energy which is obtained by 
means of the Born-Oppen­
heimer approximation (3 ). The 
thin line shows the upper esti­
mation of the energy which is 
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calculated by means of the effective adiabatic approximation wilh the true asymptotic 
behavior: 

(4) 

Here u(
1
(R) is the effective adiabatic potential 

the vibrational and rotational parameters a. and ~ are approximately defined by ratio, 

a=~ =Mif Mb' of reduced masses, Mb-l = (Mb +mef
1 

+M;/. M =Hrfmb'- e1v is binding 

energy, e1v=E1v-Eib' counting out -E1b=2 in the units (e=h=l'lb= 1). In general case 

the parameters a. and ~ are functions with respect to R [7 ,14]. Thu >, for obtaining a more 
close upp~r estimation we can take into account this fact. For the typical values of orbital 
momentum 1"" 30 it leads to variations of the second orde1 rotational correction 

(2M)-2 1(1 + 1)"" 10-4 and the third order rotational correction (2.11)-3 1(1 + 1) ...J1(1 + 1) = 

""10-6. It means that some improvement of the adiabatic potential may be achieved with the 
help of the appropriate correction of the values of the orbital momentum 1. We suppose that 
such values of 1 may be obtained by fitting the known experimental data of transitions 
between the states [1]: 1=34, v=2 to 1=33, v=2 and 1=35, v= 3 to 1=34, v=3. The 
dotted lines of the scheme (see Fig.2) correspond to the energy level values which are 
calculated by means of fitting values of orbital momentum 1 in the equations ( 4) with 
respect to these data. In the fitting process we use additional res1 rictions which resulted 
from the lower and upper adiabatic estimation obtained previously. Finally we have 
following values 1 = 32.99735, 33.99859, 34.99993 and values of 1he energy levels which 
are given in the right column of the scheme. 

3. Results and Discussion 

In the calculations, we made use of the following values 1)f masses of particles: 
M-= 1836.1527m, M3... 2+=5495.885m, M4 2+=7294.299m and R.y= 13.6058041 eV. In 

P e He e He e 

order to fit the results of the numerical calcul~tions of BE= (E Jv-. S 1 ,) with experimental 

data, the following scale factor is applied: I. (1, v; 1 ', v')[nm] = 109[(£
1 

- E
1
,, 2R r 1, v v 00 

where Roo= 10973731.538m -l is the Rydberg constant [15]. (The ar proximated value of the 
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wavelength is the following: A= 45.56335V OE). For the nurr erical solving of the 
eigenvalue problem we used calculating schemes and programs [H, 17] which provide the 

accuracy of the numerical approximation of order 10-8. The energ:r level schemes for the 

atomcule p He+ are shown in Figs.3,4. The adiabatic potentials and wave functions 
corresponding to the experimentally observed transitions J = 34, v = 2 to J = 33, v = 2 and 
J = 35, v = 3 to J = 34, v = 3 with wavelengths [1]: A (34, 2; 3:1, 2) = 470.725 nm, and 
A. (35, 3; 34, 3) = = 597.259± 0.002 nm are shown in Figs.5,6. We give, as example, the 

lower estimations of the energy levels of the atomcul~ p He+ for J = 31, ... , 50 in Tables 1,2. 
We suppose that the further development of the proposed ap{: roach will provide an 
alternative way of other cumbersome calculations. 

Table 1. Energy levels EJv (v = 0--9) of p 3He+ system for."= 31, ... , 40 

1=31 1=32 1=33 1 = 34 1= 35 
-

v=O -3.348098 -3.207149 -3.081765 -2.~ 70423 -2.871799 

v=1 -3.218832 -3.093983 -2.983073 -2.! 84748 -2.797815 

v=2 -3.105510 -2.994993 -2.896942 -2.! 10138 -2.733488 

v=3 -3.006239 -2.908440 -2.821762 -2.~ 45093 -2.677422 

v=4 -2.919294 -2.832736 -2.756062 -2.1 ·88250 -2.628368 

v=5 -2.843107 -2.766438 -2.698514 -2.1 ·38400 -2.585237 

v=6 -2.776260 -2.708246 -2.647938 -2.: 94481 -2.547095 

v=1 -2.717477 -2.657007 -2.603300 -2.:· 55584 -2.513158 

v=8 -2.665628 -2.611708 -2.563709 2 ,. - ··' 20940 -2.482777 

v=9 -2.619721 -2.571478 -2.528410 -2.• >89905 -2.455417 

1=36 1=37 1=38 1 =39 1=40 

v=O -2.784731 -2.708176 -2.641179 -2 .. )82843 -2.532294 

v= I -2.721201 -2.653926 -2.595074 -2. )43773 -2.499181 

v=2 -2.665993 -2.606727 -2.554821 -2. )09447 -2.469826 

v=3 -2.617819 -2.565415 -2.519399 -2. 179013 -2.443555 

v=4 -2.575551 -2.529000 -2.487974 -2. ~51795 -2.419849 
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Table 1 (Continuation) 

1=:16 1=37 1=38 1=39 1=40 

v=5 -2.53!234 -2.496666 -2.459874 -2.427263 -2.398305 

v=6 -2.50~066 -2.467749 -2.434565 -2.405002 -2.378610 

v=1 -2.47~389 -2.441710 -2.411620 -2.384682 -2.360514 

v=8 -2.448667 -2.418117 -2.390699 -2.366039 -2.343814 

v=9 -2.424464 -2.396624 -2.371529 -2.348861 -2.328348 

1=~ 1 1=42 1=43 1=44 1=45 

v=O -2.488 664 -2.451083 -2.418692 -2.390673 -2.366285 

v=1 -2.460 481 -2.426891 -2.397676 -2.372165 -2.349766 

v=2 -2.435 221 -2.404956 -2.378417 -2.355055 -2.334391 

v=3 -2.412 384 -2.384927 -2.360674 -2.339176 -2.320042 

v=4 -2.391 588 -2.366532 -2.344257 -2.324395 -2.306622 

v=5 -2.372 538 -2.349558 -2.329014 -2.310600 -2.294045 

v=6 -2.355 )()() -2.333834 -2.314818 -2.297695 -2.282237 

v=1 -2.338 788 -2.319220 -2.301563 -2.285599 -2.271136 

v=8 -2.323 748 -2.305599 -2.289159 -2.274242 -2.260682 

v=9 -2.309 753 -2.292873 -2.277529 -2.263561 -2.250826 
- ~-- -~~ 

1=4 5 1=47 1=48 1=49 1=50 

v=O -2.344 186 -2.325946 -2.309034 -2.293811 -2.280006 

v= I -2.329' 166 -2.312336 -2.296520 -2.282230 -2.269236 

v=2 -2.3161 110 -2.299558 -2.284739 -2.271308 -2.259061 

v=3 -2.302' 130 -2.87546 -2.273638 -2.260996 -2.249441 

v=4 -2.290t i52 -2.276239 -2.263166 -2.251250 -2.240337 
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Table 1 (Continuation) 

1=46 1=47 1=48 1· =49 1=50 

v=5 -2.279109 -2.265581 -2.253276 -2.2 42032 -2.231713 

v=6 -2.268241 -2.255525 -2.243926 -2.2 33305 -2.223539 

v=7 -2.257997 -2.246025 -2.235079 -2.2 25035 -2.215782 

v=8 -2.248328 -2.237042 -2.226700 -2.2 17191 -2.208417 

v=9 -2.239192 -2.228539 -2.218757 -2.2 09746 -2.201418 

Table 2. Energy levels E Jv ( v = 0-9) of p 4He + system for ; = 31, ... , 40 

1=31 1=32 1=33 1 =34 1= 35 

v=O -3.506820 -3.353153 -3.215812 -3.( 93177 -2.983849 

v=1 -3.63873 -3.227111 -3.104987 -2.~ 96078 -2.899136 

v=2 -3.237806 -3.116151 -3.007623 -2.~ 10958 -2.825030 

v=3 -3.126711 -3.018536 -2.922125 -2.! 36337 -2.760145 

v=4 -3.028858 -2.932684 -2.847030 -2.~ 70885 -2.703224 

v=5 -2.942677 -2.857151 -2.781005 -2.~ 13289 -2.653134 

v=6 -2.866737 -2.790624 -2.722843 -2.(· 62527 -2.608880 

v=7 -2.799745 -2.731916 -2.671465 -2.!· 17599 -2.569594 

v=8 -2.749533 -2.679970 -2.625918 -2.~ 77659 -2.534539 

v=9 -2.688063 -2.633852 -2.585372 -2.~· 41980 -2.503091 

1=36 1=37 1=38 1 =39 1=40 

v=O -2.886607 -2.800375 1 = 38-2.724189 -2.« ·57170 -2.598491 

v= 1 -2.813061 -2.736859 -2.669628 -2.1 ·10523 -2.558743 

v=2 -2.748828 -2.6811430 -2.621982 -2.: ;69679 -2.523761 

v=3 -2.692616 -2.632887 -2.580154 -2.: ;33666 -2.492715 

v=4 -2.643262 -2.590172 -2.543207 -2.: ;o1676 -2.464938 
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Table 2 (Continuation) 

1=:16 1=31 1=38 1=39 1=40 

v=5 -2.5~742 -2.552375 -2.510352 -2.473050 -2.439901 

v=6 -2.561169 -2.518726 -2.480939 -2.447255 -2.417180 

v=7 -2.52t789 -2.488583 -2.454435 -2.423864 -2.396442 

v=8 -2.495969 -2.461417 -2.430411 -2.402533 -2.377417 

il! 
I' 
~I 

v=9 -2.468186 -2.436797 -2.408517 -2.382983 -2.359885 

li 
~ 
f: 
1 ~. 'I 
!!l 
i, 

1=41 1=42 1=43 1=44 1=45 

v=O -2.547355 -2.502973 -2.464554 -2.431309 -2.402474 

v=1 -2.513 i14 -2.474085 -2.439728 -2.409756 -2.383529 

v=2 -2.483 iOO -2.448210 -2.417251 -2.390035 -2.366034 

v=3 -2.456)40 -2.424835 -2.396748 -2.371886 -2.349812 

v=4 -2.432-~10 -2.403564 -2.377933 -2.355105 -2.334717 

v=5 -2.410197 -2.384089 -2.360582 -2.339531 -2.320632 

v=6 -2.390:~79 -2.366168 -2.344515 -2.325029 -2.307457 

v=7 -2.371''97 -2.349605 -2.329584 -2.311490 -2.295106 

v= 8 -2.354"'45 -2.334242 -2.315669 -2.298818 -2.283507 

v=9 -2.338~ 151 -2.319946 -2.302666 -2.286835 -2.272594 

1=41· 1=47 1=48 1=49 1=50 

v=O -2.377~42 -2.355284 -2.335770 -2.318361 -2.302707 

v= I -2.360472 -2 .340081 -2.321927 -2.305650 -2.290956 

v=2 -2.344780 -2.325862 -2.308928 -2.293679 -2.279864 

v=3 -2.330141 -2.312536 -2.296704 -2.282392 -2.269385 

v=4 -2.31645 I -2.300024 -2.285192 -2.271737 -2.259475 
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Table 2. (Continuation) 

1=46 1=47 1=48 '=49 1=50 

v=5 -2.303620 -2.288258 -2.274336 -2 261668 -2.250094 

v=6 -2.291573 -2.277176 -2.264087 -2 .252144 -2.241206 

v=7 -2.280242 -2.266725 -2.254400 -2 .243126 -2.232778 

v=8 -2.269569 -2.256857 -2.245234 -2 .234578 -2.224778 

v=9 -2.259502 -2.247528 -2.236554 -2 .226470 -2.217180 
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YAK 539.172.17 

illHPHHhl PACDA)J.A BhiCOKOB031iY)K)];EHHhiX ii)J.EP Ra 
H B03MO:/KHOCTH HX OllHCAHHil B CTATHCfJJqECKOH 
MO.IJ:EJIH )J.EB031iYX\.il:EHHil KOMDAYH)J.-ii.IJ:EF 

A.H.AnopeeB, p.p.EozoanoB, A.B.EpeMun, A.II. Ka6alleHKo, O.H.Ma.nMw.eB, 
IO.A.My3MilKa, IO.Q.Ozanec.RH, A.r.IIoneKo, E.H.Ilycmbl/l.bHUK, 
P.H. CazauoaK, A.B. TapanenKo, r.M. Tep-AKonMH, B.H.lj enuzun 

.llrui KOMnayHJl-lUlep 216•218·22!Ra, nOJiyqeHHbiX B peaKUtiJIX 22Ne + 1"4
,;'!6,l9SPt, 6billH H3Me­

peHbl <fJYHKUHH B036yJKJieHHll ll.llll Xn-, pxn- H UXn-KaHaJIOB pacmma B ofirraCTH :meprnH B03-

6yJI(JieHHll OT 40 )1.0 130 MllB. 3a cqeT HCnOJib30BaHHll peaKUHH Ha Tpe ~ H30TOnax IUiaTHHbl B 

pa6oTe C XOpOIIIeH CTeneHbJO TOqHOCTH H3MepeHbl OTHOIIIeHHll ceqeHHH HCnapHTeJibHbiX peaK­

UHif, npHBO)J.liiUHX K 06pa30BaHHJO O)J.HOro H TOro JKe KOHeqHOro lUlpa, H J C pa3JIHqHbiM qHC.JlOM 

CryneHeH B HCnapHTeJibHOM KaCKa)J.e, qTO ll03BOJIHJIO onpe)J.eJIHTb JKCI :epHMeHTaJlbHbie BeJIH­

qHHbl npHBe)J.eHHbiX HeHTpOHHbiX IIIHpHH npH BbiCOKHX JHeplliJIX B036yJK;leHHll KOMnaYHJl­

lUlpa. Y CTaHOBJieHO, qTQ BO BCeM )J.Hana30He JHeprnH B036y)I(JieHHll CeqeJ !IU o6pa30BaHHll HCna­

pHTeJibHbiX npoayKTOB B peaKUHliX 
22

Ne + 194•196•198
Pt XOpoiiiO OnHCb.BaJOTCll B paMKax CTa­

THCTHqecKOH MO)J.eJIH HcnapeHHll c yqeTOM o6onoqeqHhiX nonpaso c no HrnaTJOKy. KaK 

nOKa3b1BaJOT HaiiiH HaCTOliiUHe H npe)J.bi)J.yiUHe HCC.Jle)J.OBaHHll, HCnOJib3( •BaHHe TaKOro nO)J.XO)J.a 

n03BOJllleT C O)J.HHM Ha6opoM MO)J.eJibHbiX napaMeTpOB (C = 0,6 + 0,7 H a1J a
1 

= 1,00) npa-

BHJibHO OnHCbiBRTb BeJIHqHHbl ceqeHHH o6pa30BaHHll HCnapHTeJibHbiX 1p0ayKTOB B lUHpOKOH 

o6rracTH KOMnayHJl-lUlep - OT Bi ao U. KpoMe roro, KaK noKa3ano < pasHeHHe c pacqeTOM, 

BeJIHqHHbl OTHOIIIeHHH ceqeHHH qpe3BbiqaHHO qyBCTBHTeJibHbl K 3HaqeH flO napaMeTpa af / av H 

n03BOJiliJOT onpeaeJIHTb ero c BbiCOKOH cTeneHbJO TOqHOCTH. TaKHM c 6pa3oM, TeCTHposaHHe 

pacqeTOB no )J.BYM HaOOpaM JKCnepHMeHTaJlbHbiX )J.aHHbiX - ceqeHHJI o6pa30BaHHll H OTHO­

IIIeHHll ceqeHHH - n03BOJilleT He3aBHCHMO Onpe)J.eJiliTb 3HaqeHHll 060HX OCHOBHbiX napaMeTpOB 

MO)J.eJIH C H a1J av. npoBe)J.eHHble pacqeTbl nOKa3aJIH, qTO )J.Jili )J.OaKTHH f)J.HblX li)J.ep 3HaqHTeJib-

Hall qacTb npe)J.)J.eJIHTeJibHbiX HeHTpOHOB (oT 50 ao 100%) liBJiliJOTCll ~peacell.llOBbiMH. TaKHM 

o6pa30M, MOJKHO KOHCTaTHpOBaTb, qTQ )J.Jili HCC.Jle)J.OBaHHbiX li)J.ep pacqeTbl no CTaTHCTHqeCKOH 

MO)J.eJIH BnOJIHe y)J.OBJieTBOpHTeJibHO OnHCbiBaJOT KaK IIIHpHHbl pacnaaa CHJibHOB036YJKJ1eHHbiX 

li)J.ep, TaK H MHOJKeCTBeHHOCTb npe)J.)J.eJIHTeJibHbiX qaCTHU BlUIOTb )1.0 JHeprnH -130 MJB. 

Pa6oTa BblllOJIHeHa B na6opaTOpHH li)J.epHbiX peaKUHH HM.f.H.<l>Jiei•OBa 0115111. 

Decay Widths of Highly Excited Ra Compound Nttclei 
and Their Description in Terms of Statistical Model 
of the Compound Nucleus De-Excitation 

A.N.Andreyev et al. 

Excitation functions have been measured for the xn, pxn and axn decay channels of the 

compound nuclei of 
216•218•22

!Ra produced in the reactions 
22

Ne + 194•
1
"6•

19
8pt in the excitation 

energy range of 40 + 130 MeV. Due to the employment of three platinum isotope targets, 
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cross-section ratios h 1ve been measured with a high degree of accuracy for reactions leading 
to the same final cole products after termination of evaporation cascades of different numbers 
of stages. This allowed us to obtain the experimental values for the reduced neutron widths of 
the compound nuclei at high excitation energy. It is shown that the evaporation reaction cross 
sections are well des1 ribed in the framework of the statistical model taking into account shell 
effects according to lgnatyuk. Out present, and .also earlier, investigations show that such 
calculations making 11se of one single set of the model parameters - the scaling factor to the 
liquid-drop fission bnier of Cohen, Plasil and Swiatecki C = 0.6-0. 7 and the ratio of the level 
density parameters a1 I av = 1.0 - reproduce correctly cross sections of evaporation reactions 

in a wide range of co npound nuclei extending from Bi to U. The calculations showed that the 
cross section ratios me exceptionally sensitive to the value of a1! av and are very suitable for 

its high accuracy detnmination. By fitting two sets of experimental data - the absolute cross 
section values and the cross sections ratio- we disentangled the roles of the parameters C 
and a,/ 'lly and obtailled their values. The calculations showed that, for the pre-actinide com-

pound nuclei, the valc1able part of pre-fission neutrons (from 50 to 100%) is emitted before the 
saddle point (pre-sad ile neutrons). Thus, we conclude that our statistical model calculations 
reproduce quite satis 'actory reaction cross sections as well as decay widths and pre-fission 
neutron multiplicities for the studied compound nuclei having the excitation energy of up to 
130 MeV. 

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

I. Bae.u.eHHe 

PeaKUHH MeJK.IlY cnc XHbiMH Jl.llpaMH, H.ll)'IUHe qepe3 CT3.llHJO o6pa30BaHHj) cocTa&Horo 

Jl.llpa, JIBIHIJOTCj) XOpoWHif HHCTp}'MeHTOM HCCJie,llOBaHHH KaK TepMO.llHHaMH'IeCKHX xapax­

TepHCTHK Jl.llepHOH MaTepHH (TeMneparypa HarpeTbiX Jl.llep, WHpHHbl pacna,uoB), TaK H ee 

.llHHaMH'IecKHX xapaKTepKCTHK (CKOpoCTb .llHCCHnauHH :;meprHH, 8j)3KOCTb H .u.pyrHe). IlpH 

3TOM 3KCnepHMeHTa11bHbl e .llaHHble 06bi'IHO HCnOJib3yJOTCj) B Ka'leCTBe TeCTa, n03BOJISIJOI.UefO 

onpe.D.eJISITb BeJIH'IHHbl M J.lleJibHbiX napaMeTpOB B paMKaX TOfO HJIH HHOfO TeopeTH'IeCKOfO 

OO.llXO.Ila K OnHCaHHIO Dp·lUeCCOB o6pa30BaHHSI H .U.eB036yx.D.eHHSI KOMnayH.ll-JI.Ilpa H HX 3aBH­

CHMOCTH OT 3KCnepHMCIITaJibHO KOHTpOJIHpyeMbiX ¢H3H'IeCKHX napaMeTpOB, TaKHX, KaK 

3HCprHS1 B036yx.D.CHHSI, r .epe.u.aHHbiH HMnyJibC, MaCCOBaSI aCHMMeTpHSI BO BXO.IJ.HOM KaHane 

peaKUHH H T . .ll. Ilonyqe iHbiH B nocne.u.Hee BpeMSI 60JibWOH MaCCHB 3KCnepHMeHTaJibHbiX 

.U.aHHbiX 0 'IHCJJe npe.ll.lle.. IHTenbHbiX HeHTpOHOB B peaKUHSIX C TSIXeJibiMH HOHaMH CTHMYJIH­

pOBaJI WHpOKyJO .llHCKYC :HJO 0 MeXaHH3MaX HX HCnycKaHHSI H ¢aKTOpax, onpe.u.eJISIIOI.UHX 

.lleJIHTeJibHyJO WHpHHY B036yx.D.eHHOfO KOMnayH.ll-JI.Ilpa [1,2). 0.U.HH H3 acneKTOB 3TOH .llHC­

KYCCHH o6ycnoBJieH TeM paxTOM, 'ITO Ha6nJO.u.aeMoe B 3KcnepHMeHTax 'IHcno npe.ll.lleJIHTeJI&­

HbiX HeHTpOHOB 6on&we 'leM 3TO CJJe.U.yeT H3 pac'leTOB no CTaTHCTH'IecKOH MO.U.eJIH .U.eB03-

6yx.u.eHHSI KOMnayH.ll-JI.Il(:a, H 3TO pa3JIH'IHC y&enH'IHBaeTCSI C pOCTOM 3HeprHH B036yx.D.eHHSI. 

,UnSI OO'bSICHeHHSI Taxoro pa3JIH'IHSI 6biJIH pa3pa60TaHbl H WHpOKO HCnOJib3yJOTCSI HOBbie no.a:­

XO.llbi .ll,1JSI onpe.u.eneHHSI ;leJIHTeJibHOH WHpHHbl, YlfHTbiBaiOI.UHe BJIHSIHHe 3¢¢eKTOB Sl.llepHOH 

BSI3KOCTH HJIH TpeHHSI (14 ). 0.D.HaKO, Ha Haw B3fJISI.Il, npH 06cyx.D.eHHH paCXO)I(.IJ.eHHH Me:lK,ll)' 

3KCnepHMeHTOM H paC'IefOM HeCKOJibKO HC.IJ.OOUeHHBaeTCSI TOT H3BeCTHbiH ¢aKT, 'ITO ¢HTH­

pOBaHHe MO.IleJibHbiX pai:'ICTOB no HHTerpanbHOMY Ce'leHHIO .U.eJieHHSI npaKTH'IecKH He Ha­

KJia,llbiBaeT cymeCTBeHHUX orpaHH'IeHHH Ha paC'IeTHOe 'IHCJIO npe.ll.lleJIHTeJibHbiX HeHTPO­

HOB - ( Vpre ). TaK, HallpHMep, B pa6oTaX (5,6) 6biJIO nOKa3aHO, 'ITO npH KOppenHpOBaH-

HOM H3MeHeHHH napaMC'rpDB CTaTHCTH'IecKOH MO.IleJIH, onpe.lleJISIIOI.UHX nJIOTHOCTb ypOBHeH 
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H senwumy )I(H.J:IKOKaneJihHOro 6apbepa, MO)I(HO yseJIH'IHTh ( v pre : B 2,5 pa3a npH coxpa­

HeHHH y.r:~oBJieTBopHTeJihHoro onHcaHH.H cpyHKUHH B036~eHH.H J])I.H .r:~eJIHTeJibHOH MO.J:Ibi pac­

na,na. 3To He npe.r:~cTaBJI.HeTC.H Y.r:IHBHTeJihHbiM, T.K. BeJIH'IHHa ( v ) qpe3Bhi'IaifHo qyscT-
p•e 

BHTeJibHa K BeJIH'IHHaM r / r Ha nepBbiX CTyneH.HX ,[leB036y)l(.[leHH H, B TO BpeM.H KaK HHTe-
n tot 

rpaJibHOe Ce'leHHe .[leJieHH.H 3aBHCHT OT MHOrHX napaMeTpOB pacq !Ta. DmlTOMY BOllpOC 0 

peaJIHCTH'J:HOCTH napaMeTpOB, HCllOJih3YJOIUHXC.H B pac'leTaX no ( TaTHCTH'IeCKOH MO.[IeJIH 

npH OllHCaHHH pacna,na B036y)l(.[leHHbiX ,[leJI.HIUHXC.H KOMnayH.J:I-.H.[Iep, CTaHOBHTC.H qpe3Bhi'IaH­

HO Ba)I(HblM H aKTYaJibHbiM npH HHTepnpeTaUHH 3KCnepHMeHTaJibHbl { .[laHHbiX.llJI.H pa3BHTH.H 

H napaMeTpH3aUHH HOBhlX .[IHHaMH'IeCKHX llO.[IXO.[IOB He06XO.[IHMO E Ha'laJie 'leTKO Bbl.[leJIHTh 

H3 3KCnepHMeHTaJibHbiX .[laHHbiX TY HX 'laCTh, KOTOpaH peaJibHO He MO)I(eT 6biTh OllHCaHa 

B KJiaCCH'IeCKOH CTaTHCTH'IeCKOH MO.[IeJIH C ee MHHHMaJihHhiM Ha6opoM Tpe6oBaHHH K npo­

ueccy, a HMeHHO, 'IT06bi npouecc 6biJI llOJIHOCTbJO TepMaJIH30BaH H COOTHOIIIeHHe Me)l(.[ly 

pa3JIH'IHhiMH MO.[IaMH pacna.[la onpe.[leJI.HJIOCh TOJihKO HX CTaTHCTH'IeCKHMH BeCaMH B cpa30-

BOM npOCTpaHCTBe. 

JlaHHaH pa6oTa .HBJI.HeTC.H npO.J:IOJI)I(eHHeM HaiiiHX HCCJie.[IOBaHH 1 ce'leHHH o6pa30BaHH.H 

HcnapHTeJihHhiX npo.r:~yKTOB B peaKUH.HX noJIHoro CJIH.HHH.H B o6JiaCTH .H.J:Iep OT Bi .r:~o U 

(7-9). llJI.H KOMnayH.J:I-.H.[Iep 
216 •218 •22~a, nonyqeHHbiX B peaKUli.HX 

22
Ne + 194

•
196

•
19Spt, 

6biJIH H3MepeHbl cpyHKUHH B036~eHH.H J])I.H Xn-, pxn- H C:XXn-KaWJIOB pacna,na B o6JiaCTH 

3HepmM: so36y)l(.[leHH.H OT 40 .r:~o 130 M3B. HeKOTOphie npe.r:~sapwTc!.flbHbie pe3yJihTaThi 3KC­

nepHMeHTOB o6cy)l(.[laJIHCh paHee B pa6oTax [10,11]. Haiii HHTepec 11pw wccne.r:~osaHHH 3THX 

peaKUHH, C O.[IHOH CTOpOHbl, 6biJI o6ycJIOBJieH B03MO)I(HOCTbJO llOJ yqeHH.H HHcpOpMaUHH 0 

BJIH.HHHH 060JIO'Ie'IHbiX 3cpcpeKTOB Ha pacna.[l BblCOKOB036y)l(.[leHHblX COCTaBHblX .H.J:~ep, C .J:Ipy­

roif CTOpOHbl - Mbl XOTeJIH npoBepHTb npHMeHHMOCTb CTaTHCTH'I,!CKOH MO.[IeJIH J])I.H OllH­

CaHH.H COOTHOIIIeHHH IIIHpHH paClla.[IOB, BKJIJO'IaH ,[leJIHTeJibHYJO II HpHHy, H MHO)I(eCTBeH­

HOCTH npe.[lpa3pbiBHblX 'laCTHU (TO'IHee, npe.[ICe)J)IOBbiX) B IIIHpOKOH o5JiaCTH 3Hepmif B036y)l(­

,[leHH.H. 3a C'leT HCllOJib30BaHH.H peaKUHH Ha Tpex H30TOnax llJiaTHllbl B pa6oTe C XOpOIIIeH 

CTeneHbJO TO'IHOCTH 6b!JIH H3MepeHbl OTHOIIIeHH.H Ce'leHHH HCnapHTeJibHbiX peaKUHH, npHBO­

.J:I.HIUHX K o6pa30BaHH.H O.[IHOro H TOfO )l(e KOHe'IHOfO .H.[Ipa, HO C pa:JIH'IHblM 'IHCJIOM CTyne­

HeH B HCnapHTeJibHOM KaCKa,r(e. 3TOT Ha6op 3KCnepHMeHTaJibHbiX .[ILHHbiX .HBJI.HeTC.H cymecT­

BeHHbiM H, KaK 6y.[leT llOKa3aHO .[laJiee, .[IOCTaTO'IHO )l(eCTKHM .[IOllCJIHHTeJibHbiM ycJIOBHeM, 

KOTOpoMy .[IOJI)I(Ha Y.r:IOBJieTBOp.HTb MO.[IeJih, npeTeH.[IYJOIUaH Ha npaHHJibHOe OllHCaHHe npo­

uecca pacna,na cocTaBHoro .H.J:Ipa H .r:~aJOmaH B03MO)I(HOCTh nonyqem .H np.HMOH 3KcnepHMeH­

TaJihHOH HHcpOpMaUHH 0 .[leJIHMOCTH .H.[Ipa Ha nepBbiX CTyneH.HX HCnapHTeJibHOfO KaCKa,[la. 

2. 3KCnepHMeHTaJihHa.H MeTO.[IHKa 

3KcnepHMeHThi npoBO.J:IHJIHCb Ha BhiBe.[leHHOM nyqKe UHKJIOTpc1Ha Y-400 JUIP Ol15H1. 

22 
l1cnOJih30BaJIHCh nyqKH HOHOB Ne c 3Heprn.HMH 135,160,176 H 192 M3B. l1HTeHCHBHOCTh 

nyqKa Ha MHIIIeHH orpaHH'IHBaJiaCb H 6hiJia paBHOH 2·1 011 
C -I. l1: MeHeHHe 3HeprHH 60M-

6ap.[1Hpy!OIUHX HOHOB C IIIafOM 3 + 6 M3B npOBO.[IHJIOCb C llOMO!UbiO aJIJOMHHHeBbiX H THTa­

HOBbiX llOrJIOTHTeJieH. 
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B 3KcnepHMeHTax He: 10JJb30BanHCb Heno,nBHJKHbie MHUieHH H3 pa3,neneHHbiX H30TonoB 

nnaTHHbl-
194• 196• 19~ Ha TOHKHX ariiOMHHHeBbiX (0,4 MrfcM

2
) nO,nJJOJKKax. MHUieHH 6biJJH 

H3roTOBJJeHbl MeTO,ll,OM HallbiJJeHHll. JhoTOnHbiH COCTaB MHUieHeH H HX TOJIIUHHbl npHBe,ne­

Hbl B Ta6n.l. J13MepeHHe ''OJJIUHH MHilleHeH npOBO,ll,HJIOCb C HCnOJib30BaHHeM MeTO,na peHT­

reHoqmyopecueHTHOro aH.IJJH3a nocne HX H3roToBJJeHHll H nocne npoBe.neHHll 3KcnepHMeH­

TOB. flpoBepKa pe3yJibTaTOB Ha BOCnpOH3BO,nHMOCTb nOK33ana, 'ITO TOlJHOCTb H3MepeHHH OTHO­

UieHHH TOJIIUHH MHUieHeH COCTaBJJlleT ± 5%, a6cOJIIOTHbiX 3HalJeHHH TOJIIUHH - ± 15%. 
3Hepmll 6oM6ap,nHp:1IOIUHX lJaCTHU H3MepliJiaCb nonynpOBO,ll,HHKOBbiM ,neTeKTOpOM, 

pacnonoJKeHHbiM nocne MltUieHH, no 3HepmH HOHOB, pacceliHHbiX ua yron 30°. KanH6poBKa 

,ll,eTeKTOpa ocymecTBJJliJial:b C nOMOIUbiO CTau,napTHbiX <X-HCTOlJHHKOB. flonpaBKH Ha He­

HOHH3aUHOHHbie norepH 311eprHH H norepH 3HepmH B «MepTBOM» CJJOe ,ll,eTeKTOpa He }"'HTbi­

BaJJHCb. TaKall MeTO.nHKa H3MepeHHH no3BOJilleT onpe,nenliTb a6coJIIOTHbie BeJIHlJHHbi 3Hep­

rnit 6oM6ap.nHpyiOIUHX HoHOB c A ~ 40 c TOlJHOCTbiO ± (1,0 + 1,5)%, T.e. ± 2,0 M3B .nJJll 

OnHCbiBaeMbiX 3KCnepHMeHTOB. TOlJHOCTb onpe,neneHHll OTHOCHTeJibHbiX BeJIIflJHH 3Hepmti: 

HOHOB B 2-3 pa3a Jl}"'lllt H COCTaBJJlleT ± (0,7 + 1,0) M3B. 

flpO.nyKTbl peaKUHH r iOJJHOro CJIHliHHll OT,ll,eJiliJIHCb OT npo,nyKTOB peaKUHH rny6oKOHe­

ynpymx nepe,naq H 60Mf•ap,nHpyiOIUHX HOHOB C nOMOIUbiO KHHeMaTHlJeCKOro cenapaTOpa 

BACI1fll1CA [12,13]. 31o TpexcryneHlJaTbiH 3JieKTpocTaTHlJeCKHH cenapaTop c TenecHbiM 

yrnoM 3axBaTa 15 MCp If liOJIOCOH nponycKaHHll ± 10% no 3JieKTpH'IecKOH JKeCTKOCTH. flpH 

6biCTpO,ll,eHCTBHH, 6JIH3KO .t K O,ll,HOH MHKpOCeKyu,ne, OH o6ecnelJHBaeT 3cpcpeKTHBHOe pa3,ne­

JieHHe npo.nYKTOB peaKUI' it nonHoro cnHliHHll, npo.nyKTOB peaKUHH nepe,naq 11 6oM6ap,ll,H­

PYIOIUero nyqKa. 3qxpeKT ltBHOCTb cenapauHH npo.nyKTOB nonuoro CJJifj!Hifjl 3aBHCHT OT Mac­

Chi 6oM6ap,!1,HpyiOIUero HCHa H ,nJJ}I KOMnayH,n-}l,ll,ep C A > 200 MeHlleTC}I OT 3% .nJJll peaKUHH 

C HOHaMH KHCJJOpo,na ,ll,O :~5% ,nJJll peaKUHH C HOHaMH aproHa H KaJJbUif}l. 

PemcTJ)auHjl liJlep < T,nalJH H H3MepeHHe 3Heprnit Hx a-pacna,li,OB ocymecTBJJliJIOCb 

B cpOKaJJbHOH nJJOCKOCTH ;enapaTopa ,ll,eTeKTHpyiOIUeH CHCTeMOH [14] 113 .li.Byx UIHpOKOanep­

rypHbiX BpeMllnponeTHbiX ,ll,eTeKTOpOB C BpeMeHHbiM pa3peUieHHeM 0,5 HC If BOCbMHCTplf­

nOBOrQ nonynpOBO,ll,HHKOIIOrQ ,ll,eTeKTOpa C nOJIHbiM pa3MepOM 50 X 70 MM H pa3peUieHHeM 

30 K3B ,li,Jijl <X-lJacTHU c 311epm}IMH B .li.Hana3oue oT 6 .li.O 9 M3B. 11.neHTHcpHKaUHll HYKJJH.li.OB 

npOBO,ll,HJiacb no 3HeprHH <X-pacna,ll,a If cpyHKUHH B036yJK,neHH}I. 3cpcpeKTHBHOCTb cenapaTOpa 

B ,naHHbiX 3KCnepHMeH1'aX lf3MepliJiaCb C HCnOJib30BaHHeM KaJJH6pOBOlJHOH peaKUHH 

22
Ne (135 M3B) + ecTw :340 MKr/ cM

2) 11 6biJJa paBHOH (3,7 ± 0,5)%. llnjl H3MepeHifjl 3cp­

cpeKTHBHOCTH HCnOJJb30B;IJJCll MeTO,ll, H3MepeHHll OTHOUieHif}l CX-aKTHBHOCTH B cpOKaJJbHOH 

Tafimma 1. H1oron .u.1il cocraa MHmeHeil 
H HX 1 OJIIQHHbl 

TOJJWHHa, HlOTOOHI.IH COCTaB, % 
MHWCHI. Mrlcti r---

I' •4 195 196 

194Pt 165 83 ,0 13,0 3,5 

196Pt 315 2 

198Pt 250 : 
,3 7,1 86,8 

I 7 ' 4,9 5,6 

198 

0,5 

3,8 

85,7 

nnocKOCTH cenapaTopa 11 Ha c6op­

HHKe, pacnonoJKeHHOM nocne MH­

UieHH [9]. llnji TOro lJT06bi yMeHb-

UIHTb BJllf}IHife HeCTaTHCTHlJecKHX 

cpaKTOpOB Ha OTHOUieHHe CelJeHHH, 

OCHOBHall lJaCTb lf3MepeHHH 6hiJJa 

BbinOJIHeHa B TelJeHHe O,ll,HOfO o6ny­

lJeHHll npH cpHKCHpoBaHHOH Ha­

CTpOHKe cenapaTopa. flpH 3a,ll,aHHOH 

3HepmH nyqKa H3MepeHH}I npo­

BO.li.HJIHCb nocne.nooaTeJihHO .nJJj! 
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KruK.llOH H3 Tpex MHIIIeHeH. 3aMeHa MHIIIeHeH ocymeCTBJI51JlaCb as· ~OMaTH'IeCKH C noMOil{biO 

AHCTaHUHOHHoro ynpaBJieHH~. Cpe.~~:Hee speM~ o6nyqeHH~ MHIIIeHH npH cpHKCHposaHHOH 

:meprHH nyqKa cocTaBJI~JIO 25 + 30 MHHYT. Me)!(,L(y o6nyqeHH~Mlt MHIIIeHeH nposo.D:HJIOCh 

10-MHHYTHOe H3MepeHHe .D:Ji~ KOHTpOJI~ 3a BKJ!a.D:OM .D:OJifOICHBYil{HX aKTHBHOCTeH, 

HMnJiaHTHposaHHhiX B .D:eTeKTop. KpoMe Toro, noJIHhiH .D:Hana30H Siiepmil nyqKa 6bm ycnos­

HO pa36HT Ha n~Tb nOMHana30HOB CO cpe.D:HHMH 3Ha'IeHH~MH 3f epmH 6oM6ap.D:HpyiOil{HX 

HOHOB 126, 108, 145, 167 H 185 MsB. l13MepeHH~ B nOMHanaDHaX npOBO.D:HJIHCb B TOH 

nOCJJe.D:OBaTeJihHOCTH, B KOTOpOH OHH nepe'IHCJieHhl. 

3. Pe3yiihTaTbi H3MepeHHH 

B .D:HanaJoHe 3Hepmil so36y)!(,L(eH~ oT 45 .11:0 120 M sB .D:JI~ KOMnayH.D:-Mep 

216
•
218

•
22

<Ra H3MepeHhi cpyHKUHH so36y)!(,L(eHH~ .D:JI~ xn-, pxn- H IXxn-peaKUHH. Pe3yJihTaThi 

H3MepeHHH npHBe.D:eHbl B Ta6JIHUaX 2-4. llpH paC'IeTe 3Hepm~ B036y)!(,L(eHH~ HCnOJib30-

BaJJHCb 3KCnepHMeHTaJJbHbie BeJIH'IHHbl MaCe HYKJIH.D:OB H3 pa60Tb [15). 3Ha'IeHH~ 0.-BHJIOK 

npH paC'IeTe Ce'IeHHH 6paJJHCb H3 pa60Tbl [16). llpH o6pa60TKe ~KCnepHMeHTaJJbHbiX .D:aH­

HbiX npOBe.D:eHa npoue.D:ypa Bbi'IHTaHH~ cpoHa, CB~3aHHOfO C HeM::>HOH30TOllHOCTbiO MHIIIe­

HeH. llpH 3TOM HCnOJib30BaJJHCb llOJiyqeHHhie B pa6oTe 3KCnepHM eHTaJJbHbie .D:aHHbie 0 Bbi­

XO.D:aX H cpopMe <lJYHKUHH B036y)!(,L(eHH}I .D:Ji}l BCeX Tpex MHIIIeHeH, 'ITO n03BOJIHJIO nposeCTH 

:ny npoue.~~:ypy .D:OCTaTO'IHO KOppeKTHO . 

.il,JJ}I HJIJIIOCTpauHH Ha pHC.1 noKa3aHbl 3KCnepHMeHTaJJbHble q YHKUHH B036y)!(,L(eHH}I .D:Ji}l 

peaKUHH 
22

Ne + 198Pt H npHBe.D:eHbl pe3yJihTaTbl paC'IeTa no CT3rHCTH'IeCKOH MO.D:eJIH. 113 

pHCYHKa BH.D:HO, 'ITO pacqeT XOpOIIIO Om!ChiBaeT Ce'IeHH}I B MaKClMYMax BbiXO.D:OB H cpopMy 

cpyHKUHH B036y)!(,L(eHH}I. He6oJihiiiOe pacxo)!(,L(eHHe B nonoxelfH}IX pac'IeTHhiX H 3KC­

nepHMeHTaJJhHhiX cpyHKUHH B036y)!(,L(eHH~ Ha IIIKaJJe 3HeprHH B03(iy)!(,L(eHH}I (npH6JIH3HTeJih­

HO Ha 2 MsB) He BbiXO.D:JfT 3a npe.D:eJibl TO'IHOCTJf Jf3MepeHJfJ! a6COJIIOTHOH BeJIJf'IJfHbl 

3HepmH 6oM6ap.D:HPYI0Il{HX JfOHOB Jf n03TOMY MOXeT 6hiTb y6pLHO npOCTbiM CMell{eHJfeM 

3KcnepHMeHTaJJbHhiX TO'IeK snpaso Ha 2 MsB. Eonee .D:eTaJJhHOe o6cy)!(,L(eHJfe pe3yJihTaTOB 

pac'IeTa 6y.~~:eT npoBe.D:eHo B CJie.D:yiOmHx pa3.~~:enax cTaTbJf. 

llonyqeHHbie H3 3KCnepHMeHTaJJbHbiX .D:aHHbiX BeJIH'IJfHbl ceqc:HJIH o6pa30BaHJf}l Jf30TO­

llOB Ra c 208 <A < 214 s MaKCJfMYMax JfX BhiXO.D:OB npHBe.D:eHhi s Ta6n.5 (s MJfJIJIJf6apHax). 

Jb .D:aHHbiX Ta6JI.5 CJie.D:yeT, 'ITO OTHOIIIeHHe Ce'IeHHH o6pa30BaHJf:I KOHKpeTHOfO Jf30TOna B 

Xn- H (x + 2) n-peaKUJf~X npaKTJf'IeCKJf nOCTO}IHHO BO BCeM JfCCJie),OBaHHOM .li:Jfalla30He MaC­

COBbiX 'IJfCeJI Jf He 3aBJfCJfT OT a6COJIIOTHOH BeJIH'IHHbl Ce'IeHH}I o6pa30BaHH}I Jf30TOna (H3 

Ta6JIJfUhl BH.D:HO, 'ITO npJf nepeXO.D:e OT 
212

Ra K 
208

Ra Ce'IeHHe :IMeHbiiiaeTC}I B 300 pa3). 

Ka'IeCTBeHHO 3TO CBH.D:eTeJibCTByeT 0 TOM, 'ITO napUJfaJJbH~ .D:eJ :HTeJihH~ IIIJfpHHa rf Ha 

nepBbiX CTyneH}IX .D:eB036y)!(,L(eHH~ HeBeJIHKa H He OKa3biBaeT CyiUeCTBeHHOfO BJI~HJf}l Ha 

nonHoe ce'IeHHe o6pa30BaHJf}l HYKJIH.D:a. 

C.~~:enaeM eme O.D:HO KopoTKoe pa3b}ICHeHHe K Ta6n.5. ,l;JI}I Tpex nap Jf30Tonos 
211R 212 209 210 207 208 

a- Ra, Ra - Ra H Ra- Ra 3HepmH a.-pacna.~~:os o rJIH'IaiOTC}I MeHee, 'I eM Ha 

10 K3B. J1cnOJib30BaBIIIHHC~ B 3KCnepHMeHTaX .D:eTeKTOp C pa3pellleHHeM 30 K3B He n03BO­

JJ51JI pa3.D:eJIHTb 0.-aKTHBHOCTH 3TJIX nap. ll03TOMY .D:JI~ 3THX CJiyqaes H3MepeHHhle <iJYHKUJfH 

B036y)!(,L(eHH~ npe.D:cTaBJI}IIOT CYMMY xn- H (x + 1) n-peaKUHH. 0.D:HaKO BeJIJf'IJfHhi ceqeHHH s 
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Ta limlua 2. C!»yaxUHH ac)]fi)'lKJlellllll NUl xn·pealUlllii 

22Ne + I98Pt 

ENe' E •, Ce'lcHHll, M6 

M::~B M::~B 
5n 6n 7n 8-9n 10-lln 

103,5 45 27,3 5,0 

106,5 47,7 23,5 12,5 

110,0 50,8 13,8 27,7 2,5 

113,5 53,7 5,1 35,1 4,4 

119,0 58,9 1,5 31,6 10,5 

124,0 63,4 0,4 14,2 19,0 2,4 

129,0 67,9 4,1 20,2 5,5 

133,0 71,5 1,6 18,8 8,7 

137,0 75,1 0,6 9,0 10,5 

143,0 80,5 2,9 10,4 0,25 

149,5 86,4 1,0 8,1 0,26 

155,5 91,8 0,3 3,9 0,56 

160,0 95,8 3,2 0,99 

166,0 101,3 1,5 1,07 

172,5 106,6 0,66 0,93 

180,5 114,4 0,28 0,69 

186,0 119,4 0,20 0,54 

22Ne+ I~ 

~ .. E •, Ce'ICHHll, M6 

M::~B M::~B 
4n 5n 6-7n 8-9n 10-lln 

103,5 45,8 5,05 18,6 1,7 

106,5 48,5 2,84 23,7 3,2 

110,0 51,6 0,95 19,9 7,6 

113,5 54,7 0,32 12,5 14,0 

119,0 59,7 5,4 18,1 0,3 

124,0 64,2 1,6 14,3 0,4 

129,0 68,7 10,5 0,6 

133,0 72,3 8,6 1,05 

137,0 75,9 5,0 1,4 

143,0 81,3 1,9 1,9 

149,5 86,7 0,5 1,6 O,QI5 

155,5 92,5 0,3 1,0 0,024 

160,5 96,6 0,7 0,040 

166,0 102,0 0,4 0,056 

172,0 107,3 0,2 0,052 

180,5 115,0 0,036 

184,0 118,1 0,036 
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MaKCHM)'Max BbiXO~OB 6onee 'IeM 

Ha 90% onpe~eJISIIOTCSI Ce'IeHHeM 

xn-peaKUHH HJ-Ja 6biC1pOI'O 

YMeHbweHHSI ce'IeHHH c yMeHb­

rneHHeM Maccosoro 'IHcna HYK­

JIH~a (CM. <f>YHKUHH B036)')Ime­

HHSI ~SI peaKUHH 6n H 7n H8 

puc.l ). 3To no~TBep)K)laeTcSI 

TaK)J(e llOJIO)J(eHHeM MaKCHMy­

MOB <f>yHKUHH B036)')ImeHHSI Ha 

rnKane 3Heprnu soJ6)1)ImeHmi 

KOMnaYH~-SI~pa. CTaTHCTH'Iec­

KaSI TO'IHOCTb HJMepeHHSI BbiXO­

~OB oT~eJibHbiX HYKJIH~oB npH 

<f>HKCHpOBaHHOH 3HeprnH nyq­

Ka 6biJI8 B ~aHHbiX 3KCnepHMeH­

TaX He x~e ± 5% H onpe~enSI­

nacb, B OCHOBHOM, TO'IHOCTbiO 

yqeTa <f>oHa no~ Bbi~eneHHbiM 

<X-llHKOM H HeMOHOHJOTOll­

HOCTbiO HCllOJib30B8BIIIHXCSI MH­

IIIeHeH. l1.cKJIIO'IeHHe COCTaBJISI­

IOT ~aHHbie ~SI BbiXO~OB HyK-

JIH~a 208
Ra B peaKUHH 

22
Ne + 

+ 198Pt. B 3TOM cnyqae B o6-

nacTH 3HeprHH B036)')ImeHHSI, 

COOTBeTCTBYJOIUHX M8KCHMYMY 

BbiXO~a peaKUHH 12n, npHCYTCT­

syeT JaMeTHbiH <f>oH OT peaKUHH 

6n. 3HeprnH a-pacn~os 21~a 
H 

208
Ra COBn~aiOT, H Bbi'IHTa­

HHe <f>oHa npOBO~HJIOCb MeTO­

~OM 3KCTpanOJISIUHH 3KCnepH­

MeHTaJibHO HJMepeHHOH <f>YHK­

UHH BOJ6y)K)leHHSI ~SI peaKUHH 

6n B o6JiaCTb 6onee BbiCOKHX 

3Heprnif B036)')ImeHHSI. Ilo3TO­

MY TO'IHOCTb HJMepeHHH BbiXO-

~OB 208
Ra B ~aHHOH peaKUHH 

cocTaBJISieT ± 25%. To'IHOCTb 

UJMepeHHH BeJIH'IHH ce'IeHHH 

o6paJOB8HHSI HCnapHTeJibHbiX 

npo~yKTOB B ~aHHbiX 3KCnepH­

MeHTax noJIHOCTbiO onpe~eJISI-

ENe' 
M3B 

110,0 

113,5 

119,0 

124,0 

129,0 

133,0 

137,0 

143,0 

149,5 

155,5 

160,0 

166,0 

172,5 

180,5 

186,0 

ENe' 
MJB 

124,0 

129,0 

133,0 

137,0 

143,0 

149,5 

155,5 

160,5 

166,0 

172,0 

180,5 

184,0 

TafiJiuua 3. ~YHKUHH ao36YQeHHII 
Will pxn- H a.xn- pe8KUHH 

22Ne + 198 "t 

E •. Ce'!eHHll, M6 

M3B 
p,5n I, 6n · p, 8-9n 

50,8 0,06 

53,7 0,14 II ,07 

58,9 0,30 II ,11 

63,4 0,28 (I ,28 

67,9 0,19 (I ,42 

71,5 • 0,13 (I ,84 . 

75,1 0,07 (I ,51 0,09 

80,5 O,Q2 {I ,47 0,36 

86,4 ( ,23 1,13 

91,8 ( ,08 1,48 

95,8 2,19 

101,3 2,44 

106,6 2,07 

114,4 1,74 

119,4 1,29 

E •. Ce'!eHHll, M6 

M3B 

49 

p, 10-11n 

0,16 

0,25 

0,42 

0,64 

1,19 

1,35 

p, 6-7n p, ~-9n p, 10-11n ex, !On 

64,2 0,36 

68,7 1,12 

72,3 1,72 

75,9 1,36 0. 10 

81,3 1,51 0. 20 

86,7 1,17 0 43 

92,5 1,08 0 91 

96,6 0,77 I 07 O,Q25 

102,0 0,63 I 14 0,082 

107,3 0,26 I 02 0,10 0,32 

115,0 0 83 0,33 0,82 

118,1 0 72 0,41 1,07 
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Ta6moul • I. Cltymuuor IIOJ6)']1[Jlemm WUI xn·, pxn· H axn-pea~mllii 

22Ne+ ~~ 

~ .. E •• 
M3B M38 

4-5n 6-7n 8-9n 

97 41,1 5,0 

105,0 48,3 10,8 

109,0 51,9 10,2 0,3 

112,5 55,0 9,0 1,06 

118,0 60,0 4,7 2,5 

123,0 64,5 1,5 3,0 

128,5 69,4 0,4 2,4 0,021 

132,5 73,0 2,3 0,024 

136,0 76,1 1,2 O,Q35 

142,0 81,5 0,62 0,076 

148,0 87,0 0,28 0,091 

156,0 94,1 0,058 

160,0 97,7 0,043 

163;0 100,4 0,027 

167,0 104,0 0,021 

171,0 107,6 0,014 

180,0 115,7 0,006 

184,0 119,3 0,006 

Ta6moul 5~ BE JJIIIIHHW ce,eHHA 
o6p&JOII8HIUI HJOTODOI p8JliiJI c 208 sA s 214 

• MUCHMyMaJ HX awxo.z.oa • M6 

Kowna)'Hll- HyxnHII - HcnapHTC11bHhlii OCTaTOK, a 
IIJlpo 

214Ra 213Ra 212Ra 210Ra 2011Ra 

220Ra 36 22 II 1,1 O,Q35 

218Ta 24 18 1,9 0,058 

216Ra 12 2,8 0,096 

Ce'!eHHll, w6 

p, 4-5n p, 6-7n p, 8-9n a., 8n 

0,29 

I 0,63 

0,96 

1,16 

1,18 

0,93 0,31 

1,02 0,62 

0,57 0,60 

0,28 0,76 

0,23 0,70 O,Q38 0,34 

0,1 0,54 0,14 0,45 

0,43 0,24 0,67 

0,23 0,23 0,75 

0,22 0,31 1,01 

0,12 0,28 1,01 

om 0,30 0,78 

0,04 0,24 0,68 

eTC.II TOqHOCTbiO HJMepeHHH 3!lJ­

¢eKTHBHOCTH cenapaUHH, TOnlli,HH 

MHWeHeH H llOTOKa HOHOB, npo­

we.u;WHX qepe3 MHWeHb. C yqeTOM 

B03MO)I(HbiX CHCTeMaTHqeCKHX 

OWH60K B HJMepeHH.IIX npe)l()le 

BCero llOTOKa HOHOB Mbl cqHTaeM, 

qTo cyMMapua.~~ ToquocTL HJMepe­

HH.II ceqeHHH COCTaBn.lleT ± 40%. 
Owu6Ka B onpe.u;e.rreHHH BeJIH­

quu OTHOWeHHH ceqeHHH B MaK­

CHMYMaX HX Bb!XO.U:OB cylll,eCTBeH­

HO MeHbWe, T.K. HCllOnbJOBaBWHH­

C.II B 3KCnepHMeHTax MeTt>.u;uqecKHH llO.U:XO.U: ll03BOn.lln npH BblqHcneHHH BeJIHqHH OTHOWe­

HHH HCKnJOqHTb OWH6KH, CB.IIJaHHbie C H3MepeHH.IIMH a6coniOTHbiX BeJIHqHH TOKa nyqKa H 

3¢<PeKTHBHOCTH cenapau;tu. TaKHM o6pa3oM, owu6Ka AIDI ornoweuuu ceqeuuu onpe.u;e.rr.ll­

nacb TDnbKO OWH6KOH B Ollpe~eJieHHH OTHOCHTeJibHbiX TOnlli,HH MHWeHeH H OWH6KOH B 

onpe.u;eneHHH BeJIHqHHbl HaKCHManbHOfO BbiXO.u;a llO 3--4 3KCnepHMeHTanbHbiM JHaqeHH.IIM 

Bb!XO.U:OB, HJMepeHHbiM B6.n H3H MaKCHMYMa. 113 .IVIHTeJibHOro OllbiTa pa60TLI C cenapaTOpOM HaM 
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103 

\0 102 Sn ::2: 
6n 7n Ra-2~.0 

~ 

t) 
101 

(8+9)n 

100 

10-1 

(Hl+ll)n 

~ 
0 

10-2 

10-3 

10-4 
100 120 140 160 180 200 

* E, MsB 

PHc.l. ll>}'HKUHH B036yx.ueuHJI AJill xn-KaHaiiOB a peaKUHH 
22

Ne + 198
Pt. To IKH - 3KcrrepHMeHTaiibHbie 

)laHHbie, flHHHH - pe3yflbTaTbl pacqeTa ITO CTaTHCTHqecKOH MO)lenH C yqeT >M o6onoqeqHbiX 3$PeKTOB 

IIpH 3HaqeHHliX IIapaMeTpOB: C = 0,63 H af/ QV = 1,00 

l.f3BeCTHO, qTQ BOCIIpOH3BOJJ:HMOCTb pe3yJibTaTOB J{Jlll OJ{HOKpaTH~IX H3MepeHHH BbJXOJ{OB, 

CJ{eJiaHHbJX B paJJIHqHbiX 3KCIIepHMeHTaX, COCTaBJilleT ± 15%. flCSTOMy, J{axe HeCKOJibKO 

orpy6Jillll TQqHQCTb 3KCIIepHMeHTOB, MOXHO CqHTaTb, qTQ OWH6Ka B onpeJ{eJieHHH BeJIHqHH 

OTHOWeHHH ceqeHHH COCTaBJilleT TOXe ± 15%. B KaKOH-TO CTeneHH pacnpeJJ:eJieHHe IIOJiy­

qeHHbiX B 3KCnepHMeHTe BeJIHqHH OTHOWeHHH ceqeHHH (CM. Ta6JI.(1) MOXHO paCCMaTpHBaTb 

KaK IIOJ{TBep)!(J{eHHe IIpaBHJibHOCTH CJ{eJiaHHOH BbiWe oueHKH TQqHQCTH H3MepeHHH. 

4. 06cyxJJ:eHHe peJyJihTaTOB 

3ToT pa3JJ:eJI Mhi ycnosuo pa3JJ:eJIHM Ha TPH qacTH. B nepsoii - KpaTKO npeJJ:CTaBHM 

cpopMaJIH3M CTaTHCTHqecKOH MOJ{eJIH H 06CyJJ:HM OCHOBHhle napa~leTpbl pacqeTOB, 80 BTO­

poH - o6cyJJ:HM OCHOBHble 3aKOHOMepHOCTH J{Jlll MaKCHMYMOB ceqc:HHH Xn-, pxn- H a.xn-Ka-

HaJIOB J{eB036y)!(J{eHHll KOMIIayHJJ:-liJ{ep 
216

•
218

•
22

<Ra H npOBeJ{eM cpaBHeHHe CO BCeH COBO­

KYIIHOCTbiO pauee IIOJiyqeHHbiX J{aHHbiX IIO ceqeHHliM HCIIapHTeJibHUX KaHaJIOB. If, HaKOHeu, 

B TpeTheH qacTH Mbl rrpoaHaJIH3HpyeM J{eJIHMOCTb liJJ:ep B 3TOH o6TJaCTH H oueHHM J{OIIOJI­

HHTeJibHYIQ HHcpOpMauHIO 0 BepOliTHOCTH J{eJieHHll B036y)!(JJ:eHHbD liJJ:ep, KOTOpy!O MOXHO 

H3BJieqb H3 aHaJIH3a OTHOWeHHH ceqeHHH HCIIapHTeJibHbiX peaKuHil. 
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OcHOBHbie cooTHc,weHHSI 

.D;JISI WHpHH B CTa"HCTHIJeCKOH MO.D;eJIH 

)lrrSI aHanH3a 3KCnepHMeHTanbHbiX .D;aHHbiX HaMH, KaK H paHee, npHMeHSIJiaCb 

CTaTHCTHIJecKaSI MO.D;eJib, B KOTOpOH Mbl .D;JISI YHHBepCanbHOCTH HCll0Jib3yeM MHHHManbHOe 

KOJIHIJeCTBO <f>H3H'IeCKHJ npe.n;nOJIO:lKeHHH H napaMeTPOB, 'ITO, ecTeCTBeHHO, HeCKOJibKO 

orpy6JISieT MO.D;eJib, HO n J3BOJISieT .D;eJiaTb 6oJiee O.D;H03HalJHble BbiBO.D;bl. HaH60Jiee Ba:lKHOH 

BeJIHIJHHOH B paclJeTaX no CTaTHCTH'IeCKOH MO.D;eJIH SIBIISieTCSI SI.D;epHaSI llJIOTHOCTb ypOBHeH. 

B HaWHX pacqeTaX Mbl Ht:nOJib3yeM COOTHOWeHHSI MO.D;eJIH <f>epMH-raJa (6e3 yqeTa 3<f><f>eKTOB 

KOJIJieKTHBHOro ycHJieHHll) C <f>eHOMeHOJIOrH'IeCKHM yqeTOM 060JIOIJelJHbiX 3<f><f>eKTOB (AW) 
B napaMeTpe nnoTHOCTH ypoBHeii no HrnaTIOKY [ I7]. 

av(E *) = av{ I +[I - exp(- 0,054£ *)] AWV(A, Z)l E *}, 

me a = (O,IlA - 6,3·IC5 -A2
), E. - 3HeprHSI B036Y:lK.IJ;eHHSI COCTaBHOro SI.D;pa, a 

v 

AWv(A, Z) - o6oJiolJe'ltlaSI nonpasKa K Macce SI.D;pa, o6pa3osaswerocSI noCJie HcnycKaHHSI 

'laCTHUbl V (HeHTpOHa, ll('OTOHa HJIH Cl-'lacTHUbl). napaMeTP llJIOTHOCTH ypOBHeif af B .D;eJIH­

TeJibHOM KaHane Mbl ClJHTaeM llOCTOSIHHblM, He 3aBHCSilUHM OT 3HeprHH B036Y:lK.IJ;eHHSI H npo­

llOpUHOHanbHbiM aCHMnTOTHIJeCKOMY 3HalJeHHIO napaMeTpa llJIOTHOCTH ypOBHeH B KaHane C 

HCnapeHHeM 'laCTHU av (:lpe.n;nOJIO:lKeHHe 0 npeHe6pe:lKHMO ManOH BeJIHIJHHe 060JIOIJelJHOH 

nonpasKH B ce.nne). Eapb,~pbi .neneHHSI .D;JISI SI.n;ep BbiiJHCJISIJIHCb no <f>opMyne 

Bjl) = CB
1
w(l) + AW exp, 

r.ne c- CBOOO.D;HbiH napaMeTP, Bfw(l)- 6apbep .neneHHSI B MO.D;eJIH BpaiUaiOIUeHCSI :lKH.D;­

KOH KanJIH CPS [18], AlVexp- nonpasn K 6apbepy .neneHHSI cocTaBHoro SI.D;pa, paBHaSI 

OOOJIO'IelJHOH nonpasKe K Macce ero OCHOBHOro COCTOSIHHSI. )lrrSI aHanH3HpyeMbiX SI.D;ep BeJIH­

lJHHa o6onolJelJHOH nonp;lBKH MeHSieTcSI oT == 5,5 + 7,6 M<lB .D;JISI SI.D;ep Ra, Fr H Rn c N = 
= 126 .no == 1,5 M3B .D;JISI ~ .nep, o6pa3yiOIUHXCSI nocne HcnapeHHSI -10 HeiiTpOHOB. B 6apbepe 

.n;eneHHSI Mbl TaK:lKe npeH1:6peraeM ManOH BeJIHIJHHOH o60JIOIJelJHOH nonpaBKH B Ce.D;JIOBOH 

TO 'IKe. 

PacqeTbi HcnapH"teJibiibiX wHpHH OCHOBbiBaiOTCSI Ha <f>opManHJMe BaiicKon<f>a H 3sHHra 

E-E(~E 
(21 + I) (2s + 1) m v 

r 1(E) = --
2 

v 
2 

v J p (E- E(l) - E - e) ecr (e)de, 
v 11 Pc(E)h o v v v 

r.ne Sv, Ev H mv - cnHH, <JHeprHSI CBSI3H H npHBe.n;eHHaSI Macca qacTHUbi; v, O"v(E) - celJe­

HHe o6paTHOH peaKUHH : axBaTa lJaCTHUbl V C 3Heprneif £, KOTOpoe paCCIJHTbJBaeTCSI no 

OllTHIJeCKOH MO.D;eJIH C napaMeTPaMH, npe.D;JIO:lKeHHbiMH B pa6oTe (I9]. ,IleJIHTeJibHaSI WHpHHa 

pacC'IHTbiBaeTcSI no KJiacc ~lJecKoii <f>opMyne Eopa H YHJinepa 
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E-E 'P(l)-Bjl) 

l 21 + 1 f p r (E)= p1E-E 8 (l)-Bil) -e) de, 
f 21tp (E ) 1' 1' 

c c 0 

r.L(e E sp(l) - spamaTe.JibHruJ :mepmS! B ce.L(Jiosoif TOtJKe. 

B TaKOM llO.L(XO.L(e OCHOBHb!Mii napaMeTpaM!i CTaTHCTiilJeCKOro pactJeTa SIBJISIIOTCSI OTHO­

meHHe aCHMllTOTH'IeCKiiX 3HatJeHHH nJIOTHOCTii ypOBHeH B .L(eJIHTe flbHOM li HCnapHTeJibHOM 

KaHanax af/ av 1i CB060.L(HbiH napaMeTp B cpopMyJie .L(JISI 6apbepa .L(<!JieHIDI - K03cpcp!iUHeHT 

C. B npHHUHne, npH pactJeTax cetJeHHH HcnapHTeJibHbiX KaHano a Heo6xo.L(HMO 3HaTb ce­

tJeHHe o6pa30BaHHSI COCTaBHOro S!.L(pa, CBSI3aHHOe C Be.JIIilJiiHaMii l li Ill, O.L(HaKO B CJiyqae Lp 
XOpOillO .L(e.JIS!l.UiiXCSI SI.L(ep CetJeHHe HCnapHTeJibHbiX peaKUiiH B M iKCHMyMe cpyHKUiili B03-

6)')K,ll.eHHSI npaKTiilJeCKii llOJIHOCTbiO o6ycJIOBJieHO BKJia.L(OM napU!iaJibHbiX BOJIH C 

l :5; 30 + 40, TO eCTb cymecTBeHHO MeHbillliX, tJeM l B peaKUii:IX C liOHaMii 
22

Ne [20]. Kp 
KpoMe TOro, TaK KaK Mbl B OCHOBHOM 6y.L(eM paccMaTplii!aTb ceq em· Sl v.eaKUiiH np!i 3HeprliSIX 

HOHOB, npeBbiillaiOI.UiiX Be.JIIilJHHY KYJIOHOBCKOrO 6apbepa, TO HeT He06XO.L(IiMOCTii onpe.L(e­

JIS!Tb BeJIH'IIiHY Ill. 

Eonee CJIO)I(HruJ cHryauHSI CKJia.L(biBaeTcSI c Bbi6opoM onTHMaJII HbiX JHatJeHHH .L(JISI napa­

MeTpos a!/ av "' C, TaK KaK o6a napaMeTpa CliJibHO BJIHSIIOT Ha Bef!lilJHHY .L(e.JIIiMOCTii SI.L(ep. 

11po6JieMa Bbi6opa Be.JIIilJiiHbl af/ av paCCMaTp!iBaJiaCb B pS!.L(e pa6<1T np!i aHaJIHJe npouecca 

.L(eB036)')K.ll.eHHSI .L(OaKTHHH.L(HbiX cocTaBHbiX SI.L(ep (eM., HanpHMep, o6Jop [21 ]). B pa311HtJHbiX 

MO.L(eJISIX ee 3HatJeHHSI KOJie6JIIOTCSI B npe.L(eJiax OT 0,95 .L(O 1,1, 11pH'IeM BO BCeX pa6oTaX 

OTMetJaeTCSI CJia6ruJ JaBHCiiMOCTb af/ av OT MaCCOBOro lJiiCJia. CJie,DyeT OTMeTHTb TaK)I{e, 'ITO 

B HamHx npe.L(IlleCTBYIOI.UHX pa6oTax 6hmo nonyqeHo xopomee onHCaHHe cetJeHHH Hcna­

pHTe.JibHbiX peaKUiiH li .L(eJIHMOCTeH B Ill!ipOKOM .L(HanaJOHe COCTaBJibiX SI.L(ep OT Bi .L(O U np!i 

liCllOJib30BaHiili cp!iKC!ipOBaHHOro 3HatJeHHSI napaMeTpa a
1

f av =: 1 0. 

CetJeHHSI o6pa3oBaHHSI HcnapHTeJibHbiX ocTaTKOB. 

PeJynLTaThl "' .L(HCKyccHSI 

ELmo BblllOJIHeHo .L(Ba sapHaHTa pactJeTa: 

a) B lJiiCTO )l{li.L(KOKaneJibHOM npH6JIH)I{eHHii, KOr.L(a /lW (A, Z) 1i /lW exp = 0 li, COOTBeT­
v 

CTBeHHO, liCllOJib3YIOTCSI )l{li.L(KOKaneJibHbie 3HatJeHHSI 3Hepmif CBSI31 tJaCTHU; 

6) c yqeTOM o6onoqetJHbiX nonpasoK !lW/A, Z) H !lW exp B napaMeTpe nnoTHocm 

yposHeif "' 6apbepe .L(eJieHHSI. 

Ha pHc.2,a,6,s "' pHc.3,a,6,s KPY)I{KaMH, KBa.L(paTaMH "' Tpeyl'OJibHHKaMH HJo6pa)l{eHbi 

3KCnepHMeHTaJibHbie 3HatJeHHSI CetJeHHH Xn- li pxn-KaHaJIOB B Mal<CHMyMaX cpyKHUiiH B03-

6)')K,ll.eHHSI .L(JISI peaKUHH 
22

Ne + 194
•
196

•
198pt COOTBeTCTBeHHO B JaEHCiiMOCTii OT lJiiCJia HYK­

JIOHOB B KOHelJHOM npo.L(yKTe liCnapHTeJibHOfO KaCKa.L(a. IlyHKT!ip,lM OOKaJaHbl pe3yJibTaTbl 

paCtJeTOB, llOJIYtJeHHbie B npH6JIH)I{eHiili llOJIHOrO OTCYTCTBHSI 060JIOlJelJHbiX 3cpcpeKTOB np!i 

3HatJeHHSIX napaMeTPOB a
1

f av =: 1,0 li C = 0,9. JliiHiiS!Mii llOKaJaHbl pe3yJibTaTbl pactJeTOB C 
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PHc.2. CpaBHeHHe 3KcnepHMf HTaJJbHbiX H pac'!eT­

HbiX JHa'!eHHH Ce'leHHH B M.IJ(CHM}'M8X BbiXO,IlOB 

.llJill X71-KaH3JJOB ,lleB036)')1(JleH !ill KOMna}'lUl-ll,llpa B 

peaKUHliX 
22

Ne + 194
•
196

•
198p,. nyt!KTHpoM noKa-

38Hbl pelyJJbT8Tbl pac'!eTOS, nonyqeHHble B 

npH6JIHJICeHHH nOJIHOro OTCYJ CTBHll o6o!lo'le'!HbiX 

3$1JeKTOB. JlHHHliMH nOKaJal- bl pelYJibTaTbl pac'le­

TOB C yqeTOM o6oJJO'Ie'!HbiX riOnpaBOK npH ~X 

3H8'1eHHliX napaMeTpa af/ a,: 0,95 (UITpHXOBall 

JIHHHll), 1,00 (CnJJOWHall ), 1,05 (WTpHX­

nytiKTHpHall) 
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)"'eTOM 060JIOlJelJHhiX IIOIIpaBOK IIpH Tpex 3H3lJeHHSIX rrapaMeTpa a
1

f aV: 0,95 (WTpHXOBaSI 

mmHSI), I ,00 ( errnowHaSI), I ,05 (wTpuxrryHKTHpHaSI). OrrmMa.r hHhie 3HalJeHHSI WISI Ko-

3Q>qmuueHTa C oKa3anueh rrpu 3TOM paBHhiMH 0,45, 0,63 u 0,88 ':ooTBeTeTBeHHO. 

Yf3 pHe)'HKOB BH,O:HO, 'ITO Bee qeTbipe B3pH3HTa pae'leTa YAOBJI•~TBOpHTeJibHO OIIHebiB3IOT 

3KerrepHMeHTaJihHhie ,O:aHHhie B WHpOKOM ,O:H3II330He 3Heprui1: B036y)J()l.eHHSI OT 40 ,0:0 

130 M3B (eoOTBeTeTseHHO BIIJIOTh ,o:o ucrryeKaHHSI I2 HeiiTJOHOB). TaKHM o6pa3oM, 

TeentpOBaHHe paelJeTOB TOJihKO IIO BeJIHlJHH3M eelJeHHH o6p< 30B3HHSI HerrapHTeJibHhiX 

OeTaTKOB ,O:lUKe B eJI)"'aSIX, KOfJJ,a H3MepeHHSI e,o:eJiaHhl .lVISI WIHIIHbiX QeiiOlJeK KOHelJHbiX 

SI,O:ep, He II03BOJISieT e,o:eJiaTb O,O:H03H3lJHhiH Bhi60p H O,O:HOBpeMeHJ 10 OIIpe,o:eJIHTb K3K rrapa­

MeTp a!! av, TaK " 3Ha'leHHe K03Q>Q>uuneHTa c. CJie,O:OBaTeJibHIJ, Heo6xo,O:HMbl K3KHe-TO 

,o:pyrue 3KerrepHMeHTaJibHbie ,0:3HHbie, KOTOpbie II03BOJIHJIH 6h! 3T< l e,O:eJI3Th. 3TOMy BOIIpoey 

6y,o:eT IIOeBSIIQeH eJie,O:YJOIQHH pa3,0:eJI eTaTbH, a B OCT3BWeHeSI qaern , ~3HHOI'O Mhl 6011ee ,O:eTaJib­

HOI'O IIpOaHaJIH3HpyeM BOIIpOC 0 B03MO:lKHOeTSIX K3IIeJibHOI'O H 060JIC 'lelJHOI'O IIO,O:XO,O:OB IIpH HX 

HeiiOJib30B3HHH WISI OIIHeaHHSI eelJeHHH o6pa30B3HHSI uerrapHTeJih ibiX IIpO.o:yKTOB H xapaK­

TepHeTHK paerra,o:a HeHTPOHO,o:eQ>HQHTHhiX BbleOKO.B036y)J()l.eHJihiX KOMII3)'HA-SIAep e 

82:::; z:::; 92. 

BapHaHT paeqeTa e uerroJih30BaHneM lJHeTo :lKH.O:KOKarreJihHoro rrpu6nu:lKeHHSI 6bm rrpe,o:­

JIO:lKeH ,O:OeTaTOlJHO ,0:3BHO H WHpOKO HeiiOJih30BaJieSI WISI pae'le1'0B eelJeHHH o6pa30BaHHSI 

HCIIapHTeJihHbiX rrpo,o:yKTOB, Oeo6eHHO B TpaHeypaHOBOH o6naeTJI S~,Qep. 06oeHOB3HHOeTh 

rrpuMeHeHttSI TaKoro rro,o:xo,o:a 6bma u oeTaeTeSI rrpe,o:MeTOM ,o:ueK:reeuu B JIHTepaType (eM., 

HarrpnMep, o63op [22]). B paMKax 3TOH ,o:ueKyeeuu ,o:oeTaTOlJHO umepecHhiH pe3yJihTaT 6hm 

IIOJI)"'eH B pa60Te (23), B KOTOpOH Ha IIpHMepe 3HaJIH3a eelJeHH~ o6pa30B3HHSI HeHTpOHO­

,o:eQ>HQHTHbiX H30Torros aeTaTnHa u IIOJIOHHSI e A "' 200 6bJTIO rroKa3aHo, 'ITO rrpu 

Q>HKeHpOB3HHOM rrapaMeTpe af/ av paelJeTbl, e,o:eJiaHHhie B lJHeTO :lKH,O:KOKaiieJibHOM 

IIpH6JIH:lKeHHH H IIpH6JIH:lKeHHH e eHHXpOHHhiM yMeHhWeHHeM Oi)OJIOlJelJHbiX 3Q>Q>eKTOB B 

IIJIOTHOeTH ypOBHeH H 6apbepe ,o:eJieHHSI e poeTOM 3Hepruu 8(136y)J()l.eHHSI, IIpHBO,o:SIT K 

rrpaKTHlJeeKH eosrra,o:aiOIQHM 3HalJeHHSIM Ko3Q>Q>uuHeHTa C = 0,9 + I ,0. TeM eaMbiM 6bma 

IIOKa3aHa rrpaBOMepHOeTh HeiiOJib30B3HHSI :lKH,O:KOKaiieJibHOI'O IIpH6JIH:lKeHHSI IIpH HH3KHX 

3HeprHSIX B036y)J()l.eHHSI .lVISI HYKJIH,O:OB e 60JibWOH BeJIHlJHHOH o60JIO'IelJHOH IIOIIpaBKH B TOM 

enyqae, eenH e poeToM 3HeprnH so36y)J()l.eHHSI o6ono'lelJHhie 3Q>¢eKThi ueqeJaiOT ooHoBpe­
MeHHO KaK B IIJIOTHOeTH ypOBHeH, TaK H B 6apbepe ,o:eJieHHSI. TaKOH BbiBO,O: SIBJISieTeSI 

eHJibHbiM apryMeHTOM B IIOJih3Y Q>H3HlJeeKOH 060eHOB3HHOeTH heiiOJib30B3HHSI :lKH,QKOKa­

IIeJibHOI'O IIpH6JIH:lKeHHSI .lVISI paelJeTa eelJeHHH o6pa30B3HHSI uemcpHTeJibHhiX IIpO.O:YKTOB H 

II03BOJISieT paeeMaTpHB3Th :lKH,QKOK3IleJibHOe IIpH6JIH:lKeHHe KaK ym!BepeanhHbiH MO,O:eJibHbiH 

BapH3HT, OIIHehiB3IOIQHH eHTYaQHIO B enyqae 6hieTpOro OeJia6JieHHSI seex 060JIOlJelJHbiX 3Q>­

cpeKTOB e pOeTOM 3HepruH B036y)J()l.eHHSI. 

BMeeTe e TeM H3 pue.2 u 3 ene,o:yeT, 'ITO pe3yJihTaThl paeqeTOJ., )"'HThiBaiOIQue BJIHSIHHe 

060JIOlJelJHbiX 3Q>Q>eKTOB IIO eTaH,o:apTHOH exeMe, 6onee y,o:alJHO BOCIIpOH3BO,O:SIT OTHOeHTeJih­

HhiH xo,o: 3KerrepHMeHTaJihHhiX eeqeHHH. BapHaHT paeqeTa e Herron ,JoBaHHeM :lKH.O:KOKarrenh­

Horo IIpH6JIH:lKeHHSI ,o:aeT 6onee ena6oe IIa,QeHHe eelJeHHH e pOeTOM HeHTpOHHOI'O ,o:eQ>HQHTa, 

'!eM 3To ene,o:yeT H3 3KerrepnMeHTa. TaKoii xapaKTep pacxo)J()l.eHiiH pe3yJihTaTos paelJeTa e 

3KCIIepHMeHTaJihHblMH ,0:3HHhiMH SIBJISieTCSI THIIHlJHbiM IIpH HeiiOJih: OB3HHH :lKH,O:KOKaiieJihHO­

ro IIpH6JIH:lKeHHSI B Heene,o:yeMOH 06JiaeTH SI,O:ep H y:lKe OTMelJaneSI H3MH IIpH H3)"1eHHH ce­

'leHHH o6pa3oBaHHSI HeHTpoHo,o:eQ>uunTHhiX H30TOIIOB Po, At " Ac [23-25]. 
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K cymecTBeHHO 6ruu WHM TPY.II.HOCTIIM npHBO.IlliT nonhiTKH onucaTb B paMKax 'IHCTO 

:lKH.II.KOKaneJibHOro npH6Jli!XeHHSI Becb nOJiyqeHHbiH B HawHX 3KCnepHMeHTax MaCCHB .llaH­

HbiX (OKOJIO 15 peaKUHH) 0 Ce'leHHSIX OOpa30BaHHSI HCnapHTe.rlbHbiX npO.II.YKTOB OT CBHHUa 

.11.0 ypaHa B peaKUHSIX c uoHaMH c A :s; 40. B 3TOM cnyqae, npu ycnosuu cl>nKcuposauHSI 

napaMeTpa a
1
f av = 1 ,0, n JHXO.II.HTCSI nnaBHO YBeJIH'IHBaTb 3Ha'leHHSI K03cl>ci>HUHeHTa C OT 

0,65 .11.0 0,9 npH nepeXO.Ile OT KOMnaYH.Il-SI.Ilep Bi c 'IHCnOM HempOHOB N == 110 K KOMnayH.Il­

SI.II.PaM Ra-Ac c N == 128 + 132, a JareM pe3KO YMeHhwaTI> ero 3Ha'leHHSI .11.0 C = 0,65 npH 

nepexo.11.e K KOMnaYH.Il-SI.Il JaM Pa-U c N == 136 + 138 [24,26]. TuuM o6pa30M, B paMKax 

:lKH.II.KOKaneJibHOro npH6JHt)KeHHSI K03<fxi>HUHeHT C KaK 6bl «OTCne:lKHBaeT» BHa'lane pOCT 

o6ono'le'IHOH nonpaBKH .DnSI OCHOBHOro COCTOSIHHSI OT uynSI (.llnSI Bi) .11.0 6 + 8 M3B (.llnSI 

Ac-Ra) H ee nocne.ll)'IOIUet: n3.1leHHe .11.0 uynSI npu nepexo.11.e K Pa-U. Heo6XO.II.HMOCTb CTOnb 

CnO:lKHOro BapbHpoBaHHSI 1~03<fxi>HUHeHT3 C .llnSI .II.OCTH)KeHHSI CornaCHSI C 3KCnepHMeHTanb­

HbiMH .llaHHbiMH npaKTH'IecKH nonHOCTbiO HCKniO'IaeT B03MO:lKHOCTb HCllOJib30BaHHSI :lKH.II.KO­

KaneJibHOro npHfinH:lKeHHSI .llnSI pac'leTOB xapaKTepHCTHK npouecca .lleB036Y:lK.IleHHSI B HCcne­

.llyeMOH o6naCTH Sl.llep. 

B TO :lKe speMSI secb otkY:lK.IlaBWHHCSI BbiWe MaCCHB 3KcnepHMeHTanbHbiX .llaHHbiX o'leHb 

xopowo onHCbiBaeTCSI B paMKax HCDOJib3yeMoro HaMH o6onoqequoro sapHaHTa pac'leTa npH 

npaKTH'IeCKH ci>HKCHpOBaJIHOM Ha6ope napaMe-rpOB - a
1
Jav = 1,0 H C = 0,63 + 0,70. 

E.II.HHCTBeHHOe npe.llnOJIO)K ~HHe, KOTOpoe npHXO.II.HTCSI npH 3TOM .llenaTb, COCTOHT B TOM, 'ITO 

BeJIH'IHHbl :lKH.II.KOKaneJibHLIX 6apbepOB .lleJieHH11 .llnSI o6pa3)'101UHXCSI B 3THX peaKUHJIX Heih­

pOHO.Ileci>HUHTHbiX HYKnH.II.OB Heo6XO.II.HMO YMeHbWaTb ua 30 + 40%, no cpasHeHHIO c npe.ll­

CKaJaHHSIMH MO.IleJieH Koe -ta- nnaJHna- ConeuKoro HnH CHpKa [18,27]. MO:lKHO Ha­

IIOMHHTb, 'ITO Ha HeOOXO.II.IIMOCTb yMeHbWeHHSI K03cl>ci>HUHeHTa C BIInOTb .11.0 BenH'IHH, pas­

HbiX 0,6 + 0,7, .llnJI npaBJWbHOro OllHC3HHSI B paMKaX HCnapHTeJibHOH MO.IlenH Ce'leHHH 

.lleJieHHJ~ KOMnaYH.Il-SI.Ilep B o6nacTu oT Rh .11.0 Os, YKa:JI>Isan eme M.Enau B pa6oTe [28], 
ony6nHKOBaHHHOH B 1978 ro.II.Y. 0TCYTCTBHe B TO BpeMJ~ H3.11.e:lKHblX 3KCIIepHMeHTanbHbiX 

.11.3HHbiX o 6ap~>epax .11.e.rieH tJ~ .llnSI ueii-rpoHO.Ileci>HUHTHbiX HYKnH.II.OB TJ~:lKenee Os npHoeno K 

3aKniO'IeHHIO 0 TOM, 'ITO !ta6niO.IlaeMbiH 3qxpeKT JIBnJ~eTCJI CBOHCTBOM TOnbKO nerKHX .lle­

nSIIUHXCSI SI.Ilep; 3TO H3Wn0 CBOe 0Tp3)KeHHe B MO.IleJIH paC'IeTa 6apbepoB .lleJieHHSI, npe.llnO­

)KeHHOH CHpKOM [27]. B CBeTe o6cY:lK.IlaeMbiX HaMH HOBbiX 3KcnepHMeuTanbHbiX .11.aHHbiX o 

.lleJIHMOCTH Sl.llep B o6nacr1- OT Bi .11.0 U BbiBO.Il o noKanbHOM xapaKTepe noHH:lKeHHJ~ 6apbe­

pos TepSieT CBOIO apfYMeiiTHpOBaHHOCTb, H HeOOXO.II.HMbl nOHCKH HOBbiX llO.II.XO.II.OB .llnJI 

o61.SicHeHHSI ocero ua6opa !J;aHHbiX OT Rh .11.0 U . 

.UenaSI npe.~~.nonO:lKeHHe 0 TOM, 'ITO B WHpOKOH o6naCTH Z BeJIH'IHHbl :lKH.II.KOKalleJibHbiX 

6apbepoo .lleJieHHSI .llnSI t- eiiTpOHO.Ileci>HUHTHbiX HYKnH.II.OB ueo6xo.II.HMO YMeHbWHTb ua 

30 + 40% no cpaBHeHHIO C npe.II.CKa33HHJIMH MO.IleJieH ( 18,27), Mbl He HCKniO'IaeM, 'ITO 

'13CTH'IHO TaKOH pe3ynbT3T MO:lKeT 6biTb o6ycnooneH ynpOIUeHHSIMH, C.lleJiaHHbiMH npH Bbl-

6ope MO.IleJIH pac'leTa, B lf.lCTHOCTH, C HCnOnb30BaHHeM TOJibKO O.II.HOro CB060.II.HOro napa­

Me-rpa - K03cl>ci>HUHeHTa ( '. 0.11.HaKO llOCTOJIHCTBO 3TOro e.II.HHCTBeHHOrO CB060.II.HOro napa­

Me-rpa B WHpOKOH o6nacTH A H Z .llnSI o6pa3)'10UlHXCSI B peaKUHn HYKnH.II.OB e.11.Ba nH MO:lKHO 

OTHecTH K He.II.OCT3TKaM HCIIOJib3yeMOro ll0.11.XO.Il3. no3TOMY Mbl C'IHTaeM, 'ITO .lleJIO 3aKniO'Ia­

eTCJ~ He CTOJibKO B orpy6nt HHH MO.IleJIH, CKOJibKO B TOM, 'ITO 3KCnepHMeHTanbHbie .llaHHble 

roBOpSIT 0 He06XO.II.HMOCTH llOHCKa .II.OCTaTO'IHO 061UHX ci>H3H'IeCKHX npH'IHH, npHBO.II.SIHX K 

6onee BbiCOKOH, 'leM 3TO mt:H.Ilanocb, .lleJIHMOCTH ueiiTpOHO.Ileci>HUHTHbiX HYKnH.II.OB. 0.11.Ha H3 
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fiOfibiTOK TaKOI'O 3HaJJH3a 6biJia C.D.eJiaHa B pa6oTax [8,29), B KOropbiX 6biD npe.D.JIOXeH H 

npoaHaJJH3HpOBaH HOBbiH BapH3HT H30CfiHHOBOH 33BHCHMOCTH ))( !I.D.KOKanenbHbiX 6apbepOB 

.D.eJieHHSI OT HeHTpOHHOro .D.eci>HUHTa. JlpyrHM B03MOXHbiM BapH~HTOM 06"bSICHeHHSI MOXeT 

SIBJISITbCSI npe.D.nOJIOXeHHe, 'ITO OTHOWeHHe aCHMfiTOTH'IeCKHX napaMeTpOB .D.JISI nJIOTHOCTeH 

yposueii B .D.eJIHTeJibHOM H ncnapnTeJILHOM KaHanax .D.eB036yx.D.eH fiSI 6onLwe e.D.HHHUbi. KaK 

cneeyeT H3 pacl!eTOB, npHBe.D.eHHbiX ua pnc.2 H 3, YBeJIH'IeHHe napaMeTpa scero ua 5% 
npHBO.D.HT K yBeJIH'IeHHIO K03cl>cl>nuneuTa C .11.0 3Ha'!eHHSI 0,88. A iaJJH30M 3Toro npe.D.nono­

xeHHSI Mbl 33HMeMCSI B CJie.D.yiOIUeM pa3.D.eJie CT3TbH. 

HeiiTpOHHbie wnpHHbi H speMeHa .D.eJieHHSI 

BbiCOKOB036yx.D.eHHbiX KOMnayH.D.-SI.D.ep 

BepueMCSI K aHaJJH3Y pnc.2 H 3, r.D.e npoBe.D.eHo cpasHeHHe 3KcnepHMeHTaJJbHbiX 

BeJIH'IHH Ce'!eHHH o6pa30B3HHSI HCnapHTeJibHbiX npO.D.YKTOB B xn- II pxn-KaHaJJaX B peaKUHSIX 

22
Ne + 194

•196•
198pt c pe3yJILTaTaMH pac'!eToB, c.D.enaHHbiX .D.JISI TPtx ita6opos napaMeTPOB: 

a) a/ av = 0,95; c = 0,45; 

6) a/av= 1,00; C=0,63; 

B) a/av = 1,05; C= 0,88; 

BH.D.HO, 'ITO .D.JISI scex TPeX sapnaHTOB pac'!eTHLie KpHBbie .D.OcraTO'IHO xopowo cornacy­

IOTCSI C pe3yJibT3TaMH 3KCnepHMeHTOB H He BbiXO.D.SIT 33 npe.D.eJibl OWH60K H3MepeHHSI. KaK 

yxe OTMe'laJJOCb, B CTaTHCTH'IecKOH MO.D.eJIH HMeeTCSI .11.83 napaMeTPa, onpe.D.eJISIIOIUHX 

.D.eJIHMOCTb SI.D.pa - C H af/ O'v' He60JibWOe BapbHpOB3HHe KOTOplllX npHBO.D.HT K 3H3'1HTeJib-

HOMY H3MeHeHHIO Ce'leHHH o6pa30BaHHSI HCnapHTeJibHbiX npO.D.YKTOB • .Eionee TOro, H3 pHC.2 

H 3 BH.D.HO, 'ITO npH npaBHJibHO fiO.D.06paHHOM KOppeJIHpOB3HHml H3MeHeHHH 060HX napa­

MeTPOB MOXHO nonyqaTb O.D.HHaKOBO XOpowee COfJ13CHe pac'!eTOB C 3KCnepHMeHTaJJbHbiMH 

BeJIH'IHH3MH Ce'!eHHH .D.JISI pa3JIH'IHbiX Ha6opOB 3THX napaMeTP<•B. ll03TOMY HeOOXO.D.HMbl 

.D.OfiOJIHHTeJibHble 3KCnepHMeHTaJJbHbie .D.aHHbie, fi03BOJISIIOIUHe n pOTeCTHpOB3Tb BeJIH'IHHbl 

napaMeTpOB C H a/ av He3aBHCHMO .D.pyr OT .D.pyra. 

0.D.HH H3 T3KHX Ha6opOB .D.3HHbiX, fiO.D.XO.D.SIIUHX .D.JISI TeCTHpOBaHHSI, MOryr COCT3BJISITb 

.D.3HHbie 06 OTHOWeHHSIX (r n / r10~, nonyqeHHble H3 3KCnepHMeJJTaJJbHbiX OTHOWeHHH ce-

'!eHHH o6pa30B3HHSI O.D.HHX H TeX xe HYKJIH.D.OB B peaKUHSIX C pa3. IH'IHbiM 'IHCJIOM CTyneHeH 

B HCnapHTeJibHOM K3CK3.D.e. 3-fo o6yCJIOBJieHO TeM, '10 BJIHSIHHe 113 .D.eJIHMOCTb napaMeTPOB 

a1faV H C pa3JIH'IHO npH pa3JIH'IHbiX 3HeprHSIX B036yx.D.eHHSI. llapaMeTp a1fav B 60JibWeH 

CTeneHH onpe.D.eJISieT .D.eJIHMOCTb SI.D.ep npH BbiCOKHX 3HeprHSIX B036yx.D.eHHSI H 33.11.3eT 'IHCJIO 

WaHCOB .D.eJieHHSI, B TO BpeMSI KaK napaMeTp C onpe.D.eJISieT .D.eJIHHOCTb B6JIH3H 6apbepa .D.e­

JieHHSI npH HH3KHX 3HeprHSIX. 

Ha pnc.4 npHBe.D.eHbi ycpe.D.HeHHLJe no ymoBLJM MOMeHTa.t: l pac'!eTHbie 3Ha'!eHHSI 

(rn/rtot) Ha nepBOH cryneHH K3CK3.11.3 HCnapeHHSI .D.JISI KOMnayH.D.-I.D.pa 
22~a B 33BHCHMOCTH 

OT 3HeprHH B036yx.D.eHHSI .D.JISI Tpex 3Ha'!eHHH OTHOWeHHH af/ av. Y cpe.D.HeHHe npoBe.D.eHO B 

.D.Han330He yrnOBbiX MOMeHTOB [ OT 0 .11.0 40, TaK KaK 3TOT Ha(op MOMeHTOB fiOJIHOCTbiO 

onpe.D.enSieT 3Ha'!eHHSI ce'!eHHH B MaKCHMYMe BbiXO.D.OB B .D.aHHOH o6nacTH SI.D.ep. KpoMe Toro, 
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B 3TOM ,LlHanaJOHe napu1- aJJbHbie H Cpe.llHHC 3H3lfCHHSI (rn lrtot) npaKTHlfecKH COBn3,llaJOT. 

MOJKHO OTMCTHTb, 'ITO :>aCWHpeHHe HHTepBana HHTerpHpOBaHHSI ,llO JHalfeHHH, paBHbiX 

l "' 70, npHBO,llHT K )'Me 'fbWCHHIO BeJIHlfHH (r I rt \ B I ,5 paJa. 
KP n or 

Ha puc.4 TOlfKaMH n )KaJ3Hbl 3KcnepHMCHTaJibHble 3H3lfCHHSI (r n I rto~ .IJ,TISI KOMnayu.n-

SI,llep 
218

•
22<Ra OuenKy 3KcnepuMeHTaJJbHOH BeJIHlfHHbl (rn lr

101
) MOJKHO c.nenaTb, ucnonL­

JYSI OTHOWCHHSI CelfeHHH OOpaJOBaHHSI .llJISI Sl,llpa A - xz B KaHan ax C HCnyCKaHHeM xn- H 

(X+ 2)n-HeHYpOHOB H3 I< OMnayH,ll-SI,llep, CMemeHHbiX .npyr OTHOCHTeilbHO ,llpyra Ha ,llBe 

e.nHHHUbl no Macce: 

~ 1- 2)n I z A _ _ [ cr cJ.x + 2)n l r , ,A 2- ( n )2 
0 tn - (J fxn) . r A' 

CN' tot 

r.ne (JcJX + 2)n H (JcJ.xn) - CelfeHHSI o6pa30BaHHSI KOMnayu,ll-SI,llpa npH 3HeprHSIX, COOTBeT­

CTBYIOinHX MaKCHM)'MaM !lbiXO,llOB .IJ,TISI peaKUHH (x + 2)n H (xn); rn lrtot - cpe.nuee JHa­

rn /rtot Ra-220 
1=40 

1.0 ~ 

·~~ I -
' 2 

0.8 1- \"'/ /~ 

!" 
0.6 1- I - --- 3 I - '-

......... 

I 
0.4 1- I 1- af/a n::0.95 

I 
2- af/an=l.OO 
3" af/an=l.OS 

• - experiment 

0.2 
o 20 40 60 go 100 120 140 

* E. M3B 

PHc.4. CpasueuHe ucnepHMe rraJILHbiX H paclfeTHLJX 
3Ha'ICHHii cpe,llHHX napUHaJILH >IX ueiiTpoHHbiX wHpHH 

,!I,Jlll KOMDa)'HJl-JIJlep 
218

,220Ra. IJOJJCHCHHll CM. B TeKCTC 

lfCHHe napUHaJibHOH HCHTpOHHOH WHpH­

Hbl .IJ,TISI KOMnayff,ll-SI,llpa Az npH 3HeprHH 

B036YJK,llCHHSI, COOTBCTCTByiOmeif MaKCH­

M)'MY BbiXO,lla .llJISI (X+ 2)n-peaKUHH. 

llpH 3TOM Mbl npeHe6perJIH BOJMOJK­

HbiMH H3MCHCHHSIMH YrJIOBOrD MOMeHTa 

Ha nepBbiX .llBYX cryneHSIX HCnapHTeJib­

HOrD K3CK3,ll3, HC60JibWHM YWHpeHHeM 

<f>opMbl H CMCIUCHHCM no 3HeprnH nOJIO­

JKeHHSI MaKCHM)'Ma BbiXO,lla KOHelfHOrO 

H.npa. llpe.nnonaranocb TaKJKe, 'ITO ce-

lfeuue o6paJoBaHHSI KOMnayu.n-SI.llpa 

o6paTHO nponopUHOHaJJbHO 3HeprnH 

6oM6ap,llHpyiOinHX HOHOB B CHCTOMe UeH­

Tpa Mace. B paclfeTax ucnoJibJOBaJIHCb 

TOJibKO CelfeHHSI peaKUHH C X ~ 6, lfT06bl 

He YlfHTbiB3Tb RIIHSIHHSI KYJIOHOBCKOro 

6apbepa ua celfeuue CJIHSIHHSI. 3Kcnepu­

MeHTaJJbHhie 3HalfeHHSI BeiiHlfHH OTHO­

WCHHH CelfeHHH H onpe.neneHHble TaKHM 

cnoco6oM cpe.nuue JHalfeHHH npuse.neu­

HhiX HeHTpOHHbiX WHpHH ,llaHbl B Ta6JI.6. 

HanoMHHM, 'ITO TOlfHOCTh HJMepeHHM 

OTHOWeHHH CelfeHHH B HaWHX 3KCnepH­

MeHTaX COCTaRII51Jla ±15%, H, CJie,llOBa­

TeiibHO, TOlfHOCTb onpe.neneHHSI (r n I rtot> 

6biJI3 pa&Ha ±(7 + 8)%. C YlfCTOM 3TOrD 

H3 CpaBHeHHSI 3KCnepHMeHTaJJbHbiX H 

paClfeTHbiX ,llaHHbiX Ha puc.4 O,llHOJHalfHO 
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Taimnrta 6. 3Ha'leHHJI cpe.nHHX omocHTeJIJ.HhiX HeiiTpoE HhiX wupuH 

E*, MaB X cr{x + 2~n crc(xn) 2 r.;rtot (r. ;rtot) 
cr(xn) crc(x + 2)n 

220Ra/218Ra 70 6 0,62 1,20 0,74 0,86 

.......... 90 8 0,58 1,16 0,67 0,82 

218Ra/216Ra 73 6 0,68 1,20 0,81 0,9 

.......... 95 8 0,61 1,16 0,71 0,84 

cneeyeT, 'ITO pactieTHbJe JHa'leHu~ (rn /r
101

), nonyqeHHbJe B TpeTbeM sapuaHTe pactieTa, 

cymecTBeHHO paCXO~TC~ C 3KCnepHMeHTaJibHbJMH peJyJibTaTaMH. 

TaKHM o6pa30M, sapuaHT pactieTa c af/av = 1,05 HOJIHOCTbiO HCKJJIOtiaeTc~. H Mbl HMe-

eM y6e)J:HTeJibHbiH 3KCnepHMeHTaJibHbiH apryMeHT B nOJibJY HCnO;Ib30BaHH~ B pactieTaX ce­

'leHHH o6pa30BaHH~ ucnapHTeJibHbiX )J:OaKTHHH)J:HbJX KOMnayH,I,-~ep TOJlbKO JHatieHHH 

a/av ~ 1,0. 

flOJIY'feHHbie 3KCnepHMeHTaJibHbJe 3Ha'leHH~ rn /riot CBH)J:eTI!JlbCTBYJOT TaK:lKe 0 TOM, 

'ITO BKJia)J: B )J:eJIHTeJibHbiH KaHan pacna)J:a KOMnayHA-~ep 2~ 0 • 218 • 21 ~a C Ha'laJibHOH 

3Heprueli BOJ6yxAeHH~ E * = 80 + 100 M3B BHOC~T MHOm cryneHeH ucnapuTeJibHOm Kac­

Ka)J:a, 'ITO noJIHOCTbJO cornacyeTc~ c peJyJibTaTaMH pactieTa. 

MJMepeHue OTHomeHHH cetieHHH o6paJosaHH~ HYKJIHAa B peaKUH~x c paJJIH'IHbiM 

'IHCJIOM CTyneHeH B HGnapHTeJibHOM KaCKa)J:e nOJBOJI~eT HaM He T )JlbKO 3KCnepHMeHTaJibHO 

OrpaHH'IHTb BOJMO:lKHbiH )J:HanaJOH BapbHpOBaHH~ napaMeTpa a
1

/ iv, HO H no 3KCnepHMeH-

TaJibHbiM JHa'leH~M BeJIH'IHHbl (r n I rtot> Ha nepBbJX CTyneH~X KaCKa)J:a )J:eBOJ6yxAeHH~ 

onpe)J:eJIHTb cpe)J:Hee 'IHCJIO npe)J:Ce)J:JlOBbJX HeHTpOHOB H CpaBHH"b ero C nOJIHbiM 'IHCJIOM 

npeMeJIHTeJibHbiX HeHTpOHOB . .un~ HJIJIJOCTpauuu 3Tom YTBepXAt H~ Ha puc.5 npuseAeHbi 

JaBHCHMOCTH 'IHCJia npe)J:Ce)J:JlOBbiX HeHTpOHOB OT 3HepmH BOJ(iyxAeHH~ KOMnayHA-~pa 

AJI~ scex Tpex sapuaHTOB pactieTOB. 

PactieT 'IHCJia npeMeJIHTeJibHbiX HeHTPOHOB, ucnymeHHbiX AC• Jl:OCTuxeHH~ ~poM ceA­

nosoli TO'IKH, )J:aeT AJI~ 3HepmH B036yxAeHH~ 100 M3B (npH HHTerpHpOBaHHH no 1 )1;0 40) 

BeJIH'IHHbl ycalc = 3,0 H Veale= 5,0 npH JHatieHH~X napaMeTpa aJa, paBHbiX 1,0 H 0,95 
pre pre . v 

(cM.pHc.5). TotiKaMH Ha puc.5 noKaJaHbi 3KcnepuMeHTaJibHbie AaHHbie AJI~ nonHom tiHCJia 

npeMeJIHTeJibHbiX HeHTpOHOB B JaBHCHMOCTH OT 3HepmH B036yxAeH~, nOJI)"'eHHble B 

pa6oTe [30] AJI~ KOMnayHA-~pa 213Fr. CpaBHeHH~ noKaJbiBaJOT, 'ITO npu ucnoJibJOBaHHH 

JHatieHHH napaMeTpa a
1
fav, paBHbiX HJIH MeHblliHX e)J:HHHUbl, pac:qeTHbie JHatieH~ COBna-

)J:aJOT HJIH Aaxe npesocxo~T 3KcnepuMeHTaJibHbie BeJIH'IHHbi. Ta <OH, Heo6bi'IHbiH Ha nep­

BbiH 83rJI~, xapaKTep paCXO:lK)J:eH~, B npHHQHne, JierKO 06'b~CtiHM: BKJia)J: napQHaJibHbiX 

BOJIH C 1 ~ 40 B nOJIHOe Ce'leHHe CJI~HH~ COCTaBJI~eT ""' 30 + 4( %, H n03TOMy OCHOBH~ 

tiaCTb CetieHH~ )J:eJIHTeJibHOH MO)J:bl 6y)J:eT Onpe)J:eJI~TbC~ 6onee BbiC OKHMH JHatieHH~MH yrno-
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BI>IX MOMeliTOB. ECJIH npe. monoxHTI>, 'ITO 

B 3KCnepHMeHTax no onpe.ueneHHIO 

yf pentCTpHpyiOTCSI OCICOJIKH .lleJieHHSI 
pre 

COCTaBHbiX Sl.llep C yrnOBbiMH MOMeHTaMH 

BOJJOTI> .110 lcr' TO B paccMaTPHBaeMOH 

peaKUHH npH 3HepntH B036y)l(.lleHIDI, paB­

HOH -100 M3B, ueo6xo.o HMO )"'HTI>IBaTI> 

B pacqere see napuu:lJI&Hble BOJIHbl 

BOJJOTI> .uo I = 70. B 3T•>M CJiyqae pac­er 

'leTHble 3Ha'leHIDI BeJIH'IIIH .llJUI ycalc 
pre 

OOJI)"'aiOTCSI paBHI>IMH 1,8 H 2,8 npH 3Ha­

'leHIDIX napaMeTpa a/av paBHblX 1,0 H 

0,95 coOTBeTCTBeuuo. TaKHM o6paJoM, 

.uaxe B 3TOM cnyqae .uonSI npe.uce.li)IOBI>IX 

HeifrpOHOB B nOnHOM 'IHCJI ~ Upe.MeJIKre.llb­

HbiX HeHTpoHOB 6y.u;eT COCT ilB1ISITh OT 50 .110 

80%. 
JlononHHTeJlbHO MO:li:HO OTMeTHTb, 

'ITO npH cpaBHeHHH C 3KCnepHMeHTanb-

HbiMH .llaHHbiMH HCDOnb30 BaH He B pacqe­

TaX nonuoro ua6opa yrnc BbiX MoMeHTOB 

BOJJOTI> .110 I MmKeT OKaJaTI>CSI He COD-er 
CeM KOppeKTHbiM. JleJio B T~M, 'ITO 3KC­

nepHMeHTanbHaSI BeJIH'IHHa V ODpe.lle-pre 
nSieTCSI H3 COBUa.lleHHSI HeHTPOHOB C 

ocKonKaMH .lleJieHIDI. OCKcno'IHble .ue.TeK­

TOpbl, KaK npaBHnO, CTOn OO.Il yrnaMH, 

6nH3KHMH K 90° [31]. Kax HJBeCTHO, .llnSI 

KOMDa)'H.Il-SI.Ilep c A - 200 11 yrnoBI>IM MO­

MeHTOM -70 yrnOBaSI aHH30TpOUHSI 

OCKOnKOB .lleJleHIDI ~ 4, II CJle.llOBaTeJib-

Aoopee6 A.H. u op. IllupUHbl pacnaaa 

10 r-----r-----~----r-----r---~r---~ 

9 Vpre 

I 

7 • ' 1- af/an.0.9S 
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6 1- I 3- af/an•l.OS 

Ra- 220 
1 = 40 

1 
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/ 

,... ~ I 
41- ~ ! 2 

hI 
H!(!I 
21- / 

3 / ----

oL-----~--~----_.----~----~--~ 
40 60 80 100 120 140 160 

* E ,M3B 

Puc.5. Pac'leTHMe JHa'leHHll 'IHCJia npeJICeWioBMX 

HeifrpoHOB npH p33JJH'IHbiX 3H3'1eHHJIX napaMeTpa 

a!/ av. To'IKH - ncnepHMeHTaJibHbie )l3HHbie Will 

nonuoro 'IHCJia npeJl)lenHTenbHMX ueiiTpouos, nony­

'leHHble WISI KOMfi3YHJI-JI.Dpa 
213Fr 

HO, OO.Il yrnaMH, 6nH3KHMJ- K 90°, BKna.ll OCKOnKOB OT .lleJleHHSI KOMnayH.Il-SI.Ilep C 6oni>WHMH 

yrnoBI>IMH MOMeHTaMH 6y.DeT ocna6neu. BCJie.llCTBHe 3Toro pean~ouas. BeJIH'IHHa MaKCHManb­

uoro yrnosoro MOMenTa l.11SI ua6opa .lleJISIIIlHXCSI Sl.llep, uccneeyeMI>IX s KoppenSIUHOHHI>IX 

3KcnepHMeHTax, 6y.ueT Mef ~owe, qeM I MSI KOMnayu.u-SI.Ilpa, a TaK KaK 'IHCJIO npe.uce.llnOBI>IX 
cr 

ueifrpouoo pacTeT c YMeH&weuueM (I), TO yqeT 3Toro 3cl><t>eKTa B pac'leTax npuoe.ueT K 

neKoTopoMy YMeH&WeHHIO pa3HHUI>I Me)l{.ll)' pac'leTHOH H 3KcnepuMenTan&uoif BeJIH'IHHOH 

yf 
pre 

HaKoHeU, HCUOJII>3YSI f ac'leTHble 3Ha'leHHSI WHpHH, MOXHO OUeHHTb cpe.uuee BpeMSI Bbi-

XO,Ua KOMnayH.Il-SI.Ilep 
22~ta C yrnOBI>IMH MOMeHTaMH [ :S; 40 B Ce.llnOBYIO TO'IKy. TaK, 

uanpuMep, .li)ISI 3uepnrif B036y)l(.lleHHSI 100 H 80 M3B H I= 30 ouo paouo 2,7·10-20 
c H 

3,6·10-2° C COOTBeTCTBeHH ), 'ITO Ha UOpSI.IlOK BeJIH'IHHbl 60JII>We, qeM BpeMeHa HCnapeHHSI 

HeHTpOHOB DpH TeX Xe 3H•:pntSIX B036y)l(.lleHHSI. 
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5. 3aKJIIOl!eHHe 

KpaTKO pe310MHpyeM OCHOBHbie BbiBO,I.J;bl H peJyJibTaTbl pa60Tbl. 

YcTaHoBJieHo, liTO B .o;HanaJoHe 3HeprHH BoJ6y~eHH~ OT tO .o;o 130 ~sB cel!eHH~ 

o6paJOBaHH~ HCnapHTeJibHbiX npo.o;yKTOB B peaKQH~X 22
Ne + 194

•
06

•
19'Pt XOpOWO OnHCbJBa­

IOTC~ B paMKaX CTaTHCTH'IeCKOH MO,I.J;eJIH HCnapeHH~ C YlieTOM OllOJIOl!el!HbiX nonpaBOK no 

MrnaTtoKy. KaK noKaJbiBatoT HawH HaCTO~IQHe H npe.o;bi,I.J;YIQHe Hccne.o;oBaH~, HcnonbJO­

BaHHe TaKOro nO,!J;XO,!J;a n03BOJI~eT C O,I.J;HHM Ha6opOM MO,I.J;eJibHbiX napaMeTPOB ( C = 0,6 + 0, 7 

H a
1

1av s; 1,00) npaBHJlbHO OnHCbiBaTb BeJIHl!HHbl Ce'leHHH o6pa30BaHH~ HCnapHTeJibHbiX 

npo.o;YKTOB B umpoKoH o6nacTH KOMnaYH.o;-~.o;ep- oT Bi .o;o U. 

JiJMepeHHe OTHOIIIeHHH Cel!eHHH o6pa30BaHH~ O,I.J;HOro H TOr J )J(e HYKJIH,I.l;a B peaKQ~X 

C pa3HbiM 'IHCJIOM CTyneHeH B HCnapHTeJibHOM KaCKa,!J;e nOJBOJIH. 10 C XOpOIIIeH TO'IHOCTbiO 

onpe.o;eJIHTb BeJIH'IHHbl napQHaJibHbiX HeHTpOHHbiX WHpHH npH Bi>ICOKHX 3Heprn~X B036~­

.o;eHH~ KOMnaYH,!J;-~,I.l;pa. KpoMe TOro, KaK noKaJaJIO cpa!JHeHHe C paC'jeTOM, BeJIH'IHHbl OTHO­

IIIeHHH Ce'leHHH qepe3Bbi'IaHHO 'IYBCTBHTeJibHbl K 3Ha'leHHIO napa \feTpa a
1
1 av H noJBOJI~IOT 

onpe.o;eJIHTb ero C BbiCOKOH CTeneHbiO TO'IHOCTH. TaKHM o6pa30U, TeCTHpOBaHHe paClleTOB 

no ,!J;BYM Ha6opaM 3KCnepHMeHTaJibHbiX .o;aHHbiX- Ce'leHH~ o6pa30BaHH~ H OTHOIIIeHH~ Ce­

'leHHH - nOJBOJI~eT HeJaBHCHMO onpe.o;en~Tb 3Ha'leHH~ o60HX 0 CI;IOBHbiX napaMeTPOB M0-

1).eJIH, 'ITO HeB03MO)J(H0 npH TeCTHpOBaHHH pacl!eTOB TOJlbKO no Cel!eHH~M o6pa30BaHH~ 

HCnapHTeJibHbiX npo.o;yKTOB. 

3KCnepHMeHTaJibHOe onpe.o;eneHHe napaMeTpOB a
1
1 av H ( nOJBOJI~eT cymeCTBeHHO 

nOBbiCHTb ,!J;OCTOBepHOCTb pacl!eTOB H npaBHJibHOCTb onpe.o;eJieH i~ T3KHX He HJMep~eMbiX 

Henocpe,l.l;CTBeHHO B 3KCnepHMeHTe He.'JH'IHH, KaK napQHaJibHble D.eJIHTeJibHbJe IIIHpHHbl H3 

pa3JIH'IHbiX CTyneH~X HCnapHTeJibHOro KaCKa,I.J;a H l!HCJIO hpe.o;Ce)l.. IOBbiX HeHTpOHOB. TipoBe­

,I.J;eHHbie B pa6oTe pacl!eTbl nOKaJaJIH, 'ITO ,I.J;Jl~ ,!J;OaKTHHH,I.J;HbiX 11,1.1;ep 3H3'1HTeJibH~ 'laCTb 

npe)l..ll.enHTeJibHbiX HeHTpOHOB (oT 50 .o;o 100%) ~BJI~toTc~ npe.o;ceHTIOBhiMH. TaKHM o6pa30M, 

MO)J(HO KOHCT3THpOB3Tb, 'ITO ,I.J;Jl~ HCCJie,I.J;OBaHHbiX ~ep CT3THC1H'IeCKHe paC'IeTbl BnOJIHe 

y.o;OBJieTBOpHTeJibHO OnHCbiB310T K3K IIIHpHHbl pacna.o;a CHJlbHOB036~eHHbiX ~ep, TaK H 

MHO)J(eCTBeHHOCTb npe)l..ll.eJIHTeJibHbiX l!aCTHQ BfiJIOTb ,1.1;0 3HeprnH -130 ~3B. 

BoJHHKaeT ecTeCTBeHHbiH sonpoc: .o;o KaKHX 3HeprnH B036)'1meHH~ npo.o;OJI)J(aeT pa6o­

TaTb CT3THCTHl!eCK~ MO,I.J;eJib H MO)J(HO fOBOpHTb 0 nOJIHOM (JIH~HHH H 6biCTpOH Tep­

MaJIH3aQHH KOMnayH.o;-~pa KaK OCHO.BHOM MeXaHH3Me o6pa30B3HH~ HCnapHTeJibHbiX npo-

11.YKTOB. ~bl npe.o;nonaraeM npO,I.l;OJI)J(HTb Ha'laTbie B 3TOH pa6c Te HJMepeHH~ BnJIOTb ,1.1;0 

3HeprnH BOJ6y~eHH~ -200 ~3B H Ha.o;eeMC~, C nOMOIQbiO HMeK IQeHC~ B HaiiieM pacnop~­

)J(eHHH cenapaTOpHOH MeTO,I.J;HKH, 3KCnepHMeHTaJibHO Bbi,I.J;eJIHTb K3HaJI o6pa30BaHH~ KOMna­

yH.o;-~pa H npoBeCTH CTaTHCTHl!eCKHH 3HaJIH3 paJJIH'IHbiX KaHaJI(IB ero ,I.J;eB036~eHH~. 
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AXIAL INJECTION SYSTEM FOR THE U-400M CYCLOTRON 
WITH AN ECR ION SOURCE 

G.G.Gulbekian, I. V.Kolesov, V. V.Bekhterev, S.LBogomol£•v, 
A.A.Efremov, M.N.El-Shazly, B.N.Gikal, A.l.lvanenko, 
V.B.Kutner, V.N.Melnikov, Yu. Ts. Oganessian 

The results of calculation, design and construction of the axial injection system for the 
U-400M cyclotron with an ECR heavy ion source are presented. The 1J-400M cyclotron and 
ECR ion source combination allows one to increase the heavy io~ beam intensity and 
expand the range of the accelerated ions at the U-400M cyclotron. The technical data for 
the axial injection system parts and the DECRIS-14 ion source test results are given. 

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

CucreMa &KCHaJibuoH: HHlKeKU:HH U:HKJIOYpOHa Y-401)M 
C 3QP·HCTO'IHHKOM HOHOB 

r.r.ryJlb6eun u op. 
B CTaTbe npeJlCTaBJleHbl pe3yJibTaTbl pac'leTOB, npoeKTHpOBaHHJI H C03)laHHll aKCHaJibHOH 

HHlKeKUHH TlllKeJibiX HOHOB B 1.\HKJIOTpOH Y-400M H3 HCTO'IHHKa THIIa 3QP. KoM6HHal.lHll 
l.lHKJIOTpOHa Y-400M C 3QP-HCTO'IHHKOM HOHOB U03BOJilleT }'BeJIH'IHT> HHTeHCHBHOCTb II)"'­
KOB TlllKeJibiX HOHOB H paCIIIHpHTb JlHanaJOH YCKOplleMbiX HOHOB Ha I.IHKJIOTpOHe Y-400M. 
npHBe)leHbl TeXHH'IeCKHe napaMeTpbl OTJleJibHbiX CHCTeM aKCHaJibHOH HHlKeKUHH H pe3yJib­
TaTbl cTeHJlOBbiX ucnbiTaHHH 3UP-HcTO'IHHKa DECRIS-14. 

Pa6on BbiUOJIHeHa s Jia6opaTOpHH liJlepHbiX peaKUHH HM.f.H.Illm:posa OIUIH. 

Introduction 

The isochronous cyclotron U-400M was started in 1991 with an internal PIG ion sour­
ce, and internal beams of accelerated ions were obtained. The t= arameters of the internal 
beams produced with the PIG ion source are listed in Table 1. Ace elerated ion beams in the 
mass range from He up to Ar are produced [ 1]. In 1993, the first p 1ysical experiments using 

47t spectrometer FOB OS were carried out on the extracted 7u 2+ b !am. For this moment we 
have reached the limit of the PIG ion source possibilities in the production of the highly 
charged ions. We are limited by the source itself and by vacuum losses of the accelerated 
beam due to the gas loading of the vacuum system by the gas flow from the source. The 
main disadvantage of PIG ion source is the AC mode of operation So, further development 
of the U-400M is connected with the use of an ECR ion sourcf s with an axial injection 
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Table 1. Ion beam parameters of U-400M 

U-400M +PIG 

I 
U-400M + ECR 

Ions I Energy Me :V In Intensity, pps Expected intensity, pps 

4Hel+ 30 1.0· I014 

6r.i2+ so 1.0·1013 

'u2• 44 6.0·1013 I 6.().1012 

12c3+ 30 2.0·1013 

12c4+ 5.().1013 

12c6f. 2.().1011 

1~3+ 26 2.0·1013 

I~ 40 2.0·1012 

I~S+ 60 S.O·I011 I 5.().1013 

16c)3+ 15 2.0·1013 

1604+ 30 3.0·1012 

160 s. 48 2.0·10 12 I 2.0·1013 

~e2+ 6 5.0·10 13 

~e4+ 20 5.0·1012 

~eS+ 30 3.0·1012 

2'Ne6f. 46 1.0·1012 I 2.().1013 

40Ar4+ 6 2.0·1013 

40~ 10 1.0·1013 

325 1o. 49 4.().1012 

4&cal4+ 44 1.0·1012 

54Krl7+ 22 6.().1011 

12~e26f. 22 6.().1011 

181Ta29+- 15 8.().1010 

235u24+ 6 4.().1011 
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system. In Table 1, expected beam intensities in combination ECR + U-400M at an effi­
ciency of beam transmission of 20% are presented. The use of an ECR ion source will allow 
us to increase the reliability of the cyclotron and to run RF in )C mode with the use of 
stabilization systems and produce a continuous beam. 

ECR Ion Source 

Designing of the electron cyclotron resonance ion source DECRIS-14 was started in the 
beginning of 1990 [2]. ECR ion sources provide the ion beam vrith a higher charge and a 
lower emittance (100 1t mm.mrad) in comparison with a PIG ion source. With the use of 
gaseous working substances an ECR ion source has a practically Jnlimited service life. The 

consumption of working substances for an ECR ion source (about 0.05 cm3/min for 
gaseous) is substantially lower than for a PIG sourc.e (about 0.2 .cm3/min for Xe). This 
advantage of an ECR ion source is very important for use of tht rare enriched isotopes as 
a working substance. For example, the consumption of 48Ca is 0.25-0.4 mg/h for an ECR 
ion source and 4-10 mg/h for a PIG source. The total power co1sumption for an ECR ion 
source is within the range 50-150 kW. The scheme of the DECIHS-14 ion source is shown 
in Fig. I. It consists of two stages. Both the stages have a maguetic mirror configuration. 
Axial magnetic field is produced by water cooled coils which consume a power of about 
130 kW. The minimum B configuration at the second stage is pr:>duced by a superposition 
of an axial mirror field and a radial hexapole field. 

UHF 

1m 
pump 

C8J coils ~ hexapole ~ iron H insulator 
Fig.l. The scheme of the DECRIS-14 ion sot rce 
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Table 2. S1me multiply charged ion current from the DECRIS 

Ion/charge 4+ 

N 

0 

Ar 

Ar 

270 

10. 8t 
~c. At 1+ 
~. 'lc 

lc6+ 

5' 6+ 

cr. 17 

16 ) 87 

I ~ 
lc 

~ Arll Ac4+ 

r::~ o• 
~ 

Fig.2. The charge-state ·distribution of 
Ar ions 

7+ g+ 9+ ll+ Support gas 

26 

70 24 ... 

120 110 70 15 oxygen 

Coils: 8x12 turns J 1000 A/cm'2 

gas feed 

1------ 450 -----4 

C8J - coils ~ - hexapole ~ - iron 

Fig.3. The scheme of the magnetic structure of the new, 
more compact ion source 

The NdFeB hexapolc has a magnetic flux concentration geometry. A turbomolecular 

pump provides 2·10-5 Pa background pressure through the injection and extraction sides of 
the source. The whole source body including the plasma chamber and the hexapole are 
insulated up to 25 kV and connected to a high voltage power supply, except for the sole­
noids, vacuum pumping, and the beam line. A commercial UHF generator working in the 
frequency range of 14-1 ~.5 GHz with a maximum output microwave power up to 2.2 kW 
is used. The generator is connected to the ion source through a high voltage insulator and 
a tight BN window. Some multiply charged ion currents from the DECRIS are listed in 
Table 2. The charge state distribution of Ar ions is shown in Fig.2. The new, more compact 
ECR ion source is now under test. The scheme of the magnetic structure of this ion source 
is shown in Fig.3. The aJjal magnetic field is formed by water cooled coils and soft iron 
yoke. In collaboration wilh GANIL group the ECR4M ion source is being developed now. 
The magnetic structure o' the source is designed to provide the operation in a frequency 

range 14-28 GHz, aiming to increase the intensity of Ca1
4+ beam up to 1013 pps. GANIL 

will deliver to the FLNR he ion source equipped with a beam analysis line. The scheme of 
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Steerin~ mag nets 

Cry:>genic pump 

Buncher" 

I 

1-

Fig.4. DECRIS-14 ion source injector ELEV 

,/ 
/ 

Fig.5. The plan view of ECR4M (GANIL) and DECRJS-14 injector 
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the GANIL injector and tt e DECRIS injector disposition on the top of the cyclotron magnet 
are shown in Figs.4 and 5, respectively. 

Magnetic and Foct.sing Elements 

Several configuration> of the axial injection system were considered. We chose the 
shortest beam line with .l minimum number of optical elements which is necessary to 
provide the required degrfes of freedom. The beam line consists of short solenoid (lens) in 
the horizontal part, which is located at 210 mm away from the ECR ion source, three long 
solenoids in the axial mafnet hole; and a bending magnet is located at 1.22 m away from 
the lens, which carries ou1 two functions: 

1. Beam momentum analysis, 

2. Beam bending into the vertical channel. 
The lens focuses the •:xtracted beam at the entrance slit of the analysing magnet. The 

slit is located at 42 em after the lens and 80 em before the analysing magnet. A nominal 
beam size of 15 mm has b•:en assumed at the entrance slit of analysing magnet. Charge state 
selection is provided by a 90° vertical bending magnet running up to 1.4 kG. For Z /A= 
= 0.5 and 25 kV injection ·roltage, we need 0.89 kG of magnetic field. The main parameters 
of the analysing magnet me listed in Table 3. The second slit is situated at ~0 em after the 
bending magnet. At the S4:cond slit position, the ion beam dispersion is 1.6 emf %. First 
order calculations have been performed using TRANSPORT code. The optical parameters 
of the elements provide transmission of the beam with the emittance of e = 150 1t mm.mrad. 
As an example, the envel :>pes of the ion beam with Z /A = 0.5 are shown in Fig.6. The 
fringing magnetic field in the axial hole, which is plotted in Fig.7, was represented by a 
number of short solenoids with a corresponding strength of magnetic fields. 

Table 3. The main parameters 
or the bending magnet 

Magnet radius 400mm 

Wedge angles 26.5° 

Dispersion 1.62 em/% 

Vertical gap 80mm 

Maximum current 22 A 

Maximum volt 48 v 

Water flow rate 4UM 

Temperature rises 70°C 

Table 4. The main parameters or the lens and solenoids 

Parameters Solenoids Lens 

Maximum axial magnetic field I kG 4.9 kG 

Effective length 42 em 12.6 em 

No. of turns 80 256 

Iron-yoked thickness I em I em 

Solenoid length 50 em 20 em 

Unner diameter 195 mm 106 mm 

Conductor dimensions 11.5 X 11.5 11.5 X 11.5 
mm mm 

Maximum current 500 A 321 A 

Power consumption 3.15 kW 5.78 kW 

Water flow rate 0.671/min 2.41/min 

Temperature rise 8 degrees 34 degrees 
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Lens magnetic field 

Maxi nun magnetic field = 4.9 kG 

Effictive length = 12.6 em 

::o 40 eo 80 100 120 

Axial length (em) 

Solenoid's magnetic field 

Ma:dmum magnetic field= 1 kG 

Effective length = 42 em 

20 40 eo 80 
Axial length (em) 

100 

Fig.8. The axial m~gnetic fields for the lens and 
the solenoids 

The main parameters of the solenoids and the lens are listed in Table 4. The solenoids, 

lens, and bending magnet designs were done with Poisson pre gram. The axial magnetic 

fields of the lens and the solenoids are plotted in Fig.8. The transverse distribution of the 

magnetic field of the bending magnet is plotted in Fig.9. The beam is focused after the 

solenoids by the fringing magnetic field. To get beam dimension less than 1 em (at the 
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Fig.9. The magnetic field distribution (in kG) of the 
bending magnet 

mirror entrance) we need not more than 
0.9 kG. in any solenoid. The short beam line 
allows us to reduce the vacuum demands. To 
increase the vacuum conductivity of the ver­
tical channel, we increased the inner diameter 
of the beam guide pipe inside the axial hole up 
to 150 mm, thus we enlarged the diameter of 
the axial hole up to 300 mm. 

The losses due to resi•lual gases in transmission line are calculated for some ion beam 
to get the pressure needed inside the ion guide pipe. In order to get the charge exchange 
cross section in this range of energies, we used Muller and Salzbom formula [3]. Nitrogen 

~ 
J!! 
c: 
0 

11 
~ 
c: 
I! 
1-

is considered as a residual gas. The 
16 +5 48 +14 transmission efficiency with respect to 

the pressure in Torr is plotted in Fig.l 0. Transmission factor for 0 and Ca 

UlE-8 1.0E-7 1.0E~ 1.0E-5 
We chose 10-7 Torr as working pres­
sure inside ion pipe guide. To provide a 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

1.o vacuum of 10-7 Torr differential pum-
ping is used. The gas flow from the ion 

0 8 
source is evacuated in the horizontal 

· line part which is separated from the 
main line by a diaphragm. This part is 

0.6 pumped by a turbopump and a cryo­
pump with a pumping speed 500 1/s and 

0.4 3200 1/s, correspondingly. At a gas flow 
of 0.05 cm3/min the vacuum 10-7 Torr 
will be provided. The main part of the 

02 channel is pumped by two cryopumps 
with a total pumping speed of 6400 1/s. 

1.0E-8 1.0E-7 1.0E~ 

o.o The preliminary vacuum is provided by 
a turbopump. The inner surface of the 
beam guide pipe was specially treated 1.0E-5 

Pressu ·e (Torr) 
16 +5 

Transmission factur for 0 = 98% 

Transmission factor for 
411 

Ca
14 = 93.4% 

to reduce the outgasing flow. 

Fig. 10. Some ion beam losses due to pres­
sure 
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Inflector and Central Region 

The main feature of the axial injection system, which was tal:en into account during the 
central region calculation, is the injection voltage from 16 to :5 kV, which is low com­
paring with the voltage of four dees from 140 to 200 kV. The opimum initial radius of the 
central ray at the first gap is 50 mm, which is determined from the optimum centring and 
first tum energy gain conditions. An electrostatic mirror has been considered [4] in order 
to have the smallest inflector, well shielded against the RF volta~ e, and be able to inject the 
beam into the maximum radius. The mirror is centred on the .txis of the cyclotron. The 
calculations for such a mirror were done analytically. Mirror parameters have been chosen 
by taking as reference case the Z /A= 0.5 ion injected at 25 kV ill the magnetic field 1.45 T 
with a corresponding magnetic radius 22 mm. The mirror structure consists of an electrode, 
a grid, and an outer cooled copper shell at ground potential. The gap between this shell and 
the high voltage electrode is 7 mm. The main parameters are obtained: 

1. the angle of the mirror grid with the median p!ane = 4 7°, 
2. mirror voltage V=23.6 kV, 
3. distance from the cyclotron axis to the exit point projc:cted in the median plane 
= 14.6 mm, 
4. distance between the electrode and the grid = 9.2 mm, 
5. maximum applied electric field between the electrode anc the grid = 25.6 kV/cm. 
We couldn't increase the angle between the mirror and the rr.edian plane more than 47° 

to get bigger radius because of increasing the mirror dimensions. The maximum injection 
voltage of ion source is 25 kV for Z /A = 0.5 and the second harmonic, and according to the 
constant orbit principle, the injection voltage will be decreased .vith decreasing Z /A up to 
0.2 for the second harmonic. The central ray trajectory in the: magnetic field map was 
obtained by integrating the Lorentz equations. A grounded slit \las placed at 40 mm away 
from the cyclotron center. The improvement of beam centering curing the acceleration was 
performed by adjusting the direction of 
the electric field of the first acceleration 
gap and its geometry. The particle tra­
jectory centers for 40° of RF phase and 
up to 2 turns are plotted in Fig.11. The 
central ray will pass through the puller 
center. The electric field between the 
dees and the dummy-dees is considered 
as a Gaussian distribution [5]. In our 
simulation of the central region, we 
changed the maximum voltage of the 
dees from 140 kV up to 200 kV to 
know the mechanical boundaries and 
the minimum permissible voltage of the 
dees with taking into account the elec­
tric charge between dees and grounded 

surfaces. The particle trajectories for 
5 particles and 40° of the RF phase 

Motion of the tn 1jectory center 
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Fig.ll. Particle trajectOI y centers with a dee voltage 
170 kV and for 40 degrt!es of the RF phase 
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Fig.l2. Particle trajectories 1vith dee voltages 
140, 150, and 170 kV 
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Fig.l5. The particle vertical motions for 40 degrees 
of the RF phase 

with 170 kV of dee volta!es are shown in Fig.l2. The energy gained for 5 particles and 40° 
of RF phase with 170 kV of the dee voltages in shown in Fig.l3. In all cases, the vertical 
dimension of the beam wi II be not more than 20 mm up to two turns according to the output 
emittance of the inflector. Vertical emittances through the inflector are shown in Fig.l4. 
The vertical gaps of the dees are 24 mm in the center. The vertical trajectories for 
5 particles in RF phase 1 ange 40° with maximum initial vertical position and maximum 
initial vertical angle at tht: slit are plotted in Fig.l5. 
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Buncher 

A simple grided double gap Klys­
tron-type buncher will be placed I m 
away from the median plane. This bun­
cher consists of a cylindrical electrode, 
with length 20 mm and a diameter 
150 mm, and two accelerating gaps of 
3 mm. The step between the grid wires 
is about 5 mm. The distance between 
the median planes of the accelerating 
gaps is 23 mm and the voltage ampli­
tude, which is applied on the electrode 
is in the range from 300 up to 450 V. 
The relation between the cyclotron RF 
phase acceptance and buncher efficien­
cy is shown in Fig.l6. The results of 
these calculations were done without ta­
king into account the space charge effect. 
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Table 5. The main parameters of the axial injection system of the U-400M cyclotron 

Jon Source DECRIS-2 (Dubna) 199~ 

------------------------------~~E~C~R~-4~M~G~A~N~IL~)~1~9~95 ________ ~-----------
Max.injection voltage 

Beam line length 

Focusing element 

Analysing magnet 

Resolution 

Steering magnet 

Vacuum 

Pumping speed 

Type of pumps 

Buncher 

Distance between buncher and median plane 

Inflector 

Diagnostics 

25 kV 

8,2 m 

Solenoid - 4 units 

R=40 em 

80 

4 units 

1.0 X 10-7: 3 X 10-7 Torr 

7.5 x 103 1/s 

Cryogenic - 3 units 

Turbopump - 2 units 

2 gaps (600 V) 

lm 

Mirror 1994 

Spiral 1996 

Faraday cup - 3 units 

Collimator - 2 units 
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. llPOBEJ(EHHE llAPI(IfAJihHO-BOJIHOBOrO AHAJIH3A 
TPEXlllfOHHhiX CHCTEM HTEPAI(IfOHHhiM METOJ(OM 

H.M.BacuJleBcKuii., IO.H.HBaHbWUH, B.A.llempoB, A.A.l'RnKUH 

llpHMeHeH HTepaUHOHHblH MeTOll )'TO'IHeHHll aKcenTaHCa 3KCnep11MeHTaJ!bHOH ycraHOBKJ.I 

npH npOBelleHHJ.I napUHaJ!bHO-BOJlHOBOrD aHaJIH3a llH!ppaKUHOHHO pc lK.lleHHbiX TpeXnHOHHblX 

CJ.ICTeM. llOJlY'!eHbl 6onee TO'!Hble 3Ha'leHHll J.IHTeHCJ.IBHOCTJ.I BOJlHiol 0-S J.l pa3HOCTJ.I !jlaJ 

o-s- o-p B llHanaJoHe 3!jl!jleKTJ.IBHbiX Mace 700 + 800 M38. 

Pa6oTa B&monHeHa B Jla6opaTopHH csepxs&ICOKHX 3lleprnii 0115111. • 

On Iteration Method of the Partial Wave Analysis ,>f the 311:-Systems 

I.M. Vasilevsky et al. 

Iteration method has been used to define more precisely the ex per mental setup acceptance 

in the effective mass range 700 + 800 MeV. It has led to better a1 curacy of the o-s-wave 

intensity and o-s-0-P phase shift. 

The investigation has been perfom•ed at the Laboratory of Particle Physics, JINR. 

B mnoM cosMeCTHOM 3KcnepHMeHTe UEPH - 0115111 (cCTpyaHH'leCTBO EonoHbst -

.Ily6Ha MHnaH) Ha ycKopHTene 11<f.JB3 HJY'lanacb JeaKUHst aHcppaKUHOHHOH 

L{HCCOUHaUHH nHOHa Ha SIL{pax 

C nOMOIUbiO MarHHTHOfO HCKpOBOfO cneKTpOMeTpa 0115111 np11 3HeprHH nHOHOB 40 f3B. 

Pe3ynhTaTbi napuHanbHO-BOJlHOBoro aHanH3a (DBA) nonY'leHHoro 3KcnepHMeHTaJlbHOro Ma­

TepHana B L{Hana30He 3cpcpeKTHBHbiX Mace 3-X nHOHOB OT 0,9 L{O 2,4 f3B ony6JlHKOBaHbl B 

pa6oTax [1-4]. 

B pa6oTe [5] ony6nHKOBaHbl pe3yJlbTaTbl DBA B L{HanaJOH! Mace 600 + 900 M3B. B 

3TOH o6naCTH Mace 6biJ10 o6Hap)')KeHO pe30HaHCHOe noBeL{eHHe BOJlHbl o-s. Ha pHc.1 H 2 

noKa3aHO noBeL{eHHe HHTeHCHBHOCTH BOJlHbl 0-S H pa3HOCTH cpa: BOJlH 0-S H 0-P. TO'lKa CO 

3Ha'leHHeM 3cpcpeKTHBHOH MaCChi 740 M3B BhmaaaeT H3 o6ruero noseaeHHst cpa3bi H HMeeT 

60JlblliYIO OIIIH6Ky, 'lTO CBSI3aHO C MaJlbiM 3Ha'leHHeM HHTeHCHBHIJCTH OnOpHOH BOJlHbl 0-P B 

3TOH 6HHe. 

HH)((e aenaeTcst nonhiTKa c noMOIUbiO HTepaUHOHHoro Mf Toaa yTO'lHHTb aKcenTaHc 

ycTaHOBKH H TeM caMbiM napaMeTpbi HOBoro pe3oHaHca, T.K. np~ nposeaeHHH DBA B pa6o­

Tax [ 1-5] reHepHpOBaHHe C06biTHH L{JlSI Y4eTa aKcenTaHCa y ;TaHOBKH npOBOL{HJlOCb no 
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PHc.3. reoMCTpH< ecKu 3$1JeKTHBHOCTb cneKTpoMCTpa MHC a Ja&HCHMOCTH 

OT pe111CTpHpyeMo IH TpeXDHOHHOH MaCChi 

~aJOBOMY o6J.eMy. Ho ecm reoMe-rpuqecKHH aJCcenTaHc ycTaHOBKH H3MeiDie-rc.s oT 0,97 .n;o 

0,92 npu H3MeHeHHH ~KTHBHOH MaCchi OT 0,9 .n;o 2,4 f3B, TO npu YMeHbllleHHH MacChi 

OT 0,9 )1;0 0,6 f3B reOMeTplt'leCICHH aJCceDTaHC COIIJlaeT )1;0 0,5 (pHc.3), H 803HHICaeT He06-

XO,IlHMOCTb Y'fHTbiBaTb napliHaJJbHbiH aJCcenTaHC, DOCICOnbKY nonpaBICH Ha aJCCenTaHC CTaHO­

B.liTC.ll coH3MepHMbiMH c $1>eKTOM. B pa6oTe [6], uanpuMep, no.llo6ua.s 3l1Jlaqa pelllaeTc.s c 

HCDOnb30BaHHeM pe3ynbTaTo>B napUHaJJbHO-BMHOBOro aHaJJH3a 31CCnepHMeHTa, npOBe,lleHHO­

ro ua ycTaHOBICe C reOMeTJH'IeciCHM aKCenTaHCOM, 6nH31CHM IC e.D;HHHUe, HO npH .n;pyroH 
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PHc.4. 3aBHCHMOCTb HHTeHCHBHOCTH o-S-BOJIHbl 

OT TpeXIIHOHHOH MaCChi; Kp}'XKH- ,!VIJI llBA-1, 
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PHC.5. • 3aBHCHMOC1 b IIOBe)leHHJI OTHOCHTeJibHOH 

!}Ja3bl (Q-S- 0-P) liT TpeXIIHOHHOH MaCChi; o603-

HaqeHHJI Te JKe, ~c H Ha pHc.4 

(6onee HHJKOH) ::meprHH rryqKa. ITpHMeHHTb TaKyro npoue.nypy B o6nacTH 3cpcpeKTHBHbiX 

Mace Tpex nHOHOB 0,6 + 0,9 f3B He npe,nCTaBJIJieTCJI BOJMOJK:HbiH, nOCKOJibKY HaM He H3Be­

CTHbl KaKHe-JIH60 peJyJibTaTbl napi..IHaJlbHO-BOJIHOBOro aHaJIHJa 3KCnepHMeHTaJibHbiX ,nau­

HbiX B 3TOM ,nuanaJOHe Mace. 

ITo3TOMY Mbi nocTynHJIH cne.nyroli..IHM o6pa3oM: BJJIB peJynhraTbi Harnero ITBA B 6HHe 

0,90 + 0,94 f3B, me reOMeTpHqecKHH aKCenTaHC cneKTpOMeTpa COCTaBJIJieT BeJIHqHHy, 

6JIH3KYIO K e,nHHHI..Ie, npoBeJIH MOHTe-KapJIO-reHepHpOBaHHe C06biTHH B 6HHe 0,86 + 

0,90 f3B, c.nenarrH B 3TOH 6HHe ITBA, no ero peJyJihTaTaM reHepHpouanu co6biTHJI B 6nHe 

0,82 + 0,86 f3B, H TaK ,!(OIIIJIH ,no 0,6 f3B, nOJI)"'HB B HCCJie,nyeMI)M ,nuanaJOHe Mace peJyJib­

TaTbl ITBA-1. .Uanee, 3TH peJyJibTaTbl ucnoJihJOBaJIHCb B Kax,noli 6uHe ,nJIJI reHepauuu 31t­

co6biTHH, c noMOll..lbiO KOTOpbiX nonyqancJI peJyJihTaT ITBA-2 1: 3TOH xe 6uHe, u, qTo6bi 

y6e,nHTbCJI B CXO.!(HMOCTH peJyJibTaTOB, npoue,nypa nOBTOpJIJiaCb t!ll..le pa3. 

Ha puc.4 H 5 nOKaJaHO noBe,neHHe HHTeHCHBHOCTH 0-S-f.OJIHbl H JaBHCHMOCTb pa3-

HOCTH cpa3 0-S- H 0-P-BOJIH OT 3cpcpeKTHBHOH MaCChi TpexnHOHiOH CHCTeMbl, nonyqeHHbie 

TaKHM o6pa30M. 3aMeTHa 6biCTpall CXO,!(HMOCTb no HTCpaQHJIM, H XOpOIIIO npOCMaTpHBaeTCJI 

OTJiuque nose,neHHJI pa3HOCTH cpa3 OT peJyJibTaTa pa6oTbi [5]. 3T J no,nTBepx,naeT npe,nnono­

xeHHe, qTo aKcenTaHc ycTaHOBKH ,nJIJI pa3HbiX napuuanbHbiX BCJIH He o,nuHaKOB. ITo3TOMY 

qeM TOqHee Mbl onpe,neJIJieM aKCCnTaHC, TCM 6onee TOqHO HaXI).!(HM COOTHOIIIeHHJI MeJK:,ny 

napi..IHaJibHblMH BOJIHaMH. 

ITonyqeHhi cne.nyromue JHaqeHHJI napaMeTpos o6Hapyxt:HHoro paHee peJoHaHca: 

M = (745 ± 20) M3B H T = (39 ± 12) M3B, KOTOpbie B pa6oTe (5] yKaJbiBaJIHCb paBHbiMH: 

M = (749 ± 30) M3B u T= (32 ± 17) M3B. 
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TaKHM o6pa30M, HTeJ: aunoHHbiH MeTo~ no3BOJIHeT TO'IHee yqecTb BJIHHHHe aKcenTaHca 
H UOJI)"'HTb 6onee ~OCTOB ~pHYJO HHcpopM8UHIO ~axe npH TOM :lKe 3KCUepHMeHTMbHOM Ma­
repuane. 
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