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MAGNETIC MOMENTS OF BARYONS, GA/Gv, AND 
THE QUARK CONFIGURATION STRUCTURE OF NUCLEONS 

·S.B.Gerasimov 

The sum-rule-based analysis or new, precise FNAL data on hyperon mag­
netic moments results, in particular, in the ratio of the D- and F-type coupling 
constants or corresponding quark currents and baryons, which differs from the 
same ratio extracted from weak semileptonic decays of baryons. We consider this 
difference as due to a possible higher orbital configuration or exotic component 
admix ture in baryon ground states. The amplitudes of different components or 
the nucleon wave function are estimated and further consequences of a general 
sum rule approach to baryon electroweak coupli.Jg constants are pointed out and 
discussed. 

The investigation has been performed at the Laboratory of Theoretical Phy­
sics, JINR. 

MarHHTHhle MOMeHThl6apnoHoB, G A/Gv 
H KsapKosasr KOH<Imrypau.noHHasr cTpyKTypa HYKJJOHOB 

C.B.fepacHMOB 

" AHa.JIHJ HOBbiX" npeU.HJHOHilbiX AallHb!X <J>IIAJI AJIII ManJHTIIbiX MOMellTOB 
rnnepoHOB, BblllOJIIIeHilbiH ua OCII08e npa8HJI CYMM, npHBOA~IT K OTilOWeJUtiO 
KOHCTallT CBII3H F- H D-THna AJIII COOT8eTCT8YIOU~HX K8llpKOBbiX TOKOB H 6a­
pHOilOB, KOTOpoe OTJIH'JaeTC!I OT TOI'O ll<e OTIIOWellHII, OllpeACJiellHOI'O H3 )\l\11-
HbiX no noJJyJJenTOilllbiM pacnaAaM 6apHouou. Mbl HllTepnpeTHpyeM 3TO paJ­
JIH'IHe KaK OOyCJIOBJielllloe llpHCYTCTBHeM 8biCWHX Op6HTaJibllbiX KBapKOBbiX 
KOH<f>HrypaU.HH HJIH npHMeCbiO 3K30TH'IeCKOH KBapK-rJIIOOilHOH KOMilOIIeiiTbl 
B OCilOBHbiX COCTOIIIIHIIX 6apHOIIOB. 0pHBOAIITCII 'IHCJICIIIIbiC OU.CHKH aMilJIH­
TYA pa3JIH'IHbiX KOMilOIICHT 8 BOJIIIOBOH <f>yHKU.HH llYKJIOIIOB, a TaKll<e OTMe•Je­
Hbl H OOcYJKAeHbl AOilOJIHHTeJibllble CJie)\CT8HII npHMellellHII 0011\HX npa8HJI 
.CYMM K OIIHCaHHIO 3JieKTpocJia6biX KOHCTaHT CB!I3H 6apHOilOB. 

Pa6oTa obmOJIHeua 8 Jla6opaTOpHH TeopeTH'IecKoi1 <f>HJHKH OH.SU1. 

I. Introduction 

The rapidly growing precision of measurements of the electroweak 
coupling constants, like magnetic moments or the GA!Gv- ratios in baryon 

semi-leptonic decays, may be the basis of new, more subtle and detailed 
information on the internal structure of baryons. The problem for theory is 
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to suggest or elaborate reliable and accurate enough (i.e. adequate to the 
achieved experimental accuracy) tools to extract this information. In this re­
port we consider some consequences from sum rules for the static, electro­
weak characteristics of baryons following from the theory of broken internal 
symmetries and common features of the hybrid quark models including re­
lativistic effects and hadronic corrections due to the meson exchange 
currents. We choose the phenomenological sum rule techniques to obtain, at 
the price of a minimal number of the model-dependent assumptions, a more 
reliable, though not as much detailed information about the hadron proper­
ties in question. 

2 . The Summary of the Sum Rule Approach top, (B) 

In Ref. ( 1,2 ), the following parametrization was introduc d for mag-
2 

netic moments Jt (B) of baryons ( B = qe q0, qe = Qevell' Q0 = Qodd' B = 

= P, N, l:,:!::): 

11 = 2: ~-t (q) d (N), (4) 

Q = U, d, S 

where p, (q) are the effective quark magnetic moments defined without any 
nonrelativistic approximations, g2(l) are <<reduced>> dimensionless coupling 

constants obeying exact SU(3)-symmetry, ~(B) is a matrix element of the 
OZI-suppressed qq-configuration for a given hadron:~ (B)= (B lqqiB), 

where q (/:. {q~, q
0

}, e.g., ~ (N) = ( N lssiN), etc., C (P) = - C (N) and 

C (A l:) are the isovector contributions of the charged-pion exchange cur­
rent top, (P), p, (N) and the A l:-transition momentp, (A l:). Below, we shall 
use the particle and quark symbols for corresponding magnet ic moments. 
Equations (1)-(4) lead to the following sum rules ( 1,2 ). 
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P + N + 2° + 2-- 3/\ + t (l:+ + l:-) = 0, (5) 

(l:+ -l:- ) (l:+ + l:-- p - N)- (:s0
- :s-) (2°+ :s-- P- N) = 0, <6> 

- ____!!.__ = g2 - 2g, = ! (1 - 20- 2- l ' (7) 
a - F + D 2 (g2 - g1) 2 l:+- l:-- 2°+ :s:-

C (P) = t (C (P)- C (N)) = t (P- N + 2°- 2- -l:+ + l:-) , (8) 

c (/\ l:) = .u (/\ l:) + )3 ( 20- :s-- t (l:+- l:-))' (9) 

--·-= 
u- d l:+ -l:- - 2°+ :s-
u-s l:+- 20 

(10) 

u l:+ 
d - =l:-=--:lr:::-:;:---=+___:~;::;:=--::::__J_ (11) 

s l:+ :s-- l:- 20 
(12) 

d l:- (l:+ - l:-) - :s- (2° - 2-)' 

d++ =~Q- =-Jd--. (13) 

Reserving the possibility of K; (N) -.e K; (Y), Y = 1\, l:, 2, due to a more pro­

minent role of the pion degrees of freedom in the nucleon, and combining 
Eqs. (5)- (6), we propose also the following, probably, most general sum 
rule of this approach 

(l:+- l:-) (l:+ + l: - - 61\ + 22° + 2:::-) -

- (:::0 - :::-) (l:+ + l:-+ 61\- 4:::0 - 4:::-) = 0. (14) 
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We note that Eqs. (11)-(13) are obtained only with o (N) = 0, according to 
the quark-line-rule. Now, we list some consequences of the obta ined sum 
rules. By definition, the A-value entering into Eqs. (5) and (6) hould be 

«refined>> from the electromagnetic A I 0 -mixing affecting .u (A)exp' Hence, 

the numerical value of A, extracted from Eq. (14), can be used to determine 

the A I 0-mixing angle through the relation 

in accord with the independent estimate of 0 A r from the electromagnetic 

mass-splitting sum rule 13). Equation (II) shows that owing to in teraction 
of the u- and d-quarks with charged pions the «inagnetic anomaly>> is deve­
loping, i.e., u/ d = - 1.80 ± 0.02 "# Qu !Qd = - 2. Evaluation of the lowest 

order quark-pion loop diagrams gives 12): u/d = (Qu + A:u) I (Qd + A:d) = 

= - l. 77, where A: is the quark anomalous magnetic moment in natural 
q 

units. The meson-baryon universality of the quark characteris tics, Eqs. 
(10)-(12), suggested long ago 14), is confirmed by the calcula tion of the 

ratio of K* radiative widths 

r (K*+ ... x+ y) = (ul d + s! d) 2 = 
r (K*+ ... x+ y) I + s! d 

= 0.42 ± 0.03 (vs 0.44 ± 0.06 151). (16) 

The experimentally interesting quantities .u (.::\ + P) = .u (.::\ 0 N) and 

.u (I•O A) are affected by the exchange current contributions and for their 
estimation we need additional assumptions. We use the analogy with the 
one-pion-exchange current, well known in nuclear physics, to assume for 
the exchange magnetic moment operator 

(17) 

where I (r .. ) is an unspecified function of the interquark distances, u. (T .) 
I} I I 

are spin (isospin) operators of quarks. Calculating the matrix elements of 
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'iiexch between the baryon wave functions, belonging to the 56-plet of SU(6), 

one can fi nd 

C (P) = --.L C (L\ + P) = v'J C (A L) , 
v'2 

1 ( 1 1-u/d) 
J.l ( L\ + p; {56}) = ii p- N + J (P + N) 1 + u/ d . 

(18) 

(19) 

We postpone further discussion and correction of Eq. ( 19) until our conclu­
ding section and will concentrate on confronting our a = 0.571 ± 0.002, 

Ill 

following from Eq. (7), with corresponding values of a from the baryon ax 
beta-decays. While evaluating Eq. (7) we used baryon magnetic moments 

from the PDG-tabulation I 6 I except ,u (:::-), from Ref. 17 J, and ,u(:r+) = cxp 
= - 2.479 ± 0.025 n.m. from Ref. 18 ). Wc.t::hoose the latest of two available 

values of ,u (L+), because it gives better agreement between a
111

's calculated 

from the hyperon and nucleon data. 

3. T h e SU(3)- and Broken-SU(3)-Description 
o f Baryon Semi-Leptonic Decays 

The extraction of hyperon structure parameters from their semi-lepto­
nic decays is not yet the fully settled and understood problem. Theoreti­
cally, one should take into account the recoil and other non-static effects 
arising owing to differences between the initial- and final-baryon wave 
functions a nd masses. Experimentally, the L ..... A e v- and ::: ..... Aev-decay 
measurements are not still accurate enough. We shall take as our input data 
the results of Refs. 19,10 ). It was shown that with both L\ S = 1 and 0-tran­
sition (hereS is the strangeness) taken for the analysis, a ax (no SU(3)) = 
= 0.635 ± 0,005 (X2 I DF = 12.5/ II) if the use is only made of the recoil 
correction via the recipes of Ref. I II ), while the mismatch effects of the 
strange- a nd non-strange-quark wave function are neglected. Taking into 
account only the L\ S = 0 transitions one can obtain 19 I a (SU(3)) = ax 
= 0.584 ± 0.035 and a (no SU(3)) = 0.62 ± 0.040 with equal values of ax 

/I DF = 0.07. Therefore, we shall usc the aax-values in the range 

0.584 + 0.635. 

lO 



4. The Electroweak a-Parameters 
and Quark Configuration Structure 
of the Nucleon 

We consider the difference between a
111

, Eq. (7), and the a ax' s, given in 

Ref. [9, 10 I, as originating from the higher SU(6) x 0(3) three-quark confi­
gurations and/or the exotic (3q +g)-admixture in the ground state wave 
function: 

The coefficients A . and A satisfy the normalization condition 
I g 

3 

~ A7 + A 2 = I. (2}) LJ I g 
i = 0 

In Eq. (20), L (S ) is the quark orbital (spin) moment, and the index «8C» q q 

stands for the color-octet states. To specify different cases, we keep for the 

gluon angular momentum two simplest possibilities JP = 1 ± which are the . g 

Ml- or El-gluon modes. Different components of the total wave function are 
built of the antisymmetrized products of the flavor (<1>), spin (x) color (w) 
and orbital/radial (1.11) wave functions: 

\II =<I> X X X w X \II (p, .t), (22) 

p and A being the Jacobi coordinates of the 3-quark system. Of many 
considered possibilities for 'llg we present two examples, one for the Ml- and 

one for the El-gluon mode 
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where '~~sym (LP = L). = 0) = '1'0 ~
2 + .l.2), 'l'p().) (Lp().)= I, Lp().)= 0) = 

= p (A)· 'V 1 ~
2 

+). 
2

) , 'V O,l ~2 
+). 

2
) are unspecified radial wave functi­

ons, <f>P(A) , wp().) etc., are familiar, octet-type wave functions (see, e.g., 
Ref. (12] and earlier citations therein). Th<;{l we find expectation values of 
the magnetic moment (}lJ and axial charge (A) operators 

"' "' "' 14 = ~ [go (q) a3 (q) + gl (q) /3 (q)J' (25) 

A= L gax(q)~ (q), (26) 
q 

and define i" in Eq. (I) and the analogous lfX. as function of A0 , ••. ,A , 
I I g 

g
0

, g1 and gax. Then we take the ratios a
111 

and a
0
x; from the latter the 

unknown (due to various renormalization effects) g will be cancelled out. ax 
With the known values of a a and Eq. <21), we have 3 equations, so that 

111 ax 

we can only define A~, A~ and A~ as functions of A; and A;, chosen to be 

varied over some reasonable intervals, say, 0 :S A~, A; :S 0.2., or so. Below 

we reP.rod uce the .corresponding bounds on the other A's, lGAIGvl 

(calculated here by putting g (q) = I), and the corresponding bounds on ax 
the expec tation values <S >, <L > and <S > entering into the angular 

Q Q g 

momentum sum rule 

I 
-2 = <Jt t> = <S > + <L > + <S >. 

0 . q q g 
(27) 

So, we ta ke a
111 

= 0.571, aax = 0.635(0.584) and \11:
1 in Eq. (24) corres­

ponding to the following spin-coupling-sequence: ~(J tot)-+ I; xt(J q)-+ 

-+ 1g- x-
2

1 (S ) x l (L ). The 'VE1, Eq. (24); was found to give the maximal q q g . 

absolute values of G AI G v The \11~ 1 -function, Eq. <23), was considered 

earlier in Ref. (13), but there all higher orbital configurations were 
neglected . This wave function gives smaller values of G AIGv, especially for 

a = 0.635, therefore it looks less attractive. Putting, for the simplicity of ax 
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presentation, A3 = 0 we get the following set of numerical values (those in 

parentheses correspond to a = 0.584): ax 

A2 
g 

0 

0.2 

A2 
0 

0.56(0.74) 

0.52(0.72) 

A2 
I 

0.14(0.18) 

0.05<0.12) 

A2 
2 

0.30(0.075) 

0.22<0.005) 

G,./Gv 
0.88(1 .27) 

1.0(1.38) 

<S"> 
0.203 (0.42) 

0.23(0.46) 0.336(0.094) 

The use of A~ = 0.2 helps us to diminish A~ but leaves A~ as big as earlier, 

or even bigger, thus looking quite inattractive. The most popular value of 

a = 0.635 creates the problem of very big A2
2 

(the D-wave probability) and ax 
too small G A I G V' because inclusion of the renormalization effects will make 

it, most probably, even smaller. So, the careful re-examinati n of the 
hyperon beta-decay theory would be very desirable. 

5. Discussion and Conclusion 

Our most surprising and most stable result is that de,/ipite the va lidity of 
the celebrated SU(6)-ratio p(P)/p(N) = -3/2, Ref. (14 ), the SU(6)­
symmetry is strongly broken, and the mean value of the 56-plet am pl itude in 

the nucleon is considerably less than unity (A~(N) = 0.55 to 0. 73, 

depending on the used a ). The large probability of the {70}M, Lq = 0, ax 
configuration is matching favourably with the idea of diquarks inside 
nucleons. We have mentioned the apparent difficulty of the very large D­
wavc in nucleons connected with the usc of a ax = 0.635 (the broken SU(3) 

fit). With a ax = 0.584 and A: 5! 0.2 we come to acceptably small A~ , but this 

option enforces us to acknowledge the existence of the dominan t-hybrid 

nucleon resonance with JP = 112+ at not-so-large mass. The obvious 
candidate is the Roper resonance (or resonances) around M R 5! 1450 MeV. 

The careful investigation of this region in the photo- and electro-excitation 
experiments is very important. Now, what could be the dynamical origin of 
the discussed peculiarities? An interesting hint for the answer may come 
from the solution of the old problem, namely, the large devia tion of 

+ 3 n._._3 3 + U'I · JJ(!l P)exp = .VT • n.m. (15 I from JJ(!l P)su(6) = -3-J.t(P). Wtth the 

explicit expression of Eq. ( 19> in mind, we present J.t(!l + P) in the form 

A (!!.) 
JJ(!l + P) = 0 

2 JJ(!l + P; {56})+ dJJ(!l + P), (
28

) 
Ao(N) 
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where A0(!\) and A0(N) are the 56-plct amplitudes in the .:'\
33

-resonance and 

nucleon wave functions, Oft(!\+ P) is an unknown contribution due to the 
higher .:'\- a nd N-orbital configuration. Now, with A

0
(!\) .... I (hence, all 

other A;(!\) .... 0 and Oft(!\+ P) .... 0) and A~(N) E!! 0.6-+{).7 we remove easily 

the above-mentioned discrepancy. This situation is realized with the strong 
SU(6)-breaking interactions which are effective in nucleons and weak in 
t\'s. It is just the instanton-induced qq-interaction 116) which possesses the 
required properties. Of course, much remains to be done to elaborate and 
thoroughly check this intriguing possibility. 

The au thor thanks Dr. E.L.Bratkovskaya for her invaluable help in 
preparing this report. 
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ONE MORE WEAK DECAY OF THE HEAVY, STABLE, S = -2, 
POSITIVELY CHARGED H+ DIBARYON 

B.A.Shahbazian, T.A.Volokhovskaya, V.N.Yemelianenko, A.S.Martynov 

We have succeeded in observing one more event which is unambiguously 
interpreted as a weak two-body decay of the heavy, stable, S = -2, positively 
charged H+ dibbaryon. Its mass equal toM H+= (2409.3±13.0) MeV / c2 is in 
fair agreement with the masses of the three (two neutral and one positive) heavy 
stable dibaryons, (2408.9±11.2), (2384.9±31.0) and (2377 .5±9.5) MeV /c2 , 
recently found. 

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

E~e OAHH CJiyllaH: CJia6oro pacnaAa nDKeJioro cra6HJibHOro 
+ . . 

noJIO)I(HTeJibHO 3apll)l(eHHoro H -AH6apHoHa co crpaHHOCTbJO 
S= -2 

B.A.IIIax6a3liH HAP· 

HaM Y.llaJIOCb Ha6JIIO.IIaTb e~e O.IIHO COObiTHe, O.IIH03HaqHo HHTepnpeTHpye­
MOe KaK CJia6biH .IIByxqaCTHqHbiH pacna.11 T!IlKeJIOI'O CTa6HJibHOI'O OOJIOlKHTeJib­
HO aapHlKeHHOro .11H6a!)HOHa co CTpaHHOCTbiO S = -2. Macca ero, paoHaSI 
(2409,3±13,0) M3B/c2, Y.IIOBJieTuopHTeJibHO corJiacyeTCSI c MaccaMH Tpex 
(.IIDYX HeHTpaJibHbiX H O.IIHOI'O OOJIOlKHTeJibHOI'O) TSilKeJibiX CTa6HJibHbiX .11H6a­
pHOHOB, (2408,9± II ,2), (2384,9±31 ,0) w (2377,5±9,5) M3B/c2, HaH.IIeH­
HbiX He.llaBHO. 

Pa6oTa BbinOJIHeHa u Jia6opaTOpHH BbiCOKHX 3HeprnH Ol.fSIM. 

On the photographs of the JINR 2m propane bubble chamber, exposed 
to the 10 GeV /c proton beam of the Synchrophasotron, systematic search 
for the heavy, stable, S = - 2, positively charged dibaryon has been 
undertaken via its two- and three-body weak decay modes 
H+-+p+i\., 1\.-+p+n-, and H+-+p+n°+i\., 1\.-+p+n- . For this 
purpose the statistical sample of the so-called one-positive-prong secondary 
events has been used. In these events the A-hyperons point to the vertices of 
one-positive-prong stars created by positive particles, emitted from the 
parent interactions of primary 10 GeV /c protons in propane. 

Recently we have succeeded in observing a weak three-body decay of a 
very slow, p + = (50.6± 40.0) MeV/c2, heavy, stable, S =-2, positively 

H 
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charged dibaryon, H+-+ p + n° + A, A-+ p + n-, of a mass 
M + = (2377.5± 9.5) MeV /c2 [1] which within the limits of errors H . 
coincides with the masses of the two neutral, heavy, stablei S = -2 
dibaryons MH = (2408.9± 11.2) and (2384.9±31.0) MeV/c observed 

earlier [2,3 ]. The statistical sample of one-positive-prong secondaries 
contains no more similar slow or even nearly stopping candidates for the 

H+. Each event of this sample has been tried for the weak decay hypotheses 

H+-+ p +A, A-+ p + n- andH+-+ p + n° +A, A-+ p + n-. If neither of 
these hypotheses fitted the event, it was rejected. If either of them or both 
hypotheses fitted the event, the hypotheses on possible imitating reactions 

(Table 1) have been tried. All known [4] A-, ~0-baryons (= Y,<}:<), strange 

xO, JtJ• and nonstrange n°,Ml mesons, 43, 24 and 73 in numbers, 
respectively, were supposed to decay via neutral decay modes and their 
masses were used in fitting procedures. Note, that the reactions 3,5,7,9,12 

+ 
simultaneously imitate the channels of the A, K 0 associated production as 

well as the ~+A conversion processes accompanied by multiple pion 
production. The multiplicities of pions and their momenta are defined by the 
differences ofMy~>- MA, M~t·- Mit, Mkl- Mnomasses.Alleventsof 

the last sample (except the event found on the 1st of August 1992, which is 

Table 1. Possible imitating reactions. M(2n)=2Mn 

l. n+ + n-+ K+ + A, A-+ p + n-

2. K+ + n°· + A, A -+ p + n-

3. K+ + yo, yO-+ 1lo +A, A-+ p + n-

4. K+ + ~0• ~-+ y +A, A-+ p + 1t-

5. K+ + X 0 , X 0 -+ y + A, A -+ p + 1t-

6. K+n-+ K + K 0 + A, A-+ p + n-

7. K + K O• + A,A -+ p + 1t-

8. p+n-+ p + K 0 + A, A -+ p + n-

9. p + K 0 + A,A -: p + x-

10. ~+ + n-+ p + A, A -+ p + 1t -
11. p + n° + A, A -+ p + n-

12. p + M 0 +A, A-+ p + 1t-

13. ~+ + (2n)-+ p + n + A,A-+ p + n-
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The two-body weak decay of the second fast, heavy stable, positively 
charged dibaryon, H+ ... p + A,A-+ p + n-

analysed in detail below) were successfully fitted at least by one of the 
1-13 trivial hypotheses listed in Table I as well and by this reason had 
been rejected. The ionization measurements always confirmed these 
negative decisions. Indeed, the best-fit masses of these fake dibaryons were 
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very large (up to 5000 MeV lc2) at rather moderate momenta. This 
circumstance ensured small velocities and large expected relative 
ionizations of the H+, up to 7.8, contrary to the measured ones. 

Thus of all the sample of one-positive-prong secondaries only one event 
was successfully fitted only by the H+ weak decay hypothesis, 

n+ ... p + A, A ... p + :rr- (see the Figure). Both the three-body weak decay 

hypothesis, n+ ... p + :rr0 +A, A-+ p + :rr- and the hypotheses l-13 of 

Table l failed to fit this event. The relative ionization of the H+ estimated on 
its short track meets well the expected one, 1.52± 0.14. Note, that the 

OV-1C) weak decay hypotheses y 0 ... :rr0 +A, ~o ... y +A and 

_xO ... y + A failed to fit the event. Therefore there was no reason to use 
them in the reactions 6-13. The results of the (2V--:- 5C) ki ematical fit 
are shown in Table 2. 

Unfortunately the vertex of the parent primary interaction is not seen 
on the frame (see the Figure). Therefore it was impossible to estimate the 

full time of flight of the H+ before its weak decay, T > 4. 7 ·10- 11 ~· By the 
same reason we were deprived of possible attemps ·to perform exclusive 
multivertex kinematical analysis. The formally estimated effective cross 
section for the production of the H+ dibaryons via two-body weak decay 

mode n+ ... p + A, A-+ p + :rr- in p 12C collisions at 10 GeV lc is 100 nb. 
The average mass over two measurements of the neutral heavy stable 

dibaryon is <M J?=2396.9 MeV lc2 with standard deviation S= 

= 17.0 MeV I c2 and the dispersion of the average a = 12.0 MeV I c2
• For its 

positively charged component one has <M H+ >= 2393.4, S= 22.4 and 

a=l5.9 MeVIc2
• 

Both <M H > and <M H+ > are rather close to the stable dibaryon mass 

value:::::: 2370 MeV lc2 predicted by the soliton Skyrme-like model [5,6, 7 ]. 
We have not succeeded in finding candidates for the negatively charged 

heavy stable dibaryons weakly decaying via H- ... :rr- + n + A, 

A-+ p + :rr- or H--+ p + :rr- + :rr- +A, A-+ p + :rr- modes. In order to 
establish wether such a charge asymmetry is significant, one needs for 
larger statistics. Further we intend to search for the charged heavy 

dibaryons via weak decay modes H+-+ p+ :rr + + :rr- + A , A -+ p + :rr-; 

H+ -+p+p+K-, K- ... J.l- +y, or:rr- + :rr0; H--+:rr- + n +A, A-+p + :rr-, 

H- -+p + :rr- + A, A-+ p + :rr- as well as the light and heavy neutral 

dibaryons via weak decay modes H(n0) ... p + ~-, ~- ... n + :rr- and 
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H(Ifl)-+ p + x - + A, A-+ p + x-. Of all HQ weak decay modes considered 

above and in [1,2,3] the simplest topology belongs to the H+ -+p+p+K­
mode. Therefore it seems to be best suited for a counter experiment with live 
target. Note, that within the limits of errors, M H+ :::::: 2M P + M K- • Then the 

proton and K- laboratory momenta are Pp:::::: M/ft y)H+ and 

pK-:::::: MK-(/3y)H+.The weak decay via this mode would loot} out as a 

narrow trident with the radii of curvature in a magnetic field 

RK-/RP:::::MK-1mP. The large difference of masses of the K-,p and 

H+, MK-/Mp=1.90, MH+/Mp=2.55 and MH+/MK-=4.85 enables one to 

use for their identification the Cherenkov counter and TOF techniques. But 

even in this case for an unambiguous identification of the H+ one needs for 
either 1V-3C or 2V-4C kinematical analysis, depending on coordinates 
of the K- weak decay vertex. 

Authors are indebted to A.M.Baldin for his support of this work. 
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STUDY OF CHARGED MULTIPLICITY 
IN CUMULATIVE PION PRODUCTION 

S.V.Afanasiev, V.A.Arefiev , Yu.S.Anisimov, V.V .Arkhipov, 
O.V.Egorov, A. F. Elishev, V.l.Ilyushchenko, A.Yu.Isupov, 
L.K.Ivanova,A.N.Khrenov, V.l.Kolesnikov, V.A.Kuznetsov, 
A.G.Litvinenko, A.I.Malakhov, P.K.Maniakov, G.L.Melkumov, 
I.I.Migulina , T.M.Mironova, A.S.Nikiforov, V.G.Perevozchikov , 
V.l.Prokhorov, S.G.Reznikov, A.Yu .Semenov, V.A.Smirnov, 
A.Yu.Titov,D.V.Uralsky, P.I.Zarubin 
Joint Institute for Nuclear Research, Dubna, P.O.Box 79, 
Head Post Office, Moscow, Russia 

V.K.Bondarev 
St.Petersburg University , Russia 

A.Cimpean, M.Pentia, M.Sandu 
Bucharest Institute for Physics and Nuclear Engineering, Romania 

N. G hiordanescu 
Bucharest University, Romania 

V.E.Kovtun 
Kharkov University, Ukraine 

P.Kozma, M.Sumbera 
Institute of Nuclear Physics, Ref near Prague, CSFR 

w. ore jniczak 
L6dz University, Poland 

B.Stowiriski 
Warsaw University of Technology, Poland 

Yu.I.Titov 
Kharkov lnstHute of Physics and Technology, Ukraine 

The power value or the A-dependence of the cross section for 4.5 ·A Ge V / c 
deuteron fragmenlalion inlo cumulative pions has been measured on carbon, 
aluminium, copper and lead nuclei for cumulative numbers within 0 .8 - 1.2. 
The mean value is equal to 0 .27 ± 0.09 in lhis inlerval. 
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The target atomic weight dependence significantly differs from the volume 
type dependence on the atomic weight of fragmenting nucleus. A multiplicity of a 
target nucleus fragmentation points on a peripheral character of the process. 

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

J13y4eHHe 3apsmOBOH MHO>KeCTBeHHOCTH 
npH po~eHHH KYMYJISITHBHbiX nHOHOB 

Acl>aHacbeB C. B. HAP· 

H3MepeH noKa3aTenb CTeneHI1 A-3aDI1CI1MOCTI1 ce4eH11ll !jlparMeHTaU,I111 
,!le~ITpoHOD c 11MnynbCOM 4,5. A r3B/c 8 KYMYnliTI18Hble 11110Hbl Ha ll,!lpax yrne­
po,!la, anJOMI1H1111, Me,!ll1 11 CD11HU.a Mil KYMYniiTI1DHbrX 411CeJr 8 npe,11enax 0,8-
1,2. Cpe,!IH!Ill oeni1411Ha Mil 3TOro 11HTepoana paoHa 0,27 ± 0,09. 3Ta 33811-
CI1MOCTb OT aTOMHOrQ oeca MI1WeHI1 Cyll.leCTDeHHO OTnl143eTC!I OT 3aDI1CHMOCTI1 
OObeMHOro Tl1na, xapaKTCpHOH ,lln!l !jlparMeHT11py1011.1CI'O ll,llpa . MHO>KeCT8eH­
HOCTb YK33biBaeT Ha nep11!jlep114eCKI1H xapaKTep 113y•JaeMOro npOLleCCa. 

Pa6oTa obmOnHeHa o Jia6opaTOp1111 BbiCOKI1X 3Hepr11i1 OH51H. 

1. Int r oduction 

Observation of relativistic deuteron fragmentation into cumulative 
pions, i.e., pions produced in a region kinematically forbidden for nucleon­
nucleon collisions, initiated detailed studies of the secondary particle 
spectra over a wide range of fragmenting nuclei [1,2]. The measurements 
were performed in a target nucleus fragmentation region. An experiment 
with a cumulative particle produced in the projectile fragmentation region 
could enable us to study correlated phenomena in target nucleus. The de­
pendence of the projectile nucleus fragmentation cross section on the atomic 
weight of the target nucleus gives one a possibility of studying an interaction 
between a cumulative particle and a target nucleus. 

The A-dependence is usually described by a power law parameteriza­

tion, Aa. The parameter a, as a function of the cumulative number, is useful 
for an understanding of mechanism of cumulative pion production and veri­
fication of the so-called «cold» and «hot» models of cumulative production. 
On the other hand, its value is important for experimental design purposes. 

Let us define a kinematical region for cumulative production. The mini­
mum fractions of the 4-momenta per nucleon of colliding nuclei, X1 and 

X
11

, satisfying the energy-momentum conservation law for particle produc­

tion with a given momentum and mass is expressed by the following 
relativistic invariant equation for a squared minimum 4-momentum of reaction 
recoil [4]: 
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where P
1 

and P
11 

are the 4-momenta of colliding nuclei per nucleon; P 1, the 

4-momentum of produced particle; m
0

, nucleon mass; m
2

, the mass of addi­

tional particles needed to satisfy quantum number conservation laws. Put­
ting X 11 = 1 for the target nucleus, one can derive an expression for X 1 (pro-

jectile nucleus) with mass corrections taken into account [3,4] (for pions 
m2 = 0): 

X= I 

(P11 PI) + m0 m2 + (m~- m~)/2 

(PI P 11) - m~ - (PI P 1) - mo m2 

We begin to study target dependenceof4.5 GeV /c per nucleon deuteron 
fragmentation into straightforward produced pions beyond kinematical li­
mit of nucleon-nucleon collisions in a projectile nucleus fragment~tion re­
gion which corresponds to XI> 1 or longitudinal momentum Pz > 3 GeV /c. 

It corresponds to a situation when more than one nucleon transfers its 
energy to a pion. 

2. Experiment Description 

The measurements were taken on a 4.5·A GeV /c deuteron beam with an 

intensity of 106 per cycle on Dubna Synchrophasotron. The magnetic spect­
rometer includes (see fig.l): 
• a primary beam monitoring telescope consisting of three scintillation 

counters; 
• a changeable target placed at 700 em in front of the magnet center; 
• a two-layer cylindrical scintillation hodoscope intended for a total and 

hard charged multiplicity tagging in an azimuthal angle from 20· to 90•; 
• a dipole frame type magnet with a 68 em gap; the poles are 100 em wide 

and 150 em long; the maximum field in the magnet center is 0.82 T; 
• a high-pressure gas threshold Cherenkov counter; 
• two 16x 16 cm2 hodoscopes; each hodoscope consists of two planes 

containing 16 counters 160x9x3 mm3 in size; 
• four three-coordinate hodoscopes with an area of 1 m2

• 

The angular acceptance of the setup is about 10-4sr and the momentum 
acceptance extends from 2.5 to 6 GeV /c. 
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About 19000 triggers were recorded on carbon, aluminium, copper, lead 
and empty targets during a 20h run. Each target was exposed to a total flux 

of :::::: 1 - 2 · 109 deuterons. The thickness of each target was about 5 g/ cm 2
• 

3. Data Analysis and Conclusions 

Cross-sections per nucleon of target nuclei are shown in fig.2. In as­

sumption of the Aa- 1 dependence the mean value of a parameter for the 
interval 0.8 < X1 < 1.2 is found to be equal to: 

a = 0.27 ± 0.09. 

The obtained value seems to indicate a peripheral character of the inter­
action between a target nucleus and a deuteron fragmenting into a cumu­
lative pion [5). Formerly similar conclusions were drawn by the Berkeley 
group [6) for a fragmentation of light relativistic nuclei into pions- a power 
value of 0.4 was obtained for a-particles. For a lead to carbon ratio of cross 
sections (fig.3) we observe a weak X -dependence which is in a correspon­
dance with a limiting fragmentation picture of a cumulative production . 

. Charged multiplicity distributions are shown in fig.4. The mean values as 
well as fract ions of hard component (PT > 600 MeV /c) show a weak depend-

ence on an atomic weight of a fragmenting nucleus. 
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The cumulative pion pro­
duction and correlated pheno­
mena should be studied in 
more detail since the spectra 
of cumulative pions are consi­
dered to be a manifestation of 
a quark-parton structure fun­
ction of nucleus [41. From this 
point of view our approach 
permits <<tagging>> of cumula­
tive production and opens up 
possibility of studying details 
of the hadronization processes 
in correlation measurements. 
Besides, it appears to be 
particularly interesting to 
study nuclear collisions in a 
region where both X are 
essential. For instance, highly 
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Fig.2. A-dependence of the cross section per nucleon 
or a target nucleus 

inelastic collision could lead to a dramatic change of a power of the A-de­
pendence. In this case a cumulative particle tag a process of colli ion of high 
momentum components in both nuclei or fluctuations of nuclear density. 
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Fig.3. Lead to carbon ratio (R) vs a cumulative number (X
1
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SCALE VARIABLE FOR DESCRIPTION 
OF CUMULATIVE PARTICLE PRODUCTION 
IN NUCLEUS-NUCLEUS COLLISIONS 

A.G.Litvinenko, A.I.Malakhov, P.I.Zarubin 

A phenomenological approach is proposed to describe a cumulative particle 
production in nucleus-nucleus collisions. It Is founded on a unification of a relati­
vistic invariant scale variable (cumulative number) and takes into account 
nuctons (a high momentum components) in both colliding nuclei. Inclusive 
spectra of cumulative particles are shown to be fitted by a single expo ential 
function. A slope parameter of exponent tends to a constant value as initial 
energy of a collision increases. This approach makes possible a prediction of 
absolute values of cross section in a twice cumulative region where a contribution 
of both nuctons is essential. 

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

MacwTa6HaSJ nepeMeHHaSJ AJlSJ onucaHHSI 
KYMYJlSJTHBHoro po.JKAeHHSI 'lacruu. 
B SIApo-SJAepHbiX CTOJlKHOBeHHSIX 

A.r.JIHTBHHeHKO, A.H.MaJlaXOB, n.H.3apy6HH 

npeAJ!OlKCH <j>eiiOMCHOnOrH'IeCKHH nOAXOA K OnHCaHHIO KYMYJUITH81101'0 
polKAeiiHII 8 11)1.po-11ACpHbiX CTOnKHOBCHHIIX. 3TOT IIOAXOA 6a3HpyeTCII Ha pac­
WHpeHHH IIOHIITHII MaCWTa6HOH nepeMeiiHOH (KyMyniiTH81101'0 'IHcna) C yqe­
TOM H8nH11HII QlnYKTOH08 (8biCOKOHMnynbCHOH KOMIIOHeHTbl) 8 OOoHX 
CTanKHBaiOil\HXCII 11Apax. noKa33HO, 'ITO npH TaKOM IIOAXOAe HHKni03VBHble 
cneKTpbl OIIHCbiBaiOTCII 3KCIIOHeiiTOH C HaKnOHOM, KOTOpbiH C pocTOM 311Cpr HH 
CT8nKH8aiOil\HXC1111Aep CTpeMHTCII K n<X.IOIIHHOH BCnH'IHHe. npeACKa3311a 8C­
nH'IHHa Hl1Kni03H8HOI'O Ce'leiiHII AJIII CTOnKHOBCHHH, KOrA8 Cyll\eCTDeHHbl 
<JlnyKTOHbl o o6oHx HApax (ABOHIIOH KyMynMTH8) . 

Pa6on 8bmonHella o Jia6opaTopHH abiCOKHx auepmii OH51H. 

A relativistic invariant scale variable X1(1l) introduced by A.M.Baldin 
and V .S.Stavinsky I 1,2 I is widely used for an analysis of experimental data 
on a fragmentation of nuclei (see, for example, 13,4,5,6, 7 )). It is considered 
as a minimal fraction of 4-momentum of a fragmenting nucleus needed to 
obey the 4-momentum conservation law for a production of a particle with a 
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given momentum and mass in a proton-nucleus collision. Inclusive invariant 

cross sections vs X can be presented in the following parametrization: 

da -
Edp = C/O)exp(-X/X,), (l) 

where C/0) is an angle and particle type depending constant; E, beam 

energy per nucleon;XI' cumulative number; X, a slope parameter (for 

example, see fig. I). The slope parameter has the same value 'for different 
type secondary particles and weakly depends on a collision energy starting 
from 3-4 GeV /nucleon. Values of X greater than I correspond to a 
cumulative production. As in the case of a cumulative number, a generalized 
scale variable can be derived from the expression for the 4-momentum 
conservation law 

x1P1 + x11P11 = P1 + P R' (2) 

where P1 andP
11 

are 4-momenta per nucleon of colliding nuclei; x
1 

andx
11 

are dimensionless fractions of the 4-momenta; P
1
, a 4-momentum of an 

inclusively studied particle; P R' a total 4-momentum of recoiled particles; a 

region of allowed values of both X is defined by the following expression 

r--. p(8.9 GeV/c) + .Pb = rr+,K+,K- + X _......._ 
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p~ <== (xlmtl + xllmtl + m2)2. 

It leads to the limitation 

x11A + D 
XI 2= X/r:ll) = C - B ' 

XII 

The following designations are introduced 

C = (P11P1) +m,
1
m2• 

D = (m~ + m~) I 2, 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

where m n is a nucleon mass; m 1, a produced particle mass; m2, an additional 

particle mass needed to satisfy the quantum numbers conservation laws in a 
studied reaction. For proton production m

2 
is equal to·a proton mass taken 

with a negative sign, for pion - m
2 

= 0, forK-- a kaon mass, etc. A de­

pendence of one cumulative number vs another is shown in fig 2. It should be 

24 .-------------------------, 

20 

Q) 16 
O'l 
I.... 
0 

...... 12 

I 

X 8 

4 

QQ~~~WL~~u2Lu~~~3~~~4 

X - beam 

Fig.2. A dependence of one cumulative number vs another 
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stressed these variables arc very convenient for an analysis of subthreshold 
reactions. 

Let us suppose that a probability to find a configuration in a nucleus 
with a frac_!ion of a 4-momcntum x is dropping exponentially with slope 
parameter X s 

W(x) dx- cxp( -xI X s)· (9) 

In this case one can draw an expression for an invariant cross section 
da A A - -

Ed- I Ju .. dxi I 11 dx11 cxp (-xi/ Xs) exp(-x11 I Xs) = 
p x1 xll(x1) A -

= I Ju .. dxi exp(- (xi+ x11 (xi) I Xs)). 00> x, 
Due to the rapid drop of the integrated function, a value of the integral 

is proportional to a value of the integrated function in a point of a maximum. 
Taking into account this circumstance we obtain from expression (10) 

da -
E dp = Cs(O) exp (-~xs I Xs)· (II) 

Demanding a minimum of the exponent argument in (10) we derive a 
generalized scale variable X s 
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.1_(x; + x/1 (x;)) = 0, 
XI 

X
s _ • _ A + v(AB + CD} 
t-xt- C ' 

s _ • _ B + V[AB + CD} 
XII- XII- C , 

Xs = x~ + X~r 

(12) 

(13) 

(14) 

(15) 

Figure 3 shows the same experimental data as in fig. I vs X s· Comparing 

these figures one can conclude that the X s exponent fits a data not worse 

than a cumulative number exponent, but the C coefficient is more weakly 
dependent on a production angle in the case of a generalized scale variable. 

The data on a cumulative pion production at angle near 160. measured 
with a variation of a collision energy are presented in fig.4. It can be seen the 
slope parameter ceases changing at an energy about 30 GeV (fig.S). 
Besides, we are used to analyze data on a pion production in a kinematical 
region forbidden for a free nucleon collision at a collis_ion energy of 2 GeV 
(8, 9). An accuracy of description of the data in an interval with a 6 order of 
magnitude drop of a cross section is about 40- 50%. 
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Fig.4. Pion cnl5!i seclion vs generalized scale variable and 
collision energy 
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d • • 0 -(x1 + x11 (x1)) = , 
XI 

X
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s _ • _ B + v(AR + CD} 
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X _ S xs 
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(12) 

(13) 

(14) 

(15) 

Figure 3 shows the same experimental data as in fig. I vs X s· Comparing 

these figures one can conclude that the X s exponent fits a data not worse 

than a cumulative number exponent, but the C coefficient is m re weakly 
dependent on a production angle in the case of a generalized scale variable. 

The data on a cumulative pion production at angle near 160° measured 
with a variation of a collision energy are presented in fig.4 . It can e seen the 
slope parameter ceases changing at an energy about 30 GcV (fig.S). 
Besides, we are used to analyze data on a pion production in a kinematical 
region forbidden for a free nucleon collision at a colli~ion energy of 2 GeV 
(8, 9). An accuracy of description of the data in an interval with 6 order of 
magnitude drop of a cross section is about 40-50%. 
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The parameterization (9) makes possible to predict a val e of a cross 
section where a cumulative number dependence is inapplicable. To illustrate 
let us consider a deuteron fragmentation into a pion on a proton and on a 
deuteron (or more heavy nucleus). Corresponding kinematica l ellipses of 
reactions are presented in fig.6. Flucton-flucton collisions may contribute in 
a region between two ellipses <X1 > l ,X11 > l, or a twice cumula tive region). 

A prediction of a cross section behavior for this kind of a react ion is shown 
in fig.7 (solid line). The experimental points in the figure were taken from 
paper (3 J, where a deuteron fragmetation into pions at an angle of 180° was 
studied. The dashed line is a result of a cumulative number parameteri­
zation, i.e., one of X was put equal to l. 

Thus, our approach takes into account an influence of fluctons in both 
colliding nuclei while keeping all merits of a cumulative particle description 
with a relativistic invariant scale variable. It seems to be a n important 
conclusion to plan experiments with a preselection of extreme initial states 
of colliding nuclei. One of practical applications of this idea is a quark-gluon 
plasma search in colliding nuclear beams. 

We express our sincere gratitude to I.Migulina for her help in 
preparation of this article. 
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DETAILED STUDY OF NUCLEAR DENSITY AND CHARGE 
DISTRIBUTION EFFECTS IN CUMULATIVE PARTICLE 
PRODUCTION 

VoKoBondarev*, A.G.Litvinenko, P.I.Zarubin 

Detailed studies of A-dependence of a cumulative particle production carried 
out on beams of protons and light nuclei have shown similarities in a behaviour of 
the cross sections per nucleon on different beams in a wide range of fragmenting 
nuclei. The cross sections of a cumulative particle production are closely 
correlated with a nuclear density in a region of light nuclei. There is a correlation 
of cross sections with a charge density distribution in a region of medium weight 
nuclei. The cross sections of positive and negative particles are correlated with a 
relative content of protons and neutrons in nuclei. A large neutron excess in 
heavy nuclei doesn't produce a difference of the cross sections for positi e and 
negative pions (both are approximately equal) o • 

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

ll,eTa.JibHOe H3y'leHHe BJIH9:HH9: smepHOH IIJIOTHOCTH 
u pacnpe~eJieHHSI 3apSI~a Ha KYMYJISITHBHOe poX<JJ;eHue 
'laCTHIJ, 

B.K.Bo~apeB, A.f.JlHTBHHeHKo, I1.J.1.3apy6uH 

)l:eTa.nbuoe H3y'leuHe A-3li8HCHMOCTH po)l{;~euHSI KYMYJISITH8HbiX 'l CTH~ 
Ha ny'lKax npOTOH08 H Jiei'KI1X 11;1ep nOKa3biBaeT CXOJIHOe 008e;leHHe CC'IeHI1SI 
ua uyKJIOH AJISI pa3HbiX ny'IK08 8 w11poKoi1 o6naCTI1 <f>parMeHT11PYI0~11X Sl;lepo 
Ce'leu11e po>K;~eu1111 KYMYJISITI18HbiX 'laCTI1~ Koppen11pyeT c pacnpe;~eneu11eM 
SIJ1epuoi1 nJIOTHOCTI1 AJISI nerKI1X SIJ1epo Koppen11~1111 c nJIOTHOCTbiO 3ap11;~a ua-
6JIIOAaeTCSI 8 OOJiaCTI1 11;1ep CO cpe;IHI1M 8eCOMo Ce'leHI1e p0>KJICHI1SI nOJIO>KI1-
TCJibHbiX 11 0Tp11~aTCJibHbiX 'laCTI1~ K0ppen11pyeT C 0TH0CI1TCJibHbiM CO;Iep)l{a­
Hl1eM npoTOHOB H HCHTpOHOB B Sl;lpaxo fiOJibWOH uei1TpOHHbiH 1136b1TOK AJISI TSI­
>KCJibiX 11;1epo He CKa3biBaeTCSI Ha ce'leHI111 p0)1{;1eHI1SI OOJIO>KI1TeJibHbiX 11 
0Tp11~aTeJibHbiX OHOH08 (OOa Cel!CHI1SI npi1MCpHO paBHbi) o 

Pa6om Bbmonueua 8 Jla6opaTOp1111 8biCOKHX :meprni1 OlUIHo 

An investigation of a cumulative particle production made it possible to 
establish general features of a target nucleus fragmentation in hadron-

*St.Petersburg University, Russia 
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nucleus and nucleus-nucleus collisions [1,2 ]. The most important one is a 
universality of an exponential slope parameter of scale variable spectra of 
cumulative particles in a wide range of collision energy and fragmenting 
nuclei. On the basis of these results a quark-parton structure function of 
nucleus was introduced [3 ], which was supposed to reflect a momentum 
quark distribution in nuclei. A behaviour of the structure function was 
studied in a range of a relativistic invariant scale variable 0.35 <X< 3.5 14 ]. 
A relativistic invariant definition of X can be found in [ 4 ]. . 

Our previous results on A-dependence with proton beams [ 1 ,2,3] were 
confirmed in the paper [5 ]. 

A dominant feature in a behaviour of an A-dependence of cross sections 
of cumulative particles (n, K, p, bound systems like deuterons, tritons) is a 
rapid growth of cross sections in the region of the lightest nuclei which 
becomes more flat with a growth of a mass number of fragmenting nuclei. 
For pions this change in a growth corresponds to A ::::: 30; and for protons 
and baryon fragments, to A::::: 100. 

A fragmentation of the following nuclei was studied in [ 1 ,2,3,4,5): D, 
4He 6Li 7Li Be C AI s· 54Fe 56Fe 58Fe 58Ni 61 Ni 64Ni 64Zn , 2·; ' ' ' ' 1, , ' ' ' ' ' ' 114s 1 4 S Pb s d · · · · d · n, n , . eparate tsotope targets gtve an opportumty to stu y a 
cumulative production at a fixed charge of nuclei with a variation of a 
neutron con tent. On the other side, it makes possible to vary a charge of 
nucleus at a fixed mass number. 

The deJilendence of a ratio of structure functions on a density of nuclei 
(
6Li, 12G, °Ca) at X·less than 0.06 was precisely measured by the NMC 

collaboration [6). Our data were taken in a range of the scale variable 
0.7:::; X :::; 1.4. To analyze density effects we used the same expression for a 
density of nuclei as in the paper [6) of the NMC collaboration: 

p(A) =A I l-fr (~ < r2 >)3/2), 

where< r2 > is the mean square nuclear charge radius [7 ). 

Inciusive invariant cross sections of secondary particles (n +, n-, p, d) 
normalized per nucleon of a fragmenting nucleus were measured at a 
production angle of 120• with a momentum of 0.5 GeV /c for collisions of 
4.5A GeV / c deuterons with nuclei [5 ]. Art expression for a cross section is 
shown below. 

1 da 1 E d
2
a b G y-2 3 -1 -1 - · E - =- · -z-- (m · e ·c ·sr ·nucleon ). 

A dp A p dpdQ 

Figure 1 shows A-dependence of the cross section per nucleon in a 
region of the lightest nuclei. There is a definite correlation of the cross 
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sections with a density of a 
fragmenting nucleus (lower 
curve). A ratio of helium to 
deuteron nuclear densities is 
equal to 4.2 and corresponds 
to a growth of a relative 
yield for protons by a factor of 

5.38±0.22; for n+, 3.90± 

±0.13; for n-, 3.86±0.13. A 
density of 6Li is 2,5 times 
lower than 4He, but cross 
sections per nucleon are 
approximately equal. A 
density of a carbon nucleus is 

1 
·
5 so 60 70 2.25 times higher than for 6Li 

A- to rget and corresponds to the ratio of 

Fig.3. A-dependence of cross sections of cumula­
tive particle production in p + .A + p + ... (p

0 
= 

= 8.9 GeV /c, 8 = 180") 

cross sections 2.22±0.06 for 
protons, 3.26±0.09 for 
deuterons, 1.43±0.04 for 

n +and 1.42±0.17 for :n;-. 

Figure 2 shows a similar 
data for collisions of 

. . 8.9 GeV /c protons with 
nuclei ( 4,8 ]. Secondary particles were observed at an angle of 180" with 
momenta of 0.5 GeV /c. A correlation between a density (lower curve) and a 
cross section is more clear, especially for a transition from a helium nucleus 
to a lithium one. 

As a mass number A increases, a density tends to a constant va lue, and 
an observation of such a correlation becomes less probable. Nevertheless, 
irregularities related with a fraction of a neutron and proton content were 
seen in this region (2]. 

It was experimentally shown that proton production cross sections are 
independent of a neutron excess at a fixed cha rge of a nucleus. This effect 
was ca lled an isotopic effect. In paper [9], this conclusion was confirmed 
and an isotonic effect was established, i.e., an independence of a neutron 
yield on a number of protons in a nucleus. A detailed study of a cumulative 
particl e production (5] on nuclei with a well defined number of protons and 
neutrons made it possible to obtain a qu;llila tivdy new informa tion oulhcsc 
phenom ena. 

Proton production cross sections on isotopes of Fe, Ni, and Zn [8] are 
shown in fi l!: .3. A primary beam is 8.9 GeV /c protons, a secondary proton 
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Fig.4. A-dependence of cross sections of cumulative particle 
production in p + A -+ p + .. . 

momentum is 0.5 GeV /c; a 
production angle, 1so·. The 
experimental points are 
connected with a dashed line, 
and the lower curve fits the 
formula 

V= i.nR3 I A 3 , 

which we assign as a charge 
density of a nucleus. 
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Fig.6. Ratio of cross sections for 
positive and negative pions 

64zn (Z = 26, 28, 30). The 
results on .n + and .n­

production in collisions of 4.5 
and 8.9 GeV /c protons with 
nuclei are shown in figs.4 and 
5. Pions were observed with 
0.5 GeV /c momentum at an 
angle of 120°. The isotopic 
effect can be seen on both 
figures. 

We studied the isotopic 
effect for pions and protons in 
a range of secondary particles 
momenta from 0.3 up to 
0.7 GeV /c. Figure 6 (pions) 
and fig. 7 (protons) show ratio 
of cross sections vs scale 
variable X , corresponding to 
momenta of this range. It is 
supposed a ratio of cross 
sections is proportional to a 
ratio of quark-parton 
structure functions of nuclei. 
Let us describe it in detail. 

Cross sections in a 
64Ni/58Ni combination 
(same Z, different N)" are 
equal for positive pions and 
follow to a neutron excess 
for negative ones. For a 
64zn/~4Ni combination we 

observe an opposite situation. A behaviour of a 124Sn/ 114Sn combination is 
similar to the first one. 

For protons (fig.7) a 64Ni/58Ni combination shows an equality of cross 
sections or an independence of cross sections on a neutron excess. In case of 

a 64Zn/64Ni combination a dominating role of a charge of a nucleus is seen 
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Let us make a summary of 
our conclusions: 

• the cross sections of cu-
mulative particle production 
are closely correlated with a 
nuclear density in a region of 
light nuclei; 

• there is a correlation of 
cross sections with a charge 
density distribution in a 
region o_f medium . weight 

-~---- ~---- ~--- -l ---- ~- - nuclei; 

't' r • the cross sections of po-
sitive and negative particles 
are correlated with a relative 

X 1.5 1.8 content of protons and 
neutrons in nuclei; 

'-...._._ 
c 

N 1.0 
.,j-

j _____________________ _ _ 

• a large neutron excess in 
heavy nuclei doesn ' t produce 
a difference of the cross 
sections for posi tive and 
negative pions (both are 
approximately equal) ; 

• these conclusions are 
considered as additional test 
of models of the cumulative 
effect and, in general, models 
describing collisions of 
relartivistic nuclei. 

<0 
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METO)]. llPHBJIH)KEHHOrO BblqHCJIEHH~ 
KOHTHHY AJibHbiX HHTErPAJIOB 
B 3A)].AqAx MATEMATHqECKOit <I>H3HKH 

E.ll.)KHJJ,KOB, IO.IO.Jlo6aHos, O.B.3enHa.nosa, P.P.IIIax6arSI 

B AaHHOH pa6oTe npeACTaBJJeHbi pe3yJibTaTbi 11CCJJeAOBaHI1H s o6naCTI1 
TeOp1111 11 MeTOAOB np116JII1>KeHHOI'O Bbi'111CJieHI1SI 11HTerpaJIOB 8 
(jJyHK1..1110HaJibHbiX npOCTpaHCTBaX, nOJJytJeHHbie aBTOpaMI1 3a nOCJieAI-111e He­
CKOJibKO JieT. ,UJISI KOHTI1HYaJibHbiX 11HTerpaJIOB KBaHTOBOH CTaTI1CTI"'IeCKOH 
(jJI1311KI1 11 KBaHTOBOH TeOpl111 nOJISI nOCTpOeHbl HOBbie annpOKCI1Mai..II10HHbie 
(jJopMyJibi, o6naAaiOw.l1e np0113BOJibHOH 3liAaHHOH CTeneHbiO TO'IHOCTI1. ITo 
cpasueHI1IO c cyw.ecTBYIOUJ.I1MI1 cnoco6aMI1 Bbi'I11CJJeHI1SI 11HTerpaJIOB no Tpae­
KTOp11SIM AaHHbiH nOAXOA 11MeeT PSIA npei1Myw.ecTs: B03MO>KHOCTb nposeAeHI1SI 
pactJeTOB 6e3 npeAsap11TeJibHOH A11CKpeT113ll1..11111 npoCTpaHCTBa 11 speMeHI1, 
11CnOJib30BaHI1SI AeTepM11H11poBaHHbiX, a ue sepoSITHOCTHbiX MeTOAOB s 
Bbi'111CJieHI1SIX, peweHI1SI 3aAa'111 B ueorpaHI1'1eHHOH 06JJaCTI1, nOJiy tJeHI1e 
pe3yJibTaTOB C rapaHT11pOBaHHOH OU.eHKOH norpeWHOCTI1, OOJJee BbiCOKyiO g(jJ­
(jJeKTI1BHOCTb no pecypcaM 3BM. I10JIY'IeHHbie TeopeTI1tJeCKI1e pe3yJibTaTbl 11 
C03AaHHbie MrDP11TMbi 11CnOJib30BaHbi AJJSI '111CJJeHHOro 11CCJJeAOBaHI1SI PSIAa 3a­
Aa•I KBaHTOBOH CTaTI1CTI1tJeCKOH (jJI1311KI111 TeOp1111 nOJISI. 

Pa6oTa BbinOJIHeHa B Jla6opaTOp1111 Bbi'111CJII1TeJibHOH TeXHI1KI1 11 3BTOMa­
TI13a 1..11111 0 IUIH. 

Method for Numerical Evaluation 
of Functional Integrals 
in the Problems of Mathematical Physics 

E.P.Zhidkov, Yu.Yu.Lobanov, O.V.Zeinalova, 
R.R.Shahbagian 

This paper contains the results, obtained by the authors within last few years, 
on theory and methods of numerical evaluation of the integrals In functional 
spaces. The new approximation formulas of the given degree of accuracy for 
functional integrals of quantum statistical physics and quantum field theory are 
constructed. This approach appeared to have advantages over the other existing 
methods of evaluation of path integrals, e.g., possibility of computations without 
preliminary discretization or space and time, use of deterministic numerical 
methods, solution of the problems in an unbounded region. It provides the results 
with the guaranteed error estimate and gives the significant economy of 
computer resources. The obtained theoretical results and numerical algorithms 
have been used for investigations'ln quantum statistical physics and field theory. 

The investigation has been performed at the Laboratory of Computing Tech­
niques and Automation, JINR 
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Ill 

4.lleHa Q
111 

( z) = 2: (- 1)k z111 -k/k !, z ER. TorAa cocTasHa51 npH6moKeH­

k=l 

H351 <J>opMyJJa 

J F(x) d Jl (x) = (2n) - "12 J exp {- t (u, u)} x 
X R" 

x J F (p(m) (v) - p~:~~) (v) + 1.11
11 

(u)) d v (v) du + R~:ll) (F), (2) 

R"' 

T04H3 AJJ51 JII06oro <J>yHKU,HOH3JihHOro MHOf04JleHa CTeneHH ==:; 2m + 1. 

3_neCh p~:ll) (v) = S11 ~(Ill) (v)) H Mepa V (v) B Rill SIBJISieTCSI AeKapTOBhlM 

npoH3BeAeHHeM CHMMeTp114HhlX sep051THOCTHhlX Mep V Ha R. 
HaMH TaK)Ke noCTpoeH aHaJJor npH6moKeHHOH <J>opMyJJhi (2) s 4aCTHOM 

CJJyl.fae yCJJo sHow Mephi B~<IHepa . 

B npHJIO)KeHH51X l.faCTo BCTpe4atOTCSI HHTerpaJJhi oT cPYHKu,HoHaJJos BH­
T 

Aa exp (S ( x )}, r_ne S = f V(x (t)) dt. JlJI5i KOHTHHyaJlhHhiX HHTerpaJJOB nO 

0 

yCJJoBHow Mepe BuHepa 

C BeCOM 

I= J P(x) F (x) dw· x, rAe C = (C [0, 1], x(O) = x(1) = 0} 
c 

P (x) ~ cxp ( ! [p (t) x2 (I) + q ( t) x (t)] dt )· p (t), q ( t) E C (0, I (, 

OOJlyl.feHO CeMeHCTBO npH6JIH)KeHHhiX cPOPMYJI [2 ). flOCTpoeHHe 3THX cfJop­

MYJI OCHOBbiBaeTCSI Ha CBOHCTBaX HaHAeHHOro H HCCJJeAOBaHHOro HaMH JIH­

HeHHOr'o n p eo6pa3osaHHSI y = x +Ax [3 ), rAe 

t 
Ax (t) = (1 - t) J B (s)x (s) ds, B (s) E C [0, 1 ). 

0 

Ll,aHHOe npeo6pa30BaHHe B3aHMHO OAH03Ha4HO OTOOpa)KaeT npOCTpaHCTBO 

C CaMO Ha ce6SI. 06paTHOe npeo6pa30BaHHe HMeeT BHA 

" 1 - t t 
x (t) = Ay (t) = y (t) - W (t) ! B(s) W (s) y (s) ds, 
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W (t) ~ exp l ! (I - s) 8 (s) ds l· 
OocTpOeHHbie <i>oPMYJibl C BeCOM ].la!OT xopoume npH6JIHX<e HSI TOliHOro 

3HalleHHSI HHTerpana, KOr].la llO].lbiHTerpaJihHbiH ¢YHK~HOHaJI 6JIH30K K 

¢YHK~HOHaJihHMY MHOroliJleHy cTeneHH :5 2m + 1. EoJiee TOliHbie pe3yJih­

TaTbi ].lJISI llaCTO BCTpellaiOW,HXCSI B llpHJIOX<eHHSIX ¢YHK~HOHaJIOB MOryT 

6biTh noJiylleHbi c HcnoJih30BaHHeM npH6JIHX<eHHbiX <PoPMYJI THn a (2). KoM-

6HHHPYSJ MeTO].lbi llOCTpOeHHSI npH6JIHX<eHHbiX <i>opMyJI, pa3BHThle B (1) H 

[3 ), Mbi noJiyllaeM <PoPMYJibi c BecoM [4 ), o6Jia].laJOw,He J.lOCTOHHCTBaMH 

<i>oPMYJI THna (2). 

TeopeMa 2. nycTb B (s) SIBJIReTCSI pemeHHeM AH<t><t>epeH~HaJI HOro ypaB­

HeHHSI 

(1 - s) B' (s)- (1 - s)2 B2 (s)- 3 B (s) = 2p (s), s E [0, 1 ], 

2 
c HallaJihHbiM yCJIOBHeM B(1) = - 3 p (1), 

t 1 t t [s · l a (t) = ! L (s) ds- W (t) ! B (s) W (s) ! L (u) du ds, 

t I 1 - s 
L(t)=£ [B(s)W(s)H(s)-q(s)] ds+c, H(t)={q(s) W (s)ds, 

I 

H KOHCTaHTa c onpe].leJISieTCSJ H3 yCJioBHSI f L (s) ds = 0. TorAa cocTaBHaSI 

0 

A 

r].le <I> ( x) = F ( Ay + a) , T04Ha AJISI JIJ06oro ¢YHK~HOHaJihHOro M HOroliJleHa 

CTeDeHH :5 2m+ 1. 3].leCh ~ (x) =X- Sn (x) + lp n (u). 

0ocKOJlbKY peaJibHbiH MHp SIBJISieTCSI MHOroMepHbiM, npH pem eHHH KOH­

KpeTHbiX DpHKJia].lHbiX 3a].lall npHXO].lHTCSI BbiliHCJISITb KpaTHbie KOHTHHy­

aJibHbie HHTerpanbi. B pa6oTax [5-9] Mbi CTpoHM npH6JIHX<eHHbie <PopMy­

Jihl ].lJISI HHTerpaJIOB BH].la 
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W (t) = exp l! (I - s) B (s) dsf. 

00CTpOeHHble <f>opMyJibl C BeCOM A310T XOpoUIHe npH6JIHX<eHHSI TO'IHOI'O 

3H3'1eHHSI HHTerpaJia, KOrAa llOAbiHTerpaJibHbiH <jlyHKU,HOH3JI 6JIH30K K 

<jlyHKU.HOHaJibHMY MHOro'IJieHy cTeneHH !5 2m + I. EoJiee TO'IHble pe3yJih­

TaTbl AJISI '13CTO BCTpe'1310lll,HXCSI B npHJIOX<eHHSIX <jlyHKU,HOHaJIOB MOryT 

6b1Th noJiy'leHbl c HCnOJih3osanHeM npH6JIHX<eHHbiX <f>opMyJI THn a (2). KoM-

6HHHPYSI MeTOAbl llOCTpOeHHSI npH6JIHX<eHHbiX <f>opMyJI, pa3BHTble B [l ] H 

(3), Mbl llOJiy'laeM <f>opMyJibl C BeCOM (4), o6JI3A310lll,He AOCTOHHCTB3MH 

<f>opMyJI THna (2). 

TeopeMa 2. OycTh B (s) SIBJISieTCSI pemeHHeM AH<P<JlepeHu,HaJI Horo ypas­

neHHSI 

(I - s) B' (s)- (I - s)2 B2 (s)- 3 B (s) = 2p (s), s E [0, I], 

2 
c Ha'laJihHbiM yCJIOBHeM B(l) = - 3 p (I), 

t I t t [s · l a(t)=!L(s)ds- WCt) !B(s)W(s) !L(u)du ds, 

t I l - s 
L(t) =! [B (s) W(s) H (s)- q (s)J ds + c, H (t) = { q (s) W (s) ds, 

I 
H KOHCTaHTa c onpeAeJISieTCSI H3 yCJIOBHSI I L (s) ds = 0. TorAa cocTaBHaSI 

0 
npH6JIHX<eHH3SI <f>opMyJia 

1 = (h)-,;2 [W (1)]-t/l exp jt ! L2 (t) dx 
{ 

I } I (m) I 
X ~exp -2 (u, u) 2-m I ... I cD ("L (f (v, · )) ) d v d u + R

111
,

11
(F), 

R -1 I 
A 

rAecf> (x) = F (Ay +a), TO'IH3AJISIJII06oro<jlyHKU.HOHaJihHOro M HOrolJJieHa 

CTeneHH !5 2m+ I. 3AeCh L (x) =X- sn (x) + 'P n (u). 

DOCKOJibKY peaJibHbiH MHp SIBJISieTCSI MHOI'OMepHbiM, npH perueHHH KOH­

KpeTHbiX npHKJI3AHbiX 33A3'1 npHXOAHTCSI BbllJHCJISITb Kp3THble KOHTHHy­

aJibHble HHTerpaJibl. B pa6oTax [5-9] Mhl cTpoHM npH6JIHX<eHHhle <I><>PMY­

Jibl AJISI HHTerpaJIOB BHA3 
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I (m) I ) - I (m) . . . F (x1 , ••• , Xm d f.1 (x1) ••• df-l (x
111

) = F (x) df-l (x), 
X X · ~ 

X 111 = X® .. ®X - AeKapToso npoH3BeAeHHe noJJHbiX cenapa6eJJbHbiX 

MeTpH4eCKH X npoCTpaHCTB X. 0AHHM H3 cnoco6os BbllJHCJieHHSI TaKHX HH­

TerpanoB SIBJBI.eTCSI nOCJie):IOBaTeJibHOe npHMeHeHHe KaKJ1X-JIH60 npH6JJH­

)KeHHbiX cj>o pMyJJ AJJSI OAHOKpaTHhiX KOHTHHyaJJhHhiX HHTerpaJJOB. Ho, KaK 

OKa3aJIOCh, 6011ee npe]:lnO'lTHTeJJbHWM SIBJISieTCSI HCnOJib30BaHHe npH6JJH­

)KeHHbiX cj>o pMyJJ, o6JJa]:laiO~Hx 3a]:laHHOH cyMMapHoil cTeneHbiO TOlJHOCTH 

Ha Xm, T.e. cj>OpMyJJ, TOlJHWX ):IJISI nOCTOSIHHOro cj>yHKU.HOHaJJa H cj>yHKU.HO­

HaJIOB BH):Ia 

m 

F (x1 , ••• , x 111) =: n Fk . (x;), 
i =I ' 

rAe k1 + k
2 

+ ... + k
111 
~ 2k + I, a Fk - OAHOpoAHWH cj>yHKU.HOHaJJhHhiH 

i 

MHOro'lJJeH CTeneHH k. no nepeMeHHOH X . • npHMepOM TaKHX cj>opMyJJ SIBJISI-
. I I 

eTCSI npH6JIH)KeHHaSI cj>opMyJia, 3a]:laBaeMaSI CJie]:lyiO~eH TeopeMOH 15 ). 
TeopeMa 3. nycTb L- JIHHeHHWH O):IHOPOAHWH cj>yHKU.HOHaJJ , 3a):laHHbiH Ha 

MHO)KeCTBe HHTerpupyeMWX no Mepe f-l cj>yHKU.HOHaJIOB H 06JJa):laiOIIJHH CJie­

AYIOIIJHMH c BoifcTBaMu: 

I. L. { F } = 0 AJI.SI JII06oro HelleTHoro cj>yHKU.HOHaJJa F(x); 

2. L j(~ , ·) ('YJ, · )} = K (~, 'YJ) AJJSI npOH3BOJibHbiX t 'YJ EX'; 

3. ••6o L { i &, «,. ->) .. 0 H L\1) "0, ••6o L !,&, <<,.·>I= 0, 

~ . "# 0, ~ . E X' H b. - npOH3BOJibHWe nOJJO)KHTeJibHbie lJHCJia . nycTb, ]:laJJee, 
I I I . 

11 . II . 
Ill l I 

Sn _(x;) = L (ei,xi)Hei' U11 (uCO) = L uyi)ei, N= L ni. 
l j=l I j=J i=l 

TorAa npH6 JJH)KeHHaSI cj>opMyJJa 
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Ill 

I F (x)df-l(m)(x) = (2n)-N12 I exp -4 L 
)('" RN i =I 

(u(O, u(•l) I x 



X [ (' -l h; L{l)) F (L1 (x1 = 0, u(ll) , ... , L.., (xm = O, u<"'l)) + 

Ill l ( + ,L bi Lx; F ~I (xi = 0, u(l)) , ... , 

i =I 

:!:; ( xJ ¥h;. u<O) , ... , :!:.., ( x.., = 0, u<"'l)) )] d u + R N (F) , (3) 

rAe ~i (Xi' U(i)) =Xi- S 11; (xi)+ U11 ; (u(i)), d U = d U(l) ... d U(m) ,' TOl.IHa 

AJISI Q>yHKU,110HaJibHhiX MHOrQ4JieHOB TpeTbeH CYMMapHOH CTeneHI1 Ha X"'. 
B pa6oTe [9) nocTpoeu TaK)Ke auaJior Q>opMyJibi (3) AJISI KOHTHuyaJibHO­

ro HHTerpaJia no yCJiosuou Mepe B11uepa. 

ll.pyrou 4aCTHbiH CJiy4aii rayccosou Mepbi so3HI1KaeT s ABy"'epuou es­

KJIHAosou TeOp1111 C flOJII1HOMI1aJibHhiM11 B3ai1MOACHCTBI1SIMI1 6o30HHbiX flO­

JieH P (VJ) 2, JiarpaH)KI1aH KOTOpOH 33fli1Cb!BaeTCSI CJieAyJOW.11M o6pa30M [29): . . 

B 3TOH MOACJII1 Ha6JIJOAaeMble 3Ha4CHI1SI, onpeAeJISieMble KaK cpeAHHe no co­

CTOSIHHJO BaKyyMa, MOryT 6b1Tb HaHAeHbl nyTeM Bbi411CJICHI1SI CJieAyJOW.ero 

KOHTI1HY3JibHOro 11HTerpana: 

(0 IF (VJ) I 0) = lim 
t\ t R

2 f exp{-f:P[VJ(x)J :d
2

x}dqJK 
s· (A) A at\ 

(4) 

3AeCb S' (A)- npocTpaucTBO lllsapu,a o6o6w.euHbiX ¢YHKU.11H y Mepeuuoro 

pocTa, V' (x) E S' (A), P- 3aAaHHhiH noJIHHOM, onpeAeJISIJOW.Hii THn s3ai1-

MOAeiicTBI1SI, F [VJ] - cooTseTCTBYJOI.IJ.HH 3aAaHHOH ¢113114CCKoii seJII1411He 

sew.ecTBCHHbJH Q>yuKu,HoHaJI, onpeAeJieuuwu ua S' (A), a d VJ K - rayc-
M 

cosa Mepa c Kosap11au,11eH K s npocTpaucTse S' (A) [5). Cyw.ecTseuuo, 4TO 

T.K. nepeHOpM11pOBKI1 B p (VJ)2-MOACJII1 OrpaHI11.1118310TCSI Bbll.II1TaHI1CM, CBSI-

3aHHbiM c ynopS1A04CHI1CM B11Ka : :, TO s Bhlpa)KeHI111 (4) pacxoAHMOCTH 

49 



... 

OTCYTCTBYIOT • .ll.nSI npose.ueHI1SI 411CJICHHhiX pac4eTos Hco6xo,lli1MO 11MCTh 

SIBHOC Bblpa )KCHI1C .llJISI KOBap11aU,I10HHOrO OnepaTOpa K,) A' KOTOpblH MO)KCT 

6hiTb 3ani1CaH B Bl1,1lC 

KiJA(j,g)= f KiJA(x,y)f(x)g(y)dxdy, 

R
2
xR

2 

r.ue 

K a A (x, Y) = f cp (x) cp (y) d cp K , x, y E R2
• 

2 aA 
S' (R) 

.ll.JISII1HTerp aJibHoro SI.Upa K a A HaMI1 nony4eHo cne.uy10mee npc.ucTaBJICHI1e. 

TeopeMa 4 [ 10 ]. 51Apo KosapHaU.HOHHoro onepaTopa P (cp)
2
-Mephi 

J< a A (x, y) .UJISI npo113BOJihHOH orpaHH'ICHHOi1 CBSI3HOH o6naCTI1 A c R2 
c 

KYC04HO-rJJ all,KOH rpaHHU,CH a A MO)KCT 6biTb npe.ucTaBJICHO B B11AC 

1 K d. A (x, y) = 2.: 2 8 (x) 8 (y), x, y E A \a A, 
E +m n " 

ll I! 

r.ue E 11 8 - co6cTBCHHbie 3Ha4CHI1SI 11 co6cTBCHHhiC ¢YHKU.1111 3a.Ua411 
ll ll 

J-:-~~8(x)=E8(x), xEA\aA, 

1 e (x) = 0, x E a A . 

KoHKpeTHoe Bblpa)KeHHe Ka A 3aBI1CI1T OT ¢opMbi o6nacTH A . 

.lJ.JISr npH6JII1)KCHHOro Bbllf11CJICHI1SI TaKHX KOHTHHyaJJbHbiX 11HTCrpaJJOB 

no rayCCOB biM MCpaM B npOCTpaHCTBC llisapu.a o6o61l.(CHHbiX QJYHKU,11H yMe­

pCHHOro p acTa HaMI1 6hiJII1 nOCTpOCHbl 11 11CCJICll,OBaHbl Ha KOHKpCTHbiX np11-

Mepax HCKOTOpb!C HOBblC annpOKCHMaU,HOHHbiC QJOPMYJJbl , T04HbiC Ha KJiaC­

CC QJyHl<U.HOHaJibHblX MHOrQ4JICHOB 3aAaHHOH CTCnCHH [ 11 ). 
Bo scex cnylfaSix ou.eHeHa norpewHOCTh, np11 onpe.ueneHHhiX ycJIOBI1SIX 

,llOKa3aHa CXO,Ili1MOCTb K HYJIIO OCTaT04HOrO 4JICHa QJOpMyJJ, 4TO n03BOJISICT 

nOJIY'II1Tb p e 3yJihTaT C JII06oi1 Tpe6yeMOH T04HOCTbiO. 

MCTO,Il np116JJJ1)KCHHOro Bbi411CJICHI1SI KOHTHHyaJihHblX HHTCrpaJIOB nO 

rayCCOBbiM M epaM npHMCHSICTCSI np11 lfi1CJICHHOM 11CCJIC,IlOBaHHH (a 11MCHHO 

,llJISI HaXO)Kll,CHHSI MCTOll,OM QJYHKU,HI1 rp11Ha pa3JIHl!HbiX KBaHTOBOMCXaHH-

4CCKI1X xapa KTCp11CTHK) pSI,Ila MO,IlCJICH KBaHTOBOH MCXaHHKH, B TOM 411CJIC 

. n.-MCpHOro (n = 1, 2, 3) rapMOHH4CCKOro 11 OAHOMCpHOro aHrapMOHH4CCKO­

ro OCU.HJIJJSITopa [ 12-15], MO.UCJIH Kano.u)Kepo [ 16, 17 ) c raMHJihTOHHaHOM 
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II 2 

H=- L aax2 +tw2 L (xi-x/+g L (xi-xj)- 2, 
k=J k i<j i<j 

r,~:~e w, g- 3a,~:~aHHhle KOHCTaHThl CBSI3H, s CJiy'lae 6oJiblllHX pa3M epHOCTeii 

n = 3, 5, 7, 9, 11, a TaK)I(e ):IJISI pellleHHSI OOJiee CJIO)I(HbiX npaKTH4 eCKHX 3a­

,Z:Ia4 (CM. HH)I(e). 

CpasHeHue 4HCJieHHhiX pe3yJihTaTos Bhi4HCJieHHSI :mepruu o cHOBHOro 

COCTOSIHHSI H BOJIHOBOH <f>yHKU:HH C HX 3Ha4eHHSIMH, DOJiy'leHHhiMH 3apy-

6e)I(Hb1MH aBTOpaMH C DOMOIIJ:biO ,1:1pyrux MeTO,Z:IOB, B 4aCTHOCTH MeTO,l:IOM 

MoHTe-KapJio, noKa3aJIO, 'lTO nocTpoeHHhle s ,~:~aHHOM U:HKJie p a6oT npu-

6JIH)I(eHHble <f>opMyJihl o6ecne4HBaiOT 3KOHOMHIO C'leTHOro BpeMeHH 3BM B 

5-10 pa3 npH O,Z:IHHaKOBOH T04HOCTH Bbi'lHCJieHHH. 

noJiy4eHHhle TeopeTH4eCKHe pe3yJihTaTbl H C03,Z:IaHHble aJirop HTMbl HC­

DOJib30BaHbl ,Z:IJISI perneHHSI pSI,Z:Ia 3a,Z:Ia4, B 4HCJie KOTOphiX 'lHCJiem me HCCJie­

,Z:IOBaHHe BODpOCOB TYHHeJIHpoBaHHSI B KOHTHHyyMe, Bbll!HCJieHUe TODOJIO­

rH4eCKOro 3apSI,Z:Ia, TODOJIOrH'!eCKOH BOCDpHHM'IHBOCTH, HCCJie,Z:IOBaHHe 

rpaHHU: npHMeHHMOCTH npH6JIH)I(eHH}l pa3pe)l(eHHOro HHCTaHTOHHOro ra3a 

[ 16,18-20 ]. BnepBhie Bhi4HCJieHa 3HeprHSI 0-saKyyMa s MO,Z:IeJIH KBaHTOBO­

ro MaSITHHKa 6e3 ,Z:IHCKpeTH3aU:HH npocTpaHCTBa-speM"eHH (5). n poBe,l:leHO 

4HCJieHHOe HCCJie,Z:IOBaHHe B3aHMO,l:leHCTBHSI 'laCTHU: (HyKJIOHOB) B Sl):lpe a TO­

Ma TpHTHSI . Ll.aHHaSI CHCTeMa ODHChiBaeTCSI ypaBHeHHeM 

aw 
= - Tif (XI, x2, x3, f3) 

lJl (X, X0) = c5 (X- X0), lJl (X, X0,f3) -+ 0 npu lXI -+ oo . 

3.z:~ech 4epe3 X. o6o3Ha4eHhi KOOPAHHaTbi Tpex 4 a CTHU: (Maccou m .) u 
I I 

Ll.ocTaT04HO pacnpoCTpaHeHHhiM 'lHCJieHHhiM MeTO,Z:IOM p ellleHHSI 3 TOH 

3a,Z:Ia'lH SIBJISieTCSI sapHaU:HOHHblH MeTO):I, KOTOpblH DOCJie,Z:IOBaTeJib HO pa3BH­

BaJICSI s MHOro'lHCJieHHhiX pa6oTax c Ha'laJia 60-x ro,~:~os [21-27]. Pe3yJih­

TaTOM 3THX HCCJie,Z:IOBaHHH SIBJISieTCSI HaXO)I(,Z:IeHHe sepXHHX H HHX<HHX OU:e­

HOK AJISI aKTYaJihHOH 3Hepmu, npu4eM 3a ,~:~ocTaTO'lHO 6oJihmue Cl!eTHhle 

BpeMeHa (nOpSI,Z:IKa HeCKOJibKHX 'laCOB) y,~:~aBaJIOCb ,Z:IOCTHrHYTb xopomeii 

TO'IHOCTH Bhi4HCJieHuu. B [21 ] u [22] AJISI Bhi'IHCJieHHSI 3Hep mu CB}l3H 
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rrpHMCHSLIIC SJ MCTOJJ. MoHTe-KapJio Ha perneTKe. B [27) noJiylleHo 3Ha-

4CHHe 3Hep rHH OCHOBHOro COCTOSIHHSI C TO'!HOCThiO IIOpSIJJ,Ka 0,) M3B np11 

pac'IeTHOM speMeHH B npeJJ,eJiax OJJ.HOro qaca Ha 3BM CDC-6500. 

HaMH H3y4eHa MOJJ.CJih TPHTOHa (21 ]: TPH HJl.CHTH'!Hhie llaCTHJJ.hi, 

B3aHMOJJ.CHCTBYIOI.U,HC IIOnapHO IIOCpCJJ.CTBOM CQJCpH4CCKH-C11MMCTp114HOro 

(CIIHH-HC3a BHCHMOro) IIOTCHJJ.HaJia 

V(r) ~- Sl,S exp !- ~:~ MoB, b ~ l ,6 <D. 

B pa6oTaX , 0 KOTOpbiX ynOMHHaJIOCh BhllUC, Jl.JISI 3HCprHH OCHOBHOf'O COCTO­

SIHHSl TpHTOHa 6b1JIH rrpeJJ,CTaBJICHbl CJICJJ.YIOI.U,HC 4HCJICHHbiC 3Hal!CHHSJ: 

E =- 9,77 ± 0,06 M3B (271, me 

E = - 9,42 M3B [21 ], v 

E = - 9,47 ± 0,4 M3B [22], v . 

- 9,99 ± 0,05 M3B < Ev <- 9,75 ± 0,04 M3B [24 ], 

E =- 9,78 M3B [23,25 ]. 
v 

3Ha4CHHSI 3HeprHH OCHOBHOro COCTOSIHHSI E0 (M3B) TpHTOHa, Bbll!HC­

JICHHhiC Jl.JISl pa3JIH4HhiX rrapaMCTpOB {3 C HCIIOJlh30BaHI1CM IIOCTpOCHHhiX Ha­

MH rrpH6JIH )KCHHhiX QJOpMyJI C BCCOM npCJJ.CTaBJICHbl B Ta6JIHJJ.C: 

{3 2 ,0 3,0 4,0 4,5 4,7 4,8 5,0 

Eo -33,4 -15,2 -10,5 -9,9 -9,8 -9,8 -9~ 7 

Bhi'IHCJICHHe KpaTHoro HHTerpaJia PuMaHa npoBOJJ.HJIOCh np11 noMOI.U,H 

cTaHJJ,apTHOH rrpou.eJJ.yphl MIKOR, KOTopaSI peaJIH3yeT KpaTHoe HHTe­

rpHpoBaHH e MCTOJl.OM Kopo6oBa C OTHOCI1TeJihHOH norpeiDHOCThiO e = 0,01 . 

C4exHoe s peMSI Bhi'IHCJICHHSI 3HeprHH JJ.JI~ Ka)KJJ,Oro 3HalleHHSI {3 cocTasuno 

rropsrJJ.Ka 15 MHH. Ha 3BM CDC-6500. 113 Ta6JIHJJ.hi BHJJ.HO, liTO pe3yJihTaT 

paC'ICTa 3 HeprHH OCHOBHOro COCTOSIHHSI (a TaKOBhlM CJICJJ.YCT C'IHTaTh 3Ha-

4CHHC E0 , rrony'IeHHoe rrpH {3 = 5) xoporno corJiacyeTCSI c JJ.3HHhiMH JJ.pyrux 

aBTOpOB, IIp11 3TOM C'ICTHOC BpCMSI OKa3aJIOCh MCHhWI1M ITO cpaBHCHHIO C 

BpCMCH3MH , IIpHBCJJ.CHHbiMH B 3THX pa6oTaX. 
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KpamKue coo6w,enUR OHJIH Nrl1(58)-93 

Y ,L\K 359.172.1 7 
JJ N R Rapid Communications Nrll (58 )-9 3 

BHYTPEHHHH liAPbEP B CJ1H5lHHH 5l.LJ:EP 64Ni + 1 00Mo llPH 
HH3KHX 3 HEPrH1lX 

B.M.llhl.lloB A.B. TapaKaHOB • 
8 pa60Te noKa3aHO, 'ITO BTOpOH 6apbep B HOH-HOHHOM nOTeHU,Ha.Tie yoemt­

'IHBaeT Cpe]IHHH yrJJOBOH MOMeHT COCTaBHOrQ Sl]lpa npH nO]I6apbepHbiX 3Hep­
n1SIX. Mbt nonaraeM, 'ITO :'!TOT :'l<!><i>eKT no3BOJJHT on~o~caTb :'lKcnepHMeHTaJJbHble 
]laHHble B MO]IeJJH C CHJibHOH CBSI3bl0 KaHaJJOB. 

Pa6oTa BbmOJJHeHa o Jla6opaTopHH TeopeTH'IeCKOH !j:JH3HKH OlUUf . 

The I nner Barrier in the Fusion Reaction 64N i + 1 00Mo at Low 
Energies 

V.M.Shilov, A.V.Tarakanov 

It is shown that the second barrier of the heavy- ion potential increases the 
average angular momentum of the compound nucleus at subbarrier energies. We 
believe that this effect will allow us to describe the experimental data within the 
coupled-channel model. 

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

Heo6xo~HMhiM yCJiosueM ~JISI CJIHSIHHSI SUJ,ep B Mo~eJIH KpHTHlJecKoro 
paccTOSIHHSI (MKP) [1] SIBJISieTCSI npoxo~emte 'lepea BTopoii 6aphep so 

BHyTpeHHeH lJaCTH HOH-HOHHOI'O nOTeHIJ;HaJia Ha paCCTOSIHHH C pa~HaJihHhiM 

napaMeTpoM r~,=::l <f>M, r~e r~,=Rcr I (Ai3+Ai'3) . .ll.JISI JierKHX Sl~ep BTopoii 

6aphep cTaHOBHTCSI 6oJihwe KYJIOHOBCKoro 6aphepa npu 6oJibWHX op6HTa;Ih­

HhiX yrJIOBbi X MOMeHTaX H onpe~eJISieT ~HHaMHKY npou;ecca CJIHSIHHSI 

npH BhiCOKHX ::meprHSIX. 
C yseJIH'IeHHeM aapSI~OB cTaJIKHBaiO~HXCSI Sl~ep npu aHa'leHHH napa-

11 II " MeTpa 11=Z .Z2 I (A 1
3 A2

3
) = 71,3 BTopou 6aphep cTaHOBHTCSI paBHhlM no 

I • 

BeJIHlJHHe KYJIOHOBCKOMY 6aphepy y)l(e ~JISI HyJieBoro op6HTaJihHOro MOMeH­
Ta [2 ]. 

B ~aHHOH pa6oTe Mhl HCCJie~osaJIH ::mepreTH'IeCKHe aasucHMOCTH ce'le­
HUSI CJIHSIHHSI H cpe~Hero yrJIOBOI'O MOMeHTa COCTaBHOI'O Sl~pa B peaKIJ;HH 

*CapaTOIJCKHH rocy]lapcTBeHHbiH YHHBepCHTeT 
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64N i + 
1 00

Mo, M3MepcHHbiC s [ 3 ). B paMKax MO~CJIM co CBSI ~l biO KaHaJIOB 

B nOBCpXHOCTHOH o6JiaCTM SJACp, B KOTOpOH CJJMSJHMC onpe~CJI51CTCSI , TYHHC­

JJ11pOBaHI1CM TOJJhKO 4CpC3 BHCWHI1H KYJJOHOBCKMH 6apbep, HC yAaCTCSJ CO­

BMCCTHO OnMCaTh 3TH ~BC xapaKTCp11CTMKI1 CTaHA3PTHblM Ha6 opOM napa­

MCTpOB. Mhi ClJMTacM, 4TO s 3TOH peaK~MM y)l(e HatJMHaeT npo51BJJSJTbCSI 8TO­

poi1 6apbep B MOH-MOHHOM nOTCH~I13JJC, T.K. 113 BCCX peaK~ H, r~e 6b1Jl 

113MCpCH yrJJOBOH MOMCHT, 3ACCb napaMCTp '7 =63,4 HaM60JJCC 6 JJ M30K K KpM­

TMlJCCKOH BCJJI1411HC. 

B Tcop1111 ~eJJeHMSI npoHH~acMOCTb 4epe3 ~sa 6apbepa s K8a3MKJJac­

CM4CCKOM npM6JJM)I(CHI111 MCCJJCAOB3JJ3Cb MHOfMMM 38TOp3MI1 (CM.; HanpM­

MCp, [ 4,5 J). Mbi HcnOJJb3YCM pe3yJJbT3Tbi 3TMx pa6oT 8 o6paT oii peaK~MH 

CJJMSIHMSI TSI)I(CJlblX MOHOB. JlJJSI npOHM~aCMOCTM 4CpC3 O~MH 6 a pbep HMCCM 

XOpOWO 113BCCTHOC Bblp3)1(CHMC (~JJSI npOCTOTbl Mbl HC BbinMCbiBa CM 51BHO 33-

811CI1MOCTb OT op6HTaJJbHOro yrJJOBOro MOMCHTa): 

-I 
T(E)=jl +exp[2S(E) I} , (1) 

r~e S(£) OnpCACJJSJCTCSJ MHTerpaJJOM MC)I(~y TO'IK3MW nOBOpOTa B HOH-HOH­

HOM noTeH~HaJJe V(r) 
b ~ 

S(E)=f j2,u[V(r)-EJ I h
2 j dr. (2) 

a 

06o3Hat.JHB <~epe3 T c• T 8 11 v npOHM~aeMOCTH t.Jepe3 BHYTPCHHHH 11 Ky­

JJOHOBCKHH 6apbepbl 11 ACHCTBHC (2) B npOMC)I(YTKC MC)I(AY 6aphepaMH, AJJSI 

npoHH~aeMOCTH AByrop6oro 6apbcpa MO)I(HO 3anHcaTh Bbipa)l(e He [5) 

T = T CT 8 1((1 +X)
2
cos

2
v+(l-X/sin

2
v }· 

3ACCb X= [(1-TC)(l-T 
8

) [
112

• 

(3) 

Oc~HJJJJHPYIOW.He MHO)I(HTCJJH s 3HaMCHaTeJJe 3TOH <1JopMy.1hi Bbi3bi8a­

IOT pC30H3HCbl np03pa4HOCTI1 np11 HCKOTOpbiX 3Ha4CHI1SIX op6HTaJJbHOro yr­

Jl080f0 MOMCHTa. Ha1160JJCC CHJJbHbiC pe30H3HCbl 6YAYT np11 cpa BHHMbiX no 

seJJH'IHHe 11 OlJCHb MaJJbiX 3Hat.JCHHSJX T c 11 T11 • 

ECJJH npeHe6pe'tb HHTep<1JepeH~Hei1 naAatOw.Hx 11 OTpa)I(CHHbiX 80JJH 

MC)I(AY ABYM51 6apbcpaMH, T.c. nposccTH ycpeAHCHHC no <j)a3aM s <j)opMyJJe 

(3), TO noJJytJ,aCTCSI npOCTOC 8blp3)1(CHI1C 

T=TcTB/jl-(1-Tc)(I-T0 )}. (4) 

AnnpoKCHM11PYSI noTeH~HaJJ 8 o6JJaCTH 6apbepos napa6oJJaMH, hlpa)l(eHHe 

(4) npi180AI1M K BHAy: 
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-I 

r ~ j 1 + exp(b< v~c£) +ex+ v'•EJ) (5) 

3~ecb Vc , VB, Rc, RB, tuuc H tu.uB- noTeHu,HaJihl, pa~Hychl H KpH­

BH3Hhl BHYTPCHHCI"O H KYJIOHOBCKOI"O 6apbepoB COOTBCTCTBCHHO. 
B paclleTax Mhl HcnoJih30BaJIH u,euTpaJibHbiH noTenu,Han, nonylleHHhiH 

s <J>opMaJIH3Me «nJIOTHOCTH 3HeprHH» [6 ). B napaMeTpH3au,Hio noTenu,Hana 

Al/3 A•;3 

VN(r) = Av: + ~~~3 UN(s), s = r- (Ai3 + Ai3)ro, (6) 
I 2 

UN(s) = ~-30 exp (-0,27s2) 
-30 + 6,3s2 

s>O 
s<O 

(7) 

6biJIH BBC~CHbl ~Ba CBOOo~HbiX napaMCTpa: 4r H fl/. llepBbiH H3 HHX H3MC­

HSICT BCJIHliHHY r0 no cpaBHCHHIO CO CTa~apTHOH BCJIHliHHOH r0= 1 <f>M H on-

pe~CJISICT BhiCOTY H noJioX<eHHe snelllnero KynouoscKoro 6aphepa. BTopou 

napaMCTp npHBO~HT K C~BHry «KpHTH\lCCKOI"O paCCTOSIHHSI» ~JISI CJIHSIHHSI nO 

OTHOlliCHHIO K MHHHMYMY ~epHOH llaCTH H onpe~CJISICT BbiCOTy H nOJIOX<C­

HHC suyTpeuu ero 6aphepa. 

JJ:JISI napaMCTpH3aU,HH BTOporo 6apbepa napaOOJIOH Mbl nOJIOX<HJIH 

V0(r) = Q npH MaJihiX r H crna~HJIH TpeyroJibHYIO <f>opMy suyTpeu-
peaKu_HH 

nero noTeinJ,HaJia MHO:lKHTCJieM rayccoscKoro THna. 3Ta npou,e~ypa no3BO­

JISICT HaM BapbHpoBaTh KpHBH3HY BTOporo 6apbepa B pa3yMHbiX npe~eJiaX. 
YlleT CHJihHOH CBSI3H Kauanos B nosepxuocTHOH o6nacTH SI~pa [7) npH­

BO~HT K pac~enJieHHIO nepsouallaJihHOro Kynouoscxoro 6aphepa ua ceMen­

CTBo 6apbCpoB, llepe3 KOTOpbiC TYHHCJIHpyCT CHCTCMa. llpH 3TOM BbiCOTa 

MHHHMaJibHOI"O 6apbepa, Onpe~CJISIIO~aSI ~HHaMHKY CJIHSIHHSI npH HH3KHX 

3HeprnSix, yMeHhlllaeTcSI6onee liCM ua 5-6 M3B no cpasueHHIO c nepsoua­

llaJihHhiM KYJIOHOBCKHM 6apbepoM. no 3TOH npHliHHC Mbl ~onycKaeM 803-

MOX<HOCTb ~JJSI napaMeTpa tlr npHHHMaTb OOJihlliHe 3HalleHHSI. 

Ha pHcyu Ke noKa3aHhl ce\leHHSI CJIHSIHHSI a1us H cpe~HHH yrnosou 

MOMCHT <L> ~JISI Tpex BapHaHTOB paCliCTOB: TYHHCJJHpOBaHHC TOJibKO 

llepe3 xynouoscKHH 6apbep· H TYHHCJIHposauHe llepe3 ~sa 6aphepa 6e3 ylle­
Ta H c ylleTOM HHTep<f>epenu,HH. B nepsoM sapHaHTe napaMeTp tlr Bhl6pau 

TaKHM, liTOOb1 6aphep cosnan c 6apbepoM noTeHu,Hana Eacca, KOTOphiH: uaH-

6onee llaCTO HCnOJih3yeTCSI npH onHcaHHH CJIHSIHHSI TSIX<CJihiX HOHOB. B ~syx 
~pyrnx CJIYli3SIX Mbl sapbHpOBaJIH napaMeTpbl flr H fl/ AJISI MHHHMH3a-
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Ecm• M3B 

Ce•ICHI1C CJII1SIIII111 11 CpCAH11H yrJIOBOH MOMCHT COCTaBHO-

1'0 S1Apa 8 3aDI1CI1MOCTI1 OT 3Hcpr1111 HUJICTaiOUJ,Cro 110Ha. 

KopOTKI1C WTp11XOBble JII1HI111 - TYHHCJ111pooaHI1C TOJib­

KO '1CpC3 BHCWHI1H 6apbep, AJII1HHbiC WTp11XOBbiC JII1HI111 

- ryuHen11pouaH11e •1cpe3 ABa 6apbepa 6e3 y•1eTa 11HTep­

<!JcpeHl(l111 11 cnnowHbiC JII1HI111 - c Y'ICTOM 11HTep<!JepeH-

1.11111 . 3Kcnep11MCHTUJibHbiC AaHHbiC B3SITbl 113 pa60Tbl [3] 

l.I,IUI BeJIHl.J.HHhl x2
, npH 3TOM Mhl nOJIO)KHJIH AJISI scex 3KCnepuM eHTaJibHhiX 

AaHHblX 10% norpewHoCTH. 0oJiy4eHHhle 3Ha4eHHSI napaMeTpo s noTeHu,H­

aJios npeACTasJieHhl s Ta6JIHu,e. 

HaHJiy4mee onucaHHe AOCTHraeTCSI, KOrAa V c> VB Ha 8-10 M3B 11 npe-

BhtmaeT noTeHu,HaJI Bacca Ha l-2 M3B. KpHBH3Ha sToporo 6 a pbepa sHe­

CKOJibKO pa3 6oJihme KPHBH3Hbl KYJIOHOBCKoro 6apbepa, 11 3TO 3 Ha4HTeJibHo 

yMeHbmaeT HaKJIOHhl TeopeTHl.J.eCKHX KPHBhiX no cpasHeHHJo c OAHo6apbep­

HhiM CJIY43eM, XOTSI COrJiaCHe C 3KCnepHMeHTaJibHhiMH AaHHhiMH AJISI yrJIO­

BhiX MOMeHTOB BCe ewe He AOCTHrHYTO. Pe3yJibT3Thl He 33BHCSIT T KOHKpeT-
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' ' • 

Horo BH~a noTeHI:J,HaJia (7). Emt3KHe 3HalfeHHSI 6hiJIH noJiylfeHbl TaK)I(e ~JISI 

noTeHIJ,HaJia <<proximity» [8]. 

Ta6JJHu.a. napaMel'pbl noreuu.HaJJoo o pa3JIH'IIlblX sapHanTax pac'leTOB 

N V8, M3B R8,<j>M hw8,M3B Vc,M3B Rc,M3B Tuvc,M3B 

I 136,7 11,65 3,6 

2 129,6 12,38 3,5 137,9 8,65 26,6 

3 128,5 12,50 3,5 138,6 8,70 32,3 

113 pHCYHKa H Ta6JIHIJ,bl BH~HO, liTO ylfeT HHTep¢epeHIJ,HH npaKTHlfeCKH 
He H3MeHSieT OOTeHIJ,HaJI, HO Bbl3biBaeT OCIJ,HJIJISIIJ,HH B ¢opMe KpHBbiX, KO­

TOpbie yBeJIHlfHBaiOTCSI C yMeHbDieHHeM ::mepmH HaJieTaiOIOHX HOHOB. 3TO 
CBSI3aHO C OOSIBJieHHeM pe30HaHCOB Opo3pallHOCTH npH HH3KHX 3HeprHSIX 
~JISI HeKOTOpbiX napiJ,HaJibHbiX BOJIH . .ll.JISI HyJieBOI'O op6HTaJibHOI'O MOMeHTa 
3TOT 3$$eKT o6cy~aJICSI paHee B TeOpHH ~eJieHHSI (4,5). 

MexaHH3MOM, KOTOpblu no3BOJIHT crJia~HTb TaKue pe3oHaHCbl, SIBJISieT­
qr CHJibHaSI CBSI3b Me~y KaHaJiaMH B DOBepXHOCTHOH o6JiaCTH Sl~ep. Y lfeT 
CBSI3H B DpocTeHDieM CJiylfae npHBO~HT K CeMeHCTBY DOTeHIJ,HaJIOB, H TYHHe­
JIHpOBaHHe llepe3 Ka~biH H3 HHX npoHCXO~HT C MeHblllHM BeCOBbiM 
MHO)I(HTeJieM. Pe30HaHCbl DOSIBSITCSI T3K)I(e H DpH OKOJio6apbepHbiX 3HeprH­
SIX H yseJIHlf3T cpe~HHH yrJIOBOH MOMeHT B 3TOH 3HepreTHlfeCKOH o6JiaCTH. 
CosMeCTHbiH ylfeT CHJibHOH CBSI3H KaHaJIOB u TYHHeJiuposaHHSI llepe3 .llBY­

rop6blu 6apbep Mbl DpOBe~eM B CJie,llyiOIOHX ny6JIHKaiJ,HSIX. 

JluTepa Typa 
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TapaKaHoB A.B., IIIHJioB B.M., IIIM~T P.- ~Cl>, 1991, T.53, c.1285. 
IlepMSIKOB B.II., IIIHJIOB B.M. -3qAA, 1989, T.20, c.1396. · 

2. Schmid t R.- Z. Phys., 1986, voi.A325, p.239. 

3. Halbert M.L. et al.- Phys. Rev., 1989, vol.C40, p.2558. 
4. MacTepos B.C., CeperHH A.A.- ~Cl>, 1978, T.27, c.1464. 

5. Bhandary B.S., Al-Kharam A.S.- Pkys. Rev., 1989, vol.C39, p.917. 
6. Ngo C. et al.- Nucl. Phys., 1975, vol.A252, p.237. 
7. Tanimura 0. et al. - Phys. Lett., 1985, vol.B 163, p.317. 
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06 3JIEKTPOB036Y)I()l,EHI111 MAfHMTHhiX 
TBI1CTOPHWXCOCTO~HI1~ 

B.M.lli11JIOB, YI .B.MoJIOAu,osa*, C .YI.IiacTpyKoB* 

npcnCTanneu auanHTI1'1eCKI1H MeTO):I OUeUKI1 :mepnt.:\, nepexO):IUbl>.. TOKO­

BUIX nnOTUOCTe.:i, nCpOliTUOCTe.:i nepexO):I08 11 TpaucnepcanhHbiX cj>OpMcj>aKTO­

poB, OnpCACn5110U(I1X CC'ICIUI51 3JieKTpOB036ylKAeiii-ISI MarHI1THbiX TBI1CTOpHbiX 
KonneKnmHbiX MOA, o6ycnonneuHbiX 8036ylKAeiJI1eM HOpManhubJX KPYTI1nb­
uono):lo6HbiX Kone6amt.:i ccj>epH4CCKOro liApa 8 peaKU1111 ueynpyroi'O pacceSI­

HI1SI 3nCKTpouon. 

Pa6oTa BblriOJ!IIeua 8 JJa6opaTOp1111 TCOpCTI14eCKOH cj>I1311K11 . 

On Electroexcitation of Magnetic Twist Modes 

V.M.Shilov, I.V.Molodtsova, S.I.Bastrukov 

An analytical method is presented to compute the excitation energy, 

probability, transition current density, and form factor of the magnetic modes 

excited by inelastically scattered electrons. 

The investigation has been performed at the Laboratory of Theoretical 

Physics, JINR. 

B pa6oTe [1 I paccMoTpeHa ¢JIIOHA-AHHaMH4ecKaSI MOAeJih Bo36y~e­
HHSI B c¢epHlleCKOM SlApe AJIHHHOBOJIHOBbiX nonepe4HbiX KOHBeKU,HOHHbiX 

KOJie6aHHH, npHBOASI~HX K MarHHTHblM CmtH-He3aBHCHMbiM KOJIJieKTHB­

HbiM MOAaM, u Bbi4HCJieHhi ux co6cTseHHhte 4aCTOTbi. YlcnoJib3oBaHHhlii B 

::noH CT3Tbe OOAXOA 003BOJIHJI o6o6~HTb TeOpHIO MarHHTHOro K 3ApynOJib­

HOro TBHCTOpHOro pe30H3HCa, pa3BHTYIO XOJibU,BapTOM H 3KapTOM B (2 ), Ha 

cJiy4aii npoH3BOJibHOH MYJibTHnOJibHOCTH. 

B A3HHOH pa6oTe npeACTaBJISJeTCSJ ¢aKTH4eCKH 6ecnapaMcTpHlleCKHH 

CllOC06 Bbll.JHCJieHHSI xapaKTepHCTHK MarHHTHOrQ SIAepHOrQ OTKJIHK3 npOH3-

BOJibHOH MYJihTHnOJibHOCTH, H3MepSieMhiX B peaKu,uu Heynpyroro pacceSI­

HHSI :meKTpOHOB: nepeXOAHbiX TOKOBbiX llJIOTHOCTeH, npHBeAeHHbiX BepOSIT­

HOCTeH H ¢opM¢aKTOpOB. 

CorJiacHo' o6IIJ,eii Teopu» Heynpyroro pacceSIHHSI :meKTPOHOB Ha SIApax 

(CM., HanpHMep, (3,4]), MarHHTHbiH ¢opM¢aKTOp, onpeAeJISIIO~HH Ce4e-

*CapaT08CK11H rocynapcT8euubl.:i yH11nepc11TeT 
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HHe Heynpyroro ::meKTpoHHOro paCCeSIHHSI, BBO~HTCSI Ha OCHOBe HenpHBO~H­

MOH TeH30pHOH <!JyHKU.HH BH~a (CM. [3), ypaBHeHHe (1.25)): 

~(k,t) = f j;, (kr) (YH;l · ~ 1;, (r,t)) d T, (1) 

r~e j;, (kr) - c<Pepul.feCKaSI <PYHKU.HSI Eecce.nSI paura A.. BpeMeuuaSJ 3asucu­

MOCTb 3TOH <!JyHKU.HH o6yCJIOBJieHa TeM, 'ITO B036y)l(~aeMbiH TOK 

~ 1;, = ne ~ V;, = ne a;,(r) a;, (t) (2) 

eCTb rapMOHHl.feCKaSI <!JyHKU.HSI BpeMeHH, a;,(t) = af Sin W;,t H a ),(r)- DO­

Jie MrnoseHHbiX cMew.euuu. B Bblpa)l(eHHH (2) ne=(Z/ A)n0 H n0 - nJIOT­

HOCTb l.fHCJia u yKJiouos, T.e. no~pa3yMesaeTCSI, 'ITO 3apS1~ H Macca o~uuaKo­

so pacnpe~e.neubl no o6beMy uec)I(HMaeMoro Sl~pa. TioJie d-(r) B ~JIHHHOBOJI­
uosoM npu6JIH)I(eHHH SIBJISieTCSI peweuueM seKTopuoro ypasueHHSI JlallJlaca 

1:1 a ;,(r) = 0, div a!(r) = 0. (3) 

Topou~aJibHoe peweuue 3Toro ypasueuHSI HMeeT BH~ 

), 
a(r) = r Y;,;, :1(8) (4) 

H onucblsaeT c~surosble KPYTHJibHono~o6uble cMeiiJ,eHHSI. B cHJiy Toro, 'ITO 

3TO DOJie SIBJISieTCSI nCeB~OBeKTOpHbiM: d- (-r)=(-l)(A+l) d-(r), C06CTBeH­

Hble B036y~eHHSI KJiaCcH<iJHIJ.HpyiOTCSI KaK MarHHTHble CDHH-He3aBHCHMble 

TBHCTopulile MO~bl. B <jropMyJie (4) Y;,;, ;I - seKTopuaSI c<Pepul.fecKaSI rap-

MOHHKa paur a A.. B [ 1 ) no~po6uo noKa3auo, KaK ypasueuHSI Sl~epuou <iJJIIO­

H~-~uuaMHKU npHBO~SITCSI K raMHJibTOHHaHy rapMOHHl.feCKOro OClJ,HJlJISITOpa 

B (a;, )2 c (a ;,)2 

H = ;, ~ + ;, ~ (5) 

Bbil.fHCJieHHble c noJieM (4) napaMeTpbl uuepu.uu B;, u )l(eCTKOCTH C;, 

KOJie6aHHH paBHbl 

2A B;,=M<r >, C;, = t M < r 2A- 2 > v ~ (U + 1) (A.- 1). 

JJ,JISI COOcTBeHHbiX l.faCTOT DOJiyl.faeM CJie~yiOI.U,ee Bblpa)l(eHHe: 

15- [ ] 
lfl 

1 <r2A- 2 > 
w (M A.)= = v - (U + 1) (A.- 1) . 

B;, F 5 < rU > 

(6) 

(7) 

Tipe~CTaBJieHHbiH B ( 1) paClleT 6b1Jl BblllOJIHeH B npH6JIH)I(eHHH pe3KO­

ro KpaSI; KpoMe TOro, HCDOJlb30BaJIOCb HHOe npe~CTaBJieHHe ~JISI DOJISI 
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CMe~eHHH, 3KBHBaJieHTHOe (4) C T04HOCTbiO .D;O nOCTOSIHHOI'O MHO)f(H-

TeJISI . 

MarHHTHaSJ ¢YHKU.HSI OTKJIHKa (Ksa.o;paT Mo.o;ynR ¢opM¢aKTopa) onpe­

.o;enSJeTCSI CJie.o;yJO~HM o6pa30M: 

to 2ji A.+2· 12 = 2 (a;_ w;_ ) ne r J A. (kr) dr , (8) 

r.o;e C.HMBOJI < ... > t 03Ha4aeT cpe.o;Hee no BpeMeH.H. noCJie Bbi4HCJie HHSII1HTer­

paJia, KOTOpb!H B npH6JIH)f(eHHH pe3KOI'O KpaSI 6epeTCSI aHaJIHT.H 4 eCKI1 , nO­

Jiy4aeM MarHHTHbiH ctJopMcfJaKTOp TBHCTOpHbiX MYJibTHnOJibHbiX B036y)I(JJ;e-

[

(U + l)j;_ (kR)- kRj;__ 1(kR)] 
If (k) = Y;. 2 2 ' 

kR 
(9) 

(10) 

.ll,pyrou .HHcfJOpMaT.HBHOH xapaKTepHCTHKOH 3JieKTpOB036yX<.D;eHI1SI SIB­

JISieTCSI nepexo.o;HaSI TOKosaSI IIJIOTHOCTh l;.;.(r). B llaCTHOCTH, p a.o;uaJihHaSI 

3aB11CI1MOCTb f;_;.(r) n03BOJISieT Cy.D;HTb 06 otTheMHOM 111111 nosepXHOCTHOM 

xapaKTepe so36y)f(.o;eHHSI. 3Ta seJI.H411Ha onpe.o;enReTCSI Bhlpa)f<eHHeM (eM. 

[ 4), ¢0PMYJIY (9)); A 

2 Ji 
00 

...M . 2 
l;_;_(r)=-..,._- I r;_ -(k)J;_(kr)k dk. (11) 

' n Jf o 

3.o;eCb HH.D;eKCbl i 11 f OTHOCSITCSI K HallaJibHOMY 11 KOHeliHOMy COCTOSIHHSIM SI.D;­

pa; J = V 2J + 1 11 J - nOJIHbiH yrJIOBOH MOMeHT B036y)I(JJ;eHHOI'O COCTOSI­

HHSI. B paccMaTpHBaeMbiX HaMH CJiyllaSIX Jf =A. 11 Ji = 0. no.o;cTa BJISISI B (11) 

Bblpa)f(eHI1e .D;JISI ctJopMcfJaKTOpa (9), HaXO.D;I1M 

A 

2J .y 00 00 

l;.;.(r) = ~[(U + 1) I j;_(kR) j;_(kr)dk- f j;__ 1(kR) j;_(kr)kdk]. (12) 
nJ1R o o 

YcTaHOBI1B SIBHbiH su.o; nepexo.o;HOH TOKOBOH IIJIOTHOCTH, M O)f(HO ou.e­

HHTb sepoSITHOCTb B036y)I(JJ;eHHSI (CM. ( 4 ), ctJopMyJJy (11)) 
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A ['i Joo A+2 ]2 B(MA.) =A.+ 1 ~ JA;.(r)r dr 
't 0 

(13) 

H BKJia,Z:( TBHCTOpHbiX MarHHTHbiX B036y)K,Z:(eHHH B ,l:(HQJQJepeHU,HaJihHOe Ce4e­
HHe peaKLI,HH Heynpyroro paCCeSIHHSI 3JieKTpOHOB. IlOJIHOe Ce4eHHe QJOTO­
B036y)K,Z:(eHHSI HMeeT BH.l( 

A 2n2i 
a mag = 1uv c I ~ ( k = w A) I 

2
. 

A 
(14) 

PaetteT cetteHHH QJOTOB036y)K,Z:(eHHSI MarHHTHbiX TBHCTOpHbiX MO,Z:( npe.r(CTaB­
JieH B [5 ). 

TaKHM o6paaoM, QJJIIOH.r(-.r(HHaMHtteCKHH no.r(XO.r( noaBOJISieT nonyttHTh 
,Z:(OCTaT04HO nOJIHYIO HHQJopMaLI,HIO ,Z:(JISI 3KCnepHMeHTaJihHOH H,Z:(eHTHQJHKa­
IJ.HH MarHHTHbiX TBHCTOpHbiX B036y)K,Z:(eHHH B peaKU,HH Heynpyroro paCCeSI­
HHSI 3JieKTpOHOB. qHCJieHHbiH aHaJIH3 noJiytteHHhiX aHaJIHTH4eCKHX Bbipa­
)KeHHH 6y.r(eT ,Z:(aH B paCWHpeHHOH ny6JIHKaLI,HH. 

JlHTepaTypa 
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PACCESIHME HEPEJISITMBMCTCKMX TSI)l(EJlbiX MOHOB 

C.l1.<1>e.ZJ.o"fos 

0oJJy4eHbl 8b1pa>KeHH~ ).IJI~ AHcjJcjJepeHu_HaJlbHbiX Ce4eHHH ynpyroro H He­
ynpyroro paCCellHHH HCpeJJ!ITHBHCTCKHX T!llKeJlbiX HOH08 H3 OCH08e TeXHHKH 
cjJeHHMaHOBCKHX HHTerpaJJOB no nyT!IM. BHyTpeHHHe B036y>KAeHI1!1 !lt~ep 11 ~X 
OTHOCHTeJJbHOe ABH>KeHHe paCCMaTpH8310TC!I 8 et~HHOM OOAXOAe. O o 8HYT­
pCHHI1M nepeMeHHbiM TO'IHO 6epeTC!I KOHTI1HY3JlbHbiH HHTerpaJJ, nO Tpae­
KTOpH11 OTHOCHTeJlbHOro ABH>KeHH~ OH Bbi4HCJJ!IeTC!I B KB3311KJ13CCI14eCKOM 
npH6JJH>KeHHH 8 paMK3X MeTOAa CTaLJ.HOHapHOH cjJa3bl. 

Pa6om BbmOJJHeHa 8 Jla6opaTOpHH TeopeTH4ecKoi1 cjJH311KH OIUIH. 

Scattering of Nonrelativistic Heavy Ions 

S.I.Fedotov 

Expressions for a differential cross section of an elastic and inelastic scat­
tering of nonrelativistic heavy ions are derived by using the technique of Feyn­
man's path integrals. Internal excitations of nuclei and their relative motion are 
considered in a unique approach. The continual integral is exactly taken over 
internal variables whereas over the trajectory of relative motion it is calculated in 
the quasiclassical approach in the framework of the stationary phase method. 

The investigation has been performed at the Laboratory of Theoretical Phy­
sics, JINR. 

IT pu onucaHHH pacce51HH51 HepeJI51THBHCTCKHX T51)KeJibiX HOHOB ucnoJib-

3YlOTC51 npH6JIH)KeHHbie KBa3HKJiaCCH4eCKHe MeTO,Zl.bl, OCHOBaHHhle Ha Ma­

JIOCTH .ZJ.JIHHhl BOJIHhl ,ZJ.e Bpolin51 3THX HOHOB no cpasHeHHlO c xap aKTepHhiMH 

pa3MepaMH [ 1 ). 06bi4HO ,Zl.Jl51 OnHCaHHSI OTHOCHTeJibHOI"O ,Zl.BH)KeHH51 51,Zl.ep 

ynoTpe6;::SieTC51 KJiaCCH4eCKOe .ZJ.HQ:>Q:>epeHI.I,HaJibHOe CelleHHe, a aMnJIHTy,ZJ.a 

nepeXO,ZJ.a 51,ZJ.pa C4HTaeTC51 B KBaHTOBOMeXaHHl.leCKHX npH6 JIH)KeHH51X. 

B ,ZJ.aHHOii pa6oTe paccMaTpHBaeTc51· e,ZJ.HHbiH no,ZJ.XO.ZJ. K BHyTpeHHHM H 

BHeiiiHHM nepeMeHHblM, OCHOBaHHbiH Ha Q:>eHHMaHOBCKHX HHTerpaJiaX no 

nyT51M. Bhi.ZJ.€JIHM TOJibKO KOJIJieKTHBHhie so36y)K.ZJ.eHH51 Q:>oHOHHoro THna B 

51,Zl.pax. PaccMaTpHsaeM CTOJIKHOBeHue HoHa c MPDM KaK CJIO)KHYlO KBaHTO­

BOMexaHH4ecKyiO CHCTeMy. Bse,ZJ.eM B TeH30pHOM npOCTpaHCTBe COCT051HHH 

3TOH cucTeMbl 6a3HCHhle seKTOphl I r n) = I r) In) H ( r n I r' n') = 
= <5 (r- r') <5 ,, r.ZJ.e I r)- co6cTBeHHhle seKTOphl onepaTopa K OOP.ZJ.HHaThi 

fl/1 

65 



--
OTHOCHTeJib HOro )J;BH)I{CHHSI, a In) - C06CTBCHHbiC BCKTOpbl onepaTOpa 

'IHCJia lf><>HOHOB. 

Bhl6epe M raMHJibTOHHaH CHCTCMbl B CJICAYIOI.IJ.CM BHIJ;C: 

H = Hl +Hz+ HlZ' (1) 

rAe 
I ·z 

H 1 = 2flr + U0 (r) OTIHChiBaCT OTHOCHTCJibHOC )J;BH)I{CHHC, 

Hz= ""' h w 1 (b +1 b 1 + I /2) - suyTpeunHe so36y)I(~J;CHHSI SI~J;ep, LJ 11 11111 nm 
11Im 

H 1z = L Ynlm (r(t)) (b;lm + (-) 111
b111111 ) - B3aHMOIJ;CHCTBHC BHCiliHero 

nlm 

ABH)I{CHHSI c suyTpeuHHM. B 3aBHCHMOCTH oT KOHKpeTHhlx pac'ieToB Y'iHThl­

saeTCSI SI)J;CpHOC HJIH KyJIOHOBCKOC B3aHMO)J;CHCTBHC, HJIH TO H ~J;pyroe BMC­

CTC. 

Cne~J;y SI Kouu,enu,HH KOHTHHYaJihHhiX HHTerpanos <l>eH:uMaua [2 ], 6y­

ACM OTIHChiBaTh BpCMCHHYIO 3BOJIIOU,HIO CHCTCMbl nponaraTOpoM 

K(rt nt ttl r i ni ti) = ( ft nt ttl fi ni ti ). Tor~J;a BOJIHOBYIO lf>YHKU,HIO CHCTCMhl 

MO)I{HO 3anHcaTh B BHIJ;C: 

1/J (rtnttt) = ( rtnttt 11/Jr) = 

= ""' f ( rt nt tt I r . n. t . ) ( r . n. t . I •'• ) d r. = LJ I I I I I I 't'r I 

"; 

= ""' f ( rtnttt I r . n. t. ) 1/J (r· n. t.) d r. , LJ I I I I I I I 

ll 
j 

(2) 

r)J;C HCTIOJih30BaHa TIOJIHOTa OpTOHOpMHpoBaHHOro 6a3HCa CHCTCMhl, a 

11/J r) - BCK TOp COCTOSIHHSI B rCH3CH6eproBCKOM npCIJ;CTaBJICHHH. 

qTOObl BOCTIOJib30BaThCSI TCXHHKOH KOHTHHYaJihHOro HHTCrpHpoBaHHSI 

)J;JISI BHYTPCHHHX nepeMCHHbiX, TaK )I{C, KaK H )J;JISI OTHOCHTCJibHOH KO­

Op)J;HHaThl, nepCHIJ;CM K 6a3HCY HCnpepbiBHOro npCIJ;CTaBJICHHSI DO KOrepCHT­

HbiM COCTOSIHH.SIM. 3TOT 6a3HC SIBJISICTCSI nepenOJIHCHHhlM, C yCJIOBHCM llOJI-

HOTl>l: I = _!. f dz z I z) ( z I . 
:r! 

OrpaHH'iHMCSI TOJibKO O~J;HOH cTeneHbiO cso6o~J;hl H 3anHiliCM nponaraTop 

( rt nt ttl ri ni ti) B CJICAYIOI.IJ.CM BHIJ;C: 
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( r1n1t1 I ri ni ti) = 

=I d2
z1d2

zi (n1 1 z1) (r1z1t1 1 rizi ti) (ziln) (3) 

lJToobl OCB060.[IHTbCSI OT <f>oHOHHbiX aMnJIHTYA b +, b, Bhll.fHCJIHM B nponara­

TOpe ( r1z/J I fi Ziti) KOHnmyaJibHbiH HHTerpaJI no BCeM B03MO)I(HblM 

<<TpaeKTOpHSIM» z, B3SIB B raMHJlbTOHHaHe H CJiaraeMhle, B KOTOphle BXO,[ISIT 

aMnJIHTY.[Ihl, T .e. H 0( t) = H 2 + H 12• l1cnoJih3YSI <f>aKT, l.fTO KorepeHTHhle co-

CTOSIHHSI SIBJISIIOTCSI C06cTBeHHbiMH COCTOSIHHSIMH onepaTo pa b, T.e. 

b I z) = z I z ), H nposo,~:~SI N-KpaTHoe HHTerpHposaHHe no z, n oJiyl.faeM Bbi-

paX<eHHe: 

-* ["i/e- iw 't { e'" t y n/m (t) dt + 't e'" t, { e -lw ty nlm (t) dtl 
I ( I 

I s 
1 _ i w (t- s) 

.,_2 I ds I Yntm (s) y nlm (t) e · dt} . (4) 

t; t; 

no,[ICTaBHB nOJiyl.feHHOe BhlpaX<eHHe B (3) H npOHHTerpHpoBaB no Zi H Zf, 

HaXO,[IHM: 

r,~:~e 

1 I iw (t-t) 1 -2 Ids I ynlm(s)ynlm(t) e dt 

[ 

t l Ill 1 
11 

s _ iw( t -s) 

T [r] = -I y (t) e r --e n 1 1 
11f; ih t nlm vnf! ; ; 

; 

SIBJISieTCSI aMllJIHTYAOH sepoSITHOCTH nepexo,~:~a ni-+ nf, T.e. n ponaraTOpOM 

B npe,[ICTaBJieHHH l.fHCeJI 3anOJIHeHHSI, Bbll.fHCJieHHbiM npH <f>HKCHpOBaHHOM 

3Hal.feHHH r (t). 3Ta aMnJIHTy.[la 3aBHCHT OT Bbi6opa TpaeKTOpHH , n03TOMY H 

3anHCaHa B BH,[Ie <f>yHKI.I,HOHaJia OT f (t). 
TaKHM o6pa30M, nponaraTop ( r1 n1 t11 ri ni ti ), onHChiBaiOIIJ;HH pacce­

SIHHe, COOTBeTCTBYIOII.I,ee nepexo,~:~y ni -+ nf, npe,l:ICTaBJISieTCSI B BH,[Ie <j)eHH­

MaHOBCKOro HHTerpaJia no TpaeKTOpHH r (t); o6o3Hal.fHM ero llepe3 Kn 11 H 
I i 

npe,l:ICTaBHM B BH,[Ie: 
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-
r/t 

K = f D rexp {ifh (So [rl + y:> [rl)} IT [rll , n n 1111 nn 
f irt fi fi · 

I I 

(6) 

tl 

r~e s 0 [ r I = f (-~.u r
2

- u o< r))dt' - KJiaCCH4CCKOe ~eHCTBHe B~OJih Tpae-

ti 

KTOpHH, T .e. DOJiyqaeM MO~H<i>H~HpoBaHHYIO <i>YHK~HIO ~CHCTBHSl ~JISl 

CHCTCMbl. E e H3MCHCHHC OOyCJIOBJICHO B3aHMO~CHCTBHCM C BHyTpeHHHMH 

CTeneustMH cso6o~hl st~pa. ECJIH paccestuHe y~oBJieTsopsteT yCJIOBHIO 

(So [rl + Y'nfnl [rl) > > ft, 

MO)KHO BOCDOJih30BaThCSl KBa3HKJiaCCH'ICCKHM npH6JIH)KCHHCM ~JISl HHTCr­

paJia (6). llO~biHTerpaJibHOC Bblpa)KCHHC npe~CTaBJISlCT COOOH KOMDJICKC­

HbiH <i>YHK~HOHaJI OT TpaeKTOpHH f (t) C 6hiCTpo OC~HJIJIHpyiO~eif <t>a30H. 

J1HTerpaJI 6 epeTCSI B DpH6JIH)KCHHH CTa~HOHapHOH <Pa3hl, COrJiaCHO KOTOpO­

MY ocuoBuo if BKJia~ B uero ~aiOT TpaeKTOpHH, ~eJiaiO~He 4>a3y cTa~HOHap­
uoif: 

o (S
0 

[r I + Y' [r I) = 6 (S
0 

[r I +hIm ln T [r I) = 0. (7) 
~~ ~~ 

ECJIH HMCCTCSI HCCKOJibKO TaKHX TpaeKTOpHif, TO KBa3HKJiaCCH4CCKHH npo­

naraTOp npe~CTaBJISICTCSI CYMMOH DO HHM: 

Kn n. = L (~) 3/2 /1 a2 s 
f z a 2nhi _a 

I ·) -vlCI _ (
i/h sa- 2 Tn '' · [r I -. e f t a 

( 

,U )3/2 } (i/flSa-~v;ri) 
= L --. · e T [r I , 

a 2nftr v'lar//aril /Ifni a 

(8) 

r~e V - 'IHCJIO <i>oKaJibHbiX T04CK B~OJib KJiaCCH4CCKOH TpaeKTOpHH, T.e. 

Kor~a stKo6u au (aa ~/l = 0. Onpe~eJIHB K , Mhl noJIHOCTbiO onpe~eJIHJIH 
r i .nfnl 

BOJIHOBYIO lf>YHK~HIO CHCTCMbl (2). 

Jl.JISI Onpe~eJICHHSl CC'ICHHSl paCCCSIHHSl HCOOXO~HMO HaUTH 

aCHMDTOTH'ICCKOC 3Ha4CHHC (2). llpe~OOJIO)KHM, 4TO Ha4aJibHOC COCTOSIHHC 

v i/11 (p r; - E; t) v 

CHCTCMhl Onpe~eJISlCTCSl <i>YHK~HCH e , COOTBCTCTBYIO~CH 

OTHOCHTCJibHOMY ~BH)KCHHIO HOHa H Sl~pa. Tor~a 
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i/11 (p·r -E. t) 
lJl+ (r t) = I K e 1 1 d r .. 

II II j f II II I 
I ; I ; 

(9) 

BepXHHH HH~eKC y BOJIHOH ¢YHKU.HH \{1~/1 ; (rftf) 03H34aeT, '!TO OHa COOT­

BeTCTByeT BOJIHe, CB06oAHOH npH t-+ - oo, H, CJieJJ.OB3TeJihHO, OTBe'!aeT 

«3ana3Ab1BaiO~eMy>> nponaraTopy K (r1 t1 I r. t .) . flJ'I; l l 

TioACTaBJISISI 3Ha4eHHe K111 11; H3 (8) H ucnOJih3YSI BblpaX<eHHe 

Sa = I (P d r- H) dt, 6epeM HHTerpaJI (9) MHOroMepHbiM MeTo~oM 
CT3U.HOHapHOH ¢a3hl 13 ): 

lt .IJ/2 i/ft [pr;+ Jpdr-~1•:n:il 
\Jl~ 11 = L 1 

• 1/2 e '; Til n [ra ). (10) 
1 ; 1 a r1 I a r; 1 . 1 ; 

PaccMoTpHM ABe TpaeKTOpHH npH r-+ oo. flo nepsoif TpaeKTOPHH HOH 

+ it, 
JJ.BHX<eTCSI cso60AHO c nocTOSIHHbiM HMnyJihCOM p. B 3TOM CJiy4ae \II -+e 11 pr 

Bo BTOpOM CJiy4ae HOH B3aHMOAeHCTByeT C Sl~poM . flpHHHM 3SI BO BHH­

MaHHe, '!TO SIK06HaH npeACT3BJISieT Co6oH OTHOIUeHHe npeo6pa 3y10I.LJ.HXCSI 

Apyr B Apyra 3JieMeHTOB o&beMa H '!TO BOJIHOBbie BeKTOpbl npono pr.iHOHaJib­

Hbl 3JieMeHT3M ~JIHHbl, 330HUJeM: 

1113/2 = 1 =jdvi=jpdpdcpki; lim r~ -r)=o 
lar;arill/2 lar;arill/2 dvf r2dQkf ti ... - 00 ti i . 

0KOH43TeJihHO BOJIHOBaSI ¢yHKLJ.HSI HMeeT BHA: 

/ d d k. i k r w+ (r t) = il!,pr+,;P p cp ...-!. _e_ eiXT 
11

1
11; f f e d Q k

1 
r "/I; (11) 

rAe x- se~ecTseHHaSI ¢yHKLJ.HSI, BM KOTopoif ~JISI A3JihHeifrnero He saX<eH. 

0TCIO~a noJiy4aeM sblpaX<eHHe Jl.JISI ~H<P¢epeHU.HaJihHoro ce4eHHSI pacce­

SIHHSI B nepBOM nOpSIJI.Ke KB33HKJI3CCH4eCKOro npH6JIHX<eHHSI K OHTHHYaJib­

HOro HHTerpaJia (6): 

da 
fl . -+ II 

I 

dQ 
(12) 

r~e (: ~) ICJl - ~H<P¢epeHLJ.HaJibHOe Ce4eHHe ~JISI KJI3CCH4eCKOro ABHX<eHHSI 

BJJ.OJib TpaeKTOpHH r (t), noJiy'!eHHOH H3 ypasHeHHSI (7). T - COOTBeTCT-
111 /Ii 

69 



.....-

BYIOIIJ,aSI KBaHTOBaSI aMUJHtTY.O.a B.O.OJlb TOro )J(e nynt. 3Ta aMnmny.o.a onpe­
J].eJISleTCSI B KBa3HKJiaCCH'IeCKOH TeOpHH peaKU:HH C TSI)J(eJibiMH HOHaMH 
nyTeM perneHHSI CHCTeMbl JIHHeHHbiX .0.H<I>¢epeHU:HaJibHbiX ypaBHeHHH, K 
KOTOpblM CBOJ].HTCSI ypaBHeHHe lllpeJ].HHrepa. 11CnOJib3yeTCSI MeTO.O. nOCJie­
J].OBaTeJibHblX npH6JIH)J(eHHH. 8 npaKTH'!eCKHX paC'!eTaX 06bi'!HO 
OrpaHH'!HBaiOTCSI nepBblM npH6JIH)J(eHHeM, COOTBeTCTBYIOJ..l(HM nepBOMY 
llOPSl.li.KY 3aBHCSIJ..l(eH OT BpeMeHH TeOpHH B03Myi..L(eHHSI. 

8 CJiy'!ae ynpyroro pacceSIHHSI: 
t 
I s ---\- J ds J y (s) y (t) eit»(t-s)dt 

T = e 11 1. 1. 
n n ' ' . 
I i 

(13) 

TaKHM o6pa3oM, B e.o.HHOM no.o.xo.o.e K suewueMy 11 BHyTpeuueMy 
J].BH)J(eHHIO llOJIY'leHbl Bblpa)J(eHHSI J].JISI AH<I>¢epeHU:HaJibHbiX Ce'leHHH, KO­
TOpble ll03BOJISIIOT yl.feCTb HHTepQ>epeHU:HOHHble SIBJieHHSI 11 B CJiy'!ae ynpy­
roro paCCeSIHHSI BKJIIO'!aiOT OCJia6JISIIOJ..l(HH <J>aKTOp (13). 

JluTepaTypa 

I. Treatise on Heavy-Ion Science, Ed. 8romly, Plenum Press. N.-Y., 
1984. 

2. Pechukas P.- Phys. Rev., 1969, v.181, p.166, 174. 
3. <I>e.o.opiOK M.8. - MeTo.o. nepesana. M.: HayKa, 1977. 

PyKonHCb nocTynHJia 28 OKTS16pS1 1992 ro.o.a. 
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B03IiY)I(.[I,EHHE .[l,hiXATEJlh HOH MO.[I,hl 
B CTOJlKHOBEHH.SIX T.SI)I(EJlhiX HOHOB 

C.Vl.<lleAOTOB 

nonytteHO auaJJI1TI1'teCKOC Bbtpa>KeHHe )IHcjJcjJepetH~I1aJJbHOrQ Ce 'leHHSt 
paCCeQHHSI )IJIQ HepeJJSITI1BI1CTCK11X TSI>KeJlbiX 110HOB C B036y>K)J,eHI1eM nwaHT­
CKOrO MOHOilOJlbiiOrQ pe30HattCa. PaCCMOTpeHHe ue)J,eTCSI Ha 6a3e cjJei1HMa­
HOIICKI1X HHTet·paJJOB 110 nyTSIM. r11raHTCKI1H MOHOilOJlbHbiH pe30HaHC pac­
CMaTpHnaeTCSI D KDaJHOBOM r11)J,p0)111HaMH'IeCKOM 11p116Jli1>KeHHI1. 

Pa6oTa BblllOJtHeHa s Jla6opaTOp1111 TeopeTH'IeCKOi1 cjJH311KI1 OIBII1. 

Breathing Mode Excitation in Heavy Ion Collisions 

S. I .Fedotov 

An analytical expression is derived for a differential scattering cross &ection 
of a giant monopole resonance. The consideration is based on Feynman 's path 
integrals. The giant monopole resonance is treated in the quantum hydrodyna­
mic approximation . 

The investigation has been performed at the Laboratory of Theoretica Phy­
sics, JINR. 

Vl30CKaJISipHblH r11raHTCKI1H MOHOIIOJibHbiH pe30HaHC, Ha3hl aeMhiH AhJ­

xaTeJibHOH MOAOH, npeACTaBJISieT 3HalJ.HTeJihHhiH HHTepec, B 'Ia CTHOCTH, B 

CBSI3H C TeM, '!TO OH HMeeT npSIMOe OTHOIIIeHHe K C)KI1MaeMOCTH SIApa H, CJie­

AOBaTeJJhHO, K C)KI1MaeMOCTI1 SIAepHOH MaTepHH. 

B AaHHOH pa6oTe AJISI pactteTa AHQ>cpepeuu,HaJihHOro cetteHmJ so36y)K­

AeHHSI MOHOOOJibHOro pe30HaHCa B peaKU,HSIX C TSI)KeJihlMI1 HOHa H HCIIOJib-

3yeTCSI MeTOA, orrHcaHHhiH s [ 1 ]. 
CToJIKHoseuHe HOHa c SIAPOM orrHIIIeM raMHJihTOHHaHOM , BbiAeJIHB 

TOJihKO OAHY cpoHOHHYIO MOAY Kone6aHHSI IIJIOTHOCTH SIAe puoif M TepHH: 

(1) 

I ·2 
H

1 
= 'j.f~· r + U0 (r) Olli1ChiBaeT OTHOCHTeJibHOe ABH)KeHHe HOHa H SIApa, 

H
2 

=h w 1 (b +1 b 1 + 1 /2) - MYJihTHnOJihHwe Kone6aHHSI rrnoTHOCTH 
ll ll Ill II II! 
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MepHoro se~eCTBa, H 12 = y 1 (r) b +l + y 1 (r) b 1 - B33HMOAelkTBHe n m n m n m n m 
op6HT3JibHo ro ABH)l(eHHSI c BHyTpeHHHMH KoJie6aHHSIMH SIApa. PaccMaTpH­

saeM TOJibKO SIAepHoe B3aHMOAeHCTBHe • 

.ll.JISI n o Jiy'leHHSI CJiaraeMhiX raMHJihTOHHaHa, onHCbiBaiOI.l.IHX MYJibTH­

nOJihHhie K OJie6aHHSI llJIOTHOCTH SIAepHOI'O Bel.l.leCTBa, 3allHilleM raMHJibTO­

HH3H CHCTeMhi HYKJIOHOB SIApa c y'leTOM AByxl.laCTHlJHoro B3ai1MOAei1cTBH51 

v
12

( I r 
2

- r 
2
'1) B npeACTaBJieHHH BTOPHtJHoro KBaHTOBaHMSI 'Iepe3 onepaTo­

pbi llOJISI B B HAe: 

1? + 
H 2 = 2m J V 'V (r 2) · V 'V (r 2) d r 2 + 

+if w+ (r2) w+ (r2') v12 (ir2 - r2'1) 'V (r2) 'II (r2') d r2 d r2'. (2) 

IJepeHAeM K OnepaTOpaM llJIOTHOCTH p (r 
2

) H TOKa j (r 
2

) [2 ): 

+ . 
p (r 2) = 'V (r 2) 'V (r 2) =Po (r 2) + ~ P (r 2) 

. -ih( + + ) 1 (r2) = 2m 'II (r2) · V'V (r2)- V 'II (r2)·'V (r2) 

1 
=2(f·Vcp+Vcp·p), (3) 

rAe p0 (r 
2

) - cpeAHSISI nJIOTHOCTh SIApa, ~ p (r 
2

) - OTKJIOHeHHe nJIOTHOCTH 

OT paBHOBeCHOI'O 3HalJeHHSI, cp - llOTeHIIHaJI CKOpOCTI1 (npeAllOJlaraeTCSI 

6e3BHxpeso e ABH)l(eHHe). OcTaBa.SICh s paMKax rapMOHH'lecKoro np116JIH)l(e­

HHSI, T.e. n p eHe6peraSI l.IJieHaMH llO ~ p H cp Bhlllle BTOpOro nOp.SIAKa H ClJH­

TaSI, l.ITO SIAPO HMeeT )l(eCTKHH Kpai1, nepenHllleM raMHJihTOHHaH s BI1A~: 

mpo 2 11.2 2 
H 2 = - 2- J (Vcp(r2)) dr2 + Smpo J (V~p(r2)) dr2 + 

+if v12 (1r2 -r2'1) ~p(r~) ~p(r2 ') dr2 dr2'. (4) 

Mbi HHTepecyeMCSI co6cTBeHHhiMH KOJie6aHHSIMH nJIOTHOCTH. <l>JiyKTY3IIHSI 

llJIOTHOCTH ~p (r2) B npH6JlH)l(eHHH v 12 (ir2 - r2'1) = g0 ~ (r2 - r2') 

YAOBJieTBOp .SleT BOJIHOBOMY ypasHeHHIO: 
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(
goPo fl? z) --~--~ C>p(r)=LC>p(r ) 

m 4m2 2 2 

(5) 

C rpaHH4HbiM yCJJOBHCM n · CJ p (r 
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MO,ll.CHCTBHSI no fiJIOTHOCTSIM CTaJJKHBaiOW,HXCSI HOHa H Sl,ll.pa. Y 41 CM TOJibKO 
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NEW RESULTS ON THE DESCRIPTION OF THE ETCHING 
PROCESS IN POLYMERS IRRADIATED WITH HEAVY IONS 
AND THE SYSTEMATICS OF PORE OPENING WITH THE HELP 
OF THE MODEL OF LOW-ENERGY EXCITATIONS 

M.Danziger 

The interaction of heavy ions with solid (thin films) produces a narrow radial 
core of primary damage. The actual nature of the damage and the mechanism of 
its formation is not yet fully understood. In some recent publications [3,4,5,6) a 
new model was introduced which is based on the theory that the incident ion 
causes a disturbed structure directly around its trajectory and is characterized 
by vitreous properties. It is termed as the mod;:l of low-energy excitations. A 
method to determine the systematics of pore formation has been shown . The thin 
films have been etched by electrochemical technique and the first results 
obtained about the opening process of the smallest track have been presented. 

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

Hoshle pe3yJihTaTbl s onHcaHHH npou,ecca TpasJieHH~ 

s nonuMepax, o6Jiy'leHHbiX T~.)KeJibiMH uoHaMH, 

H CHCTeMaTHKa BCKpbiTH~ nop Ha OCHOBe MO~eJIH 

HH3K0 3HepreTH'leCKHX B036y~eHHH 
M .Jlam~Hrep 
83aHMO~eHCTBHe TlllKeJibiX HOHOB C TBep~biM TeJIOM (TOHKHMH nJieHKaMH) 

co3~aer y3KYIO pa~HaJibHYIO cep~L~eBHHY nepuwmoro noupelK~eHHSI . ;:I:ei1CT­
BHTeJibHaSI np~o~po~a 3TOro noupelK~eHHSI H MexaHH3M ero o6pa3ooaHHll eme He 
~0 KOHI..Ia nOH!ITHbl. B p!I~e He~aBHHX ny6JIHKa1..1HH (3,4,5,6) 6biJia OnHCaHa 
HOBall MO~eJib, OCHOBaHHall Ha rnnOTe3e, 4TO HaJieTaiOLUHH HOH npOH3BO~HT 
noupelK~eHHe CTPYKTYPbl Henocpe~CTBeHHO BOKpyr TpaeKTopHH cuoero ~BH­

lKeHHII H xapaKTepH3yeTC!I CBOHCTBaMH CTeKJIOOOpa3HOI"O TeJia. 0Ha nOJIY'IHJia 
Ha3DaHHe - MO~eJib HH3K03HepreTH4eCKHX B036ylK~eHHH. flpe~CTaBJieH Me­
TO~ Onpe~eJieHHll CHCTeMaTHKH OOpa30BaHH!I nop. flpe~CTaBJieHbl nepBble pe-
3YJibTaTbl nO npOI..IeCCy BCKpbiTHll HaHMeHblliHX TpeKOB B TOHKHX nJieHKaX, 
nO~BeprnyTbiX TpaBJieHHIO no 3JieKTp0XHMH4eCKOH MeTO~HKe . 

PafioTa BblllOJIHeHa B Jla6opaTOpHH !IAepHbiX peaKI..IHH HM.<J>Jiepoua 
OH.siH. 

1. Introduction 

It is more than 30 years since Young (1958), Silk, and Barnes (1959) 
published the first results on nuclear tracks in solids. These investigations 
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were only the begining of the development of new track detectors in nuclear 
physics. At present, a wide spectrum of problems exists, concerning the 
etching of materials irradiated by heavy ions. 

The explanation of the interactions of heavy ions with solids along their 
trail, especially the so-called core of the track, is now as ever an actual prob­
lem. The core is the range, where an ion generates a primary disturbance. 
By recent publications a new model is introduced [1 ]. This model bases on 
the theory that the incident ion is disturbing the structure directly around 
its trajectory, described by vitreous properties [2 ]. 

Since, for instance, in irradiated polymers the radius of the core is 
smaller than 10nm, a high quality technique of measurement is necessary to 
reach out the range of pore radius smaller than 1nm. For calcuhiting the 
effective radius 

- v 1 d 
r(t) = IC(R(t)- RL) NS:rc' 

(1) 

with r being effective pore radius at the time t; JC, conductivity of the 
etchant; R( t), electrical resistance of the conductanc~ cell with mep1brane at 
the time t; RL, resistance of the conductance cell without membrane; d, 
thickness of the solid film; S, area of the sample in the case of high track 
density; and N, track density, some important assumtions are provided: 

- cylindrical shapes of the pores 
- very thin films of solids (polymer films). 

If it is possible to measure the time development of these small radii , there 
arises a new question, namely, the statistics of the opening process of the 
pores. 

The time dependence of pore opening can be developed by applying the 
model of low-energy excitations. This paper presents an experimental set­
up connected with a method which allows one to determine the statistics of 
the pore origin and to modulate the etching process for values of radii 
smaller than Snm. The advantages and disadvantages of this measuring 
method, its limits and alternatives to raise the accuracy of the measurement 
are also displayed. 

2. The Model of Low-Energy Excitations 

In general, all the processes which can be described by the model of low­
energy excitations are determinable by the following characteristics: 

1) An external perturbation initiates an internal interactive process 
resulting from an abrupt potential change within a system investigated. 
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-
2) This potential change, in turn, causes response phenomena, i.e., 

there is a reaction to this potential change. 
The irradiation of solid produces local regions, where charged particles 

or dipoles are not compensated completely. Though the solid is electrically 
neutral, i.e. , the sum of all charges is zero, separate regions can have 
charges causing the polarization. The separate regions are interconnected 
and if there is a change of polarity in one of them the others will "feel" it. 
The charge of the solids structure along the latent trail expresses the energy 
loss of the ion in its travel through the matter. 

During the etching process the deposited energy is transferred to the 
whole solid. The influence of etching reactions can effect a change of polari­
zation in a separate region by the transition of a free charge or a dipole from 
one state of equilibrium into another. The energy barrier between these 
states of equilibrium is very small, and so a transition from one into the 
other is possible. These are the so-called two level systems. But a transition 
of a charge or a dipole into another state of equilibrium is connected with a 
change in polarization in the surrounding. The neighbouring regions react 
to this change and this response can be compared with an oscillation of the 
regional units. These are low-energy excitations. That's why the model is 
called the Model of Low-Energy Excitations. A response function, 
describing the reaction of the solids on the external disturbance, i.e., the 
penetrating ion, released by the etching process, 

2 
ao 

1/J(r) = k T nrz kn r-n. 
B e o c 

( 

1-n l 
exp - (1 - rn)enylok~ ' 

(2) 

can be calculated by the model. Thereby, r is the pore radius; kc, the 
maximal wave number of the low-energy excitations; 10, the distance be­
tween two states of equilibrium if no correlations occur; a , the polarization 
density; n, the so-called interaction parameter; k

0
, the BoYtzmann constant; 

T the absolute temperature; andy, the Euler constant. 
The response function is proportional to the radial etching rate in the 

case of only one pore at the investigated solid. 
In the case of high pore density at the solid, the radial etching rate is 

proportional to the imaginary paft of the Fourier-transformation of the 
response function 

x" = I dnp(r)sin(kr) 

with k = l. The valuer is the effective radius. 
r 
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3. A Possible Variant to Calculate 
the Statistics of Pore Opening 

The shape of the curve of etching rate versus the effective radius is 
shown schematically in Fig.l. Hereby, the stars represent the measured 
points and the solid line shows the shape of the curve as a result of the influ­
ence of the low-energy excitations during the etching process. The value r L 

was selected as the upper limit of the range where the model of low-energy 
excitations is valid. This value is connected with parameter 10 characterising 
the mean distance between the two states of equilibrium and depending on 
the size of the locally polarized regions. The number of local polarized 
regions decreases for values greater than r L' because the etching process 
itself removed some of these regions. A deviation between the experimental 
and the theoretical curves can be observed for values lower than r y· 

Equation (1) is used to determine the experimental curve of the etching 
rate vR(r), where 

- a; 
v = dt' 

The number N of tracks per sqcm is assumed to be constant in eq.(l): 
N = Nconst' Assuming the etching mechanism is also connected with the 

generation of low-energy excitations for values r < r Y' we see tha t the values 

of tracks must be lower than N. 
This means, that the pores do not open simultaneousl} , but as a 

function of time: 

,. expertment&l curve 
- theoretical c:une 

r 
Fig. I. Schema tical shape of the etching rate versus the effective 
radius 
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N = !( t) for r( t) < r v (4) 

With the help of the model of low-energy excitations it is possible to derive 
the time dis tribution of the number of opening pores N . To calculate this exp 
distribution the following steps are necessary: 

-Fitting the parameters of the model with the experimental data in the 
interval [r V' r L] (see Fig. I); 

- Then the modelized curve will be extended to values lower than r v; 
-Calculation ofr(t) from the theoretical etching rate vR. These values 

will be destinated . as r/ee(t) (lee ... low-energy excitations). 

It is now possible to derive the time distribution of the number of 
opening pores Nexp by including the mentioned difference between the 

experimental and theoretical curves: 

- N _r(t) = ..; const 
r (t) N · ' lee exp 

the time dependence of N can be calculated exp 

r~ee<t) 
N = N(t) = N · --exp const r2(t) . 

4. Exp eriment 

(5) 

(6) 

The experimental set-up is shown in Fig.2. A great number of samples 
has been measured, each with a different reference resistance, in order to 
determine the r(t)-curve very exactly. 

The r(t)-curve has been composed only by intervals of the r(t)-curves of 
each measurement, where the resistance of the foil lies in the order of 
magnetude of the reference resistance: 

0,3RRef :5 R(t) :5 3RRef (7) 

With the help of the introduced method the N(t)-dependence can be ascer­
tained from the functions which are shown in Figs.3 and 4. This dependence 
is to be seen in Fig.5. Now the N(t)-distribution is known and the r(t)-func­
tion can be corrected. This correction is necessary because the number of 
opened pores was taken as a constant at the determination of the r(t)-pairs 
from the values of foil resistance (see eq. ( l)). The result of such a correction 
is shown in Fig.6, whereby a sample with 1.5 ·109 tracks/cm2 has been mea-
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Fig.2. Schema tical representation of the experimootal set-up 

sured. The corrected r(t)-curve raises fort< t . . A minimum occurs, which 
mm 

cannot be explained theoretically. This means that for values r (t) at lower 
than tmin the determined resistances must be wrong, their values are to low. 

Here are the limits of the experimental set-up. The foil capacity and the 

10 -· 

I S.... 

+ reliable measur ed 

• not trustworthyly 
measured 

t 
10 • 

[s] 
Fig.3. The measured effective radius in dependence on the time 
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Fig.4. The etching rate versus the effective radius of etched pores 
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Fig .S. The number of opened pores in dependence of the time 

entrance resistances of the voltmeters influence the measurement in such a 

manner that the values of foil resistance exceeding 5 · 105 
Q cannot be 

measured exactly. 
The r(t)-curve should approach the curve calculated with the model of 

low-energy excitations, because it has been determined with constant N1or 

decreasing t-values (see Fig.6: shape of lee-curve). Comparing Figs.3 and 6 

it is to be seen that r(t) for a foil with 1.5 ·109 tracks/cm2 can be determined 

exactly at lower values ofr yet. The reason is, that the number of tracks per 
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Fig.6 The measured and corrected effective pore radius and its 
shape calculated with the model of low-energy excitations 

sqcm is greater and so the measured resistance, from which r is calculated, 

is already lower than 5 ·105 Q. • . 

5. Conclusions 

Using the presented experimental set-up and the introduced method 
one can show that the pore opening depends on time. The measurements 
indicate that the pore opening during the etching process has a legal 
behaviour. 

The results also show the limits of the used measuring method. The 
measuring equipment, which is equivalent to the measurement of resistance, 

cannot be used to determine resistances greater than 106 Q. 

Because the starting value of the resistance lies in the order of 

magnitude of 1012 
Q the data greater than 106 

Q in the actual e>..perimental 
set-up are lost. So, a completely different principle of measurement becomes 
necessary, just as for measurements with foils, where the number of tracks 
is lower than that in this paper. 

One possible method to solve this problem is the measuring equipment, 
where the difference between resistances can be determined. This will be 
the subject of a later paper. 
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YKA3ATEflb CTATEH K CEOPHHKAM 
"KPATKHE COOBlUEHIDI OIDIH", N21f-l/52/-6/57/, 1992 

lf-1/52/ 

B.r.A6neeB HAP· 

KarrH6poBoqHoe H3MepeHHe ceqeHHH peaK~HH 

JZC(d, p) H p(d, p) npH MaJJbiX HMTIYJ1bCaX 
npOTOHa B CHCTeMe TIOKOR p;eHTpOHa. 
/Ha aHrJ1HHCKOM/ •..•.•..•...•....•.••••• , , , , , • , , .• , , , , 5 
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