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The possibility of extracting from the experiment the necessary information concerning
the neutral current contributions to the structure of the weak interactions that violate the
parity conservation law is investigated. The parity nonconservation (PNC) induced by weak
hadron-hadron interactions investigated via low energy nuclear physics processes is
reviewed. The low energy nuclear physics processes considered here are: the resonance
nuclear scattering and reactions induced by polarized projectiles such as protons and deute-
rons, emission of polarized gamma rays from oriented and nonoriented nuclei and parity
forbidden alpha decays. Some comments on PNC nucleon-nucleon (PNCNN) interaction
are presented. Explicit expressions for some PNC observables are rederived. Applications
for specific scattering, reaction and decay modes are done. New experiments are proposed.

Hccrnenyercs BO3MOXHOCTh M3BIEYEHHS M3 3KCIEpHMEHTa HH(opMalliy o BKIale Hel-
TPAIBHBIX TOKOB B C/1aGble B3aHMOAEHCTBUA, IPHBONALIEM K HAPYLIEHHIO YeTHOCTH. B 0630-
pe paccMarpuBaercs HapyuieHde yetHoctH (HY), mHayumpoBaHHOe cnaGbIM afpoH-aapoH-
HbIM B3aHMOJEHCTBHEM M HCCIIEyeMoe B HU3KOPHEPIeTHYECKUX SNEpHBIX mpoueccax. Pac-
CMaTpUBAIOTCA TaKWe MPOLIeCChl, KaK pEe30HaHCHOe SIEepPHOe paccesHHe, peakLHy,
HHIYLIHPOBaHHBIE NONIPH30BaHHBIMH YacTHLAMH (TIPOTOHbI M JEHTPOHBI), FaMMa-H3TydeHHe
OPHEHTHPOBAHHBIX 1 HEOPUEHTHPOBAHHBIX Sfiep, 3alpeLleHHBIH 110 YETHOCTH atbtha-pacmal.
O6cyxnaercs HapylaoLie¢ YeTHOCTh HyKIoH-HyKJIoHHoe (HUHH) B3aumoneiictBue. 3aHo-
BO IOJIY4EHB! TOYHBIE BBIPAXEHHS A1 HeKoTophIX Habmiomaembix B HY npoueccax. HdaHbl
NPHIOXKEHHS JUI psna crieldHYecKuX ClydaeB paccesHMs, peakuuid W pacnana. Ilpenna-
raloTcs HOBbIE 3KCIIEPUMEHTHI.

1. INTRODUCTION

The existence of the neutral currents other than the familiar electromagnetic
currents was predicted as early as 1958 by Bludman [1], who constructed a
model based on a local SU(2) gauge symmetry. This model incorporated both
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the charged (entering the B-decay interaction) and neutral currents. The space-
time structure of the neutral currents in this first model was of a pure vector
minus axial vector (V-A) type. Thus they could not be identified with the
electromagnetic currents which are of a pure vectorial and parity conserving
type. There was no unification with the electromagnetism in Bludman’s model.
A model truly unifying weak and electromagnetic interactions incorporating two
kinds of neutral currents (electromagnetic and weak) was invented by Glashow
[2] and by Salam and Ward [3]. This model is the SU(2) ® U(1) model. As is
stated in this last model, there is no mechanism for the mass generation of the
intermediate vector bosons. Thus the relative strength of weak neutral-current
interactions to that of charged-current interactions is a completely free
parameter. This problem was settled by Weinberg [4], who incorporated the
idea of spontaneous breakdown of local gauge symmetry [5], [6], into the
SU(2) ® U(1) model. An analogous mechanism was proposed by Salam [7]. The
mass of the intermediate boson (Z) that mediates the neutral current is related in
a definite way to the mass of its charged counterpart (W). The above relative
strength was therefore fixed once and for all, in this version of the
SU(2) ® U(1) model, predicting in this way the structure of the weak neutral
currents (as a mixture of vector and axial vector currents) and its strength of

interaction. Thus the SU(2) ® U(1) model became a single parameter (sin2 )

theory. With the discovery of neutral currents in 1973 [8], this standard
SU(2) ® U(1) field theory, stood out as a strong candidate for a unique theory
of electroweak interactions. In the following years a great progress has been
made in understanding the weak NN interactions, especially after the experi-
mental detection [9], [10] of w* and 2° bosons, mediators of the weak force.

The weak interactions between the nucleons and especially those compo-
nents with dominant contribution of the neutral currents can be studied only
when the strong and electromagnetic interactions between the nucleons are for-
bidden by a symmetry principle, such as flavor (i.e., strangeness (S) or charm
(C)) conservation. According to the standard theory, the neutral current
contributions to AS =1 and AC = 1 weak processes are strongly suppressed [11],
[12] and, therefore, the neutral-current weak interaction between ‘quarks can
only be studied in flavor conserving processes which can be met in the low
energy nuclear physics processes. The isovector part of the charged current

weak interaction is suppressed by tan’ 8. [11], [12], where 6. is the Cabbibo
angle, therefore the isovector part of the weak interaction contains mainly the

neutral currents. Thus, the PNC nuclear physics processes determined by an
isovector PMD are very important for the studies of the neutral currents.
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The search for parity nonconservation (PNC) in complex nuclei, and espe-
cially in cases where an enhanced effect is expected from the existence of parity
mixed doublets (PMD) [13—41] has a long history. The enhancement of any
PNC effect is predicted by several reasons, the most important being the small
level spacing between states of the same spin and opposite parity in the com-
pound nucleus involved. The second one arises from the expected increase of
the ratio (f) between parity-forbidden and parity-allowed transition. matrix
elements caused by the nuclear structure of the states involved. Usually such
enhancements are offset due to correspondingly large theoretical uncertainties in
the extraction of the PNC-NN parameters from the experimental data. As a
matter of fact the same conditions which generate the enhancement complicate
a reliable determination of the nuclear matrix elements theoretically. Therefore,
it is necessary to select exceptional cases, in which the nuclear structure prob-
lem can be solved. This is the case for closely spaced doublets of the same spin
and opposite parity levels situated far away from other similar levels. In this
case the parity impurities are well approximated by simple two state mixing,
which simplifies the analysis and isolates specific components of the PNC-NN

Mpnc
AE

roughly the corresponding PNC effect) usually is of the order of 107 for

interaction. Bearing in mind that for PMD’s the ratio (which estimates

Mpnc
aE

where f is a ratio of the decay (formation) amplitude corresponding to the small

lifetime (large width) level to that of the large lifetime (small width) level.

AE > 1.0 MeV we can define a specific enhancement factor: F= 108

The effects related to the PMD should help to determine the relative
strengths of the different components of the PNC nucleon-nucleon (PNC-NN)
interaction [13], [16], [14], [15]. Due to the generally small values of -most of
the contributing terms to the PNC matrix elements, PNC dealing with low ener-
gy nuclear spectrum should essentially involve the strength of the nucleon-
nucleus weak force. As weak interactions do not conserve the isospin, this
strength may be characterized by two numbers, relative to the proton and neu-
tron forces, respectively, or equivalently to its isovector and isoscalar compo-
nents. Moreover, the main contribution coming from the isovector part is
assumed to be due to the one pion exchange term (the long range term), while
the main contribution coming from the isoscalar part is assumed to be due to
one p-meson exchange term (the short range term). At present no experiment is
possible to invent in order to be sensible to other contributions to the weak
hadron-hadron interaction potential. Therefore, in principle, two independent
experiments should be sufficient for the determination of the above nucleon-
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nucleus weak forces. They may be those looked at in 19F, whose theoretical
analysis [24], [25], [16] shows it is dominated by the strength of the proton-

nucleus weak force [23], and in 18F, which is well known to be dominated by
the isovector part of this force. The firs effect, experimentally observed [18],
[19], is accounted for by the «best DDH values» [13] of meson-nucleon weak
coupling constants. The second one is not, although it is compatible with the
largest range of their expectations. Several cases have been proposed theore-
tically, but only few of them have been experimentally investigated; only the

18p experiments (average of 5 investigations [49], [50], [51], [52], [53]) [16]
gives a reliable upper limit (i.e., ~ 1077) for the weak pion-nucleon coupling
constant. The result is not in contradiction to the predictions of Refs.[13], [14],
[15], especially, if taking into account the more sophisticated recent shell model
calculations [29], [43], which indicate values for the circular polarization much
smaller than ~ 107, In addition, if one takes into account the analyzing power
(~2- 10'2) [17] of the Compton polarimeters, this would require a precision
&

~1.2-107 in the counting asymmetry and that it might be very difficult to
maintain the systematic errors lower than this limit. Therefore, additional inves-
tigations are necessary, especially with independent observables.

This goal was a challenge in the past 15 years. Several pairs of experiments
have been proposed in order to separate the isoscalar contributions of the PNC
weak force from the isovector ones. Among them we mention the cases pre-
sented in Table 1.

Table 1. Several parity mixed doublets

Nuc- | j*7, | 1Ty E, E; I ) f 14 F Qexp | Refs.
leus (MeV) | MeV) | (keV) | (keV) (eV) ( 103) (10—5)
10 1270 [2%1 5.1103 (5.1639 | 1.2 0.002 | 244 | 0.1 4.6 [17]
By 3 3_" 15.065 |14.05 0.86 165 14 0.9 ~ 1

2 2

11.7 11.53 115 430 1.7 0.9 ~ 1

R
S

UN o1 lot1 8796|8624 |410 |38 104 | 104 |63 |086 |[56],
(16]

UN (270 |2t1 [9.3893 |9.17225 | 13 0135 |98 |05 |25 [38]

N @) |@h 1167 |1151 |10 |7 46 |05 |15




NEUTRAL CURRENTS IN LOW ENERGY NUCLEAR 547

Nuc- Ty | JIT E; E; I I f ' F Qexp | Refs.
leus (MeV) | MeV) | (keV) | (keV) V) | (10% 1075

5o |3 3 W+ 19.609 9.527 8.8 280 5.6 02 ~15
: [5)

sy [m | (112928 [ 11437 |8 414 |23 |08 |=~13

2 |2
160 |21 |2%0 |12.9686 [13.020 | 1.6 150 |97 |o1 |19 [34]
0 |1t |10 (16209 [1620 |19 580 |55 |01 |25 142]
"o |- |1+ |6862 |6356 |<1 124|211 |06 |=~1

2 |2
1o i 1 (799 [7956 | 270 |90 173 |03 | =~15

2 |2

e o0 |o*1 |1.08054 |1.04155|275ps [255¢6 | 112 [ 037 | 103 |80 [[16]

B 1o |9t 6.809 |6.811 88 3 5.4 05 130

Yg i1t 0.109844{ 0.0 ,0'85 ns 11 046 | 4.6 -7.1 |[16]
22122

g 31 3_*1 1.4587 |1.554 90 5 43 0.4 1.7 .
22|22

Wne | 170 | 171 [11240 [112623 | 175 21 | ~05|225

¥

Ne | 271 | 2%0 |11.601 |11.885 46 21 ~081208

Ne | 170 | 1*1 | 13461 |13.484 | 195 6.4 5.5 02 |5 150 |[31]

2INe I 111 2.795 2.789 76fs | 117 ps | 296 0.006 |29.6 08 |[16]
22422

Na |5*1|571 |39147 3818 8 fs 90 fs | 6.8 03 |30 [30]
22422

Wp 19t [ 270 [4.1826 [4.1436 | 32fs | 42fs | 14 1.0 |36 [30]

Wp 2*1 | 271 |7284 |7.224 45 =1 ~0.1[202

Wi 1 2*1 | 270 |6.537 66414 | <25fs| 33fs > 1.15 0.8 ~1

36cy | 2t1 | 271 |1.95921 [1.95105 | 60fs | 26ps | 66 | =201 |28 [46]

Yoar |2t |20 49512 |4974 | <50fs| 14ps | 216 | 201 |8 [46]
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Nuc- JTy | T E, E; I I f \%4 F Qexp | Refs.
leus (MeV) | (MeV) | (keV) | (keV) V) | 10% 1075 | .
180ye | g~ | g+ 114161 |1.08407 | 5.5h | 2.18 ps| 107(")| ~ 107%| 10 - 1660 [124]
v 23 13" 1_3'" 0.324 0.320 1.7 ~05 (2215 [125]
2 2

Several studied parity mixed doublets [30]. E; and T stand for the excitation energies
and total widths of the PMD levels, f — the «small enhancement factor is due to the parity
conserving sector, while F — the «big» enhancement factor incorporates the PNC matrix
element (Mpnc) also and Qexp stands for the measured pseudoscalar observable (analyzing
power, circular polarization or gamma asymmetry as explained in the cited references). All

the experimental data are taken from Refs.[64] or [132] except those for 1804f and 223Th,
which are taken from Refs. [131] and [125], respectively. The estimations for the PNC
matrix elements, if not specified, are performed within OXBASH-code [63]. Exact calcu-
lations are not pgssible in some cases because the isospins and sometimes the spins of some
lower lying states are not known or the OXBASH-code has not quite good interactions for

those cases. In the *°Cl and 6Ar cases, within the D3F7 model space (see Ref.[46]), the
single particle contributions to the total PNC matrix elements vanish. Within a larger model
space, these contributions are included and such calculations show larger PNC matrix
elements (see section 5.4).

(*) The branching ratios (ratio between the partial and the total gamma widths)
b-=0.1564 for M2 + E3 transition (the sign «—» stands for the parity «—» level of the
PMD) and b4+ = 0.855 for E2 transition (the sign «+» stands for the parity «+» level of the
PMD) are taken from [131].

The above selection could be reasonable due to the fact that the shell
structure problems, for one nucleus or two adjacent mirror nuclei in selecting
the relative weight of the isovector and isoscalar terms entering the structure of
the PNC weak force, should not be too different. Unfortunately, the lack of such
«pair» experimental data does not allow us to extract with high accuracy the
isovector and isoscalar components directly from the experiment.

Investigating the PNC meson-nucleon vertices within the framework of a
chiral effective Lagrangian for m, p and ® meson exchange and treating
nucleons as topological solitons, the weak N coupling constant (k) is found

[15] to be considerably smaller ((2.0)-10‘8 ) than the standard quark model

results ((1.3)-107) [14], both restricting the often used Desplanques, Donoghue,
Holstein (DDH)-values [13] significantly. Such a controversy stimulates us to
investigate experiments sensitive to h, with large interest.
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2. NATURE OF THE HADRON-HADRON WEAK INTERACTION
THAT VIOLATES THE PARITY CONSERVATION LAW

In 1957, the same year that PNC was discovered in B and p decay, Tanner
[79] reported the first research concerning the parity violation in the hadron-

hadron interaction, namely the parity forbidden a-decay of 20Ne (20Ne(.l "T=
=10, E_=13.19 MeV) > '°0+0). Then it followed the Feynmann-Gell-

Mann [80] universal current-current theory of weak interactions, in which it is
predicted, in addition to the known weak processes of B, |t and hyperon decay,
a weak parity violating interaction between the nucleons, experimentally estab-
lished by Lobashev and his co-workers [81], [66].

According to the standard SU(2) ® U(1) theory of electroweak interactions
and quantum chromodynamics (QCD), the nuclear PNC effects arise through

the weak emission and absorption of the gauge bosons w* and 2° by the
quarks in the hadrons. Actually, due to the large masses of the gauge.bosons,
this elementary weak interaction is of extremely short range. On the other hand,
at low energies the nucleons are prevented from coming close together, owing
to the hard core in the strong nucleon-nucleon potential. A gauge boson emitted
by a quark is subsequently absorbed by a quark belonging to the same nucleon.
Therefore, the exchange of a gauge boson between distinct nucleons is a-highly
improbable process. As a result, the nucleon passes into an excited state of
quarks, which, at low energies, can be reasonably assumed to be a meson-
nucleon state. The meson appears to be emitted by the nucleon through a weak
PNC process, with an effective coupling constant which includes all the elemen-

tary weak (hiﬁzzon) and strong (ggggon) interactions of the quarks'contributed to

the emission. PNC process in nuclei arises, therefore, through a weak PNC
emissions and absorption of low-mass mesons (%, p, and ®) by the nucleons
inside the nucleus, neutral scalar mesons being excluded by CP conservation
[16,17,82].

The magnitude of the weak interaction can be estimated, e.g., from the
charged weak Hamiltonian [17]:

-er_ll

Hy=g[d’xa%, jhx)e Mo jfecy). 1)

The mass of the W- boson is very large, and the associated length very short, at

the nuclear scale: M, ~ 80 GeV, M‘;,l ~21073 fm, [9], [10]. One can, there-

My,

. r . . . .
fore, approximate e '2  with a §-function, and the above equation (1) gives
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G . .
Hy = [ %%, %) oy )
with G=4n ﬁqz /My, , thus the weak coupling constant is of the order of

h=g/My . -
In the low energy regime of interest to us, the hadronic weak interaction
can be described by a phenomenological current-current Lagrangian [92], [93]

G M 2
F| t w +
L=—|J J . +2| —F JoJ,+he |, 3)
\/2( c-c [Mzcosec] N°N ]

where J. and J,, are the charged and neutral currents, respectively and

S ma_ @
- 2.2 ’
V2 2Mws1n OW

where o = ¢? /4m is the fine structure constant, My, and M, are the masses of

the heavy Ww* and Z bosons, respectively, while 8. and 6, are the Cabbibo and

Weinberg angles, respectively.
The charged current J has two components:

Jo=cos 8. Jp)+sin 0. J,. )

The superscripts 0 and 1 stand for the amount of the isospin transfer (AT).
The neutral current J, also has two components, JZO and JZ', which transform
as AT=0 and 1, respectively. All the components of the charge and neutral
currents, except the Jle component of the charge current, transform as AS =0,

where § is the strangeness quantum number. The component J‘l, is not very

important because it is suppressed by tan’ 9C [11], [12]. On the other hand,

the AT =1 neutral current contribution is not suppressed. Therefore, on these
simple grounds, we expect the neutral current to dominate the AT=1 PNC
nucleon-nucleon interaction. However, the strong interaction can significantly
alter the PNC matrix elements, so this qualitative isospin argument may not
be always valid.

The earliest experiments [8] have used the knowledge of low-energy nuc-

lear interactions and looked for the very small (= 107%) parity-mixing of levels
at the magnitude expected on the basis of previous studies in the language of
meson exchange [94].
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It is well known that the parity conserving (PC) nucleon-nucleon force can
be described reasonably well in terms of a coherent superpositions of (fiagrams
for meson exchange. In a similar fashion one generally represents the PNC-NN
potential in terms of a sum of diagrams involving exchange of a single meson
between pairs of nucleons. There is an important difference in this case, how-
ever, in that one meson-nucleon vertex is weak and one is strong. As far as CP
violation is negligible [82], the PNC-NN potential is determined by =, p, and
 exchange.

Since the strong coupling constants are empirically known, one finds a
form of the PNC-NN potential in terms of seven weak coupling constants

( hAT

meson)- All the physics of W and Z exchange between the quarks of the nuc-
leons and mesons is hidden inside of these weak coupling constants [13], [14],
[15], [95]. The shape of this PNC interaction potential is determined by the
nature of the exchanged meson.

Coming back to the approaches to get a handle on the weak coupling

constants (hizson) some comments could be in order here.

Within the standard model, one needs to calculate the weak meson-nucleon
vertices. Only a few calculations based on the quark model [13], [14], [58],
[59], [61], [62] exist. In Refs. [13,14] the authors employed a SU(6) quark

model to calculate six weak meson-nucleon coupling constants (hﬁlzs on)» deno-

ted: hg), hg)), hg), hg), hfg), hg). These calculations start from the observation
that there are essentially three types of diagrams, which can be 'categorized as
factorization, quark-model and sum-rule contributions. Renormalization group
techniques and baryon wave functions based on phenomenological models are
needed to evaluate them. This introduces a variety of uncertainties (= 300%),
which lead DDH in Ref. [13] to introduce a «reasonable range» for the values
of the weak meson-nucleon coupling constants. In particular the weak pion-nuc-
leon coupling constant (hn) is very sensitive with respect to these uncertainties,

for instance, the values of h1r differ by a factor of 3 in Refs.[13] and [14],

whereas hp(w) are more stable. In addition, recent QCD sum rule applications

lead [59] to the estimate hgrl) = (3.0)-10_8. QCD sum rules have been shown to
be able to reproduce known properties of the nucleon, e.g., Moo My 84 and of
other hadrons [60]. However, they have rarely (if ever) been used to predict

unknown properties, such like the value of hgtl).

By using a nonlinear chiral effective Lagrangian which includes =, p, and
® mesons and treating nucleons as topological solitons Kaiser and Meissner
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[15] obtained slightly different values for strong and weak meson-nucleon
coupling constants as compared to the results from Refs. [13], [14]. The largest
discrepancy conserns the weak meson-nucleon vertex coupling constant — h
which is 20 times smaller than the «best value» given in Ref.[13]. Moreover
Kaiser and Meissner [15] obtained in addition the 7th weak meson-nucleon

vertex coupling constant — (hf)l,)) with a quite large value, giving a comparable

contribution to the pion term in some PNC processes (see for example
Refs.[46], [47]). For comparison we inserted in the calculations of the PNC
matrix element above mentioned the coupling constants of the weak meson-
nucleon vertices hn, hp, and hm calculated within different models of weak inter-
actions and summarized in Tables 2 and 3. The first column of Table 2 contains
hf""u) obtained by Kaiser and Meissner (KM) [15] using his model parameters
as follows: the pion decay constant [ =93 MeV, the «gauge» coupling constant
8pnn = 6, the pgion mass m_ =138 MeV and three pseudo-scalar-vector coupling
constants (see Table 1 of Ref.[15], Table 2 of the same Ref.[15] includes the

Table 2

A6y KM DDH AH (fit) DZ
meson

jAQ0) 0.19 4.54 2.09 1.30
kg

L0 -3.70 - 11.40 -5.77 -8.30
p

A0 -0.10 -0.19 -0.22 0.39
p

JAQ) -3.30 -9.50 - 7.06 -6.70
p

h(l,) -2.20 0.00 0.00 0.00
p

jAQ) -1.40 -1.90 —-4.97 -3.90
[0)]

A - 1.00 -1.10 -2.39 -2.20
(0]

Weak meson-nucleon coupling constants calculated within different weak interaction
models (in units of 10"7). The abbreviations are: KM — Kaiser and Meissner [15],
DDH — Desplanques, Donoghue and Holstein «best» values [13], AH — Adelberger and
Haxton [16] and DZ — Dubovik and Zenkin [14].
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Table 3
FD KM DDH

m_ 1 o 0.090 2.16
FO, n N2 gnhn:

om__1_,m 0.014 0.027
Fro==78"

o__ 1 o 0.066 0.127
Fi) == g 00 +n)

w_1 - 0.014 —-0.027
F3, p 2 gphp

o__1 o 0.437 0.480
Fl o] 2 gmhm

w__1_ 0 0.384 0.423
Fyl == 8, (1 + )

) 1 0.437 0.480
F3, 0o 2 gmhw

0 _ (0) 4.850 14.94
FO =~ g B0 +p)
FO = _ g O 1.032 3.180

5. p pp

[}

© _ _ ©) 1.038 1.408
F6 0] gu)hu) a+ ux)

o _ _ © 1.179 1.6
F7 [0} gmhu)
FO -1 0 0.307 0.0

0,p 2°pp

@___1 o 0.886 2542

8p 6 8o

1 0.189 0.541
27 PP

The expression of the coefficients Fk(,AsD multiplying the matrix elements Mj((f}n (see

eq.(14)) is reminded in the first column. Numerical values (in units of 10"6) are given for
the «best» values of the PNC meson-nucleon couplings in the DDH approach [13], as well
as for the values obtained by Kaiser and Meissner [15].
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strong coupling constants also). The second column contains the often used
Desplanques, Donoghue, Holstein (DDH) [13] «best» values obtained within a
quark plus Weinberg—Salam model. In the third column the fitted from

experiments values of hffn by Adelberger and Haxton [16] are listed. In the last

column the values obtained by Dubovik and Zenkin (DZ) [14] within a more
sophisticated quark plus Weinberg-Salam (SU(2) ® U(1) ® SU(3)C) model are

included. We consider these values as more «reasonable» values, taking into
account that they are substained by comparison with the experimental data,
given in the comprehensive review of Adelberger and Haxton (AH) [16].

The Kaiser and Meissner [15] approach is based on the soliton picture of
the baryons, which takes into account important non-perturbative effects of
QCD at low energies. The fact that the baryons may emerge as solitons from an
effective meson Lagrangian with its intriguing connections to the chiral ano-
malies was suggested by Skyrme [83] and it has met with remarkable success
in a variety of applications [89], [86], [85], [87], [88]. The Skyrme model deals
with an effective theory of mesons, specifically with pions, and with the prob-
lem how to obtain baryons and their interactions in such a theory. The broad
interest to this model found recently in the theory of strongly interacting par-
ticles is due to the speculations that effective theories of mesons may provide a
link between QCD and the familiar picture of baryons interacting via meson
exchange. This last picture has proven very useful in the past for energies up
into the GeV region, because in this «low» energy domain QCD becomes for-
biddingly difficult due to the rising coupling constants, which poses a major
obstacle to a satisfactory description of the dynamical behaviour of the elemen-
tary quark and gluon fields of QCD at the relevant large distances. Some non-
linear field theories may have special solutions (solitons) and this leads to the
Witten’s suggestion [84] that baryons may be regarded as soliton solutions of
the effective meson theory without any further reference to their quark content.
This approach includes two distinct aspects: 1) the relation of the form of the
effective non-linear meson theory to QCD and 2) the treatment of the structure
of the baryons, which results from the effective Lagrangians, their interactions
among themselves and their interactions with antibaryons or with mesons.
Fortunately the second aspect may be considered quite independently from an
eventual answer to the first question, which is quite difficult at the moment,
because the underlying symmetries and the restrictions to low energies put
limitations on the possible forms of the effective Lagrangians. Most of the
results are assumed not to depend on the specifics of the chosen Lagrangian at
all but will simply reflect symmetries and the fact that baryons are considered
as soliton configurations in the basic meson field theory. Of course, not
knowing the true effective theory we cannot expect quantitative agreement with
the experimental data, however, if the whole concept is to make sense, we
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should certainly expect that essential features of baryon structure and inter-
actions should at least qualitatively be reproduced. In addition to the above-
mentioned sources of incertitudes in calculating the weak meson-nucleon
coupling constants (hfneTs)on) the chiral-soliton treatment of the problem, in spite
of its nonperturbative aspect, contains other shortcomings such like: a
simplified quantization procedure, leading to higher masses and strong coupling
constants for the nucleons, restrictions to two-flavor sector, the three-flavor
sector being more appropriate because of possible strangeness admixtures to the
proton wave functions.

Such a controversy greatly stimulates the investigation of possible experi-
ments sensitive to the value of h;l).

The, usually known, PNC-NN potential [29] has the following form:

PNC AT (AT
Hpye= XV, @n= Y K s ks ©
AT, s=m,p, © AT, k,s=mp,
where \{‘PNC(AT) are different meson contributions to the total PNC-NN poten-

tial (HPNC):

VPNC(AT“‘ 1)__\/: . Stl)f“)

PNC(AT 1)__ g h(l)[f(l) f“)+(l+u)f(“
VINC@T =1 =3 g, KD, 3t RIS
PNC(AT_I)__E £ L”fé'é )
VINAT=0)= - g KO+ m) [0+ 1),
vENCAT=0)=~ g AO(1 +m) 10 +£O),
voNGar= 2)=—-ngg KO+ 1) 32 +13) @)

in which

(l) .
fo . i [‘l:1 X TZ]Z (cr1 + 0'2) -u(r, ms),

fl“j“z—M—(f +1)01 =0y - v(r.m),

f(l)———(t +‘t )z(c Xo,) - u(r, m),
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f(l)————(t -1,)(0, +0,) - v(r,m),
ff’;———-—(r -1, i [0, X G,] - u(r, m),
f(O) =Aas (1: tz)(c 02) . V(l‘, ms)a
f(") i [0, x3,] - u(r, m),
f“”——-(cr1 a,) - v(r,m),
f‘2>—~—[3r(1) 2),- (1) - 1] ilo(1) X 6(2)] - u(r, m),
f(Z)--—[St(l) %2), - (1) - T @)llo(1) - 5(2)] - v(r, m ) (8)
with
ur,m)=| @, -py). 4—11Vexp emn] ©)
ve,m) ={ 0= p) 3 e (-, r)} (10)
Here "

8, =13.45, gp=2‘79, 8,=837, r=r -

=Ty M,=37 and p =-0.12.

Recently, it was proposed [96] a new parity violating mechanism, specific
for nucleons bound in the nucleus and it was shown that this mechanism gene-
rates a new term in Hp,, . sometimes of the same order as the above proposed

terms. This mechanism consists of weak emissions and absorptions of mesons
by a single nucleon in the presence of the strong nuclear field. This PNC
process is forbidden for a free nucleon by the time reversal invariance, it can
occur, however, for a nucleon interacting with a nuclear field. A similar
situation occurs in quantum electrodynamics, where the interaction of a bound
electron with the radiation field leads to a modification of the Coulomb poten-
tial, responsible for the well-known Lamb shift [97].

The shape of this single particle PNC interaction potential depends on the

choice of the relativistic potential V* - S (see Ref. [98]):
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I

S= [5 U, - 2M 72U, J~f(r);
1 00

Voz(EUo”MzrgUzs)'f(r); Vi=0; i=1,2,3 an

decsribing the external field a1d not on the nature of the exchanged meson. Its
expression is [96]:

s( U,
cM _ (o 0 2
VPNC=—72—[Z—+ UlsMroj{trp, Af(N)}. (12)

Here p denotes the momentum operator of the nucleon. The (a7) coupling

constants depend on hfﬁggon: hg), hg)), Ahg), hg), hg,), hg)), hg) and sometimes on

T,-component of the isospin. This new PNC term (12) should be added to the

PNC matrix elements with no isospin change and, hence, it does not contribute
to the isovector PNC matrix elements. A crude estimation of the magnitude of

this new contribution to Hp, -, e.g. of the term containing the hg) is given in

the following. Defining the ratio between the MISVM hg))) and M}?I\%H(héo)) by R,

Caprini and Micu [96] found R = where 7 is an overall reduction factor

24
oya2/3’
due to short range correlations, ratio, which, for instance in the case of N
PMD1 is ~1/4.

In view of these results it may be interesting to reconsider other meson
exchanges than those permitted by Barton’s theorem [82].

3. SHELL MODEL PREDICTIONS
FOR PARITY MIXING MATRIX ELEMENT

The calculation of the PNC effects in the nucleus is usually divided into
four parts. The first part belongs to the elementary particle physics. In this part

the weak (hff?N) and strong (g,, _ ») meson-nucleon coupling constants are cal-

culated starting from the quark structure of the hadrons and their elementary
interactions [13], [14] or by applying effective theories of mesons and baryons
[85], [86], [88], [89], [87], such as the soliton picture of the nucleon [15],
which takes into account important non-perturbative effects of QCD at low
energies. These coupling constants enter as input in the second part of the
analysis, where the quantum fluctuations consisting of meson emissions and
absorptions in the nucleus are explored and their effects are expressed as an
equivalent non-relativistic PNC nuclear Hamiltonian (Hpy, ). The shape of the
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PNC interaction potential (H pnc) 18 determined by the nature of the exchanged
meson, while the information related to the weak interaction vertex, the most

. . . . A e 0 1)
unknown part, is contained in seven coupling constants hfngs)on' hst ), h:) ), h:) s

@) (1) ) (1) : .
hp , hp,, hy,’s hy’. In the third part we need nuclear matter techniques. To
compute the PNC matrix elements (M PNC) of H PNC between nuclear wave func-

tions we need to evaluate the short range correlations (SRC) [90], [91], [100],
[99], which describe the effect of the distortion of the relative two-nucleon
wave functions at small distances due to the strong repulsive core in the nuclear
interactions. The repulsion punches a hole in the relative two-nucleon wave
functions, near the origin and this has strong effects on two-body observables,
as, e.g., those generated by Hpy e, which is of very short range (less 1.5 fm,

while the core radius is ~ 0.5 fm). The SRC act as a renormalization of HPNC

[20]. The matrix elements of this «renormalized» potential between nuclear
wave functions are finally evaluated (the fourth part), in order to obtain predic-
tions for measurable quantities, such as rates of forbidden transitions (pseudo-
scalar observables: PNC asymmetries, analyzing powers and circular polariza-
tions or directly the PNC-decay rates as, e.g., the PNC-a-decay rates, [16], [17],
[44], [22], optical rotation parameters [21], etc.). Particularly the OXBASH
shell model code in the Michigan State University version [63], [117], [111],
[112], [25], [24], [57], [113], [114], [115], [116], [118] is situated along the
fourth step of the above-mentioned program.

In order to determine the range and the amplitude of the PNC observables
around the excitation energy of the PMD’s we have made a shell model estimate
of the PNC matrix element using the OXBASH code, which includes different
model spaces and different residual effective two-nucleon interactions

- -n Rpv ’ -
Mpye =4 ""T, E(MeV) | Hpy | J7T, EL (MeV)) =

NC
- (AT),, PNC
- > Fis Mar g o (13)
AT k,s=mp,®
where
M =0T EMeV)|£8D] 17T, E: (Mev)) (14)

are different (see eq. 8) nuclear stucture matrix elements (in MeV).

To obtain the effective two-body interactions (ETBI) we can, e.g., use the
G-matric method [73], [74], [102], (103], [75], [99], [100], [101] by solving the
generalized Bethe-Goldstone [99] or Bethe—Faddeev [100] equations. The
method is iterative [101]:
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1) first, a complete set of single-particle (s.p.) states is chosen (in the
OXBASH-code, s.p. oscillator states are chosen);

2) the reaction G-matrix is then calculated and a first iterated ETBI is
obtained,;

3) the Hartree-Fock (HF) equation with this ETBI is solved to yield a first
iteration of the occupied s.p. energies and wave functions;

4) the generalized Bethe—Goldstone and Bethe-Faddeev egs. are solved in
order to establish the unoccupied state potential;

5) the Schroedinger eq. for the unoccupied s.p. energies and wave functions
is solved; ‘

6) the unoccupied s.p. basis is orthogonalized to the occupied s.p. states
found at step 3) to give the first iteration to the unoccupied s.p. states.

Having in such a way a complete set of first iterated s.p. states we repeat a
second cycle starting with the step 2). After a number of iterations, depending
on the fact how good were the first chosen s.p. basis and G-matrix, we obtain
the last iterated s.p. basis and the ETBI.

The ETBI obtained in such a way is diagonalized in the last iterated s.p.
basis (m-scheme) or in a more sophisticated basis obtained by different coup-
ling and projection procedures [113].

The ETBI and the s.p. basis parameters can be extracted from experimental
data also. :

Our calculations use both procedures.

In these calculations the ZBM, PSD, D3F7 and SDPFW model spaces have
been used.

Let us denote the shell model orbits as follows:

]
orbits ]SVZ 1p3/2 ‘p‘/l ld% ]dg/z 2S|/1 lf7/2 '1‘2])30 Zplfz
number 1 2 3 4 5 6 7 8 9

In these calculations the ZBM, PSD, D3F7 and SDPF model spaces have
been used:

model space filled orbits valence orbits
ZBM 1,2 3,4,6

PSD 1 2,3,4,5,6
D3F7 1,2,3,4 5,7

SDPF 1,2,3 4,5,6,7,8,9

The abbreviation ZBM should be understood as the Zucker—-Buck-McGrory
model space [76]. In Ref. [76] the single particle energies were fitted to the
values obtained from the experiment, and the two-body-matrix-elements
(TBME) were identified with Kuo and Brown G-matrix elements (the F-inter-
action abbreviated as ZBMI) [71], [72], [25]. Within the ZBMII we are dealing
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with the same model space as above. A fitting procedure for two single particle
energies and for 30 TBME in the A =13 + 17 mass region was performed (the
Z-interaction) [25], [76], [77]. REWIL makes a 33 parameter fit of spectra in
A =13 +22 mass region [104]. In the ZWM and ZBMO the two-body matrix
elements are calculated by using a Hamada—Jonston G-matrix [112] and the
Oxford Avila-Aguirre-Brown [63] interactions, respectively. The centre of
mass spurious component in the wave functions has been eliminated according
to the prescription given in Ref. [118]. .

Within PSDMK the PSD model space is used and the interactions as fol-
lows: — for P-space the Cohen—Kurath interaction [105] — for SD-space the
Preedom-Wildenthal interaction [106] — for the coupling matrix elements be-
tween P- and SD-spaces the Millener—Kurath interaction [107] very close to the
G-matrix one is used. PSDMWK uses the same PSD model space and the only
change as compared to PSDMK is that in the SD-space the Wildenthal [114]
interaction is used.

Within the D3F7 model space the single particle energies and the two-body
matrix elements were fitted. In the calculations we denoted different interactions
as follows. The HW-interactions stands for the Hsieh—Wildenthal interaction
[63], WO and W4 — for another Wildenthal inetarction as used in [115] and
[1114], respectively and FEPQ stands for the Federman—Pittel interaction [116].

In the calculations within the SDPF of the natural parity states the restric-
tion to the sd major shell was enough to be considered. ’

In most of the cases there are two types of contributions to the PNC matrix
element: one is coming from two-body transition densities (TBTD) if all four
orbitals entering the two-body matrix elements (TBME) are in the valence space
[25]; another one arises from the one-body transition densities (OBTD) if two

orbitals are in the core. For instance, in the case of 1°0 PMD1 the only contri-
bution to the latter one comes from the following matrix element:

(s )"y ) 25, o | Hpye Il (A5, )by ) 1, 209

which turns out to be the dominant one in all described cases.

3.1. Short Range Correlations. Since all the components [13], [16] of
Hpy - are short range two-body operators and bearing in mind that the be-

haviour of the shell model wave functions at short relative NN distances is
wrong, it is necessary to use shell model wave functions including short range
correlations (SRC) to calculate correctly their matrix elements. The correlations
were included by multiplying the harmonic oscillator wave functions (with

ﬁm=ﬁ MeV) by the Jastrow factor:
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l—exp(—ar)(1-br%); a=1.1fm™% b=0.68 fm™> (16)

given by Miller and Spencer [65]. This choice is consistent with results obtained
by using more elaborate treatments of SRC such as the generalized Bethe-
Goldstone approach [66], [67], [20] and should roughly correspond to a NN-

interaction close to the Reid-soft-core model for the ISO and 3PO components.

The comparison with more recent models of the NN strong interactions [68]
indicates that the Miller and Spencer approach (16) overestimates the effect of

short range repulsion. From inspection of the 3S1—component of the deuteron

wave function, one thus expects that the correlation function does not vanish at
the origin. With the same asymptotic normalization as in (16), it would be close
to 0.1 for the Paris model [69] and 0.5 of the Bonn model [68]. Moreover, the
correlation function (16) neglects the effect of the tensor force, which admixes

to the 3S1-state a 3D1—component, that has also a short range character. This

effect is large and, depending on the transition amplitude, it is constructive or
destructive [137]. In the case of the m-exchange contribution, dominated by the

3P1—3Sl(+ 3D1) transition, it compensates a large part of the short range repul-
sion [137]. In the contrary, in the case of the isoscalar p-exchange contribution,
a priori dominated by the 1P1-3sl(+ 3D1) transition, it provides further sup-

pression.

The above improvements shou'!d be incorporated in definitive predictions.
We will not do it and will stick to (16). First, there is no end to playing with
different models of short-range correlations. Second, there are other possible
improvements due, for instance, to the part of the exchange of a 2n-contribution
not included in the p, to vertex form factors, to heavier meson exchanges, etc.
Furthermore, the corresponding uncertainties will add to those on the PNC
coupling constants themselves. In our mind, it is more important to make pre-
dictions that can be compared to other ones than to multiply them by looking at
modifications of rather-minor relevance at the present time. The essential point
is that the PNC potential given by (6) can account independently for the various
contributions expected to dominate at low energy which are due to the PNC-NN

transition amplitudes ]S0-1P0 (3 amplitudes: pp, nn and pn or AT=0, 1 and 2),
3S1—3P1 (pn, AT =0) and 3S]—3P1 (pn, AT=1). A few clues as to the relevance
of these amplitudes will be given when discussing the results.

By including SRC the PNC pion exchange matrix element decreases by

40 + 50 without including SRC, while the p(®) exchange matrix elements also
decrease by a factor of 1/3+1/7.
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3.2. The Lanczos Technique. The OXBASH-code includes a powerful al-
gorithms based on the work of Lanczos [108], [109]. Some of the techniques
we use might be equally effective for some heavy nuclear regions and high spin,
particularly when the spin is close to the limiting value in the chosen shell
model space.

The basic tool, the Lanczos algorithm, allows one to find the extremum
(lowest and highest) eigenvalues and associated eigenvectors of a very large

matrix iteratively. With standard workstations, matrices of dimension ~ 10° by
10% can be treated in this way. In constrast, standard methods for fully diago-

nalizing matrices are usually limited to about 10 by 10 [110]. An even more
powerfull aspect of this algorithm, due to its connections with the method of
moments, is that it can be used to generate inclusive response functions and
Green’s functions iteratively. Thus the Lanczos algorithm has proven useful in
a wide variety of the problems, including nuclear shell model, atomic and mole-
cular structure, spin-lattice problems in condensed matter physics, and Hamil-
tonian lattice gauge theory. In what follows we sketch the algorithm, especially
for nuclear structure applications.

Consider a Hamiltonian H, defined over a finite Hilbert of dimension N,
and a starting normalized vector |\|l|) in that space. We begin to construct a

basis for representing

H=Y, ly)H, (v, | (17)
by m
Hly)=o,ly)+B,lv,), (18)

where |\y2) is a normalized vector representing that part of H | "’l> orthognal to
"V1>’ ie.,

B lw)=Y H lv): o=H,,. (19)
Proceeding n#l

Hly,) =B, v )+ o,y ) +B,lw,) (20)

Hly,) =B, [y, + oy, ) +B,lv,) @1

and so on. Note that the term [, |\|Il) must appear in the first line above because
H is Hermitian. Also note that |\|Il> does not appear in the second line above
because everything that connects to H | ;) other than I\yl) is defined as l“’z ).
Similarly, H |\v4) will contain nothing proportional to |\|Il) or >|\|12). Thus H
has been cast in a tridiagonal form:
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a B, 0 O

B, o B, 0O . 22)
H= 0 B, o3 B

0 0 By «a

As an example, within ZBM [76] — model space as I\u‘)-starting vector,

one can use one from the following vectors: 3
(X n)=4
n n, (n +n) n i=1
([(dg ), - @sy )07 ) 'y 2 - Upy )0 ) (23)
{ 5/2IT, 1/2LT0 T, P12 1T, .

constructed within an oscillator single particle basis.

If this procedure is continued for N steps, the full H would then be in
tridiagonal form. However, the power of the algorithm derives from the infor-
mation in the tridiagonal Lanczos matrix when the procedure is truncated after
n iterations, n << N. If ‘I‘E , (i=1, ..., N) are the exact eigenfunctions of H, then

N N
(v H My =3 K 1Y) PEM= 3 RE) E). (24)
i=1 ! i=1
The distribution fE; ), (i =1, ..., N) can be thought of as a set of N weights f and

measures E; (the eigenvalues) characterizing the distribution of |\y|) in energy,

i.e., the f’s determine a complet set of moments. The truncated Linczos matrix,
when diagonalized, provides the information needed to construct a distribution
g(E;), (i=1,..,n) with E, ~E,, which has the same 2n + 1 lowest moments in

E as the exact distribution f(E,. ), (i=1,...,N). In other words, the Lanczos

algorithm provides, at each iteration, a solution to the classical moments prob-
lem [109]. '

4. ASYMMETRIES IN RESONANCE ELASTIC SCATTERING
AND NUCLEAR REACTIONS

As a rule, in studying nuclear collisions induced by polarized projectiles
that populate a PMD occuring in the compound nucleus excitation spectrum
[64], the largest magnitude of the PNC effects can be observed [56], [31], [32],
[33] for the projectile energy around the member of the PMD having the smal-

lest (I‘csman) partial width (a narrow resonance).
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In the vicinity of this narrow resonance the PNC analyzing powers (A ;, and
A, [34], [35], [41], [42], [37], [55], [54], alternatively the index L(b) can be
found as z(x) in other works) have the following simple expression:

1 small small L small -1 .
AL(b) L(b) _2— r [E -E + 2 r ) exXp (l((PL(b) + (PPNC )), (25)

where
. | | I—-largc
PNC c
DL(b) =2 I (E- Elarge  ; i /2T large )l l—«csmall |CL(b)l (26)
and
o @ g ijartee
Crpy=1Cppyl € = (27)

—\/ r large r small

5, P¥cos e)[):,, o/ (L) iCO) 1" +2, b (L<b))(7m i 1)

(cosG)Z al t t

mn mn m

is a function on the PC transition matrix elements only (for L: k=0, for b:

k=1, and, e.g., for the proton channel (p) we use the notations ;;l= Tpl;fpl )
AT

exp (i€~ ). The coefficients ol (L(®)), O L)) and DL ) are

simple spemflc values of the geometrical coefficients for the case we are
investigating [34], [35], [41], [42], [37], [55], [54].
The largest energy anomaly (AAL(b)), i.e., the distance between the mini-

mum and the maximum of the PNC analyzing powers of the excitation function
in the vicinity of the narrow resonance level is equal to the quantity D Lb) above

defined and it does not depend on the PNC matrix element phase — Pppc and
PC quantity phase — PrLv) [34]:

D, =p° | N VPNC(AT)l

L) ~ “ L) L(b) 2 F (ADM (M)l (28)

AT, s=m,p, ® ATk, s
where VSP N C(AT) (in eV) are different meson contributions to the total PNC

shell model matrix element. The F & ¢ in units of 107 are given in Table 3 (see
also Table 2 of Ref. [23]). The Mk , are nuclear structure matrix elements in
units of MeV.
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The quantity DL(b) (in eV

) N large
pO o p_pleee, iptee) N I |o | (29)
b= ) small ' TL(b) "
P

4.1. Parity Mixing in 14N In the excitation spectrum [64] of the N nuc-
leus there are two PMD’s lying at 8.7 MeV and 9.3 MeV excitation energy (see
Table 1).

The difference between the two PMD’s is that the PMDI1 is essentially of
the isoscalar type, while the PMD2 is of the isovector type, hence, an interesting
case for searching the neutral currents in the structure of the weak hadron-
hadron interaction.

There is only one experiment concerning the PNC effects in YN-nucleus.
In the following we try to explain this Seattle-Madison [56] experiment about

the PNC effect around the first PMD in “N investigated via 13C(p, p)13C reso-
nance scattering. The only possible measured quantity was the longitudinal ana-
lyzing power. The experimental apparatus was developed with symmetry and
stability as major design considerations. The maximum count rate attainable for

this experiment was governed by the 3.8 keV width of the 0*1 resonance, since
the optimum target thickness is of that order and the maximum current on target
was less than 1pA. The experiment could be done by counting the scattered
protons individually (expected rates less than 1MHz). Since the elastic scattering
is the only open particle decay channel, the detector resolution was sacrificed
for speed. It was used thin plastic scintilators mounted on 5.1 cm PMT’s. The
relevant features of the detectors:~10 nsec pulsewidth, ~25—30'% resolution, a
stiff base current to gain stability, robustness toward radiation damage, and
large solid angle. It was used a four-fold (left-right, up-down) detection geo-
metry with eigth detectors azimuthally symmetric about the beam axis, four at
6, =35° and four at 8, =155°. The maximum PNC signal was expected to be

the difference: AL(GZ) —AL(GI) =A,(b-)) (the back-front PNC signal). In such

a detection scheme there should be small systematic asymmetries due to posi-
tion and angle modulations that may be correlated with the beam helicity rever-
sal. The back-front PNC signal gives the self-normalizing system and desen-
sitizes the detector to small target thickness variations. A target rastering device
is used in order to desensitize the detectors to the target irregularities. The
long-term correction capabilities, for a typical two week run, lead to the fact

that the transverse asymmetries are kept to a level of ﬁTAT< 2-107. Because
of the energy modulations due to the beam helicity reversal the measured sensi-
tivity was 0A,(b~f)/8E=9 - 107/ eV; statistical accuracy of AE=0.2 eV was
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achieved with 1.5 days of running time. Several measurements were taken
giving no clear indication of any energy modulation. The measured beam para-
meters, sensitivities of the apparatus and the false asymmetries are:

Systematic contributions to A; from coherent beam modulations

Quantity ‘Measured Value Sensitivity* Resulting False
Asymmetry
Spin Independent Effects

Intensity (AI/2) | <5.107* -21107° <1.010
Position (5+2)10* mm - 1107 /mm? <1.2107®
Angle — - 171077 / mrad®a —
Width AT'/T) | <2107} 7.5107* < 15107
Energy 0.3+06eV 210 /ev 0.6 +1.2)-10°

Spin Dependent Effects

(&)-(p)2 <2510 mm -5510"/mm < 14107
(a)<p) < 6:10* mrad 24107 /mrad < 141077
€p)-(€p) | =002mm -6.7107° /mm = 1310
(. p)-(ap)| — 20107 /mrad —

Z — nominal chamber axis, 8 — displacement of beam on target from z-axis, @ — angle of beam
on target from z-axis, p — polarization vector.

*Sensitivitics are for E_(lab) = 1158 keV, 251 gm /cm? °C target.

Fortunately there exists a «magic» energy where the sensitivity of both the
transverse polarization gradients and of energy modulation roughly vanishes.

The resulting longitudinal analyzing power is: A 1(b=1)=(0.8610.59) 1073

with a systematic error estimate of 0.24-10>,
The original calculations (A L=-—2.8'10”5) [55] on which the PMD1 expe-

riment in "N system was based lead to an isoscalar constraint of opposite sign
to the DDH prediction [56] and are in better agreement to the 2INe than in
B cases, if consider the nuclear part of the calculations without problems. It is
interesting that in this case the theoretical value of the PNC matrix element

decreased along the time from-1.37 eV (obtained within a restricted REWIL
space [55], passing through the Haxton value 1.04 eV [56], [55] (addendum),
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[127] (within full #w) and to our value 0.5 eV (within the PSD mo'del'space) or
smaller [39]. Before extracting a reliable value of hf)o) coupling constant, we

must have a confidence in the nuclear structure and reactions considerations
(shell model, scattering theory) used to predict the PNC effect.

The predictions of the analyzing powers depend on the models for nuclear
structure and nuclear reaction mechanisms. At present it is not known a unique
model for both nuclear structure and nuclear reaction parts at the necessary level
to describe PNC effects. Therefore, when we calculate the PNC observables by
using formulae, such like those given in the Refs. [55], [54], [37], [41], [42],
which should not depend on the phases of the wave function used, they in
reality will depend on these phases, because we are forced to apply different
models for different quantities entering the above formulae. As an example
within the OXBASH code we calculate the PNC matrix elements and the
spectroscopic amplitudes, but not the scattering phases and the partial widths,
for which we are forced to apply models given by a specific nuclear reaction
mechanisms. For the scattering phases we, for instance, should incorporate in
the optical potential terms which are not directly present in the OXBASH-code,
or at least they could have not the same form (as, e.g., the spin-orbit term or
may be tensorial terms). The average field and the effective residual inter-
actions, present in the OXBASH-code, are so prepared in order to work within
a bound state basis. It does not contain continuum or resonance s.p. states or
more complicated states, such as the continuum states for two or three reaction
fragments. Moreover, the OXBASH-code is based on s.p. oscillator potential,
which always produced bound states. Some other codes [119] are sometimes
based on more realistic Saxon-Woods bound states basis, howeve’r, the continu-
um states are not incorporated in such codes also. The only approach, which
takes care of both bound and continuum s.p. states, is the shell model approach
to nuclear reactions [120], however, within this approach the residual inter-
actions cannot be included easily and the PNC observables cannot be estimated
without incorporating the residual interactions in the model calculations.

If using our PNC matrix element (0.5 eV), the agreement between the expe-
rimental and the theoretical magnitude of the largest energy anomaly (AA L(b)) is

better, however neither in [55] nor in our work the contribution from the
recently proposed in Ref.[96] s.p. PNC matrix element was calculated.

From these calculations we may learn: i) the PNC matrix element is domi-
nated by the hg))-term. This becomes three times smaller in the Kaiser and
Meisner chiral-soliton theory as compared to the DDH «best values» (see Table 2
for a comparison with other theories for weak vertices); ii) the refinements in

the structure part of the PNC matrix element have been carefully discussed in
Refs. [56] and [39]. The new s.p. term proposed by Caprini and Micu may
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diminish the total PNC matrix element also. All these ingredients may reduce
the total matrix element by 40% and the hg)) obtained in Ref.[16] could, in

principle, describe the experimental data [56]; iii)) a new measurement of the
longitudinal analyzing power for this case is necessary to be performed in order
to stengthen the conclusions based on the experimental value of Ref.[56]. The
new measurement is proposed [121] to be done at an angle 6, = 100°, where
the. quantity o(8,,) -Ai((-)CM) (proportional to the measuring time for a defined
precision) has a maximum in the backward region.

The PMD2 case has other problems. Because of the small width

(0.135 KeV) of the 21, 9.17225 MeV — level the energy anomaly of the PNC
analyzing powers is a non-zero quantity in a very small [41] energy range

(£1 KeV) only, and it is of the order of some units above 107 within the
DDH + PSDMK (Millener—Kurath interaction) [13] [63]. If considering the 2t
PMD in "N to be analysed via circular polarization of 9.3893 MeV y-ray we
came to realize that this observable is equal to 1.04107 in the case of an

unoriented 277 =0 state and with zero mixing ratios. This value has been ob-
tained by calculating, within OXBASH-code (Millener-Kurath-interaction), the

9.3893 MeV El + M2 y-emission probability (2.886:10'%5) and the 9.17225
M1 + E2 y-emission probability (3.036:10'%). The last value (T, =24.4 V) is
in agreement with the measured value (l"y= 7 eV) [122]. Unfortunately there is

not a measured value for the E1 + M2 y-emission. This high value of the circular
polarization, can be explained by a high hindered E1 transition, which is isospin
forbidden. This measurement has, however, a very small probability, because of

an almost 100% proton decay probability of the 270, 9.3893 MeV state, how-
ever, it could be performed analogously to the 19g experiment.

4.2. Parity Mixing in 160. The '®0 energy spectrum contains two (see
Table 1) isovector PMD’s [64] one PMD (AE =S50 KeV) lying at 13 MeV

. excitation energy [34], [35] (see Table 4) and the second one (AE =9 KeV) is
lying at 16.2 MeV excitation energy [42] (see Table 5).

These PMD’s can be explored by measuring two components of the vector
analyzing power — A; and A, for which, a careful theoretical analysis is done

and the estimations are: AP =14.107, APMP1=0.9.107 [34), APMP2
=3.2107 and A/MP?=2.3.107 [42] for large angles (= 150°).

We want to discuss the first PMD in more detail, since it has been the
subject of our group special attention [34] as the best candidate for a new
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~ isovector experiment. The o -transition from the J "T=271 state in '°0
(E = 12.9686 MeV, ch=(1.6i0,1) keV), populated by resonant capture of

polarized protons (E - 0.898 MeV), to 2c (g.s.) was thoroughly investigated

theoretically [34]. This transition has originally been mentioned by Bizzeti and
Maurenzig [123]. The oy -transition is forbidden by parity and, partially, by

isospin selection rules. It, therefore, can predominantly be described by the
isovector part of the PNC-NN potential (mainly one pion exchange), thus being
sensitive to the weak TNN coupling constant h(l)

The excitation functions of the PNC longitudinal (4,) and PNC transverse
A analyzing powers are expected [123], [54], [37], [55], [31], [32] to show

an energy anomaly at the 271 resonance energy due to the interference of the
forbidden (PNC: 271, 12.9686 MeV) and allowed (2+0, 13.020 MeV; 171,
13.090 MeV) resonance transition amplitudes as well as a (PC: 0*0) background
transition amplitude. The level structure of the 180 nucleus [64] enhances the
interference effect because of the close lying (AE =51 keV) broad overlapping
2*0 state at E _=13.020 MeV with I’ | =(150 % 10) keV.

Following Ref.[44], where a more rigorous approach to the parity forbidden
alpha decay is proposed, it is possible to estimate the order of magnitude of the

weight of the admixtures from different 2*0 levels into the 271 level as a
product

F 8)/2= @ e (21K

+ 1/2
PNC‘ 2,00 gy i | (30)

where S(;n/ Zisa SU(3) alpha particle amplitude [63]. The resuifs.are listed in
Ref. [34]. From these values we conclude that the assumption of a parity mixed

doublet (271, 12.9686 MeV and 2%0, 13.020 MeV excited states in '°0) is
justified. In this case, the expression for the PNC-T-matrices, obtained by

expanding the exact Green’s function [37], [55], [54] to first order in HPNC’

certainly a good approximation. It is assumed that the projectile and the target
are parity eigenstates. Then PNC contributions from direct reaction terms are
ignored and only effects related to the closeness of the two resonances are taken
into account. The resonance parameters for the quantities entering in eqgs. for

AL(b) are given in Ref.[34].

The parity mixing of the above mentioned doublet is of particular interest
because:

(1) The mixing is sensitive to the AT=1 components of Hp, . and espe-
cially to the long range part described by weak pion exchange, taking the quark
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model picture. In this case quantitative informations ahout neutral current con-
tributions to H pnc are expected. Several cases have been proposed theoretically,

but only few of them have been experimentally investigated; only the 18p expe-
riment (average of 5 investigations) [16] gives a reliable upper limit for the
weak pion-nucleon coupling constant. Taking into account the recent sophis-
ticated shell model calculation [29], [43], the result is not in contradiction to the
predictions of Refs.[13], [14], [15], however, additional investigations are
necessary, especially with independent observables. :

(2) The polarization observables for the 15N(p, oco)nC reaction provide a

favourable way to determine the PNC matrix elements. The energy anomaly in
the PNC analyzing powers (4  and A,) is magnified by nuclear structure effects

in addition to the 51 keV energy difference between the levels involved. The
magnification arises from coherent contributions of proton and o-channels. The
quantity CL(b) describes the ratio between the PC-T-matrix contribution to the

PNC analyzing powers and the (unpolarized) cross section for the (p, o) reac-
tion (see Ref.[34]). The value of this ratio is about 0.1 in the resonance region,

being a measure for the coherence effect. The width of the 271 resonance level

”
r

is very small (1.6 keV) and acts as an enhancement factor, too. The ratio ”2

. r‘p

has a value 3.4 and is another enhancement factor, as pointed out in Ref.[55]

(similar ratios of unnatural-to-natural parity level widths are of the order of
1072 (see, e.g., Refs.[64]).

(3) The cross section for the lsN(p, ao)nC-case is maximal at backward

angles [126]. Moreover, the normal PC analyzing power is negligible small
[126] in this energy region for large scattering angles, which is a favourable
situation for measurement. Furthermore, the a-channel can be studied more
precisely than it is, e.g., the case of PNC elastic scattering (target impurities,
systematic asymmetries due to energy modulations and transverse polarization
gradients [56], reduced number of a-channels, etc.).

(4) The PNC 0i,-transition can be studied via the l5N(p, ao)uC resonance

reaction with two polarization observables, namely the PNC longitudinal and
PNC transverse analyzing powers A  and A, . Information about the PNC matrix

element can be obtained independently from the excitation energy of each
observable. Up to now only the case of the 1“;'F(p, %)160 reaction has been

studied experimentally [31], [32], [33] giving an upper limit [31] of the cor-
responding PNC asymmetry.

¥
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(5) The theoretical models, included in the OXBASH code, are réasonably

good (see Ref.[34], [35]) for the levels of the mentioned 27, 2*-doublet, since
the even-even nucleus is an often used candidate being well described by such

realistic models. Especially, the (first) excited J™ =271 state can reliably be
reproduced.

These conclusions are based on the following investigations. Because of the
small proton energy the angular momentum can be restricted to ! < 2. Together
with the spins and parities of the involved nuclei the following four PC tran-
sition amplitudes are allowed:

0* I
=T =To00,p115 2= Tar0,por 3
1 2"
3= To10,p21s =T, p 11" GBh

Two PNC transition amplitudes are taken into account:

2" 2"
T Ta20 20° T Tu20 p2l’ (32)

The general form of the PC resonance T-matrix elements is the following:

i exp (i&ab) VFI V cxp (z&ﬁ 1 s

x

T) (33)
/. 1
BBy 15, E-E” +i/2r’
while the PNC T-matrix elements have the following expression:i
.
T =
Bs, Bl ll s,
iexp (léﬁl.&' B l S) ré’ls (J-K‘HPNcl J ) ‘ exp (lgﬁ l s
_ i 11 1
= T (34)
(E-E’ +ér’ WE-E' +5r )

x 1.4
B(B,) stands for aup), éa(p)ls , E? and T’/ stand for the o(p)-channel phases,
resonance energies and total resonance widths, respectively. E is the proton

L4
energy in the compound system. The quantities \/l";(p)ls are taken from expe-

riments [64], [126] if available; otherwise they are expressed in terms of the
OXBASH spectroscopic amplitudes [63], geometrical coefficients and s.p. chan-
nel widths.

The calculations within the OXBASH code gave the following results:
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.

21 -3, U pl” _ . :
r/-£_= =210 To1 =T, (exp)=100keV; (39)
L Lr
7& I, [h,=Th = 317 (exp)=0495 keV; (36)
r2 - I‘2 (exp) = 3.4 keV. (37)

pll
It turns out that T} =T,. Conmbutmns from the spin-orbit potential to the pro-

ton channel phases and spectroscopic amplitudes have been neglected due to the
low proton energy (E, » < 900 keV).

In the following we discuss the degree of accuracy of the shell model
calculations within the available OXBASH code in order to substantiate the
opinion that, the experimental results on PNC analyzing powers of the

15N(p, ao)lzC resonance reaction with Ep ~ 0.898 MeV can be analysed free

from nuclear structure uncertainties.
In order to predict the magnitude of the effect and to check the feasability
of an experiment to measure A 1, and/or A, around the resonance energy of the

first excited 271 state in 190 we calculated the

(271,12.9686 MeV | H, .| 2*0, 13.020 MeV) (38)

PNC
matrix element using the OXBASH code in the Michigan State University ver-
sion [63], which includes different model spaces and different residual effective
two nucleon interactions.

Two different model spaces have been used: the ZBM and PSD model
spaces (see section 3). In order to maintain the matrix dimensions at a non-
prohibited level, the nucleons have been considered to be frozen in the 1p, /2

orbit; thus a fixed (s, /2)4(1p3 /2)8 configuration is assumed in all cases. It
turns out that at least four particle-four hole calculations are needed [16], [127],

{128] in order to describe the 27 states in 0.

Five different residual interactions have been used in ZBM model space:
ZBM 1, ZBM 11, REWIL, ZWMO and ZWM. Two different combinations of
interactions have been taken into account in the PSD model space: PSDMK,
PSDMWK. While the centre of mass spuriosity is small in the ZBM model
space, the number of spurious components is high in the PSD space, but the
degree of spuriosity of every component is small. In PSDMK+CM and
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PSDMWK + CM the contributions of spurious components were eliminated
with a procedure analysed in Ref.[118].

The one-body part (see eq.15) of the PNC matrix element turns out to be
the dominant in all described cases.

The TBME have been calculated with harmonic oscillator wave functions
(fiw =14 MeV is appropriate for A = 16) [25].

The short range correlations (SRC) of the shell model wave function were
implemented by multiplying the radial two-body wave function by a Jastrow
factor (see section 3). In Table 2 of Ref.[35] are presented the nuclear structure
parts of the PNC matrix element, with and without SRC included and separately
the single and two particle contributions.

Moreover, recently [129], [130] the experimental measurements showed a

relatively strong isospin mixing of the 271, E =12.9686 MeV level with the
270, E_=12.53 MeV level in '°0". In Ref.[35] it was shown that the isospin

impurity of the 2" T=0, E =12.53 MeV into the 2" T=1, E =12.9686 MeV

level does not change significantly the results of Ref.[34], i.e., the PNC ana-
lyzing powers increase their values with = 30% if taking the sign of the isospin
impurity as given in eq.(1) of Ref.[35].

In these calculations the standard form for H PNC

with the weak coupling constants given in Tables 2 and 3. The strong coupling
constants are summarized in the last four columns of Table 2 from Ref.[15].
The calculated PNC matrix elements for different weak interaction models and
different shell model residual interactions are shown in Table 4. As can be seen,
the results for different interactions agree within a factor of 2.5 and no large
suppression appears when the model space is enlarged. The p and ® exchange
contributions add coherently to the total matrix element in every case [34], [35].
The contributions from heavy mesons do not exceed 25% for the DDH, AH and
DZ cases but increase to 50% in the KM model, reducing the contribution of
pion exchange. If this model is taken at face value, the chance to observe a trace

has been used (see section 2)

of hstl) is considerably decreased.

Considering the present discrepancies between the DDH-values [13] and
the KM [15] results, the conservative choice of the matrix element

{271 |HPNC| 2%0) ~0.1 eV is consistent with the DZ [14] — model and is also

supported by AT =1 PNC experiments [16]. In this case 75% of the value arises
from pion exchange. The contribution of the new class of diagrams in the PNC
single particle Hamiltonian, recently proposed by Caprini and Micu [96],
vanishes for the proposed matrix element.

It is essential to compare the predictions of the above theoretical model
with the experimental results for the cross section and the (regular) analyzing
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Table 4. (Mpy. PMD1 160)

Inter- DDH AH Dz
actions Vr v, o) V. kla)tDH Vr v (@) v &H Va Vp @ Vlgz
ZBM 1 -0.287 -0.016 -0.303|-0.138 —0.028 —-0.166| —0.086 —0.021 -0.107
ZBM 1 0.660 0.036 0.696| 0.306 0.06] 0.367| 0.189 0.047 0.236
REWIL 0332 0.017 0349| 0.154 0290 0.183| 0.095 0.023 0.118
ZWM -0.709 -0.037 -0.746 [ -0.328 —-0.064 —-0.392|-0.204 —-0.050 —0.254
PSDMK -0.381 -0.014 -0395(-0.176 -0.029 -0.205|-0.109 —-0.022 -0.131
PSDMK + 0304 0.021 0325 0.141 0.041 0.182| 0.087 0.031 0.118
+CM

PSDMWK 0437  0.020 0457| 0202 0.040 0242 0.125 0.031 0.156

PSDMWK + 0423  0.025 0448 0.196 0.049 0245| 0.122 0.037 0.159
+ CM

The PNC matrix element for the PMDI in the '°0 calculated within different weak and strong
interactions. The abbreviations are discussed in the text.

power for the lSN(p, ct)lzC reaction. The resonance parameters for the used PC

T-matrices, are taken from the latest compilation [64). The proton phases E,p,s

have been calculated within a folding procedure, using a realistic M3Y inter-
action [44]. The results are very close to the Coulomb phases. The a-channel
phases and the background PC 0"0 T-matrix element t, =texp (i(o)) have been
fitted  to reproduce the Legendre polynomial coefficients for the cross section
and the PC analyzing power of Pepper and Brown [126]. The expansion coef-
ficients extracted from experiment and from the present investigation (see

Ref.[34]) shows the quality of the theoretical treatment. The calculation of the
PNC analyzing powers A  and A, has been performed with the same parameters.

The PNC analyzing power shows a dispersionlike energy behaviour around the
resonance energy, the form depending on the phase difference of the contribu-
ting. matrix element. However, the difference between the maximum and the
minimum is equal to the quantity Db(b) defined in eq.(26). It is a very important
fact that this quantity does neither depend on the phase @pyc nor on the PC
phase Ok of CL(b)‘

In Fig.1(a,b,c,d) we show on expanded horizontal scale the predicted size
of the quantities relevant for an experiment designed to determine the PNC

matrix element by measurement of A, and/or A, around the narrow 271
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Fig.1 (a, b, ¢, d). Longitudinal and the irregular transverse analyzing powers of the reaction
SN(p, 0)!>C versus proton energy, for 8 = 90° and 150° around the proton energy

E)AB = 0.9 MeV (Mpyc = 0.1 eV)

resonance. The information on the modulus of the PNC matrix element can

therefore be extracted from A

Lb)

measurements.
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On the base of these predictions an experimental proposal to measure the
PNC analyzing powers A, (and A)) in the 15N(p, aO)I?C reaction is sketched in
the following. At backward scattering angles the (PC) analyzing power A, is
very small or even zero [126], whereas the cross section is maximal in the
relevant energy region around E, (2 )= E =898 keV. This situation is

res
favourable for PNC asymmetry measurcments because several PS asymmetry
effects, superimposed on the PNC observables are small if A is small. More-

over, this advantage coincides with the maximum of the predicted PNC inter-
ference effect in A L (e.g. AA L(OCM =160°)=2.6- 10"5). Although the size of the
quantity A, is smaller than A, in many experimental cases, it has a comparable
size near 6 =90°. However, at this angle the differential cross section appears
to be smaller as compared to its magnitude at large angles [34]. Therefore, and
because of the solid angle restriction in the A, measurement (detectors only in
one reaction plane) the observable A, is the more favourable one for the reali-
zation of a PNC experiment.

The small width of the 2 -level at Ep =898 keV requires a thin 5N target

(AE<1 keV for Ep=898 keV), e.g., realized by implanting N-ions in the

surface of a Ti-backing or preparing a thin Ti 15 N-target layer, as has been used

in Ref.[36]. Another possibility is the use of a 15N—gas target. It has the advan-
tage, that the energy loss in the target gas can be adjusted in a way that one is
able to measure five different energy points around the resonance energy simul-
taneously. In this case up to 20 Si surface barrier detectors (or parallel plate
avalanche counters) can be installed in five rings around a long target gas tube,
e.g., at GLab =(135%24)° or BLab =(90 £ 24)°, as well as at lower energies with

large solid angles (0.4 < < 0.6 sr). The azimuthal angles ¢ = 0°, 90°, 180°, and
270° have been chosen to be sensitive for (on line) monitoring of spurious
asymmetries caused by residual transverse polarization components of the
beam. The scattered particles leave the gas tube through aluminum foils
(12 pm — 15 um), which are used in front of the detectors in order to stop elas-

tically scattered protons and low energy o, particles from excited 2c states,

providing background free 0, spectra. The reaction energy can be adjusted pre-

cisely by detecting the y-rays from the 15N(p, 7)160* reaction. These spectra
serve at the same time as a monitor for detecting carbon built-up products on
the entrance foil of the gas tube, to correct for this time dependent additional
energy loss of the proton beam. The entrance foil is a selfsupporting carbon
layer of the thickness less than 60 nm in order to minimize the energy loss and
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Table 5. (Mpy. PMD2 160)

KM DDH
Interactions v, Vp(u)) Vul,(tM v, Vp(m) VthH
ZBMI - 0.006 -0.012 -0.019 -0.168 -0.012 -0.181
ZBMO -0.031 -0.033 -0.064 -0.748 ~0.030 -0.778
ZWM -0.024 -0.019 -0.043 -0.574 -0.030 -0.604
REWIL -0.011 - 0.006 -0.018 -0.285 -0.005 -0.291
ZBMII -0.002 +0.001 -0.002 -~ 0.064 +0.001 -0.064

AH DZ
Interactions v, Vp(m) v, (':;H v, Vp(u)) Vtgz
ZBMI -0.070 —-0.024 —-0.094 -0.044 -0.018 -0.062
ZBMO -0.344 —-0.059 -0404 | -0.214 -0.047 -0.261 -
ZWM -0.264 -0.034 -0.298 -0.164 -0.027 -0.019
REWIL -0.131 -0.011 -0.142 -0.081 -0.009 —-0.090
ZBMII -0.030 +0.001 -0.028 -0.018 +0.001 -0.018

The PNC matrix element for the PMD? in the '%0 calculated within different weak and strong
interactions. The abbreviations are discussed in the text.

straggling of the proton beam. This is essential because of the small resonance

width of the 27 level. Selecting an energy resolution of the polarized proton
beam of =+0.6 keV provided by two narrow feedback slit systems and
adjusting the target gas pressure to = 1.3 mbar, the measurement can be
performed at five energies simultaneously within the interval
E -3/2'<E <E +3/2I With an experimental set-up of this type a

statistical accuracy of = 0310 and =05107 will be reached for
A;(135£24)° and A;(90 £ 24)°, respectively, after 48 HA-d of integrated beam
charge, if the helicity of the proton beam is switched between P, with
I 0.70. In order to achieve a sufficient experimental accuracy the experiment

requires a proton beam with high intensity, polarization, and energy resolution.
Due to the low target gas pressure and the high energy resolution restricted by
the small resonance width, it is advantageous to improve the experimental set-
up by use of a differentially pumped gas target without entrance foil.
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Fig.2 (a,b, ¢, d). Longitudinal analyzing power of the reaction 'N(p, 0,)!2C versus proton

energy, for 8 =90° and 170° around the proton energy EpLAB =435 MeV (M
=04eV)

PNC =

The investigations concerning the second isovector PMD in '°0 have been
performed in the Ref. [42]. Within the shell model code (OXBASH) with ZBM
model space and different interactions (see Table 5) we calculated the PNC
matrix element and PNC analyzing powers (A L and A,) . The average value for

the PNC matrix element is 0.4 ¢V. The maximum in the energy anomaly of the
PNC analyzing powers (A, and A)) we got to be some units above the 10'5,

value considered to be in agreement to the last measurements [56], [19] (see
Fig.2(a,b,c,d).
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5. GAMMA ASYMMETRIES

The degree of circular polarization (helicity asymmetry) of the emitted
y-rays is given (see Ref.[133] chapter 9, §3 eq.(9.38)) by a sum of parity non-
conserving (PNC) and parity conserving (PC) contributions:

Wright(e) B chft(e) _
(©) + Wy (0)

P (cos 0) =
v Wright

= B FLLT'D (8, 0y, odd(mzml.’ + eZeLJ +
LL'v

+0

* *
L+ L'+ v, even 8 T+ €mp )] P(cos 8)) X
X (B FLLTD 8,y oy cyen (M + €j€1) +
LL'v
+8, 1y v. odd(mZeL, + eZmL,)] P (cos 9)' =

= (P)y RYP NC(cos 0) + RYP C(cos 0), (39)

and the circular polarizations for unpolarized initial nucleus with zero and finite
mixing ratios [134], respectively are:

-3
(P), =2 MPNC b_*’_‘l.:: EY_ (40)
Yo AE bt | g+ |’ i
and ’
A ,1 + 83
(PY)“” = (Py)0 —ITS_E . 41)

RYPN Cisa multiplier due to the existence of the orientation of the nucleus in the

initial excited state when the mixing ratios do not vanish, which for instance in
the case of A = 36 gamma transitions reads [46], [47], [30]:
PNC \/ T+ 83 ' .
RY (cos 0) = 1+ 5 { Z Pv(cos 0) Bv(2) [Fv(1122) + Fv(2222) 8+8+ +
+ v=024

+F (1222) 6_+8)1} { X, P (cos 6) B (2) [F,(1122) +
v=024

+F(2222) 8% + 2F (1222) 8 1}, - (42)
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where the F,, coefficients are defined by

FLT'D =(- 1 "3 -Ner+ 1y eL+1) er + )%,
C(LL'v; 1 - 10) WLL'IL VI "), (43)

C is the Clebsch—-Gordan coefficient C(J]JZJ3; M M,M;) and W is the Racah

coefficient. The parity conserving (PC) y-asymmetry is given by [133]:

R (cos 0)= { D, P,(cos 0) B (2)[F,(1122) + F,(2222)8? + 2F,(1222)5 ]}
v=13

x { 2 P(cos 6) B (IF,(1122) + F,(2222)5? + 2F (1222)8 1), (44)
v=024

where
Y Bv(2) = Z Qv + l)V2 C(2v2; MOM) p(M), 45)
‘ M

p(M) is the polarization fraction on the M-state, which determines the degree of
the orientation of the nucleus.
In order to measure a PNC effect one must find situations for which the

RYP ¢ part in eq.(40) vanishes. Two particular cases have this property: i) The
case of an initially unpolarized nucleus for which B\(2)=1, B, 202)=0and
Fy(LL22) = 8, ;- In this particularly simple case PY reduces to the well-known
expression of the circular polarization, (Py)un. ii.) One may prepare a polarized

state by choosing p(M) = SMO for which B, _ 1’3(2) =0 and RYP ¢ part vanishes.

Another observable which measures a PNC effect is the forward-backward
asymmetry of the emitted gamma rays by polarized nuclei

_ W(®) - W(n - 6)
A)8) = W) + W(r — 0) (46)

This observable has been successfully used in the 98 case [18], [19] in
order to avoid the small efficiency of the Compton polarimeters when one mea-
sures the degree of circular polarization. If the mixing ratios are small
(8,, 8_<< 1) one can show that [39]

A0) = (P, RYP Clcos 0). 47

The angular distribution described by this formula has a maximum for
8 = 0° [39]. It has the advantage that the parity conserving ‘PC) cicrcular pola-
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rization, RYP C(B), can be measured experimentally. For all these cases the (Py)o

quantity essentially describes the PNC effect. In all the above formulae 6 repre-
sents the angle between the emitted photon and the axis of polarization (if any).

5.1. Parity Mixed Doublets in 18 In the excitation spectrum [64] of the

8L nucleus there are two PMD’s (see Table 1): one lying at 1.0 MeV
(AE = 40 KeV) and another one lying at 6.8 MeV (AE = 4 KeV) excitation
energy. The difference between the two PMD’s is that the PMDI1 is of the
isovector type and it can be investigated via the circular polarization of the
y-rays, while the PMD2 cannot be interpreted yet, whether it is of the isoscalar
or of the isovector type, because the isospins are not experimentally known,
however, it is a very favorable (F = 130000, see Table 1) case for studying the
structure of the weak hadron-hadron interaction via the (p, p) resonance scat-
tering or (p, o) resonance reaction.

We want to discuss the first PMD case in somewhat more detail, since it
has been the object of considerable experimental and theoretical work. Let us
denote the upper state (1.08054 MeV) ( see Table 1) b la) and the lower one
(1.041155 MeV) by | b). The y-decay of the state ?,a) to the ground state
(J ™ = 1*0) includes a parity conserving {PC) El transition and a PNC M1
transition. The circular polarization can be expressed as follows:

M
_ PNC
PY =2f TAE (48)
where the ratio f of the reduced matrix elements for the regular decays of the
members of the doublet can be deduced (apart from the sign) from the known
lifetimes [64] and energies

ml Ea3ta
f=_=\/ 412 (49)
€ E’1

b b

The PMD lifetimes are in the relation: T (27.5% 1.9 ps) >> 1,(2.55+ 0.45 fs),

because isospin selection rules forbid the E1 (AT = 0) transition, but not the M1
(AT = 1) transition. The circular polarization is, therefore, two orders of mag-

. . . Mpyc
nitude larger than the PNC admixture coefficient - AE
of amplififcation of the PNC effect, due to the nuclear structure. The M1 transi-
tion from the state |b) to the ground state is one of the strongest known M1
transition (10.3 £ 1.5W.u.), which further justifies the two-level mixing appro-
ximation.

. This is a good example
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The experimental results are:

Caltech — Seattle [49] 1979 P =(-07£20)107
Firenze [52] 1980 P = (- 0.4 £3.0)107
Mainz [53] 1982 P =(-10%18)107
Bini [51] 1982 P =(02+06)107

Queens Univ. [50] 1982 p7 =(0.15 ¢ 0,55).10‘3

If one takes into account the analyzing power (=~ 0.02) of the Compton

polarimeters, this would require a precision ~ 121107 in the counting asym-
metry and it might be difficult to maintain the systematic errors lower than this
limit. The real value of the circular polarization above mentioned could be some

units above 107 if considering the chiral-soliton approach [15] and, hence,

difficult to be exactly measured. This PMD1 case in '®F could be considered a
good example for the importance of the PNC matrix element given by the
nuclear model calculations in the first predictions of favourable cases. The
theoretical value of 0.37 eV [16] comes out to be too large. More sophisticated
shell model calculations [43] show a decrease of the value of PNC matrix
element with the increase of the number of valence orbitals, thus in agreement
with experimental suggestions, however no convergence seems to appear.

5.2. Parity Mixed Doublets in Bg We consider, however, the only excel-
lent experiments in light nuclei, that concerns the asymmetry A7 in the 110 KeV

Y-ray emission of F with respect to the direction of the spin of [ % -110 KeV
state, which is produced with large polarization by the reaction 22Ne([;, a)'gF.

~ IY (1Y ancisi A [(LY
In the particular case of ( 2 ) - ( 2 ) transition, AY_AY p ( 2 J , where

p [%) is the polarization fraction of the parent state and the asymmetry

AY(I) for total polarization has the same numerical value as the circular pola-
rization PY

The experimental results are:

Seattle [18] 1982 AM = (-85+26)107°
‘Y .

Zuerich [19] 1982 AWM =(-454+36)107
Y
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The theoretical value of circular polarization can be obtained ‘from the fol-
lowing formula:

1,- I, +
' 4
Mpyc Ko — 1y

Py=2 AE ([%I'EII(%T)

in which the reduced matrix element of the irregular M1-transition depends on
the difference of static magnetic-dipole moments in the ground and the first

(50)

excited state of 9 The former is known, n (( % ]: 2.628 n.m. [64], while

the latter can be calculated with reasonable accuracy [18], [24], [135] and comes

2
the 11Q KeV level [64] we can estimate the E1 matrix element and the small
enhancement factor comes out to be f~ 11. The circular polarization then can

be obtained to be equal to (- 8.9% 1.6)-10_5 if using M,y =046 eV [16],
quite in agreement with the experiment.

5.3. Parity Mixed Doublet in 2INe. One of the best supports for the DDH

«best» values comes from the study of the parity violation in the transition:
- +

_l_2_ . T =% (2.789 MeV)— 37 , =-;— (g.s.) in 2INe. According to the analysis
made by Millener et al. [27] and subsequently by Haxton et al. [24], the effect
should be a priori determined by the strength of the neutron-nucleus weak force
for its largest part. With the DDH «best» values of the meson‘-nu‘cleon weak
coupling constants, this strength is expected to be small, in agreement with the
experimental absence of an effect in this process. Said differently, the isoscalar
and isovector contributions of the nucleon-nucleus weak force, which add to

<+
out to be small, u((l] ]=-— 0.2 n.m. From the lifetime T=(853+ 10) ps of

each other in l‘)F, would cancel in 2'Ne. This, however, supposes a sizeable

isovector contribution, which is not seen in I8¢ at the expected level: something
must be wrong.

While the accuracy of estimations of the PNC effects in light nuclei is not
as good as originally expected, one has both in 185 and in '°F some check about
the relevant nuclear structure by looking at the B-decay of ¥Ne and Ne,
respectively, which involve an operator, g-p, very clcse to the one determining
PNC effects in complex nuclei in the single particle appro:.i1. ation [136]. There
is no similar possible check in 2INe. Only the comparison of the different calcu-
lations can provide some information on the reliability of the estimates. While
studies by Millener et al. [27] and Haxton et al. [24] qualitatively agree on the
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fact that nuclear structure favours the contribution of the PNC neutron nucleus
force, a quite different conclusion is made by Brandenburg et al. [28]. From the
comparison of results with different strong interaction models, they concluded
that the isovector contribution, whose sign was changing with the model, is
strongly sensitive to the description of the nucleus. In the meantime, this iso-
scalar contribution was changing by more than an order of magnitude. In this
paper, we reexamine these claims on the basis of new calculations including the
nuclear models they used. Our conclusion is opposite to their. The isovector
contribution is well determined in sign, while the isoscalar one is not. In parti-

cular this last contribution may be negligible. In such a case the parity noncon-
+

servation in the transition: 17 , T = % (2.789 MeV) — 37 , T= % (g.s.) in 21Ne,

would be a process sensitive to the isovector part of the weak force, like in the
transition: 07, 7=0(1.08 MeV) — 1*, T=0 (g.s.) in '*F, and the absence of an
effect at the expected level in 2INe could be usefully correlated with that
.18 |
in °F. !

The circular polarization of photons emitted in the transition 5
+

T=-(2.789 MeV) —» 37, T =—é~ (g.s.) in 2INe is expected to be dominated by

S

the contribution from the parity admixture of the 1? , T= %—state at 2.789 MeV

+

with the —12— , T= %—state at 2.796 MeV. The relation of the circular polarization
. 1~ 1 1
P, to the PNC matrix element (5 T=75 (2789 MeV) [Hpp o] -

Y NC

T =7 (2.796 MeV)) is given by:

N | =

| P.(2.789 Me) | =( 105 + gg Jm‘2 eVl

(2.789 MeV) | H,,

Lo |£lT=l(2796MeV))| (51)
5 Ne! 2 '

N | —

The calculation of the weak matrix element has.been performed with the stand-
ard PNC potential, arising from the exhcange of m, p and ® mesons, together
with various descriptions of the effective NN interaction.

We present in Table 6 the details of the contributions of ihe different

components . of the PNC potential to the PNC matrix element (—1—,
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Table 6
Coupling ZWM REWIL Valence Matrix
Element ZBMI 2) F ZBMII Neutron Transition
: (%c)
MO(11)t 0.1884 0.1579 0.2310 0.2592 0.733 éGsi=*Pp)
0.2092 0.1657 0.2557 0.2967
Mo(,’;))' 0.0116 0.0097 0.0142 0.0159 0.0451 éCsi=*py)
0.0146 0.0114 0.0174 0.0203
lel‘)) 0.0092 0.0077 0.0113 0.0127 0.0358 Csi=>P1)
0.0127 0.0101 0.0151 0.0174
Mz(,lg 0.0116 0.0097 0.0142 0.0159 0.0451 (!So=>Po)
0.0065 0.0059 0.0123 0.0142
M;l:) 0.'0098 0.0082 0.0120 0.0134 0.0380 ('So=>Po)
0.,0071 0.0064 0.0120 0.0137
Ml(“()n 0.0086 0.0072 0.0106 0.0119 0.0336 Csi=>Py)
0.0146 0.0095 0.0142 0.0163
M;‘:ﬂ 0.0110 0.0092 0.0135 0.0151 0.0427 ('So=>Po)
0.0061 0.0056 0.0116 0.0135
M;l‘)” 0.0091 0.0077 0.0112 0.0126 0.0356 ('So=>Py)
0.0067 0.0060 0.0112 0.0128
M4(_0[)) 0.0077 0.0002 | —0.0083 | —0.0112 | —0.0676 ~ 3(880=2Po) + 33S1-'P))
0.0153 0.0032 | —0.0083 | —0.0105 ; 4
M 5«); 0.0004 | 0.0000 | —0.0004 | —0.0005 ~ 3('So="Po) - 3¢3s-'py
0.0045 0.0040 0.0034 | 0.0041 -4
M()(’O()D 0.0024 0.0001 | —0.0026 | —0.0035 | —0.0213 ~ 3(1S0-2Po) - 3C81-"'P1)
0.0087 0.0047 0.0009 0.0010 4
M7(,0()n 0.0040 0.0001 | —0.0042 | —0.0057 | —0.0346 _ 3('Se=>Po) + 38S1-'P))
0.0093 0.0030 | —0.0033 | —0.0045 4

Values of the matrix elements M k(‘AT) for different description of the nucleus (ini units of MeV).

In the first column, the matrix elements are reminded. The next columns contain results corresponding

to models, whose description is reminded in the text. The results corresponding to the oversimplified
+ -
model, where the states 17 and 17 are described by one neutron occupying respectively the 2SV1 and

IPVz orbits (with a 2c core) are given in the 6th column. Last column gives the dominant character

of the transition for the component under consideration. For each component the contribution corres-

ponding to the 12¢ core is given in the first row, while the second row incorporates the contribution
of the valence nucleons.
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+
T=5 @789 MeV) [Hpye| 2 7= 1 2196 Mevy). To tacilitate the compari-

son, we don’t introduce the coupling constants so that what is given represents
the raw matrix elements

- +
M@ _ L o 1 2789 Mev)|587)| = T=2 Q7% MeV)),  (52)

where the operators fk(f‘m are defined by eqs.(8). For each of them, beside the

total contribution, we give the separate contribution of the core presently built
by filling its orbits ls,, and 1p,,. It corresponds in the present case to a single

particle transition involving nucleons in orbits lp,, and 2s,,. As a benchmark,
- +

. . 1 1
we also give the result corresponding to a pure case, where the 3 and > states

would be considered as made of one neutron moving in the field of an inert core
(12C) and occupying respectively the above orbits 1p, ,, and 2s%. The compari-

son with full calculations may evidence specific nuclear structure effects such
as depopulation of these single particle states, pairing, possible departures to the
single particle approximation together with some suppression or enhancement of
particular contributions of the weak force. In reporting the results for various
strong interaction models, we gave a particular attention to the intrinsic sign of the

. 1~ 1 1* 1
weak matrix element (—2- ,T= 2 (2.789 MeV) I HPNCI X T= 2 (2.796 MeV)).

Obviously, this sign is not measurable, since it depends on the sign conven-

- +
tions used to describe the states |%,T=%(2.789 MeV)) and |—12—,T=

=%(2.796 MeV)). However, the comparison of signs obtained with different

strong interaction models may be relevant and some change may indicate a
strong sensitivity to particular features of the nucleus description. We, therefore,
carefully examined these results. The task is not a priori straightforward. One
may imagine, for instance, that the sign of the isovector contribution is not
settled, as stated by Brandenburg et al. [28], while the sign of the isoscalar
contribution would be well determined, or vice versa. For the strong interaction
models used here, we found that the sign of the largest contribution (at the level
of the two-body matrix elements) was the same up to a common phase, leaving
no doubt as to the origin of a difference in sign is the results coming out from
the computer. The results presented in Table 6 have been corrected so that the
dominant individual contributions be the same. Differences in sign between
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some of these results therefore reflect differences in the physical c'lescription of
the nucleus.

Due to the short range of the operators entering the Hp,, . the estimates of

their matrix elements are expected to be very sensitive to short range correla-
tions. To take them into account, we introduced in the calculations the correla-
tion function of Miller and Spencer [65], for even as well as for odd parity
components (see section 3.1).

The microscopic structure of the nuclear levels of the parity mixed doublet
has been obtained by using the OXBASH code in the Michigan State University
version [63], which includes different model spaces and different effective two-
nucleon interactions.

In these calculations the ZBM model space and the following interactions:
ZBMI, ZBMII, ZWM and REWIL have been used (see section 3).

The comparison with the predictions of the PNC single particle model,
(columh labeled «valence neutron» in Table 6) shows that the core contribution

is suppressed by a factor 3—4 for the isovector part. For some part, this factor
+ -

arises from the fact that the 17-states and l?-states are not described by pure

configurations with a neutron in 2s, ,, and 1p,, orbits, respectively. For the other

part, it represents a pairing effect, which, for the type of operator considered

here, is usually accounted for by a factor, u, Up= V. Indeed, the dominant

PNC contribution, due to the transition 2s, , <1py, is cancelled for ~ 20-30%

by the similar, but time reversed, transition 1p,, «—2s,,. ;

The situation is somewhat similar for the isoscalar contribution, but the
pairing effect is much more pronounced, since the contribution of the second
transition, 1p, " «—72s, " becomes comparable to the first one, and even larger

in some cases, giving rise either to a complete cancellation (ZWM) or to a
change in sign in other cases (ZBMI). The relative weight of these two contri-
butions has been retained in classifying the different models in Table 6, those
on the left favorising a proton transition, while those on the right rather evi-
dence a neutron transition. In between, there is a possibility of a total absence
of the isoscalar contribution (ZWM), the isovector contribution being relatively
stable and varying by a factor of 1.5 at most.

The examination of the contribution of the valence nucleons
(1py,, ld,, 2s,,) is also instructive. As all core nucleons generally contribute

coherently to the single particle PNC interaction, one might a priori expect that
they would increase the core contribution. Looking at Table 6 one sees that it

is true in many cases, for the transition 3Sl—-sP1 as well as for the transition



1588 DUMITRESCU O.

3S1-1P1 (after appropriately separating in this case the contributions arising
from the transitions 3Sl—lP1 and 1S0—3P0 assumed to dominate). This is not so
however for the isovector 1SO-—3P0 transition, whose contribution is small

(ZBMII) or even destructive (ZBMI). For the isoscalar 1So-—3P0 transition the

situation is much more contrasted (decrease for ZBMII and increase for ZBMI
for-absolute values), but, algebraically, the effect always one to go in the same

direction. Clearly, the results are very sensitive to strong interactions in ISO and

3S1 states, whose relative strength in nuclei is not well determined (see some

discussions in Ref. [141] and some other references therein). The well-known
pairing correlations between like particles tend to support the dominance of the

first one, whereas the existence of the deuteron as a bound state in the 3S -

channel mdlcates that the corresponding force should have the most important
role. As for the core contribution, the dependence of the behaviour of the results
on the transition can be traced back to specific «pairing» effects and to a more
or less destructive interference of the contributions of the single particle transi-
tions 2p,, — 1s,, and the time reversed one 1p, = 2s,,.

The large variation of the isoscalar contribution with the strong interaction
model makes it useful to present a few simple pictures which may occur.
Checking how much they are realized in actual results is not easy and they are

+
given as guidelines for future research. The first one supposes that the —lz—-state

is given by one neutron in the valence orbit 2s,, moving in the field of a core

(ZONe), whose 1p,, shell would not be completely filled. In the single particle

+ -

N . 1 1 .
approximation, the PNC transition from the state 5 to the state - occurs via

a transition from the 2s,, neutron orbit to the 1p,, orbit. It is a particle like
transition. This picture seems appropriate to describe results obtained with the
ZBMII and REWIL models.

The other schematic pictures are inspired by the Nilsson model and sup-
poses some relationship between the parity doublets considered here and the one
n '°F, where parity-nonconservation evidences the character of a proton-hole

like transition. The parity doublet in 2!Ne might be obtained by creating holes
+ —
in the deformed orbits [220] 17 and [101] 1? of 20Ne, to which two inert
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+

nucleons in the orbit [221] 37 would be added. Two extreme possibilities occur,

depending on whether this pair is in T = 1 or in T = 0 state. The first one, where
the hole is coupled to the T =1 pair, so that the total isospin is T = %, gives

rise to a result where the contributions of the neutron and proton single particle
PNC interactions are in the ratio 2:1 corresponding to the ratio of isovector and
isoscalar contributions, — 1:3. This picture, which apparently underlies results
by Millener et al. [27], where the role of the neutron transition is somewhat
enhanced (the above ratios are respectively 3.7:1 and — 1:1.73), has no counter-
part here. As mentioned above, results for ZBMII, which favour a neutron PNC
transition, correspond to a particle transition and not to a hole one as’ in the
Millener et al. [27] calculations. To get it, the sign of the «pairing» effect for
the isovector contribution should change as it does for the isoscalar contri-
bution. While the present calculations evidence a well determined sign for the
isovector contribution, it may be that the change in sign observed for the contri-

bution of valence nucleons in some cases (isovector transition lS0—3P‘0) is an

indication that the picture underlying Millener et al.’s results is not completely
absent from the present results.

Some nuclear aspects of the calculations presented here have already been
discussed. Further comments may be in order, especially in relation with other
works. Apart for the sign of the isovector contribution we mentioned at length
above, we essentially agree with the results of Bradenburg et al. [28], whose
models Z and F correspond to models denoted here by ZWM and REWIL. The
large sensitivity to the nuclear model of these results for the isoscalar contri-
bution, apparently unnoticed, is further confirmed by the present résults for the
models ZBMI and ZBMII. Results of Millener et al. [27] were obtained with a
single-particle PNC interaction, (const o-p). For many transition involving low
energy states, this approximation, possibly corrected for the finite range of the
nucleus, has been able to reproduce the essential features of more elaborated
calculations involving two-body forces (see for instance Ref.[138] and referen-
ces therein). It is interesting to notice that the improved calculations by Adel-

berger et al. [16] for 18F, %F and ?'Ne evidence a single particle transition
character,while the description of these nuclei already reveals a complicated
structure. In results presented here, the above approximation still works, but to

the extent where the core contribution is the dominant one. Compared to g
however, relatively large departures appear, especially for ZBMI, where the
valence nucleon contribution gives an increase in some cases (factor 2 for the

component g phg (1 + ), a decrease in other cases (a factor 1.8 for the compo-



1590 DUMITRESCU O.

nent g A (1 + p.)). This is perhaps an indication that 2'Ne is in some transition
8o 1, perhap

region, making more difficult well defined predictions. A further support to this
statement concerns the character of hole transition of Millener et al.’s and Adel-
berger et al.’s results, which is confirmed here only for the isoscalar contribution
(ZBMI and ZWM). Their approach necessarily implies such a structure since
they allow for only one hole in the 1p,, shell. The absence of restriction with

this respect in present calculations leads to a quite different picture, since the
isovector contribution is uniformly of the particle type transition. In view of
them, the above approximation appears to be a poor one. This does not mean

that the present results are free from criticism. Studies in '®F and '°F show that
some suppression of the PNC effect occurs, due to the deformation of the nuc-
leus, which to be accounted for, requires that particles in 1py,, ldy, and 1fs,

shells be active ones (beside the particles in lpVZ, ld% and 2s,/2). The possible

transitional nucleus character of 2'Ne precludes to make a statement as to the
precise role of| these corrections, but a provisional suppresion factor 3, as in

18F and 1%, sounds quite reasonable. This should be kept in mind when making
the comparison with the experiment.

After discussing some features relative to the nucleus description itself, it
may be appropriate to consider those related to the weak interaction. Differen-
ces between p and w-exchange contributions reflect differences used for meson
masses. Their ratio for terms having the same spin-isospin structure is roughly

m2
given by the factor ——g (=2 0.965 here) corrected for the effect of short range
W
correlations, which tend to decrease it. For isoscalar contributions, this feature
is more difficult to check, due to a difficult isospin structure. Concerning the
short range correlations, one would expect that the difference between contri-
butions of commutator and anticommutator terms in the PNC potential reflects
that one for a valence neutron (the column 6 of Table 6) is dominated by S and
P NN-transitions. The suppression of some contributions partly invalidates the

argument, especially for those dominated by the 1S0—3Pl transition, where the
P to D transitions acquire a relatively larger weight. These last transitions are
quite sensitive to the longer range description of p and ® exchanges, due, for
instance, to the coupling of the p to the 2%t continuum [139]. Their mirror role

suggests to forget them at the present stage of the studies of pNC effects.
Table 6 can thus be considerably simplified to be expressed in terms of four

elementary amplitudes [137]: \_zg and V: (ISO—3P0, isoscalar and isovector), u

(3SI—IP1, isoscalar) and w (351_3P1’ isovector), where:
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2
2-0,1 _ _ ©,1) on, M _
M5 = (gwhm + gphp ) o 0.23
p
©.1) (0,1) M2
= (gl (1 + 1) + g k" (1 + 1)) o 0.27, (53)
p
2- ) o M>
Mu== (g, —38,h") P 0.23 -
p
(1) M?
= (= 8 fty (1 + 1) + 3 2 0.1 + 1) o 0.27, (54)
p
2= (1 ay, M>
MW =—(g,h, +8h") P 0.23 -
p
2 2
m M 1 m M
-g ) ——027+-—=gh 0.11. (55)
PP 41tm§ -\TZ- TR 41tm12t

The factors 0.23, 0.27 and 0.11 incorporate the effect of both the range (impor-
tant for the n exchange case) and short range correlations. They may be changed
according to the model of short range correlations. For simplicity, we neglected
the differences in masses between the p and ® mesons. In the case of the ©t
exchange, the factor has been partly estimated in nuclear matter and incor-
porates the contribution of transitions P-D, D-F whose destructive role may be
smaller in light nuclei, thus enhancing the ® exchange contribution with respect
to this estimate by 15—25%. The results are presented in Table 7. The advan-
tage of the above amplitudes is to make quite easy the incorporation in first
approximation of new physical inputs dealing with the short range PNC-NN

interaction (short range correlations, tensor coupling between the 3Sl and 3Dl
components, other meson exchange, hadronic form factor) without redoing all
the calculations.

Further simplification is obtained by using the strengths of the proton and
neutron PNC forces:

XI{,’=M2(%E+%T/0+§‘+W), (56)
XN"=M2{%E+%VO—V’—W). (57)

As mentioned previously, these quantities, which have been used in analysing
various PNC effects in complex nuclei [137], may not be so good to represent
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Table 7

Kuo ZBMI ZWM REWIL ZBMII Valence

(Ref.[72)) neutron

M5 0.174 0.146 0.214 0.240 0.68
0.228 0.179 0.272 0.316

M5! 0.179 0.150 0.219 0.246 0.70
’ 0.114 .0.104 0.203 0.234

M4 0.074 0.002 - 0.080 - 0.100 - 0.68
0.087 - 0.022 -0.135 -0.171

M%0 0.080 0.002 - 0.089 -0.114 - 0.68
0.216 0.089 -0.035 -0.050

X]:,’ - XN" 1 =019 0.177 0.148 0.217 0.243 0.69
T K ' 0.172 0.141 0.237 0.275

XI{I, + XNn 0.24 0.077 0.002 - 0.084 -0.107 -0.69
T 0.151 0.033 —-0.085 -0.110

XAIIJ - 0.02 0.127 0.075 0.066 0.068 0.

0.161 0.087 0.076 0.082

Xl\;‘ 0.22 - 0.050 -0.073 -0.150 -0.175 - 0.69
-0.010 - 0.054 - 0.161 -0.192

Expressions of the matrix elcment(—l—z: ,T= % (2.789 MeV) |H e C‘ lzt ,T= % (2.796 MeV)) in

terms of the S-P transition amplitudes as defined in [137] (w for 3Sl—3P1, AT =1; V' for 1SO~3P0,
AT = 1; u for 3Sl—3P1, AT = 0 and ° for 1SO—:)’PO, AT =0, as well as in terms of the strengths of the

proton- and neutron-nucleus PNC forces (in units of MeV). As in Table 6, the first row corresponds

to a 2C closed core, while the second row incorporates the contribution of valence nucleons. The
above results obviously imply approximations such as neglecting contributions from P-D transitions.

the PNC effect in 2!Ne. They, nevertheless are usefull to catch in a glance the
dominant character of some matrix element: neutron or proton transition. Ex-
pressions in terms of them are also given in Table 7.

In the comparison with the experiment, we retain the following features
evidenced by the estimates. The estimate of the nuclear part of the isovector
contribution is rather well determined. The isoscalar one, including its sign, is
uncertain and has a weight rather disfavoured compared to the isovector one
(see Table 7). From the comparison of similar calculations with B decay in
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13F and 19F, an overall suppression by a factor 3 is quite likely, but it should
be kept in mind that the nuclear uncertainty may here result in an effect more
complicated than such a factor.

The circular polarization of Yy emitted in the transition B T=

>

+ .
(2.789 MeV) — 37 , T= % (g.s.) in 2INe has been measured to be [26]:

N

P =(08% 1.4)-1073. (58)

The error is large, but in fact it provides an upper limit, which appears to be
- quite constraining. Combining results of Table 6 with coupling constants given
in Table 3 («best» values of DDH and using the relation of PY to the PNC

+
matrix element (17, - % (2789 MeV) | H,,p .| 12- T= % (2.796 MeV)) indi-

NC

cates that many of the individual contributions exceed the experimental upper
limit, or just reach it. Accounting for a possible overestimate by a factor 3
leaves 2 contributions which may be of some relevance: the n-exchange and the

isoscalar p-exchange ones (respectively (10—20)'10—3 and (- 5.8)-10_3).

While the isovector contribution in PY agrees in size (but not necessarily in

sign) with that obtained in similar conditions by Adelberger et al. (12'10_3) the

isoscalar one is smaller than their (- 12-10’3). The nice cancellation between the
isovector and isoscalar contributions in their results, which made them con-
sistent with the upper limit on PY’ does not hold anymore.

Examination of the present results shows that the cancellation is not always
present (ZBMI) and that, in cases where there is some, the relative ratio of the
n- and p-exchange contributions expected from DDH «best» values has to be
changed significantly. Fixing the isoscalar pNN coupling at its «best» DDH
value, in agreement with observations of PNC effects in pp scattering at low
energy (15 MeV and 45 MeV), implies that the corresponding TNN coupling
constant be reduced by a factor of 3 in order to match the experimental upper

bound on P, . The resulting value (REWIL, ZBMII), h{}) = 0.15-10%, would be
quite compatible with the limit obtained from the upper bound on the PNC
effect in the transition 07(1.08 MeV — 1% (g.s)) in "*F(|A!| <0.15107).

Thus, far from supporting the «best» values of DDH, PNC in 2INe would add
to that in 'F to favour a value of hg:) significantly smaller than the DDH «best»

value.
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In discussing PNC effects in nuclei, the effect of the tensor force which
admixes 3Dl component to the 381 state, is generally neglected. Its role is two-

fold here and tends to provide further support for lower values of hgtl). In the
case of the m-exchange, it leads to an enhancement of the contribution of the
3s 1—3P1 transition, which compensates a large part of the effect of the short

range repulsion at short distances [137]. The actual value of hstl), which may be

extracted from the comparison of measurements to a theoretical estimate more
elaborate with the above respect, should be accordingly corrected downwards.
The above statement is quite general and also applies to conclusions drown

from the study of PNC in '®F [16)].
The importance of the role of tensor correlations for the p-exchange contri-

bution is somewhat specific to some of the present results for 2INe (REWIL,
ZBMII). As seen from Table 7, the isoscalar contribution for those cases is

dominated by the 3Sl-'Pltransition. Tensor correlations may reduce it by a

factor 3-4 (Reid soft-core case), making the total isoscalar contribution smaller.
This requires a lower value of the isovector contribution, and therefore a lower

value of h“), so that the destructive sum of the isoscalar and isovector con-
T

tributions still matches the upper limit on the circular polarization, Py.

At this point, it may be appropriate to remind a few predictions for "5:”- In

this order, the DDH approach is quite useful as it provides a general scheme,
where many contributions considered in the literature can be accomodated quite
easily. Results are given in Table 8 for different values of the factor
K(K =1, 4,7) defined in Refs. [13], [142], which characterizes strong inter-
action effects. Partial contributions are also exhibited. They correspond to the
sum rule contribution (related in one way or another to the charge current con-
tribution), to the parity volation in the wave function, and to the factorization
approximation. Earlier contributions calculated by Weinberg [4] or Gari and
Reid [140] would enter in the column indicated by We and Ga, respectively.
Later contribution by Dubovik and Zenkin [14], Kaiser and Meissner [15] or
Khatsimovsky [62] may be considered as particular cases of DDH expectations.
In spite of somewhat different approaches in some cases, they compare well
with them. The corresponding contributions in the DDH scheme are underlined
in Table 8 (respectively labeled by KM, DZ and Kh). Contributions involving
a (colored) strange content are given in the two first columns, the first one
correpsonding to the charge current part of the weak interaction.

As seen from Table 8, small values of h;l) are found for small values of the

factor X or/and in absence of strange content in the nucleon. This might repre-
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Table 8
Sum rule PNC factorization
5S.. in the w.f.
K=1 B = e 1+0-33 +21+13)| =0410"
..KM. ... =0.4-1077
K=4 K = e 1+46-35| +01+43)| =25107
..DZ ... | =04107
K=7 R = £ 1+60-43 -05+70) | =35.10"
££=0.38107 We Ga Kh

Detailed contributions to the coupling constants h;l) in the DDH scheme as completed in

Ref.[142]. Results are given for different values of the factor K [142], [13] which accounts for the
effect of strong interactions [137]. Three types of contributions are included, respectively denoted: sum
rule (relajed to the charge current contribution), PNC in the wave function and factorization. The
results which later one should be compared with are denoted by the initials of the authors. Some earlier
results by Weinberg [4], Gari and Reid [140] or Khatsimovsky [62] would enter in the column labeled
We (K — o), Ga (K = 0) or Kh, respectively. Contribution by Kaiser and Meissner [15] or Dubovik
and Zenkin [14], would enter in the rows labeled KM or DZ respectively. Contribution involving the

(colored) strange content are given in the first two columns. The fx" factor has the value

fi= 0.38.107.

sent a great achievement of studies of PNC effects in nuclear forces. However,
it is difficult to neglect the strange content of the nucleon at theé present time
where it appears to play some role in different places [141], or to‘imagine that
strong interaction effects (K # 1) are totally absent. More probably, the expla-

nation of a low value of hg) is totally absent, or is to be found in the

incompleteness of estimates. Due to a lack of information and because it was
considered a second order effect in gluon exchange, the contribution of an
uncoloured strange component in the nucleon has not been incorporated in the
estimates by DDH. As noted by [140] such a contribution could be enhanced by
the presence of a large overall factor in the effective weak interaction. On the
other hand, this effective interaction only contains the dominant terms. Other
ones may play some non-negligible role in estimating the coupling constant

M
K,

We reexamined estimates of the circular polarization of y-rays emitted in

1 +
T= (2789 MeV) > >, T=% (g.s.) in *'Ne, which

the transition DR
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involves the parity admixture of two closed states 17 , T = % (2.789 MeV) and

+
~12—, =%(2.796 MeV). New estimates have been added to previous ones.
From the study a different interpretation of the measurement is suggested. Con-
trarily to the previous claim by Brandenburg et al. [28], we found that the
isovector contribution is well defined in sign, while the isoscalar contribution is
not-and somewhat disfavoured. This conclusion agrees with the recent result of
Ref. [43] based on much larger valence basis. Our conclusion is based on a
careful examination of the sign of the dominant individual contribution. Such a
procedure allows one to rise the ambiguity as to an overall sign that somewhat
comes at random from the computer in calculating the wave functions. The
difference with Adelberger et al. [16] appears to be due to the quite under-
standable restriction of their calculation to one hole at most in the Py, Qualita-

tively, it sounds as if the total result would be the sum of two different contribu-

tions which, in a deformed single particle basis, would imply the transition
+ p—

[220] 17 — [101] —12— (dominant in 18k and 19F) and a transition implying the

+ +
12~ orbit [ [211] ]7 J , such that the PNC matrix element would read as:

n p n_ yp
XN+XN XN XN

nyxP n_xp
. Xy +Xy _I_XN Xy
2 2

2
2 37 2

2
Vo)~ B (59)

The first contribution would mainly have a particle-type character, while
the second one would be a hole-type transition. By varying continuously the
ratio of these two contributions, one would go from results similar to Millener

et al.”s [27] schematic ones (0L2 =1, [32 = 0) to those where a particle type tran-
sition would dominate (REWIL, ZBMII) (B2 > ozz), passing through the case

where the isoscalar contribution would be absent (B2= ocz). This picture is
proposed to roughly illustrate present results. The difficulty to perform calcu-
lations in extended enough basis to account at the same time for pairing effects
(important in the present results) and deformation effects (important in Adel-
berger et al.’s results), which both tend to reduce PNC transition amplitudes
estimated here, invites to take with some caution any definite conclusion.

Present results support an interpretation different from the one where the
small PNC effect in 2!Ne would arise from a «fine» cancellation of the large
isoscalar and isovector contributions as calculated with the «best> DDH values

for the weak coupling constants. The relative (or even complete) suppression of
the isoscalar contribution necessarily imposes an upper limit on the isovector
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contribution and therefore on the ®WNN coupling constant, hst]). Although the

conclusion cannot be as convincing as in 18F, where some check is possible
from the B decay of 18Ne, a similar limit, "5:1) < 0.15-10"6, is obtained. An even

lower limit could be obtained if the isoscalar contribution was shown to be
totally absent in the present PNC transition.

While a low value for the hg) is quite consistent with DDH expectations, it

supposes inputs that are far from what could be considered as best ones at the
present time: absence of strange content in the nucleon and absence of strong
interaction effects in building the effective quark interaction in our opinion, the
explanation for a low value of hgtl) should be rather found in the contributions,
which were considered as negligible until now and, in any case, difficult to
estimate.

5.4. Parity Mixed Doublet in A =36 Nuclei. There is another pair of
PMD’s which can be described approximately with the same strong interaction
models, one PMD, first proposed by Dumitrescu and Stratan [46] belongs to the
3¢ energy spectrum and another one to that of the Ar (see Table 1 and 9 and

Ref.[132]). Neglecting in the 36Cl-casef the isotensor contribution we are dealing
with two dominant contributions of the opposite signs, one isovector and one

isoscalar, while the 3Ar-case is a pure isoscalar one. The last two PMD’s are
analogous to the BE_19F case. For example the 36Ar PMD can be populated in
the 39K(p, (1)36Ar reaction (EP = 3.7 MeV) in analogy with the wF-case, while

the 35C1 PMD can be populated in the 3°K(n, 0)**CI reaction (E, = 0.6 MeV).

The calculations of the PNC matrix element were carried out with the shell-
model code OXBASH [63] in the sd-pf model space in which the 2s,,, lds/z,

ldy,, 2p,,, 2py,.1f5, and lf_‘;/2 orbitals are active. The truncations we made within
this model space were (1(15/2)12(2.“/2—1(13/2)8 for the positive parity states and

(2s1d)19(2p1f)1 for negative parity states ((0 + 1)% calculations). These trunca-
tions are necessary due to the dimension limitations, but we believe that they
are realistic. The Brown-Wildenthal interaction [143] was used for the positive
parity states and the WBMB interaction [144] was used for the negative parity
states. Both interactions have been tested extensively with regards to their re-
production of spectroscopic properties [144], [143]. The caclulation of the PNC
matrix element which included both the core (inactive) and active orbitals has
been performed as described in Ref.[25].
; 'All the components [13], [16] of the parity nonconserving potential are
short range two-body operators. Because the behavior of the shell-model wave
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Table 9
Nucleus 36¢y 36Ar

I'T,, E, MeV) - 2*1, 1.959 MeV — 270, 4.951 MeV —

If"Tf, E, (MeV) 2'1, gs. 2%0, 1.97 MeV

I'T,, E, (MeV) - 271, 1.951 MeV — 270, 4.974 MeV —
JI"Tf, E, (MeV) 2*1, gs. 2%0, 1.97 MeV

life time (t,) (60 + 15) fs <50 fs

life time (1) (2.6 £ 0.3) ps (14 £5) ps

branching ratio (b ) 94.4% 15%

branching ratio (b)) 60% (4.0 £ 0.9)%

mixing ratio (8+)exp (- 5.2 £0.06) or

(= 0.10 + 0.06) [146]
mixing ratio (8;) -0.24 0.41

theor

mixing ratio (8_)exp

(= 0.10 £ 0.10) [146]

mixing ratio (8 ),

0.009

B(E),,, 14107 071077 (if §_=0)
B(E])thwr
BM2) <25
BM2),, 2.5 0.24
BM1),, 0.08 (3, = - 0.2); 0.6 (if 3, = 0)
0.003 (8, = - 5.2)
BMY), 0.14 0.0009
B(E2), 126, =-02);
P +
298 (5, =~ 5.2)
B(E2),, 30 0.27
DDH - 0.01 0.122
Myl (V) 9
DDH 1_1 -0.057 0.122
Mpne™ ©V), by =4 (hpppy
KM -0.02 0.0
MPNC 3 67
f 8.3 32.4
F 2000 2400

Physical quantities and theoretical PNC matrix elements necessary for calculating y-circular pola-
rizations and asymmetries for the two PMD-cases studied in the A = 36 cases (see section 5.4). The
experimental data is taken from Ref.[132] unless noted.
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functions at small NN distances has to be modified, short range: correlations
(SRC) were included by multiplying the harmonic oscillator wave functions

(with 7w = (45-A 5 Mev-254"% MeV) by the Miller and Spencer factor
[65]. This procedure is consistent with results obtained by using more elaborate
treatments of SRC such as the generalized Bethe-Goldstone approach [66],
[67]. The PNC pion exchange matrix is decreased by 30 + 50% as compared
with the values of the matrix elements without including SRC, while the p(w)

exchange matrix elements are much smaller (by a factor of % + —é-). :

The calculated by Horoi [47] excitation energies of the first three 2+T =0-

levels in ®Ar are 1.927, 4.410 and 7.714 MeV. The first two are in good
agreement with experimental levels at 1.970 and 4.440 MeV. The third

2*0 E_=4951 MeV state (the state belonging to the parity doublet) apparently

is an intruder in the 2s1d (0fiw) configuration. This conclusion is also supported
by the suppressed B transition probability [145]. Horoi included the 2fio confi-
gurations in a rather reduced space (the ld,, orbital is freezed and the If,/l

orbital is not allowed) which we consider adequate for this problem. The 2fi
configurations have been shifted down by 11.5 MeV so that the first 2*0 state
with a dominant 2%® component (~80%) became the third 2%0 in the calculated
spectrum. The dominant PNC transition is 1dy,—2p,, and the PNC matrix ele-
ment is 0.122 eV (see Table 1). One must mention that this value is more

uncertain as compared with the 36C1 value due to the fact that the third 20 state
cannot be described either as a pure Ofiwo configuration neither as a pure 2t
configuration. In the 3¢l case, the positive parity states are in very good
agreement with the experiment (e.g., the second 2% state has a theoretical energy
2.004 MeV, compared to the experimental value of 1.96 MeV). The theoretical
B(EM) and B(M)\) and mixing ratios are in relatively good agreement with the
- experiment (see Table 9), for both cases.

The results (up to a complex phase factor) can be summarized as:

36c1) = ) _ I _ m _ (O
MppCCD = (1.094h O.205hp 0.304h 0.027hp, !

+ 0.569hg” +0.32340 + 0.0IShg)}lO'z ev, (60)
and
M °AD) = = (0.995K +0.44340)107 V. (61)
Here hﬁ£son should be given in units of 1077 as in Table 2.
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6. CONCLUSIONS

The PNC nuclear physics processes determined by the isovector part of the
weak hadron-hadron interaction are very important for studies of the neutral
currents.

Our understanding of the AS = 0 hadronic weak interaction is based on a
small collection of high precision experiments (see for review Ref.[16]) in the
two-nucleon system and light nuclei, which isolates the weak interaction via its
parity nonconserving signature. The experiments have yielded significant but
incomplete information on weak meson-nucleon coupling constants, which are
in qualitative agreement with the predictions [13], [14] based on the standard

model, although the pion coupling (h;l)) is much smaller than expected. Unfor-

tunately the measured observables need a complicate theoretical interpretation
and the extraction of the weak meson-nucleon couplings from the experiment is
not model independent at present. Due to the generally small values of most of
the contribut!ing terms to the PNC matrix elements, PNC dealing with low
energy nuclear spectrum should essentially involve the strength of the nucleon-
nucleus weak force. As weak interactions do not conserve the isospin, this
strength may be characterized by two numbers, relative to the proton and neu-
tron forces, respectively, or equivalently to its isovector and isoscalar
components. Moreover, the main contribution coming from the isovector part is
assumed to be due to the one pion exchange term (the long range term), while
the main contribution coming from the isoscalar part is assumed to be due to
one p-meson exchange term (the short range term). At present no experiment is
possible to invent in order to be sensible to other contributions to the weak
hadron-hadron interaction potential. Therefore, in principle two independent expe-
riments should be sufficient for the determination of the above nucleon-nucleus
weak forces. Therefore in this work we tried to select pairs of experiments for
which one uses more or less the same theoretical treatment. We investigated the
possibility to extract from the experiment the necessary information concerning
the neutral current contributions to the structure of the weak interactions that
violate the parity conservation low. The low energy nuclear physics processes
considered here were: the resonance nuclear scattering and reactions induced by
polarized protons, emission of polarized gamma rays from oriented and non-
oriented nuclei and parity forbidden alpha decay. Some comments on PNC
nucleon-nucleon (PNC-NN) interaction have been presented. Applications for
specific scattering, reaction and decay modes have been done. New experiments
are proposed. As the most favourable case, we consider the neutral currents

investigation via the lsN(p, 0()12C resonance reaction that populates the 13 MeV,

J™ = 2% isovector parity mixed doublet. The energy anomalies for the expected
interference effects, relevant for the experiments, have been found to be
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A= 1.4107 and Ab =1.4107 at 6 = 150° and are based on the conservative

value of 0.1 eV for the PNC matrix element. Such an experiment together with
the PNC o-decay experiment (an isoscalar case) [45] would fix from the

experiment the isoscalar and isovector strengths of the H,, -interaction.

We reexamined estimates of the circular polarization of y rays emitted in
3+
E‘ ’

uEUmmmm%,T=%athuw-e =%@som”N¢wmmnwm-
: : - 1 1+
ves the parity admixture of two closed states 5 T= ) (2.789 MeV) and R

= % (2.796 MeV). New estimates have been added to previous ones. From the

study a different interpretation of the measurement is suggested. Contrarily to
the previous claim by Brandenburg et al. [28], we found that the isovector
contribution is well defined in sign, while the isoscalar contribution is not and
somewhat disfavoured. This conclusion agrees with the recent result of Ref.
[43] based on much larger valence basis. Unfortunately a more precise
experiment using the Compton polarimeters compared to those already done
[16] at present is impossible to perform.
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OF TIME-REVERSAL INVARIANCE
IN NEUTRON-NUCLEUS INTERACTIONS

E.L.Sharapov
Joint Institute for Nuclear Research, 141980, Dubna, Russia
H.M.Shimizu*
National Laboratory for High Energy Physics, 1-1, Oho, Tsukuba 305, Japan

Experimental approaches for the test of time-reversal invariance in neutron-nucleus
interactions are reviewed. Possible transmission experiments with polarized neutron beams
and polarized or aligned targets are discussed as well as neutron capture experiments with
unpolarized resonance neutrons. Development of the conceptual methods of study which
are in progress as well as the recent progress in efficient neutron polarizers and analysers,
polarized nuclear targets and high count rate detectors are reviewed. Preliminary results of
the experiments which have been performed are discussed.

O630pHast cTaThd MOCBALICHA JIKCMEPHMEHTAIBHBIM MOAXONaM, NpOBEpPAIOIIMM HHBa-
PHAHTHOCTb K 00pallieHHI0 BPEMEHH BO B3aMMOJEHCTBUAX HEHTPOHOB C SOpaMH. O6cyxna-
JOTCA BO3MOXHbIE KCTIEPHMEHTHI MO MPOMYCKAHHIO MOJNSPU3OBAHHLIX HEHTPOHOB 4e€pE3
TNIONAPU3IOBAHHbIE WIHM BbICTPOCHHBIC MHLIEHH, a TAaKXe IKCMEPHMEHTHI 10! 3aXBaTy Hero-
NAPH3OBAHHBIX PE3OHAHCHBIX HelTpoHoB. Crenan 0630p NPELIOXEHHBIX METOJIOB HCCIIENIO-
BaHHA M COBPEMEHHBIX JOCTHXEHHIt B co3naHuH 3¢PEKTHBHBIX MONAPH3ATOPOB H aHAIH3A-
TOPOB, NO/MSAPH3OBAHHLIX MHLIEHEH M HEHTPOHHEIX AeTeKTOpoB. OOGCYXnalOTCA Mpeasapy-
Te/bHEIE Pe3y/IbTaThi HEKOTOPHIX 9KCMEPUMEHTOB, BHIOMHEHHBIX K HACTOAILEMY BPEMEHH.

1. INTRODUCTION

The reversal of time t — t* = —t does not impose any conservation law and
does not introduce any quantum number in contrast to the case of space inver-
sion. The corresponding anti-unitary operator T transforms an S-matrix of a

nuclear reaction into the S-matrix of the reversed process: TST ot
Combining with the unitarity condition of the S-matrix: § ~1'= 87, one obtains

*Present address: Institute of Physical and Chemical Research (RIKEN), 2-1, Hirosawa, Wako,
Saitama 351-01, Japan
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specific relations in the relative phases of the S-matrix elements, which lead to
provable consequencies, e.g., to the detailed balance of reaction cross sections
through compound nucleus and to the equality of the polarization and the
analyzing power in a direct and reversed reactions. The time-reversal invariance
(TRI) can be tested also by measuring T-odd correlation terms which appear
in angular distribution of y-rays and linear polarization distribution in nuclear
B-decay after subtracting the contribution of final state interactions.

. TRI'is known to be a broken symmetry from the experimental proof of CPT

theorem and from the violation of CP-symmetry on the scale of 10~ of the
weak amplitude found by Cronin et al. [1] in the decay of neutral kaons. The
CPT symmetry, which is the symmetry under the combined transformation of
charge conjugation (C), space inversion (P) and time reversal (T), was tested

experimentally in K 0_k© system, and it was found that the strength of CPT-

violating interaction, if exists, is limited by the level of 107! of that of CP-
violating-interaction [2]. Furthermore, the CPT theorem is founded on the solid
ground of field theory using general principles of causality and locality.
Therefore, CP-violation can be equivalent to the T-breaking. Many theoretical
approaches have been discussed to identify the origin of CP-violation and many
experiments have been also carried out to search for CP-violation and T-vio-
lation in other processes. The early reviews of these topics were given by
Henley [3] and by Blin-Stoyle [4], and recent reviews, for example, by
Wolfenstein [5], Boehm [6], Gudkov [7] and Bunakov [8].

Detailed balance experiments found no difference between S-matrix

elements of the direct and reversed reactions at the level of 2-10~> [9]. The set
of the measurements of polarization and the analyzing power put an upper limit

of 1072 in their relative difference as reviewed by Conzett [10]. Electromagnetic
tests of TRI in nuclei have not shown the presence of any relevant correlation

terms in nuclear y-transitions at the level of 3.10_3, as reviewed by Rikovska
[11]. The D-term, Ds - l(e X kv, which is the correlation between the spin of the

neutron or parent nucleus s, and the momenta of the emitted electron and anti-
neutrino was searched for in the B-decay of neutron and ®Ne and was shown

to be smaller than (1-2)-107. The corresponding references can be found in the
papers by Erozolimskii et al. [12] and Calaprice and co-workers [13]. The most
precise TRI tests are thought to be in the fields of neutron and atomic physics
by searches of T-violating permanent electric dipole moment of neutron d (n)

[14,15] and of neutral atoms de(Xe), d (Hg) as reviewed by Sandars [16]. The

upper limit has been reached at the level of d,(n) < 2102 e-cm.

The magnitude of T-violating effect in neutron induced nuclear reactions is
commonly expressed as the value A which is the relative strength of P-violating
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T-violating part to P-violating part in the effective nucleon-nucleon interaction
in the case of P-violating T-violating effects. The value o, which is the ratio of
P-conserving T-violating matrix element to P-conserving T-conserving matrix
element, is used in the case of P-conserving T-violating effects. Present
experimental upper limits put the upper limits for both A and o at the level of

a- 3)-10_3; see Ref.[19] and Refs.[17,18], respectively. The discovery of the
enhanced P-violating effects in neutron p-wave resonances (see reviews by Alfi-
menkov [20], by Bowman et al. [21] and references therein) and the subsequent
prediction of the enhanced sensitivity to T-violation in the p-wave resonances
(see the review by Bunakov [8] and references therein) stimulated the new
interest to the searches for possible T-violation. It is expected that the sensitivity
of polarized neutron-polarized target experiments in p-wave resonances can
exceed the sensitivity of the d,(n) measurements by a factor of 10 at least.

The origin of CP-violation still remains unknown; even the standard
electroweak and QCD theories give no definite explanation. Upper limit on the
T-violating effect can be used to select theoretical models according to the
prediction of the strength of the T-violating effect. Millistrong models, intro-
duced soon after the discovery of CP-violation [22], are nearly ruled out by
most of the studied phenomena. Many milliweak models based on the T-viola-

ting interaction of which the strength is at the order of 10’3GF , where G, is the

Fermi constant of the universal weak interaction, are ruled out by the above-
mentioned de(n) limit, though some of them still survive due to the additional

specific inhibiting factors. The superweak interaction, whose strength is 107
times that of the standard weak interaction and with strangeness change
AS =2, was suggested by Wolfenstein [23]. If only this superweak model sur-
vives, no effect should be seen in any other weak reactions than those involving

K ° mesons. However, history of science knows many discoveries of unexpected
phenomena and most of experimentalists tend to treat TRI as an assumed sym-
metry and test it as precisely as possible. In this review, we concentrate to the
searches for TRI breaking in neutron scattering and reactions. The topic was
reviewed by Masaike [24], but briefly.

2. THEORETICAL PREDICTIONS
FOR T-VIOLATING EFFECTS

2.1. General Approaches to Estimate T-Violating Effects. The magnitude
of T-violating effects in a compound nucleus can be estimated from the values
of effective meson-exchange coupling constants analogous to the case of parity
violation discussed by Adelberger and Haxton [25]. The T-violating effect in
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meson-exchange coupling constants should be calculated according to a parti-
cular theoretical model. An estimation of the T-violating meson-exchange

coupling constants EnllNN was given in Ref.[19] for mediating mesons -

MM ==, p, ®) and isospin I (I=0,1,2). EA{INN corresponds to the magnitude of

the matrix element { MN | H| N ). The upper limit imposed by phenomeno-
logical analysis of experimental result of neutron electric dipole moment (EDM)
measurement is

gMNN_ 107!, 1)

for P- and T-violating interactions. This should be compared with the P-viola-
ting T-conserving quantity ggNN (hg in the notation of Ref.[25]), which has the
value of

gonn = 2 = 31075, @)

The constants E}({NN must be propagated to the value of T-violating matrix

elements in compound nuclei to estimate the magnitude of 7-violating obser-
vables.

One method is to relate the two-body nucleon-nucleon Hamiltonian to the
single particle potential and obtain the ratio w/v from the ratio A =g er/ &p»

where w and v are P-violating T-violating matrix elements in compound nuclei,
and gp. and g, are corresponding meson-exchange coupling constants (7,19,

26,27]. In this method, symmetry breaking matrix elements for single-particle
and compound states are assumed to be connected by the VN factor, where

=~ 10° is the typical number of quasi-particle components in the wave function
of a compound state.

Another method is to apply random matrix theory to the compound state to
calculate the variance of the distribution of the matrix elements (H ﬁw, with the

Hamiltonian of the form
H=Hj +iH'=h+u+iaV, 3)

where H’ is the T-violating part of the Hamiltonian and H, is T-conserving one

and is the sum of the single-particle term h and the residual interaction term u
[17]). V and u are assumed to have the same magnitude and thus o can be
regarded as the relative strength of effective T-violating residual nucleon-
nucleon interactions. The spreading width associated with H”’

. H 2
rvazng(——'l))lﬁ, @)
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is commonly used as introduced in Ref.[17]. Here the angular brackets denote
the variance and D is the average spacing of levels of the given spin and parity.
The resulting expression

I’ ~ 2107102 (eV), 5)

can be used to deduce the unknown strength of the T-violating interaction when
the T-violating spreading width is obtained experimentally. The detailed balance

experiments put a bound of o < 107 for P-conserving T-violating interactions.

2.2, Strength of P- and T-Violating Interaction. Stodoisky [28] and Kabir
[29] introduced a P- and T-violating term in the neutron elastic forward scat-
tering amplitude f describing transmission of polarized beam through polarized
target. The amplitude is given in the form [30]

A A A A
f=A"+Bc- 1+Co-k+D’o-(kx]), 6)
A

there o and k are unit vectors parallel to the neutron spin and the momentum,
I is the unit vector parallel to target nucleus spin. A" and B’ terms represent
strong interactions (spin independent and spin dependent), C’ represents
P-violating) weak interaction; and D’, the P- and T-violating part. Neutron
transmission and capture experiments with incident neutrons polarized
longitudinally revealed enormously enl}\anced P-violating effects [20,31]. The
spin-spin strong interaction term B ‘c - I was studied in epithermal region long
before the discovery of P-violation in neutron p-wave resonances as rgvicwed
by Alfimenkov, Pikelner and Sharapov [32]. The last term D ‘s - (k x I) is the
quantity to be measured in searching for T-violation, to be discussed in detail in
section 3. )

Before discussing experimental issues, we should properly recognize the
smallness of the T-violating term. Bunakov and Gudkov [33], Herczeg [19],
Gudkov [7] estimated the quantity A as summarized in Table 1. The estimation
depends slightly on authors, and we refer Herzeg’s results for A and gy in the
table.

The upper limit deduced from the measurement of d (n) is fairly small in

either model. Neutron transmission experiments should be sensitive to A at the
level of better than 10_3 to set a new limit. InAothfr words, the magnitude of the
T-violating asymmetry related to the D ’c-(k x I)-term is expected to be less
than 107> of the P-violating longitudinal asymmetry in transmission which has

typical value of 1072 for low energy neutron resonances. This provides criteria
for planning the neutron transmission experiment; namely, it should be capable
of measuring asymmetry in transmission through the polarized target around the

p-wave resonance with an accuracy better than 107, Thus the experimental
apparatus must be designed very carefully to achieve such accuracy.
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Table 1. Theoretical estimation of the strength
of P- and T-violating interaction

A 8w Model
41073 1071 Upper limit of de(n), simplest n-loop mechanism
2.107* 7.10712 Upper limit of de(n), 8-term in QCD Lagrangian
<107 3.10712 Standard model with Weinberg’s Higgs extension
71073 — Horizontal interactions
7.10710 — Horizontal interactions
<1071 10716 Standard model

: with Kobayashi-Maskawa mixing phase

2.3. Strength of P-Conserving T-Violating Interaction. P-conserving T-
violating interactions, which is often referred to as pure T-violation, are
considered by many authors. Simonius [34] discussed the general form of P-
even T-odd meson-exchange potentials and came to the conclusion that there is
no scalar pion-range interaction while the participating vector mesons should be

charged. As a result, the size of the corresponding coupling constants gmN ,

e.g. ggNN’ is expected to be essentially less than in the case of P-odd T-odd

interactions. Haxton and Horing [18,35] analyzed the experimental limits on
magnitude of P-conserving T-violating matrix elements and reviewed the
theoretical works as well. We summarize the results obtained by Herzeg [19] in
Table 2 giving representative values of §LNN for several models without
specifying the corresponding mass and isospin structure.

Evidently, the sizes of §LNN are less than 107 of the EAIINN. This leaves

little hope for the observation of pure T-violation. Nevertheless, any precise
experiment would be of interest to set the upper limit. Neutron transmission and
neutron capture have possibilities to study P-conserving T-violating effects with
an enhanced sensitivity due to nuclear effects. The corresponding observables
are the five-fold correlation term in transmission of polarized neutrons through
a spin-aligned nuclear target and the the energy shift in forward-backward
asymmetry term of the capture cross section. These experiments were carried
out recently and to be reviewed in subsequent sections.
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Table 2. Theoretical estimation of the strength of P-conserving
T-violating interaction’

8w Model
10716 0-term in QCD lagrangian
410718 Standard model with Weinberg’s Higgs extension
10718 Horizontal interactions
107233 Horizontal interactions
10716 -term in QCD lagrangian

2.4. Compound Nucleus Enhancement of T-Violation. P- and T-violating
effects can be enhanced in spin observables in compound nuclei by a factor of

~10° compared with those in nucleon-nucleon interaction [33]. Theoretical
aspects of this phenomena were discussed by many authors and the results
obtained as well as historical background were reviewed recently by Bunakov
[8] and by Flambaum and Gribakin [36]. The sources of the enhancement are
the same as for enhanced P-violating effects in compound nuclei. There are
several possible mechanisms contributing to 7-violation in neutron-nucleus scat-
tering. Theorists agree that internal mixing mechanism, which is also referred to
as resonance-resonance mixing, dominates the weak interaction of nucleons in
compound nucleus.

In such a case, T-violation leads to the appearance in the T-matrix
(§ =1 -T) of an amplitude T PT with the imaginary part expressed within first-
order perturbation theory [33] as ’

T
i gy = L, San Sl €~ EJE, + B EJL/2
% (E-EY +T)/91E-E)’ + T} /4]

)

where Ev are the resonance energies of admixed levels, 8un and l"v are the

partial width amplitude for channel n and the total width of the resonance at
energy E, respectively. Considering the case of non-overlapping levels,

D>>TT= l“u =T ), and approximating (E — E)) by (Eu — E), one has in the
vicinity of the p-resonance at which the measurement is performed

PT
8yin 8yl u/ 2 Viv

(E - Eu)2 + r: /4 (E,—E)’ (8)

PT 1
ImT P =—22§‘,
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PT
1Y
monly known as the dynamical enhancement factor. Its size is, as mentioned

The mixing coefficient vg / (Eu —E)~v /D in this expression is com-

above, ~VN ~ 5-10% Symmetry violation effects to be measured in
experiments are expressed in terms of asymmetry coefficients Pu defined as

relative difference of ¢* and 6™ cross section for the considered H-resonance
due to the reverse of the beam polarization. With the use of the optical theo-

rem, the absolute difference Ac can be expressed through the Imr? T(E),
whereas the resonance cross section is

n gfml“
2 2, 2,,"
¥ (E-E)+T]/4

&)

This leads to the expression for the asymmetry P'1
:Q
Y B
P=2 e ey, (10)
v Sn T B 8,

which contains, in the framework of Flambaum [36], the kinematic enhance-
ment factor gvn/gun. This factor for low energy neutrons has the size

gw./gwl= (kR)'l ~ 10°. The dynamical enhancement factor is presented in
asymmetry P‘l as well.

The enhancement factors of symmetry-violating effects probing P- and
T-violating interactions enter simultaneously into D’ and C’ terms of the
neutron elastic scattering amplitude f. There also could be enhancement of pure-
ly T-violating (P-conserving) effects in cross sections of nuclear reactions for
different regimes as discussed by Moldauer [37]. Detailed estimates for an

isolated resonance regime [38] gave the value of an enhancement factor ~10°
as applied to the fraction of T-violating term o in the nuclear Hamiltonian of
the medium-heavy nuclei. The enhancement is of the same origin as in the case
of P- and T-violating interaction. An argument for a lower value of o was given
by Gudkov [39]. Moreover, for reliable extraction of the symmetry violating
matrix elements there exists a minimum number of resonances with measurable
effects, as analyzed by Davis [40]. The unknown spectroscopic information on
resonance parameters (on the decay amplitudes 8un especially) should be

studied as well [41,42].
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3. TRI TESTS IN NEUTRON SCATTERING
AND REACTIONS

3.1. Triple Correlation in Neutron Transmission. It is customary to use
the amplitude f given in Eq.6 to calculate the symmetry violation effects, *
including the neutron spin rotation due to the weak interaction [43], and the
neutron transmission through polarized target. The 2 X 2 matrix S defined
below connects the initial neutron spin state y;, and the final state v, [301].

v = Sy, =y, an

where the phase & is related to the nuclear property of target material through
the refraction index n as

§=(n-Dkz=2mk"pzr=f, (12)

upon transmission through the thickness z and number density of nuclei p.
The S has the form of '

A A A A
S=A+Bo - I1+Co -k+Do-(kx]I), (13)
where the coefficients A, B, C and D are shown [30] to be connected with
coefficients A’, B’, C’, D’, in the amplitude f by expressions
A= eiCA' cos b,

B =B’¢ (sin b/b) i, P

C = C"¢(sin b/b) iL,

D =D "¢%*(sin b/b) i{, (14)

where b is given as

b=tNB2+C?+D? . (15)

The primed coefficients are functions of neutron energy and depend on neutron
resonance parameters [28]. The total cross section, the analyzing power, the
- produced polarization and the spin correlation coefficient along any direction
n can be obtained by standard density matrix calculation [44]. The spin density
matrix technique for the neutron spin transport was developed by Lamoreaux
and Golub [45] for detailed calculations in the realistic geometry of an expe-
riment. Here, however, we restrict ourselves by physical arguments given by
Stodolsky [30] and Kabir [46] and by qualitative results obtained by them. The
applications of the K-matrix theory [47], of the R-matrix formalism of nuclear
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. | Fig.1. Geometry of cxperiments to search
(a) for triple correlation term in neutron total

cross section: (a) transverse polarization of
3 the beam, (b) longitudinal polarization of
y o the beam

reactions [48,49] and of the latter in
conjunction with the statistical tensors
technique [50,51] to the problem of
symmetry violation are beyond our
review.

Stodolsky suggested searching
for tt}\e II’\- and T-violating term
Do - (k x I) by performing the polari-
zation analysis of the initially polari-
zed neutron beam before and after
transmission through a polarized tar-
get. Such experiment would have the
geometry shown in Fig.lab and
would use the polarizer and analyzer
simultaneously. Perfect alignment of
the spins as well as a perfect homo-

eneity of the medium are assumed. For the geometry of Fig.la (n along the
y-axis), only the G, component of the Pauli matrix is taken into account, and the

D-term is extracted after taking the count rate (CR) difference for the process
and its reversed process:

CR(+ = =) = CR(= = -) = N, Re AD", (16)

where + or — means the direction of the beam polarization with respect to Q—axis
and Ny is experimental normalization constant. For Fig.1b geometry (n along

the 'z\-axis), three different Pauli matrices are involved and one must compare a
helicity-plus beam producing helicity-minus transmitted neutrons with helicity-
minus beam producing helicity-plus neutrons. The resulting difference in the
count rate is

CR(+ —> =) = CR(- > +) = N, Im BD". 17)

In both cases the dependence of the transmission on the neutron spin is mea-
sured by simultaneously reversing the states of the polarizer and the analyzer.
These two states of experimental apparatus are completely time-reversed states
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for the case of elastic scattering whose reversed reaction is- identical to itself.
The experimental effects are represented by a term proportional to the amplitude
D and any false effect does not appear in the ideal geometry if D =0. This
conclusion was supported by Conzett’s [52] study of the symmetry properties
of M-amplitudes of nuclear reactions with different spin structure. It was shown
that certain polarization observables in the neutron transmission experiments are
excluded from the «no null-test of TRI» theorem [53], which states that no
single observable in two particle reaction can be found which is required to
vanish if TRI symmetry is conserved, and thus T-symmetry test is possible.

The situation was more troublesome for earlier suggested tests of TRI with
only one polarizer to study the D-term [28,29,33]. Generally speaking, changing
the state of the polarizer does not correspond to time-reversal of the process. In
particular, Bunakov and Gudkov [54] emphasized the role of false effects
related to neutron spin precession in the target about the direction of I due to
magnetic and pls\cudomagnetic fields which arise from the spin—depg\ndent strong

interaction ¢ - I term [55,56]) followed by an absorptive weak o - k interaction.
They suggested several experimental schemes ai\med to reduce the spin

precession and the contribution of the strong o - I effect. Japanese projects
[57,58] discussed in Sec.5.1 started. from these suggestions and refined a
method to suppress the spin precession. Compensation of the magnetic and
pseudo-magnetic fields is beneficial for the Stodolsky’s polarizer and analyzer
scheme as well. Though false effects cannot be produced by a pseudomagnetic
field there, the real T-violating effects will be suppressed in size. The parameter
b ~ {B’ in the expressions for the coefficients B, C, D, has the meaning of the
number of rotations of the neutron spin on the distance z. The factor sin b/b is
close to unity for a small b and goes as 1/b for b large, thus suppresses the
contribution of the corresponding term.

Kabir [46] analyzed TRI tests in term of classic polarization-asymmetry
relations and showed that the measurement with a single analyzer/polarizer of
the polarization P, for an unpolarized beam and of the asymmetry A (the

analyzing power of the reaction) for a polarized beam can distinguish T-vio-
lating effect from false effects. For n = z direction and any T-invariant effects
masking T-violation, the asymmetry Az must be the same in sign as the cor-
responding polarization P (PZ = Az holds), while for the true T-noninvariant
effects P, = —A,. For n =y direction the signs are just opposite. Serebrov [59]

used this idea and the experimental geometry of Fig.1b (recommended by
Stodolsky as the optimal one) for his polarization/asymmetry project to search

~ for D-term in the neutron cross section of 139 a around the P-violating reso-

nance at the incident neutron energy of 0.734 eV. He suggested the analysis of
the data in terms of the ratio X = A /P, which can be directly measured with
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the use of various combinations of states of the two spin-flippers placed behind
the polarizer and in face of the analyzer. The quantity X was shown to be less
sensitive to false effects.

In real experimental setups polarizers and analyzers are not identical, and
there always exist neutron spin polarizer/analyzer direction misalignments
which can produce false asymmetries. Their influence was discussed by Buna-
kov-Gudkov [54], Bowman [60] and Masuda [57]. The detailed calculations by
matrix technique were performed by Lamoreaux and Golub [45]. It was shown

that to guarantee the result A < 107, the absolute direction of spin and field

must be determined with the accuracy better than 107 rad. Skoy [61] performed
calculations by the same technique for modelling experiment with alternate
measurements of polarization and the analyzing power with 2 si}pgle polari-

zer/analyzer device rotated in turn by 180 degree around the k x I axis going
through the centre of the target. In such a scheme, control of the rotation at the

level of ~107> rad is necessary to obtain A < 107,

3./%. Eiv,\e-F:?Id Correlation in Neutron Transmission. The E-term,

Eo - (k X I)(k - I), in the neutron-nucleus forward scattering amplitude f was
considered first by Baryshevsky [62] and by Kabir [63]. It is P-even and T-odd,
therefore the search for this term constitutes the test of a pure T-violation
without P-violation. In contrast to the case of triple correlation, one needs an
aligned (not polarized) target to study this five-fold correlation (FC) term
because it is quadratic with respect to the target spin L. Only a few align targets
are available and the best of them is holmium single crystal. Gould, Haase and
others [64] suggested experiment for polarized beams of fast neutrons with
energies 2 — 10 MeV. Dynamical and resonance enhancement factors are ab-
sent for such neutrons due to the beam energy broad spread ~100 keV. At the
same time, the effects of neutron spin rotation in the polarized target are negli-
gibly small since external magnetic field is absent in the experiment and only a
small pseudomagnetic field can be presented. As a result, the meaningful FC
experiment can be performed without analyzing the polarization of the beam
transmitted through the target. The geometry of the experiment is similar to that
of Fig.1a with the addition of possibility to rotate the target around the y-axis
by the angle 8 between k and the target alignment axis which lays in the plane
%, z). The FC term has an angular dependence varying as sin 20 which helps to
isolate the possible T-violating effect from systematical errors. The difference
between c,foss’\sections for neutrons polarized parallel/antiparallel (+/-) to the

direction k x I is connected with the corresponding amplitudes f by the optical
theorem as

o*—o‘:i‘,%‘— Im(f* - ), (18)
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which allows one to express this quantity in terms of the constant A.=E
called the FC-correlation coefficient

c -0 =200

A
V? P t,Apc sin 26. (19)
Measuring the transmission asymmetry € = (N *_N)/(NtT+N7) as a func-
tion of angle 6, one obtains the experimental limit on the FC-coefficient A~

after taking into account the beam polarization P, and the alignment parameter
A
L In a framework of a definite model, this limit leads to a bound on the

strength o of P-conserving T-violating neutron-nucleus forces. Experiments
were carried out and their results are reviewed in section 5.3.

3.3. Forward-Backward Asymmetry in Capture Reactions. Barabanov
[65] noted that a limit on the strength of P-conserving T-violating interaction
may be obtained from a quite different kind of experiment, namely from the
measurement of the forward-backward asymmetry in the yield of gamma-rays
from individual transitions in unpolarized neutron capture reaction measured
around a p-wave resonance. In the simple case of a spin I=1/2 nuclei
(considered here for simplicity of presentation) the differential cross section for
the capture of p-wave and s-wave neutrons with subsequent emission of the E1-
and M1- gamma rays is represented by the expression

dotn, E)/d2 = AyE) + A(EYn, - 0)+ A(E)Py(n, - ), (20)

where n, and n, are unit vectors in the direction of the photoq and neutron
momenta, AO(E) is the total resonance cross section, P2(nY . nk) is the second

order Legendre polynomial. The T-violating effect introduces a small energy
shift in the interference term A (E) between the s-wave amplitude and the two

p-wave resonance amplitudes, the latters being mixed by T-violation and by the
interference of El- and M1-gamma transitions. If the energy shift is observed,
however, the effect would not be an unambiguous test of TRI because this kind
of an experiment is subject to «no null-test theorem» and nonvanishing contri-
butions are provided even by the first-order terms of strong interaction.

The effect arises from the difference &S , between S-matrix elements

S, 1 ’j 'y for a process and its inverse
- 1 4,3\ 3,1
831_51(12—)12] SJ(IZ—élz). @1)

The arrows correspond to the transition of p-wave neutrons (/=1"=1) in a
resonance with spin J from a channel with neutron total momentum j = 1/2 to
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a channel with j“=3/2 and vice versa. Using the explicit forms for the scat-
tering matrix elements of Ref.[66] one can get

1Y «(.3
oS, = - , (22)
J E-E, +il, /2

where Ep and l"p are the energy and the total width of p-wave resonance and
8,(i) is the neutron partial width amplitude (T',(5))= |g (1j)|?. If TRI holds,
the amplitude g, (Jj ) is real and non-zero imaginary part signals T-violation. A

P-conserving T-violating interaction H T gives phases Sn(lj ) to these amplitudes
and mixes the amplitudes of the neighbouring p-resonances so that

VT
E-E, +1r2/2

g,(1j)= g\ exp i8(1j)~ i g2 exp i8707),  (23)

(1,2) _ .\(1,2) . . .
where g, " =8,1j) with the superscripts 1 and 2 correspond to the consi-
dered p-wave resonance (labelled 1) and to the neighbouring p-wave

resonance (labelled 2). Here v is the matrix element of the P-conserving
T-violating interaction between two p-wave resonances. The enhancement
factor of Bunakov [38] gives the following estimation

vT/Dp ~10% o, (24)

where o is the relative strength of P-conserving T-violating nuclear interaction.
Neglecting the small phases 8(lj) and the T-violating effect between s-wave

levels, one obtains in the first order in v/ near the resonance 1 (for detailed
derivations see Ref.[67])

<Al 4oty ey
4= e, /20 (B, + T, /2 "

E-E -AE
—p P
x F-E , (25)

where
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| e e @15 g”z(l-)/“
p1 = 2 Epl—-Es+Dp gpl g,,z(l_) gp2( )/\5

With AEp1 =0, the forward-backward asymmietry has the standard expression

(26)

(as obtained, e.g., in Ref.[68,51]) with zero crossing at the resonance energy
Epl‘ There are two terms in the shift AEpl. The first term represents contribution

of the nearest s-wave resonance for T-conserving case. Though
T / 2(Epl -E) -~ 5107 is a small quantity, it disturbs to obtain a good. upper

limit on the factor v/ / Dp, which is related to the second term. Spectroscopic

parameters such as the neutron and gamma decay width amplitudes must be
determined to interpret an experimental result to a reliable upper limit on
T-violation.

4. EXPERIMENTAL DEVELOPMENTS

4.1. Polarized Neutron Filter. The polarized neutron spin filter has an
advantage of being able to polarize and analyze neutron spin for a wide range
of neutron energy, which is suitable for identifying a symmetry breaking enhan-
ced in a p-wave resonance by taking energy dependence of the symmetry brea-
king observables. Both the neutron spin polarizer and analyzer work due to the
same principle. Neutrons are spin-selectively transmitted through a polarized
material according to a spin dependent cross section. We discuss; spin filters for
both spin-polarizer and analyzer applications using cross section ‘description for
simplicity. Transmittance of neutrons with polarization of P through a polari-

zed target with polarization of P, can be written as
T = ¢ "( cosh n AGP, t - P, sinh n AP, 1), @7

where n and t are number density and thickness of the target and © =
=(0,+0)/2, Ao=(c,-0) /2.0,  represent total cross sections for

neutrons polarized parallel and antiparallel to target nuclear polarization. Neu-
tron polarization after transmission is given as
— sinh nAGP, t + P , cosh nAP, t
P = n I
n cosh nAoP,t — P sinh nAGP,t

(28)

We define the figure of merit in the polarizer application as
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(FOM), = (P, 1, _’T(P,=0)=

= tanh nAGP, t sinh nAGPyte "5 " . 29)

In the analyzer application, neutron is incident to the filter after its spin is
flipped with a spin-flipper and neutron polarization is measured as a trans-
mission asymmetry which is given by

T -T

T++T_

€ = — P tanh nAoPl t, (30)

for incident neutron polarization P, where T, = T(Pn0 =+ P). Thus the figure

of merit in the analyzer application can be written as
2 2 1
) 9t gt =
Fom), = ¢ [T+[8T+]+T_(8T_] ]

| Ny sinhznAO'PltcoshznAoPlt
=2P “e”

3 2 2 . 31
cosh nAcPlt— P “ sinh nAO'P,t

The polarized proton filter making use of a strong spin dependence of the
(n, p) total cross section [69] is commonly employed as a spin-polarizer after
dynamic nuclear polarization (DNP) method had been established to obtain
large proton polarization stably [70]. The most effective cryogenic spin filter of
this type [71] is in operation at Los Alamos Neutron Scattering Centre. The
neutron beam after the filter is of 80mm diameter and the polarization of the
resonance neutrons is about 85%.

Polarized 3He system has been desired since it does not require strong
magnetic field which may disturb a precise control of neutron spin, in contrast
to the polarized proton system which requires a complicated cryogenic appa-
ratus due to the necessity of low temperature and strong magnetic field. Pola-

rized He gas cell has been studied and improved by the group at TRIUMF as

a polarized nuclear target. The mixture of 3He gas and nitrogen gas is contained
in a warmed quartz cell with a small amount of rubidium vapor. The
concentration of rubidium ion is controlled by adjusting the temperature of the

cell. Nuclear polarization of 3He is built up according to the hyperfine inter-
action between >He and rubidium ion which is polarized by a circularly pola-

rized laser irradiation. 90% nuclear polarization of *He was obtained with the
pressure of 9 atm in a 8 cm thick cell under the magnetic field of 3 mT [72].

The first use of the polarized 3He-filter at a neutron beam as a polarizer of the
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epithermal neutrons is described in (a) 1
Ref.[73]. 20% nuclear polarization ?,o-% 3
. . . 0.1 o /RNEEEE E
of 3He is normally in operation at ] \'\e‘\eG‘o,_.éﬂ's‘
KEK with the pressure of 3 atm.in 3 o [ & .®
E . @] : /"‘(\'b\e 46' @) 7
a 8 cm thick cell under the mag- & A gee® ® \
netic field of 3 mT [74,75,76]. The 0001 | DA 2
. . AN 6‘?
figure of merit of the polarized Y\ega\“‘ \'\?'%\
B
3He gas cells is shown in Fig.2 in 00001 10

comparison with the polarized pro-

ton filter. The polarized He was
used in the measurement of P-vio-
lating neutron spin rotation in an
unpolarized lanthanum target as
discussed in section 5.1. Further
improvement in figure of merit is
desired for the final set-up of
T-violation experiment.

Recently, another device has
become available. A proton polari-
zation of 17% has been achieved in
naphthalene single crystal doped
with pentacene molecules at liquid
nitrogen temperature with laser ir-
radiation and the external magnetic
field of 0.3 T [77,78,79]. Pentacene
molecules in the naphthalene crys-
tal are excited by the laser irradia-
tion and paramagnetism appears in
a quasi-stable triplet state through
the intersystem crossing, which has
the lifetime of about 20usec. The electrons in the triplet state are spin-polarized
with the polarization of 73% according to the selection rule on the intersystem
crossing. The electron polarization is transferred to proton polarization by a
microwave irradiation. The spin transfer efficiency was remarkably improved
by modulating external magnetic field so that the condition of the integrated
solid effect is satisfied. Proton polarization does not have any channel to relax
through the inverse process since the paramagnetism disappears after the decay
of the triple state. Repeating the cycle of proton spin pump up, finally a large
proton polarization is built up. The proton spin relaxation time was 1000 min.
which is remarkably long compared with conventional proton filters. The figure
of merit of the polarized naphthalene is shown in Fig.2. One can see that this

Fig.2. Figure of merit for 1 eV neutron is
shown as a function of thickness in (a) pola-
rizer application (b) analyzer application, for
the cases of commonly used (1) ethylene
glycol, (2) naphthalene, (3) TRIUMF 3He gas
cell and (4) KEK 3He gas cell. P = 70% is as-
sumed in the figure of merit in analyzer appli-
cation
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device is already at the level of real application. The proton polarization has a
potential to be improved up 73% the intrinsic electron polarization in the triple
state. '

4.2. Polarized Nuclear Target. A nuclgar Rolarized target is necessary in

the search for the P-odd T-odd term Do - (k x I). Among the possible nuclear
targets for the triple correlation term, polarized 3% a is the most important

device since '3°La shows the largest P-violating effect among non-zero spin
nuclei in the well resolved p-wave resonance at E =0.734 eV.

There are several requirements for the polarized lanthanum target. First, the
nuclear polarization should be at the level of tens of percent preferably as large
as 100%, so that the spin dependent parts can be unambiguously extracted from
the total interaction with neutrons. Second, the contribution of 139 a should
dominate in the spin dependent interactions with neutrons, and preferably also
in the total interaction. Third, nuclear polarization should be kept under a ther-
mal inequilibrium condition so that the neutron spin precession can be control-
led by applying an appropriate external magnetic field in order to maximize the
experimental sensitivity to the P-odd T-odd term D. Fourth, the target material
should be dense and thick enough to obtain a sufficient sensitivity to the p-wave
resonance in a transmission experiment.

The third requirexz\lentl\arises from the fact that the relevant triple correlation
has the form of Do - (k x I) and experimental Eens}tivity is maximized when the

neutron spin is precisely directed parallel to k x I on transmission through the
target. However, the real parts of spin dependent terms in Eq.13 cause neutron
spin rotation around the related axes and the net experimental sensitivity to the
T-violating effect should be considered in S in which the coherent effect of the
spin rotations is taken into account. Those spin rotation effects are expressed as
the factor sin b/b in Eq.14 which always suppresses net experimental sensi-
tivity unless b = 0. As discussed later, the value of b in Eq.15, in most cases, is
dominated by the real parls of B’ which is referred to as pseudomagnetism since

the interaction Re B ‘s - I can be described as the contribution of the pseudo-
magnetic field which is defined as

H” = 4nnp’*P, (32)

where n is the nuclear number density, P the nuclear polarization and u* the
pseudomagnetic moment [56,80,81]. Thus the experimental sensitivity can be
improved by adjusting external magnetic field to minimize the magnitude of
b, which implies the nuclear polarization must be achieved under a thermal
inequilibrium condition. «Brute force» method, in which nuclei are polarized
at a thermal equilibrium, is not an appropriate method in this respect.
Dynamic nuclear polarization (DNP) method is a common and well-estab-
lished method to obtain large nuclear polarization of proton, deuteron, etc., in
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bulk materials under a thermal inequilibrium condition. The DNP is the method
to transfer electron spin polarization to nuclear polarization through double
spin-flip processes enhanced by a microwave irradiation. The transferred pola-
rization is accumulated if the material is refrigerated at a sufficiently low tempe-
rature at which the spin relaxation processes are considerably suppressed.

Target material must be chosen taking into account the 139.a dominance
and the availability of large size of single crystals of the order of cubic centi-
meters. Lanthanum trifluoride, lanthanum aluminate, lanthanum gallate were
proposed as the candidate materials for the dynamically polarized lanthanum
target [82,83,84]. According to the additional condition of the possibility to
keep the nuclear polarization at lower field, the lanthanum trifluoride was

rejected, since the net nuclear polarization of 139La is lost under a low external
magnetic field due to the quadrupole coupling between nuclear quadrupole

moment of '3*La and the local electric field gradient which is diagonalized in a
different direction from that of the crystal axis [83,84]. Lanthanum aluminate

doped with neodymium ions Nd** : LaAlO; was found to have a narrow

electron-spin-resonance width and to be an appropriate material for DNP. The
quadrupole interaction is diagonalized in the crystal axis frame, which does not
cause any decrease of the net nuclear polarization according to the quadrupole
interaction.

The DNP polarized lanthanum target has been developed by Kyoto-KEK

group. The newest result shows that 20% 1394 polarization has been achieved
at 1.5 K and with 2.3 T magnetic field in a 15 mm X 15 mm X 15 mm single

crystal of Nd>* - LaAlO; with 0.03 mol% neodymium ion concentration [85].
The relaxation time was 83 min. The DNP experiment was also catried out with

a lower magnetic field of 0.8 T, and 4.2% 1392 polarization was obtained. The
low-field polarized target introduces a feasibility to carry out a layered target

Table 3. Values"of A’, B’ and C’ of LaAlQ,; at E, = 0.734 eV.

n
The p-wave resonance state is assumed to have the spin of J =4

A’ [fm] B’ [fm] C’ [fm]
La - 8.3 +0.019i - 2.7 + 0.0050i 0.0000004 + 0.00033i
Al - 3.5 + 0.0022i - 0.22 + 0.000069i 0
0} - 5.8 + 0.0056i 0 0
LaAlO, - 29 + 0.038i -2.9 + 0.0050i 0.0000004 + 0.00033i
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Im 'Fig.3. Values of 4, B and C for 1 cm thick
(a) 1 ' LaAlO4 where all nuclei are 100% polarized
(a) with no external magnetic field, (b) with
Cx104 cancellation magnetic field which completely
cancels real part of B”. The value of C is

/ A magnified

»Re
-1 1

application which is discussed later in
-1 section 5.1. These values are expected
to be improved by lowering temperature

using pumped 3He or dilution cryostat.
Numerical values of the forward
scattering amplitude of LaAlO, are lis-

ted in Table 3. One can see that
LaAlQ, is suitable for the triple correla-

tion experiment since spin dependent

terms are dominated by 13La. In addi-
tion, single crystals of LaAlO, can be

grown large enough for a neutron trans-
mission experiment.

Values of A, B and C can be calcu-
lated using the values in Table 3 using
Eq.13. The case of transmission through
Icm thick 100% polarized LaAlO, target is shown in Fig.3 with no external

magnetic field and with the magnetic field which cancels real part of B’
perfectly.

4.3. High Count Rate Detectors. A good timing characteristics is preferred
in neutron transmission measurements using spallation neutron source in a wide
neutron energy band since neutron energy is determined by neutron time of
flight. OLi glass detector was commonly used to detect neutrons in a wide
neutron energy band, but the pulse width is rather long which adversely affects
the experimental possibility to carry out a measurement at higher energy. 10g
loaded liquid scintillator has become more commonly used in epithermal
neutron transmission experiment.

Neutrons are identified by detecting scintillation light generated by neutron
capture reaction :

n+ B 5 'Li* + *He + 2.310 MeV — "Li + 7(0.482 MeV), (33)
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with photomultipliers. 108 1oaded liquid scintillator is more sensitive to low
energy neutrons since the reaction cross section obeys the 1/v law. Higher
energy neutrons are detected after being moderated mainly by hydrogen con-
tained in the organic liquid. The mean free path of neutron in the liquid is
approximately 1 cm almost independent of incident neutron energy. Thus the
liquid scintillator should be a few centimeters in size.

A large acceptance 10g liquid scintillator has been developed at LAMPF by
TRIPLE collaboration [86]. The detector is segmented to 55 honeycomb-shaped

optically independent cells which are filled with liquid scintillator with 198 The
area of 40 cm in diameter is covered by the detector. Each cell is viewed by
photomultipliers which are designed to have a quick recovery after an intense
irradiation induced by primary proton injection. Each light output is digitized
independently and 55 outputs are shaped and summed as an analog signal to
reduce the number of readout electronics. Single photo-electron events are sup-
pressed by filtering the output pulse with rise time discrimination. Finally the
detector achieved 500 MHz instantaneous maximum count rate and enables
neutron transmission measurements up to keV region.

5. NEUTRON EXPERIMENTS,
PERFORMED AND PLANNED

5.1. KEK Approaches for Triple Correlation Measurement. A triple cor-
relation measurement is planned at KEK. Polarized neutrons are incident to
polarized lanthanum target and the polarization of transmitted neutrons is mea-
sured by a spin analyzer as schematically shown in Fig.4. Neutrons from the
spallation neutron source are polarized by a polarized proton filter: (1) in the
figure. The neutron polarization is transported adiabatically by solenoid
magnets (2) and is flipped by reversing the polarity of the solenoid magnets. At
the entrance of the target station, neutron polarization is directed to x-axis by
the dipole magnet (3). Polarized target station is magnetically shielded by a
surrounding superconductor (4). Target nuclear polarization is frozen under a

neutron polarizer polarized target station spin analyzer

Fig.4. Schematic view of triple correlation measurement planned at KEK
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Fig.5. Experimental apparatus of the measurement of P-violating spin rotation at
KEK

thermal inequilibrium condition at a dilution temperature so that the magnetic
field inside the magnetic shield is adjusted to /{naximize the experimental sen-

A
sitivity to the triple correlation term Do - (k x I). The component of the polari-
zation of transmitted neutrons is held by the dipole magnet (6) and transported

to a polarized 3He gas cell (8) by the solenoid magnet (7).

Necessary devices are neutron spin polarizer, polarized lanthanum target
and neutron spin analyzer. Spin analyzer is already in operation for many years
and stably supplies 70% polarized neutrons in epithermal region. Polarized lan-
thanum target has been developed at the level of application as discussed in
section 4.3. Neutron spin analyzer has been also developed as discussed in
section 4.2. Polarized proton filter at liquid nitrogen temperature has been also
developed, which can be an alternative choice of spin filter.

Neutron spin control technique is being improved in the measurement of
P-violating spin rotation, which requires polarized incident neutrons, spin cont-
rol at the unpolarized target station and neutron spin analyzer [87]. The experi-
mental apparatus is shown in Fig.5. Polarized neutrons were incident to the
target station with neutron spin controlled by adiabatic spin transportation. The
target station is magnetically shielded by a superconductor box. The component
of transmitted neutron polarization parallel to the field of the dipole magnet (6)

is held and analyzed by the polarized *He. Figure 6 shows the measured neutron
polarization with an empty target as a function of the dipole rotation angle 0 in
Fig.5. The result shows the neutron polarization direction can be determined
with the accuracy of about 1°. P-violating spin rotation was measured in epi-
thermal region using this system. The result is shown in Fig.7 and P-violating
weak matrix element of xW = 1.0 + 0.4 meV was obtained consistently with the
P-violating cross section asymmetry. The apparatus is applicable to T-violation
measurement shown in Fig.4 by replacing the unpolarized target with a pola-
rized target.

The quantity to be measured is the interference term between A and D. Thus
the measurement of the relevant T-violating quantity is the search for a quantity
whose magnitude is of the order of |D /A | since the total interaction is
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dominated by the term A as shown in Fig.3. The magnitude of the quantity

|D / Al can be estimated by Z-odd cross section asymmetry defined by A, =
]

= (0’+T -0 )/ (o"'T + G_T), where 6*7 are the resonance cross “"Sect/i\on f\or inci-

dent neutrons polarized transversely parallel and antiparallel to k x L A is

related to P-violating cross section asymmetry A, as A, = (M)A, where x is a

function of the channel-spin mixing ratio and its explicit expression can be
found in Ref.[7] (see also Ref.[50]). (A) is related to A through the relation
(M) = M1 + 2&), where § represents the nuclear effect which can be theoretically
calculated and its size is of the order of 1 [7]. Thus (A)k ~ 0.1\ assuming

x=1 and J =4 for the p-wave resonance of 393 at E =0.734 eV, where

2 2
x=g, ( 1 % )/ Vgn[ 1 % ] +8, ( 1 % ] . Therefore, experimental sensitivity

must reach the level of 107 to exceed the existing upper limit A ~ 4 x 1072
derived from the measurement of d (n) based on the one-nt-loop mechanism as

discussed in section 2. It should be noted that x strongly depends on the value
of x, and x = 1 does not give the maximum sensitivity to T-violating effect. The
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Fig.7. P-violating spin rotation around the p-wave resonance of !39La at 0.734 eV
measured at KEK [87]

preliminary values of x and x for the lanthanum p-wave resonance are reported
in Ref.[88] and Ref.[89], correspondingly. The value of x in the specific
resonances should be determined precisely to discuss the quantitative relation
between observables and the strength of T-violating interaction in pion-nucleon
effective interaction.

In order to achieve the excellent experimental accuracy, possible methods
to reduce the systematic errors which arise from various misalignment and
uncertainty in experimental apparatus have been intensively studied. The most
serious false effect arises from the misidentification of spin effect due to mag-
netic and pseudomagnetic interactions. This requires a perfect alignment of
neutron spin, neutron momentum and target polarization. A method to cancel
possible misalignment is proposed in Ref.[57]. It introduces double cancellation
of false effects. A part of false effects is cancelled during the half rotation and
further cancellation is made by taking the difference between configuration in
rotations for positive and negative directions. Finally, systematic error can be
reduced one order lower than the upper limit of neutron EDM measurement in

the sensitivity to A.
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Another scheme to use a stack of layered polarized lanthanum'targct is also
discussed in Ref.[90]. Neutron spin rotates a half turn in target material and
another half turn in the spacing between target materials in the plane perpen-

dicular to k X L plane In thlS configuration, neutron picks up only positive or

negative sign of o - (k X I) and free from the suppression factor sin b/b. The
advantage of this method is that DNP can be applied continuously without spin
freezing technique.

5.2. PNPI Triple Correlation Project. The Gatchina PNPI project is desig-
ned for performance at the steady state research reactor of S.-Petersburg
Nuclear Physics Institute. As stated in Sec.3.1, the Gatchina approach is to
measure the ratio of the asymmetry to the polarization. The proposed in
Ref.[59] experimental layout is shown in Fig.8. It consists of a polarizer P, an
analyzer A, the polarized nuclear target 7, two spin-flippers F| and F, and a

detector D. Neutron beam is polarized and the polarization is analyzed by two
identical single crystals made from Heusler alloys Cu,MnAl The single crystal

diffraction polarizer/analyzers of this type were already used successfully in
Ref.[91] for parity violation study in fission with neutrons up to about 1 eV
energy. The magnetically saturated Cu,MnAl crystal formates a monochromatic

beam of neutrons polarized initially in the vertical direction. The energy of the
beam is changed by changing the Bragg angle. The reflection from the
diffraction planes with 2d,,, = 6.869 A is used. The reflection coefficient of the

crystals was about 2%, polarization of the beam of first order reflected neutrons
was 95%, however, there was strong background of the second-order reflected
neutrons with polarization of 30%. .

In the absence of the polarized target, the test measurements were made of
the parity violating effect in a lanthanum target near the 0.75 eV p-wave reso-
nance [92]. Asymmetry of the total cross section as well as the weak spin
rotation were measured. The results are shown in Fig.9. The upper part presents

Fig.8. Experimental layout of asymmetry/polarization measurement at
PNPI
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Fig.9. P-asymmetry (a) and P-violating spin rotation (b) around the
p-wave resonance of 139La E, =0.734 eV measured at PNPI [92]

the asymmetry and the down part presents the spin precession angle. The
calculations for an ideal resolution are given by dotted curves. Full curves cor-
respond to calculations when the instrumental resolution function was taken into
account. The worser than in time-of-flight experiments resolution presents no
problem and is overcompensated by the gain in the intensity. In fact, the
PV-asymmetry of the cross section was measured with the statistical accuracy
of 2% during 20 min only with the use of one single crystal. The spin preces-
sion measurements with two single crystals took 16 hours per one energy point
to achieve accuracy shown in Fig.9.

This set up will be used for systematic study of the spurious effects which
can appear in the search for the triple correlation coefficient D.

5.3. LANL Triple Correlation Scheme. Los Alamos National Laboratory
has the advantage of the availability of the most intense beam of resonance
neutrons at the Los Alamos Neutron Scattering Centre, LANSCE. LANSCE
uses the 800 MeV proton beam from the Los Alamos Meson Physics Facility
linac. The proton beam is injected into and accumulated by a storage ring that
compresses the-pulse width from 650 psec to 125 nsec. The pulses are extracted
from the ring with 20 Hz repetition frequency and transported to a tungsten
target where they produce spallation neutrons. The average yield of the fast

neutrons is about 10'® s™!. The polarized neutron beam intensity and details of
the beam geometry can be found in [31] and in references therein.
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Fig.10. Schematic view of triple correlation measurement proposed at
LANL

The scheme of the experimental apparatus for the time-reversal invariance
test at LANSCE was discussed in Ref.[93]. It is a standard one and includes, as
seen from Fig.10, a polarizer and an analyzer, two spin rotators and a polarized
target besides the detector which was described in the Sec.4.3. It is assumed that
the target is polarized perpendicular to the reaction plane. The polarizer and
analyzer have the same polarization directions which are perpendicular to both
the neutron momentum and the target polarization. The time-reversal condition
can be accomplished by simultaneously flipping the spin directions of the pola-

rizer and analyzer. Two polarized 3He systems will be built for the polarizer and
analyzer. They are essentially the same as those developed recently at TRIUMF,
Canada [72], where the target cells of 17 mm outer diameter and 80 mm length

filled at 9 atm were used to produce the 3He polarization of 65%.

The 3He polarization of 70% has been achieved recently at Los Alamos by
optical pumping with high-power diode laser arrays [94]. The TRI asymmetry
of the total cross section near the 0.75 eV p-wave resonance in lanthanum will
be measured at the existing flight path with the existing boron-10 detector. The
polarized lanthanum targets for the experiment were developed at Kyoto
University and KEK and are described in Sec.4.2. The achieved by the DNP
technique ‘lanthanum polarization of 20% is far from the optimum yet. The
higher value of polarization (about 60%) may be obtained by using a dilution
refrigerator for cooling and by using a better single crystal growing technique.
Based on the sensitivity of the existing apparatus for parity violation measure-

ments, it is estimated that in 2 X 10° s, a statistical sensitivity of about 1073 in
the A-value can be achieved.
5.4. TUNL Pari/t\y-E:'ell\l Tfst of TRI with MeV Neutrons. The first search

for the FC term o - (k X I)(k - I) was carried out at Triangle University Nuclear
Laboratory using 2 MeV polarized neutrons and an aligned holmium target [95].
The polarized neutrons were produced in the #(p, n) reaction using tritiated
titanium foil and a 1 pA beam of 3.2 MeV polarized protons. The sample was
a single crystal of 99.8% pure holmium of 2.29 cm in diameter and 2.8 cm long
with the c-axis in the radial direction. The sample was cooled to temperature of
29 mK by a dilution refrigerator [96] so that the nuclear spin was aligned along
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Fig.11. FC correlation coefficient for §pNN = | as a function of neutron energy
using Refs.[99,100]

the c-axis. The sample was rotated during the measurements by a computer
controlled stepping motor system. The angle was varied from — 135° to + 135°
in steps of 45°. The transmission of neutrons through this sample was measured
by 12.7cm x 12.7 cm X 5 cm BC-501 organic liquid scintillator with the use
of pulse shape discrimination and a threshold of 1 MeV which ensured that only
neutrons from the i(p, n) reaction were detected. The measured transmission
asymmetry was related to a T-odd analizing power in Eq.19, with the result
Apc=(11£5) 107

The second, improved search [97], was performed with more intense beam,
better temperature conditions of the target and an advanced detector system.
The polarization transfer reaction d(d, n) was used to produce polarized neu-
trons with energies above 5.9 MeV under the beam current of 2.0 pkA in a
liquid nitrogen cooled deuterium gas cell. To handle a high counting rate up to

4 x 10° s_l, the neutrons were detected with a segmented array of plastic scin-
tillators. The deformation effect cross section and its energy dependence were
measured [98] to confirm alignment of the target, and to choose an optimal
energy where the deformation effect cross section is close to zero. Fitting the
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angular dependence with the function of the form a + d - sin 28 gave the value
d=(1.1+£1.0)x 10 and the corresponding value of the FC coefficient
Apc=(0.86+0.77) x 107 which is consistent with time reversal invariance.

Theoretical calculations of the microscopic T-violating optical potential
were performed [99] starting from p-meson-nucleon coupling constant §pNN and

the corresponding p-exchange potential of Refs.[34,18]. The FC coefficient
Agc was calculated for different values of EpNN as a function of neutron energy

using optical potential of Ref.[100] as shown in Fig.11. According to these
calculations, the above experimental value of Ay implies a bound on the ratio

of T-violating to T-conserving nuclear matrix elements o = (2.8 £ 2.5) x 1074,
This result is the most precise direct test of parity-even time-reversal invariance
in neutron-nucleus interactions.

5.5. JINR Forward-Backward Capture Experiments. The capture experi-
ment [67] has been performed at the Joint Institute for Nuclear Research using
neutrons from the Dubna IBR-30 pulsed reactor. The reactor was operated in
the booster mode as a multiplier of neutrons from the target of an electron
accelerator. The duration of the electron pulse was 4.5 s with pulses occurring
at a 100 Hz repetition rate. The neutron flux on the flight path of 52 m was

equal to 10°/E%° sm™2eV~! sec™!. Two identical Nal(Tl) crystals 200 mm in
diameter and 200 mm thick were used as gamma-ray detectors. They were
placed at 53 and 127 degrees with respect to the beam direction at a distance of

40 cm from the 'cd sample as shown in the upper part of Fig.12. The
detectors were shielded by Li-6 layers, lead and borated paraffin'as shown in
Fig.12. The sample was in the form of a 116 g, 70 mm diameter cadmium disk

95% enriched in ''3Cd. The angular positions were chosen because the second
Legendre polynomial, Eq.20, vanishes totally at these angles. The energy reso-
lution of the crystals permitted separation of the transitions to the ground state
(9.04 MeV) and first excited state (8.48 MeV). The pulse height spectra were
collected in 16 time gates. The gate widths were small compared to the value of
the total width I“P =0.16 eV of p-wave resonance at Ep = 7.0 eV. After back-

ground subtraction, the number of counts in each detector (8.8 MeV threshold)
was converted to a differential cross section for each neutron energy window.
The resulting sum [0(53°) + 6(127°)] /2 is plotted in the upper part of Fig.13
with arbitrary units. The error bars represent the statistical uncertainty asso-
ciated with each data point. The solid line is the result of the analysis. The
difierence in cross sections [6(53°) — 6(127°)]/2, is shown in bottom part of
Fig.13 in the same units. Data were fitted to Eq.25 using the CERN least squares
minimization program MINUIT and subprograms used to take into account the
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Doppler broadening of the resonance and the TOF-spectrometer resolution func-

tion. The free parameters in the fit were the energy shift AEP and the mixing

ratio of the g, ( 1 % ] and g, ( 1 % Jamplitudes.
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and (0(53°) — 6(127°)) /2 (down part) in JINR capture experiment.
The error bars represent the statistical uncertainty. The solid lines are
the results of the analysis

The weighted value of the energy shift from the measurements is AEp =

=-10.0016 £ 0.0062 eV, consistent with time reversal invariance. The contri-
bution l“pl“s / (4(Ep — E)) =0.00066 eV of the nearest s-wave resonance (E, =
=0.178 eV, l"s =0.113 eV) to AEP was omitted as too small. With the optimal
choice for the neutron partial width amplitudes Eq.26 was reduced to the

approximate relation AEP = (Fp / 2)vT/ D. Then the experimental upper bound

was obtained as v7 /D ~ 0.08. The use of the dynamical enhancement factor in
the relation vT/ D’ 10 - o sets an upper bound of ~10™ on .
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These measurements proved the new technique for testing time reversal
invariance. They are the first «on-resonance» measurements of TRI. In a recent

study [101] of the p-wave resonances in M3cq several close lying pairs of
p-wave resonances were found. Pairs with small energy denominators should
have large dynamical enhancements. They might be the candidates for a future
studies. The second experiment of this type was performed by the same techni-

que for the p-wave resonance 1.35 eV in “7Sn(n, 7)“88n reaction [102]. No
energy shift was found at the same level of the experimental accuracy.

6. CONCLUSION

The searches for T-violation in neutron-nucleus interactions are reviewed.
The pure T-violation test using spin-aligned target and polarized beam of MeV
neutrons has been carried out and the result put the most precise upper limit on
the strength of T-violating interaction relative to T-conserving interaction. The
«on resonance»’ neutron capture measurements with p-wave neutrons demonst-
rated feasibility’ of the forward-backward asymmetry method as well as the
urgent need for the spectroscopic experiments related to the open problem of
the spin-channel mixing in neutron amplitudes.

In the search for P- and T-violating effect in neutron-nucleus interaction,
there has been substantial progress in techniques of necessary devices. All
necessary devices already exist although some of them must still be developed.
Bearing in mind that several resonances are needed for obtaining statistically
useful constraint on the strength of T-violation, the important problem for the
future is the search for optimal p-wave resonances and the subsequent develop-
ment of corresponding polarized targets.

The control of neutron spin direction in a polarized target is one of the most
crucial requirement to exceed the upper limit set by the measurement of neutron
electric dipole moment. Promising results are obtained for the lanthanum
p-wave resonance in the study of neutron spin rotation due to the weak inter-
action.

An intense epithermal neutron beam is essential to achieve in the neutron
search for P- and T-violating effect the experimental accuracy of the order of

1075, An intense beams can also be used to determine nuclear spectroscopic
factors which are necessary to extract 7-violation in a p-wave resonances.
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«®HU3HKA DJIEMEHTAPHBIX YACTHL H ATOMHOI'O A4PA»
1996, TOM 27, BblI1.6

YAK 539.1

HU3KONEXALLME HEPOTAUMNOHHbIE
COCTOAHUA B CUNbHOAEDPOPMUPOBAHHbLIX
YETHO-YETHbIX 9APAX PEAKO3EME/IbHOW

OBJIACTU
B.I".Conoéves, A.B.Cywkos, H.IO.lllupukosa

O6beanHEHHBI UHCTUTYT SAEPHLIX UccnenosaHni, flybHa

OnHCcaHo YCOBEPLIEHCTBOBAHKE KBA3MYaCTHYHO-(DOHOHHOH MONEIH Aipa, BHIMOTHCHHOC B TIO-
ciienHee BpeMsi. JlaHbl pe3y/bTaThl PacyeTOB BHEPIUH W BOJHOBbIX (DYHKLMIT BCEX HEPOTALMOHHBIX
coctosHui 110 2,3 MaB B 156,158,160 Gq 160,162,164y yy 166,168 Fr  [Tpupenenbl BEPOATHOCTH
E1l-, E2-, E3-, E4- u M1- nepexoios M3 OCHOBHbIX B BOI0YXICHHbIE COCTOAHHS H IIPHBEICHHBIC
BepostHocTH E1-, E2-, M 1- n M2-nepexoiioB Mexity BOI0YXICHHBIMH COCTOAHHIMH. CucreMatHin-
POBaHBI COOTBETCTBYIOUIME IKCTIEPHMEHTATLHBIE 1AHHBIC H BBINOMHCHO CPABHEHHE C pe3ynbTaTaMy pac-
yetos B KOMSL. IMoydeHO 10CTATOMHO XOpOLUEe ONHCAHHE B KBA3MYACTHHHO-(DOHOHHON MOJIENH sipa
IHCPIMIA, NPHBEIEHHBIX BepOATHOCTER EX- u M A-nepexouos HanbOIbUINX [IBYXKBa3HUaCTHUHbIX
KOH(HIYPALHi OHODOHOHHBIX WIEHOB BOJHOBBIX (BYHKUHH HEPOTALMOHHBIX COCTOSHMH M ClenaHbl
NpeiCKa3saHus.

The quasiparticle-phonon nuclear model (QPNM) has recently been improved. The results
of calculations of the energies and wave functions of all nonrotational states up to 2.3 MeV in
156,158,160 G4, 160,162,164y and 166.168Er are given. The probabilities of E'1, E2, E3, E4, and
M 1 transitions from the ground state to excited states and the reduced rates of 21, E2, M1, and M2
transitions between the excited states are presented. The available experimental data are systematized
and the comparison with the results of the calculations within the QPNM are made. ' Good enough
description is obtained for the energies, reduced probabilities of E'A and M )X transitions, and for the
largest two-quasiparticle configurations of one-phonon terms of the wave function of nonrotational
states and predictions are made.

1. BBEAEHHE

Huskonexaiuue KBaapynoibHbie U OKTYNOMbHbIE KOJUIEKTHBHbIE W IByXKBa3u-
YaCTHYHblE COCTOSIHHS B YETHO-YETHBIX 1e(POPMHUPOBAHHbIX spax MOYTH NOJIBEKA
M3y4aloTcsl KCMEpUMEHTaIbHO M TeopeTudecku [1-4]. Tem He Menee CTpyk-
Typa nepBbiX BUOPALMOHHBIX COCTOSIHMA elle aKTHBHO obcyxnaercs. Tak, nepsble
KT =0} u 2] cocrosHus, nonyunsume Haspanue 6eTa- ¥ raMma-BHGpalMOHHbIX
COCTOSIHUIA, TOMBKO YC/IOBHO MOXHO CBf3aTh C KOJeDaHHUSIMHM MOBEPXHOCTU SApa.
Bosiee TOTo, BO MHOTHX sipax nepeoe Bo30yxenHoe 07 -COCTOsHHE aake YCTOBHO
Henb3s PacCMaTpHBaTh Kak 6eTa-BMOPaUMOHHOE W3-3a CllaGoMHTeHCHBHOrO E2-
nepexoja Ha POTAaLMOHHYIO MONOCY OCHOBHOTO COCTOSIHUS. OCTaeTcs He BNOJHE
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SCHBIM BOIIPOC O CYLIECTBOBAHMM KOJUIEKTHBHBIX IBYX(DOHOHHBIX (M/IH JBaXIbl BH-
GpaurOHHBIX) COCTOSIHMI B CHIIbHONE(OPMHUPOBAHHBIX siipax. O6HapyXeHHe HX
B [1e(pOPMHPOBaHHBIX A1paX 3aTPYAHEHO 1O CPAaBHEHHMIO CO CEpPHUECKHUMH u3-3a
CIOBMra WX LEHTPOMA dHEPIUM B CTOPOHY GONBIIMX 3Hepruii BO30yXIeHHUs, Iae
TUIOTHOCTh YPOBHEH AOCTAaTOYHO Benuka [5,6].

WHTEHCHBHOE SKCTNEPUMEHTATBHOE M TEOPETHYECKOE H3Y4EHHE BBHIMOTHEHO
A7 HU3KOJeXaUlMX MarHUTHBIX M 9JIEKTPHUECKHX AUMOIbHBIX BO30YXnenuit. Kon-
JIEKTUBHOE MArHUTHOE JUIMONIbHOE BO30OYXIEHHe, MONydUBLIEE HA3BAaHUE HOXHUY-
Horo (scissors mode), Gbi10 OTKpHITO B dKcnepuMenTax (e,e’) B 1%6Gd [7] u
No3IHee HaHIeHO MoYTH BO BCeX nedopmupoBanHbix sapax. Ono Gbulo npen-
cka3zaHo B [8] B paMKax IOByxpoTopHO#l Momenu. KonnekTusHble CBOICTBA STHX
BO30yXneHuit GbuIM onucaHbl B NpuUOIMKeHHH xaoTHueckux ¢a3 (RPA) Bo MHO-
rux paborax [9-12].

Hosas nnrepecnast uncopmaiis o cTpyKType Bo36YXIEHHBIX COCTOSIHHI MO-
JlyueHa MpU M3y4eHWH BEPOATHOCTEN Y-TIEPEXOIOB MeXIy BO3OYXIEHHBIMH COCTO-
SHUAMH. DTa MHOPMALMS CTYXHUT CYLIECTBEHHBIM AOMOHEHUEM K TOIA, KOTOpast
NoJTyYeHa U3 YIPyroro M HEynpyroro paccesHus, KyNOHOBCKOTO BO30yXIeHHs, pe-
aKklMWid OHO- M JBYXHYK/IOHHBIX Nepenay u [-pacnaja.

Hacrosumii 0630p npencraenser coGoii nponomkeHde NepBOil €ro 4acTu
[13], B xoTOpO#i Gbina M3NTOXEHA BepcHst KBAa3HYACTHYHO-(OHOHHON MofenH siipa
(KOMS) pna yerHo-uetHbIX nepopMHpOBaHHBIX saep. 1o Mepe u3yueHns CBOWCTB
AedopMMpoBaHHbIX aaep npoucxomut passute KOMS. Te ycoepiueHcTBOBaHMS
K®MSI, xotopeie cienanbl mocne HanucaHus nepBoit yactu [13], u3noxeHsl B
pasn. 2. Jletanu pacyeToB M KOHCTAaHThl B3aMMOAEHCTBHIl daHbl B pasd. 3. DKc-
NEPUMEHTANbHbIE JaHHBIE W PE3y/bTaThl BHIYMCIEHHI MpEACTaBleHbl B pasd. 4 B
Bue ABYX Tabmuu wis Kaxnoro sapa. OcoGeHHOCTH HEPOTALMOHHBIX BO3GYXIEH-
HBIX COCTOSHUH M CPaBHEHHE TEOPHM C IKCNIEPUMEHTOM OOCYXzeHn B pasa. 5. B
pasa. 6 chopMynHpPOBaHbl OCHOBHBIE BHIBOMBI.

B nacrosuem o630pe ucnonb3oBanbl Te Xe 0603HAYEHHs, YTO U B [13], ecnu
HE OroBOpeHo 0c060.

2. YCOBEPHIEHCTBOBAHHE K®MA

OcHnosuble nonoxenns KOMS usnoxenst B [14,15]. Marematuueckuii an-
napar KOMSI, npennasnayeHHbIi U1 ONMCaHMs SHEPIUHA U BOTHOBBIX (DYHKLMIA
HU3KOJIEXAIMX HEPOTALHOHHBIX COCTOSHMH B YETHO-YETHBIX CHIIbHOAE(OPMUPO-
BaHHBIX sapax, faaH B [13,15].

Kak 6bu10 onucano panee, omHOGOHOHHBIE COCTOSHUA 06pa3ylOT Gasuc, Ko-
TOphIi Hcnionb3yercs B KOMS BMecTo Gasuca oaHodacTHUHBIX cocTosiHHi. Dop-
MupoBanuio donoHHoro 6asuca, paccuuranioro B RPA, ynensercst 6ombLioe BHH-
MaHue. Kak u3BectHo, RPA npuMeHHMO B Tex sapax, B KOTOPbIX HEBETHKH KOp-
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pensuuu B OCHOBHle COCTOSIHMSIX, T.€. OHO TNPUMEHHMO, KOIa Majo YMCIO KBa-
3MdacTUll < f, 0o >, YCPEAHEHHOE MO BOJIHOBOI (YHKUMH OCHOBHOIO COCTOSi-
HMS. BOHHOBaﬂ (yHKLMSE OCHOBHOTO COCTOSIHMS YeTHO-YeTHoro sapa Wq sengercs
¢doHonHbM BakyymMoM. CornacHo pacuetaM B [16] MakcUManbHOE YHCJIO KBa3H-
yacTHl B OCHOBHBIX coctosthuax '88Er, 158Gd u '°6Gd pasno 0,017, 0,035 u
0,040 cooTBeTCTBEHHO. BBHAY TOrO, 4TO YMCIO KBa3U4YacTUL B OCHOBHBIX COCTO-
SHUSIX CHJIbHOIE(OPMHPOBAHHBIX siiep OYEeHb Masio, OAHOC(OHOHHBIE COCTOSAHHS,
paccuntannsie B RPA, MOryT ciyxurhb B Kayectse ¢hoHoHHOro 6asuca B KOMI.

Koppensiuny B OCHOBHBIX COCTOSHHMSX YYHTBIBAIOTCA MPHU OMHUCAHUHU TEPBBIX
KBAJIPYIOJBHBIX M OKTYMOJBHBIX COCTOSHMH B HEKOTOPBIX CEPUYECKHMX sapax
C He3anoJHEeHHbIMM oOosioukamu. Hanpumep, BnusinMe KOppensuui B OCHOBHBIX
cocrosnusx B %47 79Zn na nepexonHble IIOTHOCTH VISl IEPBBIX KBALPYIOIbHBIX U
OKTYIOJNbHBIX COCTOSHUI OKa3aloch CyLECTBEHHBIM [17].

[IpuBenem BoNHOBbIE (PYHKLMH OQHO(OHOHHBIX COCTOSHUI ¥ BONTHOBBIE (DYHK-
LMH, colepXallye OOHO- M ABYX(POHOHHbBIE WIIEHBI, KOTOPHIE HEOOXOAHUMBI 1ist
NOHMMaHHUs Pe3y/IbTAaTOB BhluMCiIeHuid 6Ge3 obpamenus K o63opy [13]. Tamunbro-
Huan KOMSI coCTOMT M3 aKCHanbHO-CMMMETPUYHOrO noteHunana Bynca — Cak-
COHa, OMHUCHIBAIOLIEr0 CpefHee MoJie, MOHOMOJIBHOrO CNapHBaHMs, a TaKXe U30-
CKAISPHBIX U M30BEKTOPHBIX YAaCTHYHO-IBIPOYHBIX (ph) M YACTHYHO-YACTHYHBIX
(pp) MyAbTHNONB-MYNBTUIIONBHBIX W CAMH-CIIMHOBBIX B3aUMOUEHCTBUM, B3SITHIX B
cenapabenbHoil hopme.

Pacuyernt BoinonHeHst 8 RPA ¢ BonHOBOI hyHKLIMEN

Qj\.’“'g-\I’Oa (1)
rae i
Qic = 1/ZZ{¢;‘5;2A+ 01025 10) = Bola, A(q102; 1(—0))} (2)
q192 '
— oneparop poXieHHs (POHOHA C MYIBTHIONBHOCTBIO Ay, ¢ = 1,2,3,... — HO-

Mep KOpHs cekynspHoro ypasHeHuss RPA, ¥y — BonHoBas (yHKUMS OCHOBHOTO
COCTOSiHUSL YETHO-YETHOTO siipa. KBaHTOBbIE YHMCNIa OTHOYACTHYHBIX COCTOSHMH
o603HaueHsl KaK go, rae o = +1, ¢ paBHO K™ M aCUMIITOTUYECKHM KBaHTOBBIM
yucnaM Nn At npu K = A +1/2 win Nn,A | npn K = A — 1/2. Pacuetn B
K®MS nposeneHs! ¢ BOMHOBO# (pyHKLHMEH, coaepxallei OqHO- M ABYX(POHOHHBIE
YJIeHbl, @ MMEHHO:

(KWOUO) - {Z R >\0/.t0100’0+

+1/2 z (1+6>\1>\25u1;12 8iiz) 1/2

)
— RE o1p1+02p2,00 Ko X
Arpriten [1 +6K00(1 #10 ] /
Agugigog
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n
xpx\xﬂlilo'h)\z#zizﬂ’z Ap1i1og QA2#21262 (3)

3pecbn = 1,2,3,. .. aB1sS€TCS HOMEPOM COCTOSHUS C (PUKCHPOBAHHBIM 3HAYEHHEM
K§°. Ycnosue HOPMUPOBKH MMEET BUI

Z(Ru,) Z (PR iy papiaia) [+ KEO N, Aopuaia)] = 1. (4)

A1t > Aopziz

Yuer npunuuna IMaynu B aByxpoHOHHBIX ueHax BoHOBON hyHKumK (3) ocyuwe-
CTBJIEH 11yTeM BBEIEHHS (PyHKLHMH ICK"(/\lulzl,/\gugzz) ABHBII BUI KOTOPOH aaH
B [13,15].

Ycosepuenctsosanne KOMS cocTout, Bo-nepebiX, B NPUGIHKXEHHOM HC-
KJIIOYEHHH yXOBOIO COCTOSIHHS NPH BblUMC/IEHHH ypoBHei ¢ K™ = 11 u ucnions-
30BaHWH CMUH-CITMHOBbLIX ‘B3aHMOIEHCTBHI Hapsidly C KBAIPYNOIbHBIMH B3aUMOZEIi-
CTBHAMH npu pacuerax B RPA u, Bo-BTOpHIX, B BbluMClieHuH B RPA aHepruii u
BOJIHOBbIX PyHKLMI cocTossHui ¢ K™ = 0~ u 1~ He TONbKO ¢ M30CKaNAPHbIMU
H M30BEKTOPHBIMU ph- U Pp- OKTYNONbLHBIMH B3aMMOLEHCTBHAMH, HO TakXe ¢ ph-
M30BEKTOPHBIMH AHIIO/Ib-IHINO/BHBIMH B3aHMOIEHCTBHAMHK.

B npenbiaywmx pacuerax [16, 18, 19] Bo36yxneunii ¢ K™ = 1+ LIyXOBOE CO-
CTOSIHWE, CBA3aHHOE C BpAlLEHHEM sapa, He Ob1o HCKITIoueHO. B HOBBIX pacuerax,
Ppe3y/bTaThl KOTOPBIX MPHBEAEHbI B HACTOSLIEM 0030pe, BBIIONHEHO MPUOIHXEH-
HOE UCKJIIOYEHHE NyXOBOro cOCTOsiHMA. OHO cienaHo nmyreM BbiGOpa KOHCTaHTbI
k3! M30CKaNApHOro ph-KBAIPYNONBHOIO B3aMMORENCTBHS 6onbluei, ueM ee Kpu-
THueckoe 3Hauenue (k3! )c,. Tpn 3navenmun (k2!)., nepsoe pelUEHHE CEKYNIPHOro
ypastiehuss RPA oGpaiaercs B Honmbs. B [20] npouenypa HCKJIIOYEHHUS yXOBOro
COCTOSIHHS NMPUBOAMIIA K (pUKCcaUMH KOHCTaHTbl k3! = (k2!).,. B Hawmx pacuerax
BBITNIONIHAETCA Cnedylouiee TpeboBaHue:

k3 > (K2Y)er. (5)
HlyxoBoe cocTosiHHe onpeneneHo
|y >= —5 112 > (6)
S
C HOPMHPOBKOH .
1 ph yph ’
N—<I_I+ >=17 (6)
sp

rae

Nyp= Y (@))?< 2200|1-1q100 >< q100|1+|g200 > Ok, K, 1+

9192
K12K3

+ < @2(—00)|I-|g100 >< qoo|I4|g2(—00) > Ok, 1 K,1), (7
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Nsp = Nsp(V) + Nsp(ﬂ')'

= +
[TepexpbiTie BoHOBOH (DyHKLUMH 0AHOGOHOHHOTO cocTostius (3, Yo ¢ myxo-
BbIM COCTOSIHUEM PaBHO

i 1 ‘ 1 217 1
NsPu - N < J—Q:?’-li(f() >< Q21i00‘]+ >= TIEI Iil ’ (8)
sp t¥sp

rae
= me LI = Y <alisle > ul vl (9)

a192
Ki12K2

OTMCTHM, 4YTO €CJIM HE HUCKJIIoYAThb AYXOBOIo COCTOsIHHA, TO UMEET MECTO Cllely-
lolilas HOpMUPpOBKa:
E : spu - (10)

[Tpu BbInONHEeHUH ycsioBus (5) AyXOBOE COCTOSHUE PAKTHYECKH OPTOFOHAIbHO
KO BceM OOHOGOHOHHBIM cocTosHuaM. s moboro oaHO(OHOHHOrO COCTOsIHUS
nepeKkpbiTHE C ).'IyXOBblM coctosiiiveM Menslue, yeM 0,005. Cymma no nepsbiM 20
coctostmam Yo N1, = 0,010 + 0,025. CymMa 110 BeeM cocrossm B 194Dy
a0 30 MaB pasua 0,048. Ortcioga BUIOHO, 4TO NpUOIMXEHHOE HCKIIOYEHHE Ay-
XOBOIO COCTOSIHUS SIBJISETCS BIIOJIHE YIOBIETBOpUTENbHbIM. [lepekpbiTHE 1yX0BOrO
COCTOSAHHA C BO30OYXIEHHBIMH COCTOSHWAMH, ONUCHIBAEMBbIMH BOJIHOBBIMU (DYHK-
unsmn ¥, (K[%00), cocToswinMKU M3 OOHOOHOHHOH M nBYX(hOHOHHOH 4YacTeil,
MMEET CIIENYIOLIHH BHIL:

1
N;pu =5 <J_UAL (K =1%,00) >< U (K(° =17.00)J3 >=
sp 'l

N STRMRRIVIY (11)
SP 1’

Konnektushble coctosuus ¢ K™ = 11, Bo3Byxkuaaemsie B peakuusix (e,e’) u
(v,'"), ObuTK mpenckasaHbl MyTeM H3ydeHus AByxpoTopHoi mosenu [8]. [lpen-
T10J1araioch, YTO HEHTPOHBI W MPOTOHBI MPETEPHEeBalOT POTALMOHHBIE OCLIWILIL-
1K BOKPYT OCH, NEpPIIeHANKYISAPHONH K OCH CHMMETPHH e OopMUPOBAHHOTO Aipa.
CpaBHeHHE ceueHnil LIS BO30YXIeHHs 9TUX COCTOSHUH B peakumsix (e, e’) u (77,7')
NO3BOJIMIO YCTAHOBHTb, YTO MX BO30YXAEHHE NMPOMCXOOMT uepe3 OpOUTaNbHYIO
uacte onepatopa M 1l-nepexona. CBOHCTBA 3THX COCTOSIHHIT MUKPOCKONMYECKH
onucansl B RPA [9-12].

B [11] naHo MHKpOCKONHYECKOE MpeAcTaBieHHe BOTHOBOI (DYyHKUHH TaK Ha-
3biBAEMOI0 HOXHWYHOTO COCTOSHUA (SCiSSOrS state), KOTOpOoe UMeeT BUI

[@ae >= (NopNop(v) Nop (1) T3 [Nop (M) I2* (v) = Nep ) I2* ()], (12)
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tae N, mano cdopmynoii (7), a Nyp(v) n Nyp(m) OTHOCATCS K HEHTPOHHOM M
NPOTOHHOM CHCTEMaM COOTBETCTBEHHO. BBIMOMHSIIOTCS CleAyIOLME yCIOBUS HOp-

MHPOBKH: .
< Ue|¥se >=1, : (13)

2
Z I‘I’sC‘Q;uaO‘I’O > =1 (14)
i
1€ CYMMHPOBaHHE BbIMOJIHEHO 110 BCEM pELLEHUAM CeKYIsIpHOro ypaBHeHus RPA.

[lepekpoiTHs BonHOBOI hynkunn coctosiiust (12) ¢ BoaHOBbIMU hyHKLIMAMM
(1) 1 (3) uMmeloT crieayIOLMIA BUA:

_ [NSP(T")I-?-“(V) - NSP(V)I-QFU("")P

Se! =< Quitlee >< WL.Q7 > NoNy@Ngm 0 )
n __ 1 n 1
Sc NN ZR RE[Ngp(m) 2 (v)—
""a_N p(v )121’(7r][Nsp(7r Y (v) = Nop(0) 13 (m)). (16)

3. IPEICTABJIEHHE PE3YJIbTATOB PACUETOB

B Hawumx pacyerax MCHONB3YIOTCS OJHOYACTHYHbBIE 3HEPTHH U BOJIHOBbIE (hyHK-
UMM aKCHAIbHO-CUMMETPHYHOTO noteHunana Bynca — Cakcona. Sinepnas uacthb
norexunana Bynca — CakcoHa COCTOMT M3 LEHTPaIbHOIO M CIMH-OPGUTAILHOTO
4JICHOB:

Vaue = V(r) + Vis(r), (17)
__VON,Z

Vir) = 1+ exp{a[r — R(0,¢)]}’ (18)

Vis(r) = —k(F x 3)VV(r), (19)

rie & — Marpuua Ilaynu, P — umnynsc HyKJI0HA. JIng nMpoTOHHOM cucTeMBl HEOO-
XOAMMO 106aBUTH KYJTOHOBCKMI UjieH

3 (Z-1e? [ n(r)dr
4 R} lr—7r']’

Vo(r) = (20)

riae n(r) SBNAeTCs IIOTHOCTBIO paclpefeneHus 3apsaa B sape:
n(r) = {1 +exp [a(r — R(6,¢))]} .
®opma aapa onuckiBaeTcs HOpMyIon

R(ev ¢) = RO{]- + B + /62Y20(0a¢) + 184Y40(07 d))}a (21)
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Ta6imua 1. Iapamerpsl moreHunaua Bynca — Cakcona

A  p/n Vo,MaB 1o, dM a,dMl K, pM?

155 4 59,2 1,24 1,63 0,360
165 P 59,2 1,25 1,63 0,355
155 n 47,2 1,26 1,67 0,400
165 n 44,8 1,26 1,67 0,430

rie Ro = r9A'/? — pamuyc paBHOBENHKOro chepHueCcKOro sapa, MOCTOSHHYIO B
YacTO BBOJAT U4 JIydIIErO BHITIONHEHUS YCIIOBHS COXpaHeHus obbeMa supa: (B2 u
(4 ABNAOTCA APaMETPaMH KBaJPYNOJbHON (A = 2) u rekcanekanonsHo# (A = 4)
nedopMaLvi.

BBuy TOro, 4TO OAHOYACTHYHbIE DHEPTHH U BOIHOBbIE (PyHKLMHK NOTEHUMAIA
Bynca — CakcoHa 3aBHCAT OT MaccoBoro uucna A, obnactu aeopMUpOBaHHbIX
anep pa3OMBalOT Ha 30HBI, YTOOBI He HenaTh pacyeThl JUis KaXIoro 3Hauenus A.
Penko3eMenbHas o6nactb pasbura Ha ciemyoowmue 30Hb mo A: 155, 165, 173 u
181. TMMoaronka napameTpos noteHuuana Bymca — CaKcoHa COCTOMT U3 Crledy-
IOIMX YETHIPEX BTANoOB: 1) C OMNpejeNeHHBIM HabOpOM MapamMeTpoB MOTEHUMAA
BBIYMCIISAIOTCS OHOYACTHYHbBIE BHEPIMM M BOJIHOBblE (PYHKLMH, 2) METONOM 060-
JI04e4yHOH nonpasku [21] BeluMcnseTcs paBHOBecHas OpMa sapa M TEM CaMbIM
(bMKCHpYIOTCS MapameTpbl KBaIpYIoIbHOH (32 M rekcanexanonbHoi (34 pedopma-
uuit, 3) BoiuMcsiotcs GoHonst B RPA, 4) BonHOBbie (hYHKUMHM HEYETHBIX slep
GepyTcs B BUIE CyMMBI OJHOKBa3MYaCTHUHBIX M KBasH4acTHLAQ)(HOHOH KoMmrio-
HEHT, YYUTHIBAIOTCS B3aUMOOEHCTBUS KBa3MYacCTHL C (POHOHAMHM W BBIYMCIIAIOTCS
9HEPrUM M BOJHOBbIE (PYHKLIUM HEPOTAUMOHHBIX COCTOSHMA HEUETHbIX slep, Ko-
TOpbIE CPABHUBAIOTCS C COOTBETCTBYIOLUMMHU SKCI'ICpI/lMCHTa.HbeIMM JaHHbIMH. s
yAy4LIEHUs COMIAchs Pe3yabTaToB BBIYUCIEHUH C SKCIIEPUMEHTOM ~-U3MEHSIOTCS
napameTpsl noreHudana Bynca — CaKcoHa M 3aHOBO NPOBOIATCS YeThipe drara
BhiuMciiennid. Takasd npoueaypa nopropsiercsd IO TEX MOp, MOKa He JOCTMraeTcs
JAOCTAaTOYHO XOpOllee OMUCAHHE DKCNEPUMEHTAIBHBIX JaHHBIX M0 HU3KOIEXaLlHM
HEPOTALIMOHHBIM YPOBHSIM HedeTHhIX siep. [Ilapamerpni motenuvana Byaca —
CakcoHa TpeAcTaBieHbLB Tabn. 1.

PacueTsl BHINOMHEHB! ¢ OOHOYACTHYHBIMH DHEPTUSIMH Y BOTHOBBIMH (PyHKLIM-
samMu notennmana Bynca — Cakcona 3omet A = 155 B 1%6:198:160Gd ¢ pasno-
BecHbIMH fecpopMarsimu B2 = 0,28 u B4 = 0,04 u 30up1 A = 165 B '°Dy ¢
B2 =0,28u B4 = 0,02, B 152Dy, 164Dy u B 166:168Er ¢ 8, = 0,28 u B4 = —0,01
U ¢ napameTpoM HeakcHanbHocTH 7y = 0. IIpM BBIYMC/IEHMM HH3KOJIEXalUX CO-
CTOSIHUI ¢ Heprued Huxe 2,3 MaB yunuTHIBaIMCH BCE OAHOYACTHYHBIE YPOBHH CO
IIHA MOTEHUHATIbHOM MBI KO0 +5 M3B.

KoHCTanTsl B3aMMOIEHCTBHI MEXy KBa3HyacTHLAMM (PMKCUPOBaHbI CIIEfYIO-
UM 06pa3oM: KOHCTaHTa K(’)\“ U30CKAIPHOTrO MYJIBTHIIONBHOTO ph-B3aUMOIeNCT-
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Puc. 1. KOHCTaHTbI MyNLTHIIONb-MYTETHNONEHOMO H3IOCKATSPHOrO ph-BIau-
MozeficTBus Ko* (B enmHuuax dmZ- MaB~!)

BHA BbIGpaHa TakoM, NPH KOTOPOH paccuMTaHHas 3Heprus nepsoro K n=1 COCTO-
siHKs Gbla GNM3Ka K 3KCTIEPHMEHTATLHOMY 3HAYEHHIO; H30BEKTOPHas KOHCTaHTa
K* = —1,5k)", KOHCTaHTa MYTHTHIONBHOIO pp-BlanmonieiicTeus GM = k¥,
KoHcranTa u30BeKTOPHOrO auMonsHOro ph-p3auMoneiicTsus ni“ = —1,5&3“ . C
3TOH KOHCTAaHTOH XOPOLIO OMHCHIBAETCS MONOKEHHE TMIAHTCKONO H30BEKTOPHOMO
AMMIONBHOTO pe30HaHCa. MClieHHble 3HAaYEHMs KOHCTAHT NpEICTaBleHbl HAa PH-
cynke. Koncranra k3! Gonbuie Toil, npu koTopoii nepsoe peienme CEKYNAPHOro
ypashenus RPA pasno Hymo. Takum myreM Mbl MpHETHXEHHO HCKIIOYWIH 1y-
xoBoe cocrosnue ¢ K™ = 1%, ceasannoe ¢ Bpaienuem saapa Kak uenoro. Kon-
CTAHTBbI H30CKIIPHOIO ¥ H30BEKTOPHOIO CIIMH-CIIMHOBOTO B3aHMOIEHCTBHSA PaBHbI
KM = —0,0024, k91! = —0,024 pm? - Ms3B~. KoHCTaHTa MOHONONBHOTO Clia-
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puBanus G, 3aMKCHpOBaHAa M3 MapHBIX dHepryii npu ydete, uto G2° = k3.
DHepruM AByXKBa3HYaCTUYHBIX MONIOCOB PACCYMTAHbl C Y4ETOM MOHOIOLHOTO H
KBaIpyNoJIbHOTrO crapuBaHus, adekra 6G10KMpoBKHM W monpasku [annaxepa —
Mouikosckoro [22].

Hau doHoHHbI# 6a3uc coctout u3 aecaru (¢ = 1,2,3,. .., 10) poHOHOB Kax-
noit MynbTHRogbHOCTH: Ap = 20,22, 32, 33, 43,44, 54,55 n 65. O BKJIIOYAET 110
mBanuath ¢oHoHoB ¢ Ap = 21,30 u 31. Kpome 3Hepruii u BONHOBbIX (PyHK-
UMl HAMM pacCuyMTaHbl NpuBefeHHble BeposTHoctH EA- u M1- nepexomos u3
ocHoBHOro coctosius 070, s Ha Bo3OyxaenHoe coctosune ¢ I = A no cop-
Mynam, npuseneHHbiM B [13,15]. Paccunranbl npuBeaeHHbie BeposTHOCTH E)-
M M \-niepexoioB Mexiy BO30YXIEHHBIMH COCTOSHMAMH 1O (opMysiam, JaHHBIM
B [13,23]. Mbl ucnosnb3yeM orpaHH4€HHOE NMPOCTPAHCTBO OXHOYACTHUHBIX COCTOSA-
HHMI OT IHA NOTEHLMATLHON AMbI 10 +5 MaB. TMostomy pacuerst Bennunn B(EX)
amg A =234muS BbanﬂHeHbl co cnenyloumMM 3¢eKTHBHBIMH NIPOTOHHBIMH

" Hempounbmu 3apﬂnaMM e off (p) 1,2 u e (n) = 0,2. Pacyersl C NOJIHBIM

6a3ucom u e (p) eeff (n) = 0 [al0T [IPUMEPHO TaKHE X& 3HAYEHHS BEJIU-
YHH B(E/\) l'lpnseneuuble BepostHocT B(E1) paccuntanbl ¢ 3pdekTHBHBIMHU
3apsiiamu ee‘;f (p) =N/An e(l)( = —Z/A, sennunnpl B(M)) - ¢ g¢7 = 0,7.

Hamu BbINOTHEHBI pacyeTsl anepruﬁ M BOJIHOBbIX (PYHKUMI HEPOTALIMOHHBIX
cocTOsHMI 6€3 yueTa KOPHOJIMCOBA B3aUMOLENCTBUS, KOTOpOE 1pH HEo6XoanuMo-
CTH MOXHO Y4€CTb, HCIO0JIb30BaB BONHOBbIE (OYHKLMM (3), KaK 310 Obl10 clenaHo,
Hanpumep, B [16]. DkcnepuMeHTaIbHbIE IaHHBIE W PE3Y/ILTATHI PAaCYETOB B HACTO-
sauemM 0630pe I KaxIOro sapa MpeacTasieHbl B Bue AByx Tabnuu. B nepsoi
JaHbl 3KCMIEPUMEHTA/IbHBIE M PACCUMTAHHBIE 3HEPrHH, Beinuuubl B(EX) T ana EX-
nepexonos ¢ A > 1 u3 ocHoBHoro 00, 4-cocTosHMS Ha BO30YXUEHHbIE COCTOAHMS
¢ (ukcupoBaHHbIMH 3HaueHnsMd I™ K, ¢ A = I. Paccuurannas cTpykTypa Hepo-
TALMOHHOTO COCTOSIHHMS NpeICTaBleHa Kak BKi1ad (B NMPOUEHTax) oaHOOHOHHBIX
(Ae); u nsyxdoronnsix {(A;p1)i,, (Az2tt2):, } WIEHOB B HOPMHPOBKY BOJIHOBOH
dynxuun (2). Hanee B Tabnuue npuBeneHbl BKadbl (B NPOUEHTAX) HECKOIBKHX
HauGONBIIMX ABYXKBA3UHEHTPOHHBIX YV U ABYXKBA3UIIPOTOHHbLIX 77T KOMIOHEHT B
HOPMMPOBKY BOJIHOBO# (hyHKLIMH OXHOGOHOHHOTO cocToshus (Au);. B npusoam-
MbiX TabJIMLAX JaHbl BCE HEPOTALIMOHHBIE COCTOSHMS C 3HEPrUsiMiU Huxe 2,3 MsB.
B(E\)1 o3nauaeT npuseienHylo BepostHocTs EA-nepexona u3 ocHosHoro 070,
B B030yxaeHHoe I™ K, cocrosuue ¢ I = A, KOoTopas JaHa B OQHOYACTHYHBIX €U~
HULaxX:

2A+1 3
B(EA) To;.m.en‘: — (

5 .
< 1,2A1/3 2\ 2>\' 292
L () 249 (22)
Bo Bropoit Tabnnue nansl E1- u M1-nepexonst u3 coctosuuii ¢ K™ = 07,17
u 17 Ha ocHoBHoe u E1-, E2- u M1-nepexonsi Mexay BO30YXIEHHBIMH COCTO-
auusamn. Benmuunnst B(EX) n B(M)) nanbi B enunmuax e?-dom>* u p%-pm* =2
COOTBETCTBEHHO. BeposTHOCTL y-iepexosa AaHa B ¢ 1.
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4. 9KCIIEPUMEHTAJIBHBIE JAHHBIE
H PE3VJIbTATHI BBIYHUCJIEHHN

Pe3ynprarhl BbIuMCIIEHMI BHEPruii, BONHOBBIX (DYHKUH, BETHYHH B(E\) 1,
NpUBENCHHbBIE BEPOSATHOCTH Y-MEPEXOAOB MEXAY BO3OYXIEHHBIMU COCTOSHMSAMH M
COOTBETCTBYIOIIHE 3KCIIEPUMEHTAILHBIE AaHHbIE NPUBENEHbI B Tabn. 2—17. B atux
Tab/IMuax MpeacTaBlieHsl pe3ynbTaThl pacueToB [16, 18,19, 23-26], a Takxke pe-
3yNbTaThl HOBBIX BBIYMCIIEHUi. B Tabnuuax npuseneHsl OTHOLIEHHS 9KCTIEPHMEH-
TAIBHBIX W PACCUHTAHHBIX CIIEKTPOCKONMYECKHUX (hakTOpoB (¢, p) u (p,t) peakuwmii
JUISt NIepexofioB Ha Bo36yxaenusie 0} -cocrosnus K epexoiaMm MeXJy OCHOBHBIMH
COCTOSHMSIMH, T.€. Sn(t,p) = Sn(t,p)/Sgs(t,p), Sn(p,t) = Sn(p, t)/Sg.s(p, t).
Hanbi sKkCnepuMeHTaIbHBIE 3HAYEHHS ABYXKBa3MHEHTPOHHBIX UV WM JBYXKBa3H-
MPOTOHHBIX 7' KOMIOHEHT BOJHOBbIX (DYHKUMH ypOBHeE#, BO30yxmaeMbiX B pe-
aKUMsX OAHOHYKJIOHHBIX nepead W B (-pacnamax. O6osunauenus (d,t), (d,p),
(®He,a) u npyrue ykasbiBaior Ha GOIbIYyI0 HHTEHCHBHOCTh COOTBETCTBYIOLIMX pe-
aKUMH. DKCIIEPUMEHTAIBHBIE M PACCYMTAHHBIE BEMUMHBI p° HAIEHbl U3 MATPHY-
HbIX 271eMeHTOB E0-nepexonos, enuunnsl X (E0 /E2) nonyueHs u3 npuBeieHHbIX
BepogtHocreit £0- u E2-nepexonos.

DKCHepUMEHTaIbHbIE  aHHBIE VIS NpeACTaBlIeHHblE B
Tabm. 2-7, B3aTh U3 [27-39], NnpUueM HHXHHME 3HAYEHHUS IS B(E)) 1 B Tabn. 2,
4 u 6 B3aTbl M3 [39]. DkcnepuMentanbhble ganHie ans 0Dy, NpEACTaBIEeHHbIE
B Tabn. 8 u 9, B3stel u3 [30,37,40-49]. B T1abn. 10 u 11 NpHUBENEHbl BKCIle-
puMenTanbHble fannbie s 92Dy, nonyuennsie B [19] u, KpoMe ToOro, B3aThie
u3 [50-52]. DkcnepumentanbHsie aanubie ang 154Dy, npeacrasnennsie B Tabn. 12
u 13, monyuenn B [45,47,49,51,53-58]. DkcnepuMenTanbhble gaHHble ans 66Er
B 1abn. 14 u 15 B3ater u3 [49,59-64]. Dkcnepumentanbhble naHHbie s 68Er,
npejicrasieHHble B Tabn. 16 u 17, B3aTel u3 [49, 65-75].

156,158,160Gd
b

S. HEPOTAIITHOHHBIE COCTOSIHUA
N BEPOATHOCTH ~-IIEPEXOI0B

5.1. OOmue 3ameyanns. DHepruu M BONHOBbIE (PYHKLIMM KBaJIPYOJIbHBIX
¢ A = 20 m 22 u okrynoneHbix ¢ Ap = 30, 31 u 32 cocrosuuii B o6nacTu
150 < A < 184, paccuurannbie B RPA B 1965 I. ¢ 0qHOYaCTHUHBIMU SHEPrUSAMHU
Y BOJIHOBBIMM (DyHKLHMSMH noreHuMana Hunsccona, npuseneHsl B [76,77]. Am-
TUTUTYIIBI 1/);‘1';12 " ¢;1\1“q12 BOJIHOBBIX (DyHKLMH NEPBBIX KBAAPYHONbHBIX H OKTYNOMb-
HBIX OOHOC(OHOHHBIX COCTOSIHWI maHbl B [76]. Pax Gonbiuux aMIUIMTY] BOJTHOBBIX
(yHKuMii GBI OGHApYXeHb! B PEAKLUMAX OIHOHYKITOHHBIX nepenad. B [77] npu-
BefieHbl Bennunibl B(E2) u B(E3) wist Bo36yxaeHus nepssix KBapYyHOJIBHBIX H
OKTYMOJIBHBIX COCTOAHMH. DTH PacyeThl MHOTHE TOBI CIIyXHIH OPUEHTHPOM s

9KCINIEPUMEHTAIBHOIO M3y4YeHHs.
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DHepruM U BoJHOBblE (PYHKLIMM HBYXKBa3MYACTHYHBIX U MEPBBIX ABYX(POHOH-
HBIX cocrosuuit ¢ K™ = 0%,2%,07,17 u 27, paccuurannsie B RPA ¢ ph-
M30CKaIAPHBIMH B3aUMOIEHCTBHSIMU C ONHOYACTHYHBIMU BHEPIHAMU U BOJIHOBBIMH
thynkuuammn noreHunana Bynca — Cakcona, npusenensl B [4]. 3aech maHbl 1o
ECTh HAUOONBIIMX ABYXKBA3MYACTUUHBIX KOMITOHEHT BOJHOBBIX (PYyHKLMiI OAHO-
(hOHOHHBIX cocTOsiHMIL. MHOIWe npenckasanus, caenaHHbie B [4], 6binn no3gHee
NOATBEPXKAEHBI 3KCNEPHUMEHTAIILHO.

B [78] paccuuranbi B RPA sHeprun n BonHoBbie (DYHKLMH reKCafeKarolbHbIX
cocrosumii ¢ K™ = 37 u 4" B yeTHO-4eTHBIX IehOPMUPOBAHHBIX SPaX B 06MACTH
158 < A < 188. Tloka3aHo, YTO cpead HU3KONEXaUMX cocTosHuii ¢ K™ = 3+
1 41 UMeIoTCS KOIEKTHBHBIE TeKCANEKaNONbHbIE M IByXKBA3MYaCTHUHbIE COCTO-
aHug. OcoGEHHOCTH KBalpYMONbHBIX W TeKCANeKanoJbHBIX COCTOSAHHUIl ONMCAHBI
B [79]. B [80] u3yueHO BIIMSHHE B3aUMOLEHCTBUA BBHICOKOH MYJIBTHIONLHOCTH
¢ A=5,6719 Ha cMelMBaHHE NABYXKBAa3WHEHTPOHHBIX M IBYXKBAa3MIIPOTOH-
HBIX COCTOAHMH C GONBLIIMMH 3HauyeHMsIMH K B 4eTHO-4eTHBIX neOPMHUPOBaH-
HbIx sapax. [lonyueHo KauecTBeHHO NpaBHIbHOE OnHcaHue B RPA skcnepumeH-
TaJIbHBIX IAHHBIX M0 CMELIMBAHUIO JIBYXKBa3HHEHTPOHHBIX M ABYXKBA3HIPOTOHHBIX
KoHGurypauuii B 17178 Hf, 171Yb, 168Er y 158Gd. Dru uccnenosanus nokasanm,

- YTO MPH ONHCAHMH CTPYKTYpPbI Ae(hOPMHPOBAHHBIX SIIEP HYXHO TAKXe YYHThIBATH
MYJbTHIIONbHBIE B3aUMOJEHCTBHs ¢ A > 3.

BbLIYKC/IEHHs HEPOTALMOHHBIX COCTOSHUH B YETHO-YETHBIX Ae(hOPMMPOBAH-
HBIX SJIpax, AAaHHbIE B HAcTOsIEM 0030pe, CYLIECTBEHHO OT/IMYAIOTCS OT paHee
NpOBEJEHHBIX pacyeToB [3-6,76-78] B cienyioliemM.

1) Hcnone3sosannl Gonee cnoxhsie RPA cexynsphsie ypasuenus. Eciu B npe-
AbIyUIMX pacyeTax YYMTBHIBAIMCH TONBKO ph-H30CKanspHbie MyJabTHIIONb-MYJIBTH-
TNOJIbHBIE B3AaHMONEHCTBHSI, TO 31€Ch YIUTHIBAIOTCS H30CKANAPHBIE;H H30BEKTOPHBIC
ph- 1 pp-MyNBTUIONB-MYIILTHIIONbHBIE B3aUMopeiicTBus. TIpu onkicanuu ogHO(O-
HOHHBIX COCTOsiHMI ¢ K™ = 11 JOMONHUTENBHO YYHTHIBAIOTCS CHHH-CHHHOBbIE
B3aumopnencTsus. Ilpu onucanum cocrosuuii ¢ K™ = 07 u 17 JONOJHHUTENLHO
YYUTBIBAIOTCA MU30BEKTOPHbIE ph-AMNOJB-AUNONBHBIE B3aUMOIEHCTBHS.

2) BonHoBble (hyHKIMH HEPOTALMOHHBIX COCTOSIHMI, COCTOsIlME W3 onHOGO-
HOHHBIX U IBYX(DOHOHHBIX 4JIeHOB, uMmeloT Bua (3).

3) Bce KOHCTaHTHl (MKCHPOBAHbI IPH MOCTPOEHHH (POHOHHOTO Gasuca. Her
HU OHOTO CBOOOAHOIO JIapaMeTpa B pacyeTax C BOJHOBOH (yHkumeit (3).

OT/MyYHe COCTOMT TAaKXe B TOM, YTO, HapsiAy C MPHBEAEHHBIMH BEPOTHOCTAMU
E\-nepexonos M3 OCHOBHOrO B BO30YXIEHHBIE COCTOSHMSA, paccuMTanbl EA- u
M X-nepexomsl Mexay BO30YXAEHHBIMH COCTOSHMSMH. Brrumcnensl Bce 6e3 Hc-
KJIIOYEHUS HEPOTALMOHHBIE COCTOSIHHS C DHEPrUsIMH BO30yxXaeHus Huxe 2,3 MaB.

5.2. 0%-cocroanus. Paccmorpum Bo36yxnaennsie 0T -cocrosnus. B Teuenne
MHOIUX JleT nepBoe 0) -cOCTOsHMe TPaKTOBanoch Kak (-BMUGPALMOHHOE COCTOS-
Hue [2] u onucriBanock B RPA ¢ ph-kBafpynosibHbIM B3aMMOZIEHCTBHEM M B3aHMO-
AeACTBMEM CBEPXNPOBOAALIETro TUMa [3,4,76,77]. Duepruu nepsbix BO30YXIEHHBIX
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07 -cocTosnuii 6buM NpaBuABHO onucanbl B [4,76)], a Benuuunbt B(E2) 1, xak
BBISICHWJIOCH MO3[HEE MOC/e MX M3MEPEHHs, OKA3aIUCh CWIBHO 3aBbILIEHHBIMU.
B pesynbrare 3KCcnepuMMEHTOB, BHIMOJHEHHBIX B nocieanue 20 JIeT, CTano ScHo,
uT0 B 1ehOPMUPOBAHHbBIX SAPax peaKo3eMesbHoi obnacTu nepsrie 07 -cocTosHus
HeJIb3s TPAKTOBATh KaK [3-BMOpaLMOHHbIE W3-3a MAIbIX 3HAYEHHH NPUBEIEHHBIX Be-
posTHocTel E2-nepexoioB Ha POTALHOHHYIO MOJIOCY, MOCTPOEHHYI0 Ha OCHOBHOM
coctosHuH. KpoMe Toro, nioTHOCTh 0GHAPYXEHHBIX SKCTIEPUMEHTATILHO HH3KOJTE-
xKaumx 07 -cocTostHuil 0Kasanoch Gosblue pacCUMTaHHOM.

3HaunTenbHbli nporpecc B onucatuu 07 BO36YXIEHHBIX COCTOSHHIA B YETHO-
ueTHbIX deOpMHPOBaHHBIX sapax ciaenad B [81], rae Hapsay ¢ ph yureHbl uac-
THYHO-YaCTHUYHBIE PP-KBaAPYNosbHbie B3aumoneicTsus. W3 ycnosus uckinoueHus
nyxoBbix OF-COCTOAHMIA, CBS3aHHONO C COXPaHEHHWEM YMC/la HEHTPOHOB M Mpo-
TOHOB B CPEJHEM, TO/y4YeHbl YPaBHEHHs Ui MOHOIMOIBHOTO M KBalpyNoOILHOIO
cnapuBaHus. Posib KBAAPYNONbHOrO pp-B3aUMOEHCTBHS BEJIMKA, TOCKOJILKY C YBe-
nuyeHueM KOHCTaHThl G20 3HEprHM HM3KONEXALINX NMOIOCOB CEKYIAPHONO ypas-
HEHUS TMOHMXaloTcH, a BenuuuHbl B(E2) 1 yMeHbwaiorcs. [Ipu BbluMCIEHHSX
¢ G* = k2° paccuutanubie 3Hauenus B(E2) npubnuxanTcs K 3KCHepUMeH-
Ta/IbHbIM, TUIOTHOCTh HU3KOJEXaWnX 01 -COCTOSHHMII BO3pAacTaeT M MX CTPYKTypa
MEHsIETCs [0 CpaBHeHMIo ¢ pacyetamu npu G20 = 0. BonHoBsbie PyHKLHMH HU3KO-
nexawmx 0% -cocTostHuii, paccuntantbix B RPA, ouenb cnoxnbl. OHM COCTOAT M3
60/1bLIOrO YKC/Ia ABYXKBA3HYACTHUHBIX KOH(MHUIYpaLMii 1aXe B TOM Ciydae, Koria
BenuunHa B(E2) ana nepexoma Ha poTaLMOHHYIO MOJOCY OCHOBHOIO COCTOSIHMS
oueHb Mana. 07-COCTOSAHMS — 3TO CMECh NApHBIX M KBaAPYNObHBIX BHOpPALHI.

Bo3Gyxaettbie 01 -cOCTOAHMS 3aHMMaIOT 0CO60E MECTO B TEOPHH Aapa, Mo-
CKOJIbKY MaTeMaTHYeCKHE TPYAHOCTH KaK Gbl CKOHUEHTPUPOBaHbI HA HX ONHMCAHUH.
IMoaToMy 3Hepruu 1 cTpyKTypbl 01 -COCTOSHHMI ONMUCHIBAIOTCS XyXe APYrHX HEPOTa-
LIMOHHBIX COCTOSHUIA. Hanpumep, paccuutanHas aneprus BToporo 03 -cocTosiHus B
156Gd Ha 0,632 MaB Bbiwe aKcriepuMeHTanbHOM. Paccuutannoe sHauenue S(p, t)
wist Bo3Gyxaenust Broporo 07 -cocTosnus B peakumu (p,t) B 1°*Gd 3HaumTensHo
MeHbLIE 9KCNEPHMEHTANIBHOIO H T.N. OTMETHM, YTO MHKPOCKOIIMYECKHE pacyeTbl
S(p,t) u S(t,p) B [82] NPABHIBHO NEPENAIOT M3MEHEHHUE STHX BEAMYHMH npu mne-
PEXOZE OT OMHHX SIEP K APYTHM. )

B psine sinep, Hanpumep, B 169Gd, 162:164Dy 4 198Er, pacci:iTanHbie 3HaueHus
B(E?2) nna Bo3byxaeHHbIX coctostuil ¢ I™ K, = 2¥0; oueHb Mansl U noaTomy
He ObUTH BO30YXIEHbl dKCHEpUMeHTanbHO. Paccuutannble Benuunnsl B(E2) ans
B030yxnenus 270, -cocrosuuit B 1°6:158Gd, 160Dy u 188Er nocratouno Benmku u
HaXONATCH B COMIACHH C IKCNEPUMEHTAIbHBIMH JaHHBIMH.

B psane cnyyaes Benunuunbl B(FE2) ans nepexona Ha 212, -cocTosnus 6onblue
senuuun B(E2) s nepexopa va 270, ;. Takoe npesaiMpoBaHHe HMEET MECTO
1S niepexonos ¢ nepsoro 07 - u BToporo 0F -cocrosnuii B 152:14Dy u 158Er. Ouo
CBA3aHO C O4eHb MajibiM 3HauenneM B(E2) ana nepexoga Ha 2% 04 s-cocTosiHue
M NpuMeChio 2-4% nBaxnbl raMMa-BMOpaLMOHHONW KOH(GUIYpPaUMH B BONHOBBIX
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dynkumusax 07 -coctosiHuit. Takoro npeBanMpoBaHHs MPHBEAEHHONW BEPOSTHOCTH
E2-nepexona ¢ nepsoro 07 -cocTosHMs Ha raMma-BUOPaLMOHHOE COCTOSHHE Hal
TepeXoIoM Ha POTALMOHHYIO T1010CY OCHOBHOTO cocTosiHus Het B 156:158Gd, 160Dy
u 166Er,

Hogas untepnpetaums nepsoro 0;-cocTosHus Kak (pOHOHHOTO BO3GYXaeHHUs
Ha raMMma-BUOpaLIMOHHOM COCTOSSHHM NnpeutoxeHa B [83,84]. Ona ocHoBaHa Ha J10-
MHUHHPOBaHHH MpUBENEHHON BeposATHOCTH E2-nepexona Ha ramMma-BHOpallHOHHOE
COCTOsIHME Hajl TaKOBO# UIst nepexofa Ha 2% 0, s OCHOBHOE COCTOSHUE. DTa HHTEp-
npeTauMs HaxoOOMTCs B pe3koM nporusopednd c pacuetamu B KOMS. Cornacho
HalllUM pacyeTam BKJIaJl ABaX/bl raMMa-BUOPALMOHHOH KOMMOHEHTH! B BOTTHOBYIO
dynkunio 07 -cocTosnus He MoxeT 6biTh 6onbue 10%. Ero goctatrouHo ans Ta-
KOro JoMuHupoBanus, ecnu B(E2;010; — 210, ) oyens mana. Kak nokasaHo
B [85], 6onbLas COBOKYMHOCTb 3KCMEPUMEHTATILHBIX JaHHBIX 110 PEaKLHAM OQHO-
M ABYXHYKJIOHHBIX mepenay U no cuie E0-nepexonoB npoTHBOPEYHT HHTEpNIpETa-
unm 0 -cocrosnus, nannoii B [83].

B [86,87] 6bi10 paccMOTpEHO OTHOLLEHHE

E,

of
E

Rpy=p—%—
2t T E2,f_,

rae E,+ n E,+ - aHeprun ramma-subpaumontoro u I™K = 2% 04 o-cocTosinmit.
ki 8.8

CornacHo [86], ecnu npaswibha uuTepnpetaumns 0 -coctosmus, nannas B [83],
TO OTHOlIEHHe Rz, NONXHO MpuHMMaTh 3HadeHus ot 1,2 mo 1,8. Hcnone3ys
3KCnepHUMeHTaNbHbie aaHHble W3 [88], B pabGote [89] nokasanu, uto u3 50 sgep B
obnacru 150 < A < 190 Tonbko B 20 ciayyasx 3HaueHus R, HaxoafiTcs B MHTep-
sane 1,21,8. [lns Bcex smep B 370 06nactu Rz, npuHMMaeT 3nauerus ot 0,7 o
2,4. B [89] paccuuTaHHble 3HAYECHHS 3HEPrHii E01+, Ezir n Ezz,, B34ThI M3 [76], n
NOYyYeHO OYEHDb XOpOILLEE COMIACHE CO 3HaYeHUAMH Rg., 1 9KCrIepHMEHTaNbHBIX
NaHHBIX. DTO O3HAYaeT, YTO OTHOLIEHHE Rg, MOXeT ObITh MPABUIBHO OMHCAHO B
paMKax pazIMYHbIX MOZENei H OHO HE MOXET CBHIETE/ILCTBOBATH O ABYX(POHOHHOIH
cTpykType nepsoro 0} -cocTostnus.

5.3. Cocrosuus ¢ K™ = 1*. Huskonexammne K™ = 11 cocrosnus obua-
PYX€HbI 3KCMIEPUMEHTATBHO B PAlE YETHO-YETHBIX A OPMHPOBAHHBIX AAEP B pe-
aKUMUsAX ONHOHYKJIOHHBIX Mepenay u B (-pacnagax. CornacHO NpHHATOMY METOLY
McKJTloueHus ayxoBoro 11 -coctosiHus nepsoe Bo3GyxaenHoe K™ = 11 -cocrosinue
JOJIXHO JIEXaTh Bbillle MEPBOTO MOMIOCA, T.€. He AOMKHO Obith 11-cocTosHmit ¢
sHeprueit Menee 1,5 MaB. W3 aHanu3upyeMbix siep HAHHU3LLYIO DHEPTHIO HMEET
1} -coctosnue B 12Dy, y xotoporo ona pasna 1,746 MaB. B octanbHbix spax
ona Gonee 1,8 MaB. Bemuunus B(E2;010,, — 2%1,) 3HAUMTENHLHO MEHBIIE
B(E2;0%70g.s — 2%2;). Onu, xak npasuno, He npesbimaiot 0,5 onn.en. B 156Gd
u 194Dy sennuunsi B(E2) mis Bo3Gyxpenus Broporo 17 -coctosmus Gombie,
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yeM [u1st nepBoro 17 -cocrosnust. Dueprum u cTpykTypa Hu3Konexawmx K™ = 1+
COCTOSIHHIA IOCTAaTOYHO XOpOLIO onuchiaoTcs B KOMS.

Konsektushble 1T-cocTosnus, Kotopble cHIbHO ‘BO3Oyxmaoorcs B M 1-mle-
pexozax, nexar Boie 2,5 MaB. ®parmeHrauus ogHOMOHOHHBIX COCTOSHHIA C
K™ = 17 B suepretnueckom unteppane 2,5+4,0 MaB NPaBUIILHO ONHCHIBAETCS B
KOM: [90]. B nedopmuposanHbX siapax JOMXHbI Habiiogatscs GbicTpbie M 1-
nepexofbl ¢ sHepruel ~2,5 MaB Mexnmy Bo30OyXIeHHBIMH COCTOSHMAMU. OHU
MOTyT yKa3blBaTh Ha HajJM4Me GONBLUIMX ABYX(POHOHHBIX KOMMOHEHT B BOTHOBBIX
GbyHKumMAX BO30yxneHHBIX cocTosnuit [91]. Heckonbko Takux 6bicTphix M1-
Nepexoi0B NPOAEMOHCTPUPOBaHbl B Tabn. 9 u 13. Murencusnoctu M 1-nepexomos
3HAuMTeNbHO Oosiblle MHTEHCHUBHOCTEH E2-nepexonos MeXmy TeMu Ke caMbIMH
OIHOhOHOHHBIMH COCTOSHUSIMM.

5.4. Cocrosnus c K™ = 2% Ilepsrie K = 2] cocrosnus Bo Bcex aeopmu-
POBaHHBIX Spax — 9TO KO/UIEKTHBHbIE, TaK Ha3blBacMble ~'raMMa-BHOpaLMOHHbIE™
COCTOsHMA. MIX sHepruu, Kak npaswio, He mpesbimaior 1,4 MsB, a BelHYHHbI
B(E2;0%045 — 2+2;) > 3 onn.en. DHeprun U HanbONbLINE ABYXKBA3MUACTHY-
Hble KOMIOHEHThl BOJNHOBbIX (DYHKLMii MEpPBBIX 27 -COCTOSIHMIA TIPABUILHO OIH-
canpl B KOMSL. Cnenytoume Tpy uiu yersipe KT = 2% coctosuus nuxe 2,3 MaB
ABAIOTCSH CNAabOKOJVIEKTHBHBIMH OJHO(OHOHHBIMU COCTOSIHMAIMH CO 3HAYEHHSIMU
B(E2;07045. — 272,), Mensumnmu 0,2 oau.en.

5.5. Cocroanns ¢ K™ = 0~ m 17. DHepruu u BONHOBblE (PYHKLMH OIHO-
tononHeIx cocrosHuit ¢ K™ = 07 u 1~ onpenensiorcs, B OCHOBHOM, OKTYIOJb-
OKTYMOJIbHBIMH B3auMOeUcTBUAMH. Tlepeoie K = 07 #u 1] COCTOsSIHMS SBJISIOTCS
KOJIEKTUBHBIMH cO 3HaueHusimu B(E3; 0"'Og,S — 37 K,,), HaxoO4LIMMHCS B MH-
Tepsane 2--12 onn.en. Mx sHepruu u Bennunnsl B(E3) 3Ha4NTENBHO MEHSIOTCS OT
A1pa K s1py, KO/UIEKTHBHOCTb YMEHBLIAETCS, 2 IHEPIHH BO3PACTAIOT NP NEPEXOMIE
ot u3oronos Gd x Er. DkcnepumenTtansHas MHGOPMaLUKMA O BTOPBIX M TPETHUX
03 -, 03, 13- u 13 -cocTOSHHIX KpaiiHe CKymHa.

Ecnu omnodononusie coctosunt ¢ K™ = 07 u 1™ onuceiBaTh C yd4eToM
ph- W ppP-OKTYNONb-OKTYNONbHBIX B3aUMOIEHCTBHIH, TO PacCYMTAHHBIE 3HAYCHHS
B(EI;O*'Og,S — 170;) u B(E1;0%7045 — 171;) Ha 1Ba MopsiKa NpeBbILAIOT
aKcnepuMeHTanbHble. Kak nokasano B [25], BK1oueHHe H30BEKTOPHOTO ph-aunons-
AMMONBHOTO B3aMMOZeHCTBUS ¢ KoHcTantoi ki = —1 5x3K, npu koropoii
NpaBUJIbHO OIMCBHIBAETCA TOJIOXEHHE H30BEKTOPHOrO MMIIONBLHOIO THIAHTCKOrO
pe3oHanca, npuMBoAMT K ymeHblieHMi0 B(E1) B ~20 pas. CpaBHeHMe C 3KC-
NIepUMEHTATBHBIMH AaHHBIMU [49] nokazano, yro paccyuraHHele [25] 3HaueHHs
B(E1;0704s — 170;) u B(E1;070,, — 171;) B 3-5 pa3 Gonblue 9KCTIEPH-
MeHTabHbIX. Kpome Toro, nonunas cuna E1-nepexonoB B 9HEPreTHYECKOM HHTEp-
Bajie 04 MeB ¢ K™ = 0~ B 3-4 pa3a Goinblue, yeM NepexooB Ha COCTOSHHUS C
Kr=1".

Bepoarhoctn E1-nepexonoB MeXxmy OZHO(OHOHHBIMM YIE€HAMH BOJHOBBIX
(yHKLUMI HAYaNBbHOTO U KOHEYHOTO COCTOSIHUIA 3aBHCSIT OT MX MAlbIX BYXKBa3Hya-
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CTHYHBIX KOMITOHEHT. I103TOMy pe3ynbTaThl TAKMX pacyeToOB HE OYEHb HAINEXKHbI.
DKCnepUMEHTaIbHbIE NPHUBEIEHHbIE BEPOSTHOCTH F1-Nepexoios M. BEPOATHOCTH
pacnagoB B CEKyHIy MeXAy OOHO(OHOHHBIMH YJIE€HaMH BOJHOBBIX (PYHKLMI Ha-
YaJILHOTO M KOHEYHOrO COCTOSIHMI paBHbl CliefylolmM 3Hadennsm: B(E1l) =
=1073 + 1077 e2-¢pm?, T(E1) = 10° + 10! ¢!, Cxommble Manble BeTMYMHBI
B(E1), paccuurannbie 8 KOMS, npusenenst B Tabn. 3, 5, 11 u 17.

CornacHo pacueram B KOMSI, unrencuBHocts E1-nepexonoB Benvka, eciu
BOJIHOBas (DYHKLMS HayajbHOTO COCTOSHHS UMEET CPABHHMTENIBHO OOJIBILON ABYX-
(DOHOHHBIN WileH, cOCTOAWMI U3 OKTYNosbHOrO hoHona ¢ K™ = 0~ win 1~ u
Apyroro oHOHa, KOTOPbI MMEETCs B BOMHOBOH (DYHKLIMM KOHEYHOTO COCTOSHHS.
Hmerotcs npumepst (cM. [91]), Koraa HHTEHCHBHOCTHL TaKMX nepexofos B 10 — 10°
pa3 Gosbllie HHTEHCHBHOCTEH NEPEXOOB B OCHOBHBIE COCTOSHMA W B 103 — 10°
pa3 6onbllle HHTEHCUBHOCTEH NEPEXON0B MEXAY OMHO(POHOHHBIMH COCTOSHHUAMH.

[TpuBenennbie BeposTHOCTH E1- u E3-nepexomoB U3 OCHOBHOIO COCTOSIHUS B
BO30yXaeHHble cocToshust ¢ K™ = 07 v 17 1 Mexmy BO30YXIEHHBIMM COCTOSIHH-
amu paccuuTansl B [92]. Tloka3aHo, 4TO UMeeTCs KOpPESSLHUsS MEXIY NpPUBEIEH-
HBIMU BEPOATHOCTAMH E1- u E3-nepexomoB u3 OCHOBHBIX cocTosiHuii. CornacHo
pacueraM uHTeHcuBHOCTH El-nepexonos B 10° — 10'° pa3 Gonblue uHTEeHCHB-

. HocTel E3-nepexooB MeXay COOTBETCTBYIOLIMMH COCTOSHUAMH. DTO O3HA4aer,
4TO COCTOSIHHMSI, BOJIHOBbIE (PYHKLUMH KOTOPBIX MMEIOT OOnbILOH ABYX(DOHOHHBIN
ujieH, copepxaumit ovon ¢ K™ = 07 u 17, MOryT GbiTh 9KCNEPHMEHTAIBHO
obHapyxeHsl no 6sictpomy E1-nepexony.

5.6. OkrynonbHbie cocTosHusA ¢ K™ = 27 um 37. DHeprud M BOJHOBBIE
tynkuun onHooHOHHBIX coctostHuil ¢ K™ = 27 u 3™ onpenensiorcs OKTYNOJMb-
OKTynonbHbIMH B3auMoneiicTBusiMu. Tlepebie KT = 2] cocrosnus B 1°6158Gd
pacnionoxeHsl okono 1,8 MaB, ux sneprus B 160:162.164Dy onyckaerca no 1,0-
1,3 M3B, a KO/UIEKTMBHOCTb 3HAUMTENBHO YBENHUMBaeTcs, U aanee B 66168 Er yx
oHeprua BospacraeT 10 1,46-1,57 MaB u KosmieKTHBHOCTh yMeHbinaetcsi. Bro-
peie K = 2; cocTosHus pacnojoxXeHsl oKono 2 MsB. Duepruu u ctpykTypa
cocrosiinii ¢ K™ = 27 pgoctaro4Ho xopowo onucaHa B KOMS.

DkcnepumenTanbHas HHGopMauus o coctosimsix ¢ K™ = 37 nesenuka. Ilep-
oie K = 37 cocrosiuus B 199Gd, 152Dy u 15Er naxonarcs npu sneprusx 1,452,
1,571 n 1,916 M3sB cootsercTBenHo, Bennyunsl B(E3) HeussectHsl. HeoGbuHO
BenyT cebs coctosnus ¢ K™ = 3~ B !98Er, rne oGHapyXeHO wIeCTb Takux co-
crosuuit [69]. Tlepbie Tpu cocrosthusa 37, 3; u 35 sBIAIOTCA caGo KOJIeK-
THBHBIMH, Ha HuUX mpuxomurcs 1,3 onu.en. Yerseproe K = 3; cocrosHue —
xonnektupHoe ¢ B(E3)=4,68 omn.en., T.e. moutH B Tpu pasa Oosblue, 4eM Ha
nepBbix Tpex. Ilepsbie Tpu cocrosnus 37, 3; M 35 Henb3s CYUMTATh ABYXKBa-
3MYaCTHYHBIMH, TMOCKONBKY BenuuuHbl B(E3) mist ux Bo36yxjuexus B 30-60 pas
6onsie BennuuH B(E3) wis cOOTBETCTBYIOLIMX NBYXKBa3U4aCTHYHBIX COCTOSHMUIL.
Taxoe HeobwsuHOE pacnpenenenue E3-cuibl cpefid HU3KOMEXAWNX COCTOAHMI B
168Er npasunsHo onucano B [93] B pamkax KOMSI. INpuunna Takoro HeoObIu-
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Horo pacnpepesienuss E3-cunbl oObscHeHa B [15]. MarpuuHble 37n€MEHTHI, CO-
OTBETCTBYIOLIHE MEPBbIM TPEM MOJIOCAM CEKYISPHOrO ypaBHEHHs, HEBENHMKH, M
NO3TOMY KOPHHM HaxomsTcsi BONH3M noniocoB. MaTpHuHblil 371EMEHT, COOTBETCTBY-
IOILMH YeTBEPTOMY MOJIOCY, BeNUK. KpoMe TOro, 4eTBepThiil MOJIIOC JIEXUT BbilLE
tperbero Ha 0,8 MaB. YersepThiit KOpeHb CHIIBHO OMYLIEH OTHOCHMTENILHO 4e-
TBEPTOTO MONKCa, U NO3TOMY cocTosHue ¢ K| = 3; 4BN4eTcs KOJUIEKTUBHBIM.
B [15] nokasaHo, uTo Takoi THN HecTaHJapTHOro pacnpeaeneHust E3-cunbl Mo-
XeT MMETb MECTO B APYrMX YETHO-4YeTHbIX AecopMHpoBaHHbIX fapax. C apyroi
CTOPOHbI, UMEIOTCS HENPEOAONHMBIE TPYAHOCTH B OMHMCAHHM TAKOrO HECTaHAapT-
HOro pacrnipeaenedusi E3-cunpl B paMKax Mofeny B3auMOAEHCTBYIOIMX GO30HOB.
Hanpumep, npu onucaHuy OKTYNONBHBIX COCTOSHHI B AepOPMHPOBAHHBIX Aapax
8 Mozenu IBM 1+ f-6030n [94] nepsbie Tpu cocrosuus ¢ K™ = 3~ B '%8Er npocto
OTOPOLLEHBI.

57. Cocrosuus ¢ K™ = 3%. Huskonexawwme coctosnus ¢ K™ = 3%
ne obuapyxeusl B 156:158:160Gq y 169Dy Cornacho nawmm pacuetam nepsbie
37 -cocTostus B 3TMX sApaX PacloNOXeHbl B WHTEpBAIE BHEPIHil BOBYXIEHHs
2,1+2,3 MaB. Ilepsbie 3] -coctoshus 8 152Dy, 184Dy n 196Er nmetor sneprun
2,283, 1,979 u 1,938 MaB. Cocrosnue 3] ¢ sneprueii 1,653 MsB B '°8Er
cwibHO BO30yxuaercs B peakunu (d,d’). CornacHo HaliMM pacyeram COCTOSHMUS
¢ K™ = 3% u c sueprueit Huxe 2,3 MaB sBasiioTcst rekcaekanoinbHbIMK OHO-
(DOHOHHBIMM COCTOSHUAMH. MHorue BOHOBbIE (PYHKLUHMH cocTosHMi ¢ K™ = 31
MMEIOT LOMHHHPYIOLLYIO ABYXKBa3HYaCTHYHYIO KOMMOHEHTY. Bo Bcex crabuibHbix
sapax ¢ N = 98 +104 u Z = 68 + 72 nepebie K7 = 3] coctosnus ssnsiorcs
KOJUIEKTHBHBIMH.

5.8. TexkcaaekanonbHbie ¥ ABYX(OHOHHBIE cocTosnua ¢ K™ = 4. Co-
CTOSIHME CYMTaeTCs ABYX(OHOHHBIM, €Cid BKJIad ABYX(POHOHHOH KOMIOHEHTBbI B
HOPMHPOBKY BONHOBO# yHKunH npesbiiaet 50%. Llentpouast sHeprui asyxdgo-
HOHHBIX KONJIEKTHBHBIX COCTOSIHHIA paccuMTaHbl B [5, 6], rae nokasaHo, 4To yueT
npuiumna [laynn B 1ByX(hOHOHHBIX KOMIIOHEHTaX BOTHOBBIX (PYHKUMi NPHBOAHT
K COBUIY ABYX()OHOHHBIX NoocoB B 06nacTh Gonee BbICOKHMX 3Hepruid Bo30yxue-
HHS, TOe IUVIOTHOCTh YpOBHeH Besvka. [loaromy nByX()OHOHHbIE KONIEKTHBHbIE
COCTOSIHUSL [ONXHbI ObiTh cuIbHO ¢hparmMeHTHpoBanbl. B [5, 6] Gsuio caenano
YTBEPXIEHHE, 4TO ABYX(OHOHHBIX COCTOSAHHWM, COCTOALIMX W3 IBYX KOJIIIEKTHB-
HbIX (DOHOHOB, HE JOJIKHO OBITH B CHIIbHOIE(OPMHPOBAHHBIX SApPaX PeaKO3EMENb-
Hoii obnacTH. B GonbluMHCTBE CilyyaeB 3TO npeacka3aHde BepHO. B Hammx npe-
IbiaymuX pacuerax [5,6,78,93] cosur aByxc¢OHOHHBIX MOIOCOB ObUT CIMLIKOM
GonblumuM, ocobenno wist cocrosunii K™ = 47{(22),,(22);}, rae 6bin onywen
MHOXUTenb 1/2. B Gonee TOuHBIX pacyeTax, B KOTOpbIX Hapsiny ¢ ph yuWThl-
BIUCh PP-B3aUMONEHCTBUS, COBUI ABYX(POHOHHBIX MOIOCOB, COCTOSILLIMX U3 ABYX
KOJUIEKTHBHBIX (DOHOHOB, OKa3aics pasHbiM 0,5+1,0 MaB.

B [18,23,79] yreepxuaercs, uyto B smpax 64Dy, 166:168Er yauGonee se-
POSTHO OGHapyXeHHEe JBax/bl raMMa-BUOGPALMOHHBIX COCTOsHMI ¢ K™ = 4T 8
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sHepreTHueckoM MHTepsaile 2,0+2,3 MaB. 3kcnepuMeHTaibHbIE MCCIEN0BaHUs
B [72,73,95] ycraHOBMIH, YTO MMeeTca Oosblias IByX(pOHOHHAst JBaXK/bl ramMma-
BMOpaUMOHHas KOMIOHeHTa B nepsoM K = 4] cocrosuuu B 188Er. Cornacto
pacueram [23] 8 KOMS Brian rekcagexkanonbHoil ogHogoHoHHOH (44); W aByx-
dononnoit {(22)1,(22);} KoMnoHeHT B HOpPMMPOBKY cocTosiHus ¢ K = 4} B
- 168Er paBen 60% u 30% cOOTBETCTBEHHO. PaccuMTaHHble 3HEPIMM COCTOSHMIA ¢
KT =2f, KF =47 w KT = 4}, a takxe enuunnnt B(E2;272;, — 010,,),
B(E4;4+41 - 0+0g,3), B(M2,4_41 — 2+21) U B(E1;4+41 — 4_41) Ha-
XOMATCS B XOPOIUEM COIVIACHH C 3KCMEPUMEHTAIbHBIMM JaHHBLIMH. DTO [0OKa-
3aHo B Tabn. 16 u 17. PaccuutaHHoe OTHOLIEHHE B(E2272, 24" 41) paBHOE
B(E2;,0%0,..,—>2%2,)’
0,26, He NMPOTHBOpEYHT 3IKCNEpUMEHTaIbHbIM 3HaveHusam 0,40 £ 0,20 [72] u
0,53+ 0,12 [95].

PaccMOTpuM nooxenue ¢ AByx(hOHOHHBIMH cocTosiHusMU B 196Er. B cnektpe
HEPOTAUMOHHBIX cocTosHMi B 188 Er uMeeTcst Liesib MeXa1y 1EPBLIM COCTOSHHEM C
KT = 2} u cneayowmm coctosuuem ¢ AT = 2, pasnas 0,672 MaB. Bnaro-
Aaps 3TOil LIENH IOTHOCTb ABYX(DOHOHHBIX MOJIIOCOB A0 3HEPIHii BO3OYXiueHMs
4 M>sB Hesenuka, a 1o 3Heprud 3 MaB nmeercs Bcero 5 noniocos. [ToaToMy Bkai
IBYX(OHOHHBIX KOH(HUrypaLUHil B HOPMHPOBKY BOJSHOBBIX (DYHKLIMI COCTOSHMI €
K™ # 4% u 0% u suepruamu nuxe 2,3 MsB ne npesbiuaer 6%. Hi-za ma-
no# mnotHocTH yposHeit ¢ K™ = 4% g6auu nomoca {(22);,(22);} u Manoro
4MCTIEHHOTO 3HaueHus dynkuun UZS! o, , ceasbiBaoweit oqHo- 1 aByX(OHOHHbIE
kondurypaumnn, nsyxgoHonHoe coctosuue 41{(22),(22);} cnabo dparmenTn-
posato. Ha atom ocxoBanuu B [18] 6bUIO npeackasaHo CyLIECTBOBaHHME IBaXIbl
ramMma-BubpaunonHoro coctostus ¢ KT = 4] c aneprueit 2,05 MaB.

IMoucku aBaxasl raMma-BubpaunoHHoro coctosnus ¢ K™ = 4+ g 1%6Er Gpinu
nposeneHsl B [55,96] B 3KCnepHMEHTax MO KYIOHOBCKOMY Bozﬁyxéaeumo C Hc-
nons3oBaHueM nydka *Ni. B pe3synbTaTe 3KCnepUMEHTaIbHOIO nsyyenus [96]
oGHapyxeHa Manas yacTb 1ByXxpoHOHHOIi Koudurypaunn {(22),(22);} B nep-
Bom K7 = 4} cocrosinum ¢ aHeprueit 1,978 MaB u ee Gonbluas yacTb BO BTOPOM
K] = 4} cocrosuuu c sueprueii 2,029 MaB. Dtu IKCMEPUMEHTAJIbHBIE JaHHbIE
NOATBEPXAAIOT MpecKa3aHWe o ABYX(OHOHHOM coctosHuu B '9SEr, cpenannoe
B [18] Ha ocHoBe pacyetos B KOMS.

[onoxenne ¢ mBaxael raMma-BHOGpauMOHHBIM cocTosiHueM ¢ K™ = 4+
B %Dy ocraercs HesichbiM. CorlacHO HawMM pacueTam GOnbLIAs YacTh CUIIbI
47{(22)1,(22)1} cocTOsHHS CKOHLIEHTPUPOBAHA Ha OIHOM WIH JBYX COCTOSHHMSIX
¢ K™ = 4% B snepretuueckom uutepsane 2,1+2,3 MaB. B [55] yxa3zaHOo Ha
TO, 4TO, NO-BUAHMOMY, coctosinue 41 ¢ sHeprueii 2,206 MaB B 64Dy spnsercs
AByX(OHOHHBIM. TTOHCKHM 1BaX /bl raMMa-BHGPALIMOHHOIO cocTosiius ¢ K™ = 4+
194Dy nposenenst B [97]. Ha ocHOBe pe3ynbTaToB WsMepeHHii Gl ClieaH BHIBOA
06 OTCYTCTBHM JBAXIbl raMMa-BHGPaLIHOHHOTO COCTOSHUS C BHeprueil BO3GyxXme-

Hus Huxe 2,06 MaB. B [97] He McKITI04aIOT, 4TO KOMIEKTHBHOE BYX(hOHOHHOE
COCTOSIHHE UMeEET 3Hepruio 2,206 M3B.
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Tepsbie coctosnus ¢ KT = 41 B 156Gd u pane npyrmx snep uHTepnpeTHpo-
BaHbl B [98,99] Kak ABaxapl raMMa-BHOpaLMOHHbIE. DTa MHTEpIpeTaLls OCHOBaHA
Ha E2-nepexogax Ha raMma-HOpauoHHoe coctosiHue. COrmacHO HaluM pacye-
TaMm nepBoe U BTOpoe coctoshua ¢ K™ = 4+ p 156,158,160Gq y g 160,162y gppq-
I0TCA TeKcaleKanoyibHeIMU coctossHusiMH. HeGonbiune npuMecu ABYX(POHOHHBIX
KoMmnoHeHT {(22)1,(22);} orBercTBeHHBI 32 KOCTAaTO4HO GbicTphle E2-nepexons
¢ KT = 4f na KT = 2] -cocrosnmus. Bonblune IBYXKBa3MyacTHUHbie KOMIO-
HenTsl vv523 | +521 T u w413 | +411 1 B 0mHOOHOHHBIX YIEHAX MX BOJIHO-
BbIX (yHKuMii 06Hapyxenbl B peakumsx (*He,a), (o, He) ,(t,a) u (d,p) u B au
B-pacnanax. Pe3ynbrarTsl BHIYMCIIEHHI U CPaBHEHHE HX C SKCHEPUMEHTAIbHBIMH
JaHHBIMH, NPUBEAEHHBIMHU B Tabn. 26, 811, nokasbiBaeT, 4YTO MEPBLIE U BTOPbIE
K™ = 4% -cocTosiHus HeNb3s MHTEPIIPETHPOBATh KaK ABYX(POHOHHBIE COCTOSHMS.
Kax nokasano B [100], Bce uMeloumecs aKcriepuMeHTallbHble JaHHbIE, TaKHE KaK
E4-nepexonisl B OCHOBHBIE COCTOSIHHS, PEaKLIMK OAHOHYKJIOHHBIX Nlepeay u au 3-
pacnajsl, yKasblBaloT Ha TO, 4TO coctostus ¢ K™ = 4% B atux sypax ssnsiorcs,
B OCHOBHOM, IeKCafileKanoJIbHbIMH BUOPALIMOHHBIMM COCTOSIHUSIMH.

5.9. Coctosinus ¢ A > 5. MMeeTcs 3HaUMTEIbHOE YHCIIO 9KCMEPUMEHTATBHBIX
JaHHBIX MO cocTosHMAIM ¢ K™ = 4~. Tak, B *8Er umeiorcs TpH OOHOOHOHHBIX
cocrosiung ¢ K™ = 47, npuueM nepsble aBa Bo30yxaawTcs B peakuusix (d,p) u
(t,a). Tlepsoe 41 -cocTogHre uUMeeT OONbLIYI0 ABYXKBa3HHEHTPOHHYIO, a BTOpoOe
4, -cocTosiHue — 60sbLIYI0 ABYXKBAa3UIIPOTOHHYIO KOMIOHeHThI. [TouTH Bce nep-
Bbie B2 COCTOSIHUA ¢ K™ = 47 sBnsioTcs OqHO(OHOHHBLIMH C ABYMS OONbUIMMH
JBYXKBa3H4aCTUYHbIMU KoMIOHeHTamu. Pacuetsl B KOMS nocratouno xopouio
OIMCHIBAIOT HEPTUU U CTPYKTYpPY cocTosiHud ¢ K™ =47,

HMeroTcs aKcriepuMeHTaIbHbIEe fAaHHbIe 0 cocTosHuax ¢ K™ = 57, 57, 6~
M 77. DBONBIIMHCTBO 3THUX COCTOSHHWI SIBJAIOTCS ABYXKBAa3M4aCTHYHBIMH. B He-
KOTOpBIX M3 HUX Hapsay ¢ OOnbluOi ABYXKBa3HYaCTHYHOW KOMIIOHEHTON HMe-
10TCS HecKonbko Hebonbiumux. Kax npogemoncrpuposano B [80], mpy BeluHCle-
HHHU COCTOSIHMH BBICOKOH MYJIbTHIIOIBHOCTH CJIEAYET YYHUTBIBATH COOTBETCTBYIOLIHE
MyJIbTHIIONb-MYTIbTUIIONIbHBIE B3aUMOAEHCTBHS.

6. SAKIIIOYEHHE

Ha ocnoBanuu pacueroB B pamkax K®PMS HepoTauMOHHBIX COCTOSIHHH B
4ETHO-YETHHIX AehOPMHPOBAHHBIX SIPaX, Pe3y/bTaThl KOTOPHIX MPOCYMMUPOBAHbI
B aHHOM 00630pe, U MX CPaBHEHHS C COOTBETCTBYIOLIMMH SKCIIEPUMEHTATbHBIMU
JaHHBIMH MOXHO CAE€NaTh CleAyOLIHE BbIBOMIBI.

1) Monyyeno pocratouno xopouee onucanne B KOMS umerommxcs sKc-
NEPUMEHTANBHBIX JaHHBIX M0 SHEPTHSAM W CTPYKTYPE HEPOTALIMOHHBIX COCTOSHHH
156,158,160Gq, 160,162,164y y 166,168 E; y cpenanmi mpenckasanms. Paccumranbl
BCE HEPOTALMOHHBIE COCTOAHMS C 3HEPrUsMHU Bo30yxneHus Huxe 2,3 MaB.
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2) IpakTHYECKHM HEBO3MOXHO OTAEIUTb KOJUIEKTUBHbIE BAOPALIMOHHbBIE COCTO-
AHMS, 33 UCKITIOYEHHEM raMMa-BUOpallHii, OT MeHee KOJUIEKTHBHbBIX ‘U JBYXKBa3H-
4aCTHYHBIX COCTOSAHHH, Ha pa3ie/IeHHH KOTOPhIX OCHOBaHBI (PEHOMEHONOrHYeCKHe
mozenu. B KOMSI ucnons3yercs enunblii 6a3uc 11t ONMUCaHMs BCEX HEPOTALMOH-
HBIX COCTOSIHHH.

3) BonHoBble (yHKUMM Bcex BO3GYXIEHHBIX COCTOSHMII C BHeprueil HHUXe
2,3 M3B, 3a uckiouennem cocrosnuii ¢ K™ = 41 g 164Dy y 166.168Er pveror
JNOMUHHMPYIOLIMH 0AHOGOHOHHBIH uneH. Bxiian AByX(poHOHHBIX KOH(Urypaumii B
HOPMHPOBKY MX BOJTHOBbIX (pyHKUHH He npesbiaer 10%.

4) 3HauMTeNnbHBIE CEUEHHs pEaKlHWil OJXHOHYKJIOHHBIX Ilepefay MOryT ObITh
OOBACHEHBI COOTBETCTBYIOIMMH GOJIBIIMMH ABYXKBa3UYACTHYHBIMU KOH(HUTypaLH-
AMH OAHO(OHOHHBIX YJIEHOB BOJIHOBBIX (PYHKLHiA BO3GYXIEHHBIX COCTOSHHIA.

5) INepsbie Bo3Gyxnennsie 0 -cocrosnus B 162:164Dy y 166,188y yenp3a Tpax-
TOBaTh KaK GeTa-BUOpAllMOHHbIE COCTOSIHUS M3-32 O4€Hb MalbiIX BEPOSTHOCTEN
E2-nepexonoB Ha POTALMOHHYIO MOJIOCY OCHOBHOTO COCTOSHMS. B »THX sampax
NIpUBEICHHBIE BEPOATHOCTH E2-nepexojioB Ha raMma-BHOpPaLMOHHYIO 110JI0CY Npe-
BaMpyloT Han E2-nepexogamMu B OCHOBHOE COCTOsIHHE. DTO MpeBATHPOBaHue 00y-
CIIOBJIEHO Masloi NPUBENEHHON BEpOSTHOCThIO F2-niepexosia Ha 10J10Cy OCHOBHOTO

. COCTOSHUA M NpUMeEChI0 2—4% paBaxKabl ramMMa-BUOpaLMOHHON KOH(UIrypaunu B
BOJIHOBOH (hYHKUHH OT-COCTosmmL

6) Slnpa B 14Dy u '65:168Er yauGonee GnaronpusTHBI CPeH YETHO-YETHBIX
AJIEp B PEIKO3eMeNbHOi 06acTi U1d HabmoaeHHs ABaX sl raMMa-BUOPALIMOHHBIX
cocrosiuit ¢ K™ = 41 B anepretnueckom unreppaie 2,0<+-2,3 MaB.

7) BonHoBble (DYHKLMH MEPBbIX M BTOPbIX coctosHuid ¢ K7™ = 41

196,138,160Gq y 160:162Dy pmeror nomuHMpylowmii OXHOMOHOHHBIH reKcateka-
i

B
NIONBHBIN UJIEH. .

8) Mpusenennsie Beposthoctd B(E1;07 0, s — 17 K,,) u1sl epexofos Ha co- -
crosHus ¢ K™ = 07 1 17 onpenensiorcs, B OCHOBHOM, U30CKa/IAPHBIMM OKTYIIONb-
OKTYNOJIbHBIMM M W30BEKTOPHBIMH AMMONb-AMHONBHBIMU  ph-B3aUMOIEHCTBUSIMH.
Bxinouenue Aunonp-IunonbsHOrO B3aMMONEHCTBUS BEAET K CABUTY OOJIbIIEN YacTH
El-cunpl OT HM3KOJEXALMX COCTOSHMA B 00JaCTh W30BEKTOPHOrO [MIAHTCKOTO
JMIOJIBHOTO PE30HaHCa. :

9) PaccunranHble npusenenHsie BepostHoctd B(E1;070,, — 17K,) ¢
K™ =07 n 17 B 3-5 pa3 Gonblue sKCrnepuMeHTaIbHbIX 3HayeHuil. [lonnas E1-
cuia 1o 3 MaB ans Bo36yxnenust cocrosiumii ¢ K™ = 0~ B 3-4 pasa Gonblue, yeM
s Bo30yxnmeHus coctosHuil ¢ K™ = 1. MMeloTcst cuibHbIE KOPPESLUHH MEXIY
sennuuHamn B(E1) u B(E3) ans y-nepexofoB Ha OfiHy M Ty X€ POTALMOHHYIO
T10J10CY:

10) CornacHo HalmM pacyeram J0/kHBI 6biTh ObicTphie E1- u M 1-nepexonst
MeXay GOMbLIIMMH KOMIOHEHTAMH BOJTHOBBIX (DYHKLMI BO36YXKIEHHBIX COCTOSHMIA,
OT/IMYAIOLIMXCSA HAa OKTYNONbHBIA ¢ K™ = 07 win 1~ WM KBafpynosbHbIH ¢
K™ = 1% ¢oHon.
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- 11) Ipusenennsie BeposTHocTH EX- 1 M A-nepexonos Mexay oaHO(OHOH-
HBIMH YJIEHAMHM BOJIHOBBIX (DYHKLMH CHIBHO 3aBHCST OT MalbiX KOMIIOHEHT M
MO3TOMY HMX ONHCAHME B Pse ClydyaeB HENb3s CUHTATh YAOBIETBOPHTENLHBIM.
HUurencusrocty M 1-nepexoioB Gonblie HHTEHCUBHOCTEH COOTBETCTBYIOLIMX F2-
1nepexo1os.

12) KOpHOMCOBO B3aHMOJEHCTBHE YYUTHIBAETCS TONBKO B CaMbIX HEOOXOM-
MbIX ciydyasx. Hawn BosnHoBble (pyHKLMH MOFYT ObITb MCNONL30BaHbl LTS BbIYH-
C/IeHHUs] UHTEHCUBHOCTEH 7Y-NIEPEXOA0B MEXIY POTALIMOHHBIMH TOJIOCaMH C yYETOM
KOPHOJIKCOBA B3aUMOIEHCTBHS.

13) ®parmeHTauns 1 cMellMBaHHe OAHO(OHOHHBIX COCTOSHHH YCHITUBAETCS C
pOCTOM 3Hepru:1 Bo30OyxaeHus. OHW NOMXHBI YYMTHIBATHCS MPH ONMCAHHUMU YPOB-
He# ¢ 3HeprusiMu, Gonbuinumu 2,0+-2,5 MsB.

14) [Ins noHUMaHus CBOICTB AepOpMHUPOBaHHBIX saep HE06X0OUMO 3KCNEPH-
MEHTaIbHOE MCCJIelOBAaHUE HEPOTALIMOHHBIX COCTOAHUN B SHEPreTHYECKOM HHTEP-
sasie 2+4 MsB..

Mannas pa6bta Bbinonena npu nogaepxke POOH (rpant 94-02-05137a).
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Taganna 2. HeporauuoHHble COCTOSHHA B 156Ga

KT DKCIEPUMEHT Pacuerst B KOMSA
E,, B(EMT, Crpykrypa E,, B(EMT, CrpykTypa %
MsB  onH. en. MsB  ogH. en.
ot 1,049 0,63 12 08 (20),:88
1,38 St p) =0,01 S, p) =02 {22),, 22),}:5
3 _ {(33)), (33), 1
S(p, 1) =0,10 S(p, 1) =0,1 {(20),, (20, }:1
p? = 0,051 p? = 0,004 (20),: ws21T - 5217 56
a4l 1T - 4117 27
o) w651T — 6517 7
nn413l - 4130 4
2F |1,154 4,46 1,1 40 (22),:96
28 , p) {(20),, (22),}:1
{(22),, (44),}:1
(22);: w6421 - 660T 20
ws21T + 5214 13
w651T + 6607 12
nnd13d - 411l 12
0% 1,168 0,31 18 01 (20),:93
032 St p) =023 5, p) = 0,17 (20),:1; (20)s:2
(20);: w5234 - 5234 25
S(p. n=0,10 ws21T - 5211 18
p? = 0,0037 p? = 0,002 nna11T - 4117 17
(d. 1, p) w6517 - 6517 6
17 1,242 16,9 L1 13 (31),:99
34 @1);: ms32T - a1t 26
1 wed2T - 521T 19
0, [1,366 3,6 14 33 (30),:99
(30);: w5s21T - 6517 30
0 5327 - 4130 5
4t st lg-grl =05+0,101,5 06 (44),:94
nn413d + 4117 senuxa {22),, (22);}:5
44);: 413l + 4117 83
w642T + 6517 8
w5234 + 5217 6
0} 1,715 5t p)=001 |18 0,1 (20)5:90; (20),:3
. {22);, (22)}:3
S(t, p) =0,02  (20)y: mrd13l - 4131 28
11T - 4117 23
we651T - 651T 17
w5231 — 5230 10
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ITponosxenne Taba. 2

KS DKCIEepUMEHT Pacuersi 8 KOMS
E,,  B(EMT, Crtpyxtypa  |E,,  BEMT, CrpykTypa %
MsB  onH. en. MsB  onH. en.
27 1,780 1,7 30 (32),:98
1 (32);: mnd11T - 5237 51
w660T + 5217 23
w5231 — 660T 5
2% 11,828 1,9 01 (22),:86; (22)4:3
{(20);, (22),}:3
- {(22)y, (44)}1:3
(22),: w6427 - 6607 74
w651T + 660T 15
w521T + 5210 5
0F 11,851 22 001 (20),:91; (20)5:5
v {(22)}, (22),}:1
! (20),: wv5234 - 5230 64
w6517 — 6517 12
w505T - 5057 8
43 11,861 1,9 002 (44)2:90; (44)5:3
@, @ p {(22);, (22),}:4
(44),: w5234 + 5217 85
4134 + 4117 12
25 1,934 20 02 (32),:96
d, 1), p) {(22),, (54)1}:2
(32),: w521IT +660T 77
5237 — 4117 19
07 |1,946 20 08 (30),:96
) (30),: mns532T — 4134 28
w521T - 651T 17
w5234 - 6427 13
17 (1966 0,16 1,9 0,04 (21),:99
@), mn413d - 4117 89
w642T - 6517 8
13 12,027 043 20 09 (21),:93
{(20), (21),}:3
21),: wea2T - 6517 63
nn523T - 5327 18
413 - 4117 10
w5234 — 5211 3
47 2,045 20 07 (54),:98
(54): w6517 + 5234 60
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Ilponomxkenue taém 2

KT DKCnepUMeHT Pacuersl B KOMA
E,.  B(EMT, Crpykrypa E,  BEMT, _ Crpyktypa %
MsB  onH. en. M»sB  ogH. en.
‘ nns32T + 4117 20
13 20 04 (31),:96
{(20);, B1)}:2
(31)y: we42T - 5217 76
© ons32T - 4117 19
77 2,138 2.8 w505T + 6517 100
1} 12,187 23 007 (21);:99
(21)5: w6517 — 660T 85
w642 T - 6517 10
37 2,1 02 (33),:89; (33),:6
(33);: w521T + 6517 93
nn514T — 4117 2
4% 2,1 001 (44)3:84; (44),:3
{(22), (22),}:8
(44)5: mma13d + 4117 94
w5234 + 5217 4-
03 24 08 . (30)3:93; (30),:1
{(20);, (30)3}:2
(30)3: mns32T — 4130 31
w5234 — 624T 18
37 23 40 (43),:97
43);: we42T i+ 660T 16
w5324 ¥ 5217 13
2 23 03 (22)5:80; (22‘)3:5
{(22), (44)1}:5
(22)3: w651T + 660T 61
ws21T + 5210 36
0% 23 001 (20)5:95; (20),:2
: {3, B}l
(20)s5: w642T — 642T 41
nn413d — 4134 7
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Tabanua 3. El1- m Ml-nepexonsl Ha ocHoBHoe cocrosHue H El-, E2-
H M1-nepexonbl MexIy BO30YKIEHHBIMH COCTOSHMSAMH B 156Gd

HauanbHoe coctosnue | EA KoHeuHoe cocTosHHe B(EMY, echMzk Win
17K, E,, MaB Lﬂ{l ng I"K, E,, MaB BMM, P-%l ¢M21'2
3Kcn. [cebuika) pacuet
171, 1,242 El |1 0%, 0 3-107 [35] 30-107°
1107 [29]
El 2 0%, 1,049 2107 [29] 5.107
170, 1,366 El |1 0%, 0 5107 [35] 40-1073
2,6107 [29]
El |2 2%, 1,129 7-107% [29] 3.107
4%0, 1,298 E2 |1 20, 0,089 61 [29] 55
' 46 [30)
E2 |2 272, 1,154 3
4*4, 1,511 E2 |l 272 1,154 64
0%0, L7157, |E2 |1 2%2, 1,154 28
El |2 17, 1,242 3107
El |3 170, 1,366 2:107°
20, 1,771 E2 |1 20, 0,089 90 [29] 8
El |2 171, 1,242 5107 [29] 4107
El |3 17, 1,366 1,6:107 [29] 7-107
272, 1,780 El |1 2%, 1,154 1,8:107 [29] 21073
ML |2 272 1,320 8:107% [29] 0,02
2*2, 1,828 E2 |1 20, 0,089 6
E2 |2 2%, 1,129 15
M1 |3 2%, 1,154 0,003
E2 |4 2%, 1,258 2
0%0, 1,851 E2 |1 2'0, 1,129 3
E2 |2 272, 1,154 6
El (3 171, 1,242 4107
070, 1,946 El 0%0,5. 0 8107
11, 1,966 Mi 0'0,, 0 11073
1*1, 2,027 Ml 00, 0 0,06 [35] 0,26
4*a, 1,861 E2 |1 272 1,154 24
Ml (2 4%, 1,511 0,04
E2 4%, 1,511 0,2
272, 1,934 M1 {1 271, 1,320 3.1073
: E2 |2 37, 1,468 04
37(1y) 19344 |E1 |1 270, 0,089 5107 [29] 20107
El (2 2%, 1,129 6-107 [29] 4107
E2 |3 171 1,242 290 [29] 0,3
El |4 3%, 1,248 1,210~ [29) 2:1077
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Ilponomxkenne Tabn. 3

HauanbHoe cocrosnue | EA KoneyHoe cocrosdHue B(EMY, e*pm?* wn
17K, E,, MaB ;‘;}':' ne 1 "K,, E,, MaB BMM, “,ZV d)Mn_Z
3KCMN. [ccbuiKa) pacyer
El |5 2%, 1,258 (5107 [29] 41078
Ml |6 272 1,780 (27-107%) [29] 0,002
170, 1,946 El 1 0%, 0 (8+3)-10* 351 60107
4,710 [29)
ML |2 1T, 1,242 0,01
El |3 2%, 1,258 9107 [29] 3107
1*1, 1,966 E2 |1 20, 0,089 20 [33) 13
ML 2 2% 1,154 0,02
El |3 171, 1,242 81073
El |4 170, 1,366 2:107¢
11, 2,027 E2 |1 2%, 0,089 55 [33] 100
120 [29]
ML |2 2%, 1,129 0,04 [29] 107
M1 |3 0%, 1,168 0,05 [29] 0,01
El |4 271, 1,320 0,038 [29] 2107
474, 2,045 El |1 4%, 1,511 3107
Ta6nnua 4. HeporaunoHuble COCTOSHHS B 158Gd
K SKcnepuMeHT Pacuer 8 KOMS
E,  B(EMT, Crpyxtypa % |E,, B(EMT, CrpykTypd.. %
M3B  onH. en. MsB__ oaH. ex.
17 10,977 11,9 10 80 (31),:98
8 {20),, 31),}:1
(1, 0):ens532T - 4117 45 (31);: we624T - 521T 46
(d, p):vv642T — 521T 40 5327 - 4117 25
27 1,187 34 12 36 (22),:95
{(22),, (44)1}:1
(22);: ws21T + 5214 21
w523l - 5214 13
nrdll1T + 4111 12
nndl13d - 411l 10
w642T - 660T 8
of |1,196 0,31 1,0 04 (20),:94
(d, p):vvs21T - 5217 {(20),, (20);}:1,4
BeJIMKa p? =310 (20);: w5211 - 5217 24
p=(72%2.1)10" X(EO/E2) =003 w5230 — 523} 18
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IIponomxenne Tabdn. 4

KT DKCnepUMeHT Pacuer B KOMSI
E, B(EMT, Crpykrypa % |E, BEMT, CrpykTypa %
MsB  onH. en. MsB  oaH. en.
S(p, 1) = 0,26 a1 1T - 4117 16
w505T — 505T 15
w4024 — 4024 10
07 {1,263 2,2 13 30 (30),:97
2,7 {(20),, (30),}:1
(30);: wved2T — 5230 30
47 1,380 (¢, o)mndl13d + 411T |14 0,6 (44),:96
BEJIMKA . {(22), (22);}:2
(44);: mra13d + 4117 80
w5234 + 5217 13
_ w6421 + 6517 4
0% {1,452 037 p*=0,032 16 02 (20),:93; (20),:1
X(ED /E2) = 0,97+0,12 {(33);, (33)}:2
p2=003  (20); nm413d —413) 40
S(p, =023 X(EO/E2) =097 w521T - 521T 20
wi505T - 505T 15
S(p, 1) =107 mna11T - 4117 10
47 11,636 (d, py:vws21T + 642772 |17 0,3 (54),:98
(t, o):mns32T + 4117 (54);: w521T + 6427 73
3HaYyUTEIbHA 5327 + 4117 11
0% 11,743 (¢, o)mma11T - 411T 1.8 0,02 (20)3:97
3HaYMTENbHA (20);: mm4l 1T-4117T 40
w521T - 5217 40
w5231 - 5230 15
27 |1,794 5.2 1,8 35 (32),:98
(32);: nn523T - 4117 58
w633T - 5217 12
17 (1,848 (1, 0)mmdl13d — 4117 |18 0,01 (21);:99
BEJIHKA (21);: nma13d - 4117 90
17 (1,856 1,8 12 (31),:98
(31)y: wwea2T - 5217 48
mn532T - 4117 42
57 19 01 (55),:97
{(20),,(55),}:2
(55);: w5234 + 6427 98
4% 11,920  (d, p):vv523d + 521T~75(1,9 0,002 (44),:95
{22),, (22),}:2
(44),: w5230 + 5217 83
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Iponomxkenue Tadn 4

KT DKCNEpPUMEHT Pacyer B KOMA
E, BEMT, Crpyktypa % |E,,  BEMT, CrpykTypa %
MsB  oxH. en. MsB  oOH. en. .
nn4l13d + 4117 16
131,930 (1, )mmal3d - 411T |19 0,003 (21),:98
3HaYMTEIIbHA (21),: w523 - 5217 70
‘ wed2T - 6517 9
75237 - 5327 8
nnal3d — 4117 6
03 20 15 (30),:97
(30),: w523 - 6427 18
w5217 - 6517 14
5327 - 4134 3
0} 1(1,952) 20 03 (20),:94; (20),:1
{(22)1, (22)1):3
(20);: mmal13d — 4134 55
w5234 - 5234 12
w505T - 5057 5
5321 - 5327 5
13 23 .02 (21);:94
{(21)3, (20),}:3
(21)3: w523l - 5217 30
w642l - 6517 22
nr523T - 5327 17
3] 21 38 (33),:90
{(20);, 33)1}:2
(33): nn514T - 4117 21 .
w521T + 6517 12
5237 — 4207 12
4 2176 (1, ymns32T +411T 2,1 02 (54),:98
=5 Be/MKa (54);: nns532T +4117T 54
w5217 + 6427 24
i w5234 + 6517 18
37 22 40 (43),:97
{(30);, 33)1}:1
(43): woa2T + 660T 13
6] 2,2 413 + 5237 100
4 22 001 (44)3:89
{22),, (22),):4
{(20),, (44)3}:3
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IIponomxenne Tabn. 4
KT DKCnepuMeHT Pacyer B KOMSI
E, BEMT, Crpyxtypa % |E,,  B(EMT, CrpykTypa %
MsB  oaH. en. MsB  oau. en.
(44)3: w6427 + 6517 90
23 23 01 (22),:83; (22)2
{(22)), (20),}:2
{(20);, (22),):2
{(22),, (44),):3
(22);: vve42T - 660T 40
ws21T + 5214 28
ws23d - 5214 18
nrdl1T + 4114 4

Ta6mmna 5. El- u M l-nepexons! Ha ocHoOBHOe cocrosmme M El-, E2-
M MI-nepexoasl Mexay Bo3GyXKIeHHBIMH COCTOSHMAMH B '°Gd

Havansnoe cocrosuue | EA Koneunoe cocrosanue B(EM, *pm?* wn
Ik, E, M3B x{n{l n 17K, E,, MaB BMML, 2 gu? -2
3KcH. [cebuika) pacyer

11, 0977 El |1 0%, 0 151073
0%0, 1,196 E2 |1 2%, 0,079 80,1 £5,6 [30] 100

El |2 17, 0,977 1,23-107 (30) 2:107*
4%, 1,407 E2 |1 2%, 0079 22,9 (30] 30

El |2 37, 1,041 41073

E2 |3 2%, 1,187 0,34
170, 1,263 El 1 0%, 0 6,6:107 [35] 20-107
4%4, 1,381 E2 |1 2% 1,187 50
2'0, 1,517 E2 |1 0%, 0 18,7 [30] 10

El |2 17, 0,977 5107 [30) 2107

E2 |3 272, 1,187 6

El |4 170, 1,263 307 [30) 5107
474, 1,636 M2 (1 3% 1,265 0,03

El |2 4%, 1,380 1073
2%0, 1,792 E2 |1 4%, 0,261 6

El 2 17, 0,977 21078

E2 |3 2%, 1,259 0,06

El |4 170, 1,263 5107
272, 1,794 M1 |1 271, 1,023 0,004

El |2 2% 1,187 31073
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IIpononxenue Taba. S

HauanbHoe coctosnue | EA KoHneuHoe cocrosHue B(EM, ezq,MZl WK
17K, E,, MaB x/{”}t’ n 17K, E,, MaB BMML, v} ¢M2A—2
. aKkcn. [cebuikal pacuer
11, 1,848 ML |1 0%, 0 3107
El |2 271, 1,023 8107
El |3 170, 1,263 2:107°
"1, 1,856 El |1 0%, 0 4107
ML |2 1L 0,977 0,06
El 3 2%, 1,187 7-1075
ML |4 170, 1,263 0,03
4*a, 1,920 E2 |1 272, 1,187 20
ML |2 4%, 1,380 : 0,04
El |3 474, 1,636 2107
1*1, 1,930 ML |1 0%, 0 1-107
El |2 17, 0,977 410™
ML |3 2% 1,187 0,07

Ta6nnua 6. HeporaunonHble cocTosHHA B 190Gd

K,,’r DKCNEPUMEHT Pacuer 8 KOMA
E,. B(EMT, Crpyktypa E,. B(EMT, CrpykTypa %
MsB OfH. ell. M3B  oan. en.

27 (0988 2.8 09 2,7 (22),:97

((22),, (#4)):1
(22);: ws21T+5214 25
w523l - 521 42
11T + 411l 6
47 {1,070 1,17 06 (44),:98 .
{(22),, (22),}:1
44);: w523l +521T 51
4134 + 411T 45
07 1,224 118 13 50 ' (30),:99
3,1 (30);: w523l —642T 30
nn532T - 4134 4
(0% |(1,326)
* 11,380 St,p)=014 {13 03 (20),:84, (20),:3
(20)5:6
{(33)1, 33)1}:2
{(33);, (33)):2
(20);: w5231 =523 75
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IIponoynxkenne Tabdn. 6

K DKCIEPUMEHT Pacuer 8 KOMS
E,, B(EMT, Crpykrypa E, B(EMT, CrpykTypa %
MsB OfIH. efl. MsB  omH. en.
S¢t, p) = 0,24 a1l - 41T 9
w521 - 5210 6
17 1,5 21 (31):99
3Bhy: wea2T - 521T 71
5327 - 4117 12
37 [(1,462) 1,5 27 (33),:86
{(20)3, (33);}:2
(33);: vea2T + 5210 54
nn514T - 411T 10
45 1(1,531) 1,5 0,1 (44),:99
(44)y: nrd13d +411T 52
w523l +521T 47
25 |(1,584) 1,8 0.2 (22),:95
{(22),, (44)}:1
(22);: w523l - 5211 50
ws21T + 521 45
a1l T + 411 2
03 16 06 (20),:64; (20)5:20
(20),:11
{(33);, (33)1}:2
_ {(33);, (33),}:2
S(t, p) =0,04  (20),: ws21T - 521T 61
w523 - 5230 23
: a1l T - 4117 8
2 1.6 28 (32),:98
(32);: vw633T —521T 41
wn523T - 41T 33
w642T - 5214 9
57 1,6 001 (55),:89
(55);: vwea2T + 5230 99
47 17 02 (54),:99
(54);: vwea2T +521T 93
nrdl1T + 5327 2
37 |(1,688) 1,9 27 (33),:85
{(20),, (30),}:2
(33),: vwea2T + 5214 46
w5147 - 411T 13
0} 1,8 001 (20)1:65; (20),:30
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Hpoziomxenue Tabn. 6

Pacuer B KOMSA

KJ DKCnepUMeHT
E, B(EMT, Crpyktypa  |E,,  BEMT, CrpykTypa %
MsB OIH. el MsB  onH. en.
_ {(33)y, (33),}:1
St p) =107 (20);: nmndl1T —411T 46
413l - 4130 33
17 1,9 10 (21):99
@0,: w523l -521T 99
13 20 107 (21),:99
(21),: mrdllT - 4114 99
05 |1,967 19 17 (30),:99
(30);: vv523) —642T 18
413l - 532T 17
13 |(1,997) log ft=5,2 from 160g, o 2,0 1,2 (31),:99
(31);: mn523T - 4134 39
75237 — 413 Benuka : ns532T - 41T 28
we42T - 521T 23
43 20° 03 (54),:99
(54),: mn523T + 4114 83
w521T + 6427 5
23 2,1 0,02 (32),:98
(32),: vea2T - 5210 88
we633T - 521T 10
0 12,236 20 107 (20)4:96; (20)5:1
S(t, p) = 0,18 S, p)=0,19 (20),; ws2ld-521L 29
w6d2T = 642T 14
w633T - 633T 11
25 1(1,996) 2,1 02 (22):14; (22)4:2
' {(22);, (44)}:78
(22);: nmallT + 4110 27
w521T + 5210 26
nrnd13d - 4114 19
13 2,2 0,003 (21);:98
(D)5 w521T - 5210 97
17 |(2,348) 24 02 (21)4:98
(21)4: vw633T —642T 73
5237 - 532T 14
15 22 02 (31);:97
{21),, 32),}:2
(34 wn523T - 4130 91




1674 COJIOBLEB B.T"., CYLLUKOB A.B., LIHPHKOBA H.IO.

IIponomxenne Tadn. 6

K\ DKCIepUMEHT Pacuer 8 KOMA
E, B(EM)T, CrpykTypa E, B(EMT, CrpykTypa %
MsB O[IH. ell. MsB  oaH. en.
nns532T - 4117 8
53 22 001 (55),:98
(55);: vw633T +521T 99
0% 2302 (20)5:95
50, py= 107 (20)5: wved2T — 6427 58
413 - 4130 22
kM 2,15 30 (43),:88; (43),:7
@3);: ws23l + 5218 32
wsi2T + 5210 11
33 2,3 1,3 (43),:90; (43),:8
(43);: w523l + 5210 68
23 23 02 (32)3:97
! (32)3: nns23T —411T 52
w633T - 521T 45
17 (2,670 27 02 (21)5:93
1) vwea2T —651T 81

Tabnuua 7. E1- m Ml-nepexoasl Ha OCHOBHOE COCTOSHHE B 160G4

HauanbHoe cocTosHue EX B(EL; I'K, = 0%0,), e*pm? win

'K, E, M2B Y BMI; 1'1, - 0%0, ,), p
3KCrepuMeHT [36] pacyet

170, 1,224 El (6.4+1,8)107 25-107°
11, 1,5% El 7-107
1*1, 1,9+ Mi 1107
170, 1,967 El (1,2£0,2)1073 11-1073
11, 1,997 El 09107
11, 2,0* M1 31073
"1, 2,4* M1 0,02
1*1, 2,348 M1 | 0074001 02
171, 2,2% El 031073
1*15 2,670 M1 | 0,06+0,01 0,25
11 3,415 El (1,3£0,2)-107° 5107
11 3,460 El | (1,1£0,2)1073 21073
:_‘1)} 2,471 El (1,0£0,2)107 3107

*PaccunTaHHbIE SHEPTHH.
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Ta6nmuua 8. HeporaumoHHble COCTOSHHA B ley

K" DKCIEPUMEHT Pacuer B KOMS
E, B(EMT, Crpyktypa E, B(EMT, CrpykTypa %
M>3B  onH. en. M3B  onH. en.
27 10,966 4,7 10 50 (22),:98
(22);: mmdllT + 411l 24
ws21T + 5214 14
w6427 - 660T 9
w523) - 5214 9
27 |1,265 13 70 (32),:99
(32);: mn523T - 4117 62
w633T - 5217 10
07 11,280 0,71 12 06 (20),:97
N N {20, (20, }:1
S(p, 1) =0,16 S(p, n=0,18 (20);: vv5231 - 5231 31
S, p) < 0,01 S(t, p) = 0,32 ws2il - 5214 23
w505T - 5057 13
41T - 4117 12
nn402) — 4020 10
17 [1,285 59 13 50 (31),:98
, 1:wea2T - 5217 @3n,: vea® -521T 69
BeHKa ws23d - 6517 5
03 [1,444 1,6 0,001 (20),:98
S(t, p) = 0,02 5 p) =001 (20): ws21T - 5217 58
S(p. n =001 ws23l - 5234 41
07 1,489 6,0 15 60 (30):99
(30),: vved2T - 5230 19
wes1T - 521T 8
4% 11,694 1,7 0.2 (44),:97
{(22), (22),}:2,3
log ft = 4,69 u3 'Ho: (44);: w5234 + 5217 90
w5231 + 5217 wed2T + 6517 4
BEJIHKA
0} 1,709 1.8 02 (20)5:84, (20)4:4
N N (@), 22)1}9
S, p) = 0,05 S, p) =001 (20)y: mral1T - 41T 52
S(p, =001 w505T - 505T 12
wa02T - 4027 7
ws21T - 5211 6
47 1,786 CHe, 0):{1,7 0,5 (54),:98
w642T +521T (54);: vea2T +521T 80
BEJIMKA 5237 + 4111 12
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IIponomxenne tadun. 8

KT DKCnepUMeHT Pacuer B KOMS
E,  B(EMT, Crpyxrypa E,  BEMT, CrpykTypa %
M3B  oan. en. M»sB  onH. en.
17 {1,805 1,8 0,001 (21),:99
(21);: w5234 -521T 99
0} (1,953 2,0 0,001 (20)4:88; (20)5:6
. S, p)=004  (20);: vv642T — 6427 61
S(p, 1)=0,05 w5230 - 5230 11
ws21T -521T 9
411 T - 4117 4
15 19 25 (31),:93
(31),: vv523) - 6517 43
wv521T - 6427 26
. nn523T - 4130 4
43 12,097 2,04 0,1 (44),:89
! {(22)1. (22),):6,2
{(20),, (44),}:3
log ft =6,78 w3 '*Ho: (44),: vwe42T + 6517 90
w5230 +521T w5230 + 5217 8
Majia
d,n
03 20 06 (30),:98
(30);: vw521T-651T 24
w5234 - 6427 22
43 20 Ll (54),:98
(54),: nn523T +4114 47
w5234 + 6517 25
w521T + 6427 18
57 20 003 (55),:99
(55);: vv5231 + 6427 94
n523T + 4117 5
55 2,1 0,05 (55),:93
(55),: mr523T+4117 93
w5230 + 6427 5
o} 22 0,02 (20)5:89; (20),:4
- {(32), (32),}:4
S(1, p)=0,001 (20)5: vve42T - 6427 90
S(p, 1)=0,007 nralld - 411l 6
2 22 01 (22),:72; (22)5:18

{(20),, (22),}:3
((22),, (44),):2
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Ipojonxenue Ta6n. 8

KT DKCIepUMEHT Pacuer 8 KOMS
E, B(EMT, Ctpyktypa  |E,,  B(EMT, CrpykTypa %
MsB  oaH. en. MsB  oaH. en.
(22)y: wmal1T+411d 66
w660T — 6427 15
w521 T+ 5210 7
15 22 05 (31)3:95; (31),:3
(31);: nr523T - 4131 55
w5230 - 651T 33
37 22,02 (33),:98
(33);: ws21T+651T 97
43 23 02 (54);:93
{(22),, (32),}:5
(54)3: w523l + 6517 71
nn523T + 4114 28
13 23 015 (21),:94
{20),, (21),}:4 ’
(21)y: vve42T +651T 88
wv633T — 6427 5
25 23 03 (32),:94
(32);: vv633T -521T 63
nns523T - 4117 26
3% 12,524 2,7 0,01 (43);:93
(d, t) Benuka (43)3: vv642T + 4007 96
i
Tabmuua 9. El1- m M1-nepexonsi Ha ocHoBHoe cocrosHue W El-, E2-

H MIl-nepexonsl Mexxy Bo30YKIEHHBIMH COCTOSHHMAMHM B 160Dy
Hauanbtoe cocrosune|EA | Koneunoe cocrosnue | B(gA), oM wm | Beposthocts
1K, E,, MaB ;’;‘{‘ I"K,  E, MsB BMMY, p2pm? -2 | ymepexona, ¢!

3KCII. [cchbuika) pacuer

272, 1265 |El |2%2, 0,966 >9.107 [48] 14-167 6-10'0

0*0, 1,280 E2 |2%2 0,966 5,1

11, 1,285 El |0'0,, 0 9-1073 2:101

0%0, 1,444 E2 |2*2, 0,966 12,8

170, 1,489 El [0'0,, 0O 7,210 [49]  52:107° 3.10M
4%, 1,694 E2 |2*2, 0,966 8,8 [48] 22 6-10°

00, 1,709 E2 (2%2, 0,966 212

1*1, 1,805 M1 [0%0,,  © 0,003 1-10"!

0*0, 1,953 E2 |2*2, 0,966 1,0
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Ilponomxenne Taba. 9

HauansHoe coctosuue | EA | Koneunoe coctosnue | B(EA), e2¢,M2’~ WIH BeposTHOCTh
1", E,, MaB ;’4”; 17K, E,, MsB BMM, pd mP -2 | y-nepexona, ¢!
3Kcn. [ccbuika)  pacuyer

4.4, 2,097 E2 |22, 0,966 51 10"

1*1, 2,3* M1 |0*0,, O 0,30 6-103
1*1, 2,4% M1 |0%0,, O 0,03 2-10"
170, 2,4% El |0'0,, O 20-107° 6-10'°
171 2,6 El |0'0,, © 11073 3.10'3
11, 2,8* El |0'0,, O 21073 6-10'3
170, 2,9* El |0'0,, © 8107 3.10"
1"lg 2,9* El |0'0,, O 3,61073 10"
22 3,0¢ E2 |4*4, 1,694 530 2:10"
"l 3.0 El 2%2, 0,966 211072 310"
171,  32% M1 |22, 1,265 41073 5-10"!
"y 37% . |M1|2%2 0,966 0,072 310"

*PaccyuTaHHble SHEPIHH.

Tabmuua 10. HeporauwonHble COCTOSHMS B l62Dy

KT DKCIEPUMEHT Pacuersl B KOMSA
E,, B(EMT, CrpyxTypa E,, B(EMNT, CrpykTypa %
M3B  onn.en. MsB onsx.en.
2110,888 4,5 09 50 (22),:98 »
. p) (22);: ws21T+5211 24
1T +411d 17
ws23l-5210 14
w6427 - 660T 6
4134 —411d 5
27 11,148 9,6 12 70 (32),:98
log ft = 4,95 u3 '®Tb: (32);: ©n523T-411T 52
75237 — 4117 senuka w633T - 5217 17
(d.pXd, we42T - 5210 5
07 1,275 47 13 55 (30),:99
(He, @) (30);: w523l -642T 34
w523l - 6427 w521T -651T 2
(a,>He) BEJIMKA|
dp)d)
0} 1,398 (1, p)=0,03 14 02 (20),:97
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Hpononx(;ﬂne tabn. 10

KT DKCNEPUMEHT Pacyersl B KOMSA
E,, BEMT, CrpykTypa E,, BEMT, CtpykTypa %
M3sB  ogu.en. M3B oxu.en.
{22)}, (22),):2
logfr=5,1 us 'Ho: (20);: w523l -5230 50
wv523T - 5237 Benuka w642l -642T 23
(o, He) w6421 - 6427 nndl1T 4117 7
(dp).(dr) BEJIMKA (1, p)=0,04 S(p, 1)=0,01
57 (1,486 logft=4,5 w3 '“Ho:|1,5 0,01 (55),:99
w5230 + 6427 sennka (55);: w523l +642T 98
(3He, a)
(o, He) w5237 - 6427
1) BEJIHKA
d, p)
47 11,536 CHe,a) | ws23l+521T|1,5 1.2 (44),:97
{(22)), (22),}:2,3
dn 44);: ws23l+521T 70
. p) 413l +411T 10
wo642T + 6517 7
37 {1571 (. p)) wea2T + 5214 1,5 43 (33),:97
BeJIHKa (33);: wea2T +5210 48
514t -411T 17
nns23T 411l 2
17 (1,637 , p) 1,6 28 G99
31);: wea2l -521T 68
w633T - 5231 8
03 |1,666 S, p) <0004 (1,7 0,07 (20),:89; (20)5:9
(20),: w521T=521T 80
nndl1T - 4117 4
5. =013 w5230 - 5230 3
(¢, p) =0,03 S(p, 1) =0,05
17 11,746  (d, 1)) w5234 -521T1,8  7-107 (21),:99
Be/THKa @D;: w523l -521T 99
1,840 ms I™K,=3"1, :
CHe, @) } w5230 - 521T
) BeJIHKA
35 11,767 (o, ’He) } wed2T +5211 |18 32 (33),:96
d, p) BEJTHKA {22),, (55)1}:1
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Ilponomxenue Tadn. 10

Ky DKCNEPUMEHT Pacterst B KOMS
E,, BEMT, CrpykTypa E,, BEMT, CrpykTypa %
MsB  onu.en. MsB oaHn.en.
{(20);, 33); }:1
(33)y: w642t + 5210 52
nn514T 4117 17
5237 - 4114 3
67 |(1,807) (d, p) w5230 + 6337 |1,9 w5234 + 6337 100
7 19 1,6 (54),:96
{(22), (32),}:3
(54),: nn523T +4110 45
w5234 +651T 18
, w521T + 6427 15
0% 2,127 (d,.[;)) w642T —642T (1,9 0,01 (20)5:88; (20),:9
(20);: w5214 - 5214 34
S, p)=0,08 w633T - 6337 30
we42T - 6427 24
S, p)=02 S(p, )=0,01
2; 11,864 (4, p)) we642T -5211 20 0,02 (32),:99
BEJIMKA (32),: wwea2T - 5214 94
w523T 4117 5
0; 20 30 (30),:98
(30)y: w523 — 6427 18
w521T - 651T 12
24 1(1,999) (4, p)} w523l -5214 2,1 0,2 (22);:88; (22)4:4
{20)y, (22),}:2
{(22),, (44),}6
(22),: w5s21T +5210 69
wna11T + 4114 19
w5230 - 5214 8
13 20 02 (31),:99
(31)y: w633T -5230 82
w642 - 5217 12
37 2,283 ana I™K, =5%3, 21 13 (43),:98
CHe, )} w5057 - 5231 (43);: w505T -5234 78
BCJIMKaA
5; 2,1 0,1 (55),:98
(55),: w5237 +4117 99
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Hpo)lbmxenue rabn. 10

Pacyerst B KOM4A

KT DKCIIEPUMEHT
E,, BEMT, CrpykTypa E,, BEMT, CrpykTtypa %o
MsB  omH.en. MsB  oan.en.
o} 2,1 0,06 (20)4:95
. {32),, (32); }:1
(20),: mmal1T -411T 59
w523l -5230 21
a1l — 411 6
w6421 - 6427 5
S(r, p) = 0,001 S(p, H) =0,003
1% 2,623 23 03 (21)3:95
s 17K, =6"1, (21);: we33T —642T 55
(’He)}  w633T —6427 w642l - 6517 18
BEJTHKA 5327 -523T 17
4 22 03 (44),:78; (44)5:4
{(22)y, (22);}:16
(44)y: we642T +651T 59
w413l +411T 23
w5234 +521T 16
15 22 19 (31);:98
(31)3: w6s1T -5230 30
w642l - 5217 18
523t -4130 14
4 L2202 (54),:93
{(22),, 32),}:3
(54),: w5217 + 6427 84
w5230 +651T 9
w5237 + 4114 6
0% 22 0,02 (20)5:95; (20)¢:3
(20)s: ww633T -633T 46
ws2ld -5210 33
w5234 - 5127 10
2 22 02 (22)3:93; (22);:1
{20, (22)}:3
(22)5: w523l -521L 56
4l 1T +411 42
3 23 0,1 (43),:98
(43);: w523l +521d 96
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IIponosxenne Ttaén. 10

KT DKCnepUMEHT Pacuetsl B KOMSA
E,, BEMT, CrpykTypa E,, BEMT, CrpykTypa %
M3B  oax.en. M3B  onn.en.
4 23 01 (54)5:89; (54),:4
{(22)), (32), }:6
(54)3: w523d +651T 67
nns523T + 4110 20
87 (2,203 (He,o0)) w505T +5234 [2,5 w5057 +5234 100
BEJIUKA
2; 2371 log ft=53u3 'Tb:23 0,1 1(32)3:98
nns23T -4117 (32)3: w633T -521T 70
3aMeTHa 5237 - 411T" 28
61 |2,505 mna 1K, =76, 2.3 w642T +633T 100
(a,3HE) } o wed2T +633T
BEJIHKaA
2 23 0,004 (22)4:83
{(30),, (32),}:3
{(22)), (44),}:2
(22);: vv642T —6607T 73
w523l - 5214 12
mal1T + 4110 6
55 23 001 (55)3:98
(55)3: ws21T +633T 99
1; 24 0,02 (31)4:98
(31),: mns523T -4134 77
wos1T - 5234 22
3 24 25 (43);:94
{(30), (33), }:1
(43);: ww505T — 5230 19
ws12T +521T 16
w633T — 6607 12
4 24 02 (44)5:35; (44),.17
{(22),, (22),}:40
(44);: mmd13l +4117T 62
wo642T + 6517 24
3 24 001 (33);:99
(33)3: ws21T +651T 99
1} 24 012 (21)3:97
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Iponomxkenue tabn. 10

KT DKCMepUMEHT Pacuerst B KOMS
E,, BEMT, CTpykTypa E,, BEMT, Crpyktypa %
MsB  ogu.en. M3B  oan.en.

{(22)), 43)4):2
(21)3: wed2T -651T 70
w633T - 6427 16
03 |2,520 24 06 (30)5:96
{(30)), (20);}:1
(30)3: w5s21T-651T 33
w5127 - 6427 15

Tabmuua 11. E1- u MI1-nepexoas! Ha ocHOBHoe coctosHue H El-, E2-
H MI-nepexonsl Mexay BO3GYMIEHHBIMH COCTONHHAMH B '62Dy

HauanbHoe coctosuue | EA KoHeuHoe coctosnue B(EML, e*pm? wnn
17K, E,, M3B :Iﬂ)t' ne 17K, E,, M3B BMML, 3 pm -2
3KCn. [cebuika) pacyert
272, 1,148 El |1 2%, 0,888 9,5-107 [50] 0,003
El |2 3%, 0,963 4,8-107 50 0,002
170, 1,276 El |1 0%, 0 4,9107 [49) 121073
2%0, 1,453 E2 |1 2%, 0,081 10
E2 |2 2% 0,888 .16
El |3 170, 1,276 ~6-107
4*4, 1,536 E4 |1 0%, 0 4.10°
E2 |2 2% 0,888 17 [51] 23
M2 |3 472 1,297 8107
373, 1,571 El |1 2%, 0,888 107
Ml 2 272, 1,148 0,04
11, 1,637 El |1 2%0,, 0081 51073
Ml |2 272 1,148 1073
E2 |2 272 1,148 0,2
M1 3 170, 1,276 107
371, 1,739 El |1 2%, 0 61073
El |2 27, 0,888 4107
M1 |3 272 1,148 5107
2%0, 1,728 E2 |1 0%, 0 1,0
E2 |2 2%, 0,888 2,0
El |3 17, 1,276 1073
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IIponomxenne Tadon. 11

HavansHoe cocrosuue | EA KoHeuHoe cocTosHue " BEM, e2¢M27~ WK
17K, E,, MaB "'—"{‘ n, 1K, E,, MaB BMML, pd pm? 2
M 9KcIL. [cobuikal pacyer
1*1, 1,746 ML 1 272 0,888 6107
M1 |2 2%, 1,453 1073
ML |3 0%, 0 3107
373, 1,767 El |1 272 0,888 1073
M2 22 1,148 0,03
E2 |3 575, 1,486 20
El |4 4%, 1,536 2107
372, 1,910 El |1 2% 0,888 107
E2 2 370, 1,358 3,0
(472,) 1,973 El |1 3% 0,963 107
Ml |2 472, 1,297 7107
| E2 |3 570, 1,518 2,5
M2 |4 4%, 1,574 0,1
170, 1,986 El 1 0%, 0 4-107 [49] 18:107
272y 1,999 E2 |1 00, 0 10
M1 |2 2%, 0,888 21073
El |3 372 1,210 2107
272, 2,371 El |1 2% 0,888 3107
Ml |2 272, 1,148 0,19
170, 2,520 El |1 0%, 0 2:107 [52] . 51073

Ta6auua 12. HeporaumoHmble cOCTOSHHA B ]64Dy

K] DKCNEpUMEHT Pacyernt B KOMA
E,, B(EMT, Crpyktypa E,, B(EMT, CrpykTypa %
M3B  ogx.en. Mb3B  oan.en.
2410,762 3,6 08 41 (22),:98
(d, p): w5234 - 5211 (22);: w523l -5211 35
BeNIMKa : mal11T+4110 18
ws21T+5210 16
a1zl -4114 6
2710,997 7,9 1,0 54 (32):99
(1, a): an523T - 4117 47% (32);: m523T-411T 70
w633T-521T 10
471,588 (1, 0): mn523T + 4114 20% 1,6 24 (54),:95
' {(22),, (32),):3
(54);: vw633T +5214 45
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IIponomxenne Tadém. 12

Pacuersl 8 KOMS

K DKCNEPHMEHT
E,, BEMT, Crpykrypa E,, BEMT, CrpykTypa %
M3B  oaH.en. MsB  oax.en.
523T +4114 30
0% {1,655 3 16 0,1 . (20),:85; (20),:1
S@t, p)=0.1 S@t, p)=0.1 {(22),, (22), }:4
. {(32)), 32)1}:3
(20);: w5214 -5210 44
w523l -5230 13
wea2T - 642T 10
ws12T-512T 9
w633T -633T 8
a411T-411T 3
071,675 3,0 1,8 20 (30),:99
(30);: ws12T-642T 36
ws23T -6420 4
67 1,680 d, p): w5234 +633T|1,7 0,1 (76),:99 ’
BEJIMKA (76): w5234 +633T 92
mn523T +4130 3
031,774 3 18 004 (20),:82; (20):9
S(t,p)=0.2 S(t, p) = 0.01 {(22),, (22),}:2
(20),: ww633T -633T 63
w5214 =521 30
w523l 5230 7
2% 1(1,796) 17 04 (22),:99
(22);: w521T+5210 45
a1 T+4114 20
w523l -5210 20
37 18 01 (33)1;99
(33);: w633T-5210 98
171,809 1,8 29 (31),:98
(31);: we633T-5231 37
we33T -512T 22
we642T -521T 8
03 19 007 (20),:10; (20)5:82
{(22),, (22),}):3
{(32), (32),}:3
(20)3: mmdl1T -411T 51
nn523T - 5237 24
w6337 -633T 8
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IIponomxkenne Tabn. 12

Kﬂl

n

DKCMEPUMEHT

Pacuetsi B KOMS

E,, B(EMT, Crpykrypa

M3B  oan.en.

n s

MaB

B(EMT,
OdH.C€O.

CrpykTypa

I

+

%

111,988

1,841

(1,921)

1,948 (=2)

1,949

1,979

(2,113)

(ny)

(ny)e, €)

(d, p): w523l + 5211

BE€JIHKA

(1, 0): 75237 + 4111 42%

2,0

2,0

2,0

—

9

2,0

2,0

2,0

2,0

0,002

0,1

0,7

0,1

0,3

0,1

0,2

0,05

Q1),:

@2)y:

21):

(32)21

(43);:

(20)4:

(33),:

(55);:

(43)22

(21),:98
41T - 4114
w521T -5214
(22)3:96

{(32),, (54),}:2
41T +4110
ws21T+5214
w523T - 5214
(21)2:97
w633T - 6427
ws21T-5210
5237 - 5327
(32),:99
wed2T - 5214
w633T -521T
ws23T -411T
(43),:90; (43),:8
w5234 + 5210
wsi12d + 5210
(20),:6; (20),:7
(20)4333; (20)52
(20)6:10

{(22),, (22),}:6
{(32),, (32)}:35
ws12T -512T
w5230 - 5234
w6421 - 6427
5237 - 5237
ws21T-5217T

(33),:97
w642T + 5214
(55),:99
w6337 +521T
5237 + 4117
(43),:9; (43),:88
ws12T +5214
w5234 + 5210

94

45
27
25
60
18

80
10

30

25
20
11

95

70

37
35
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IIponoml(eHué Tabn. 12

K, DKCIEPUMEHT Pacuersi B KOMSA
E,, B(EMT, Crpykrypa E,, BEMT, CrpykTypa %
MsB  ond.en. MsB  oan.en. ]
nn514T -541T 8
24 1(2,055) , p) 2,1 0,0l (22),:97
(22): w5127 =521 68
we33T-651T 26
13 20 02 (31),:97
(31)y: we33T-5230 37
we633T -512T 25
we642T -521T 19
4 20 001 (54),:18
{(22);, 32),}:77
05 21 2107 (20)4:36; (20)5:10
(20)¢:4
{(32)), (32),}:33
{(22),, (22),}:15
13 2,1 0l (21)3:98
(21)y: ws21T-521L 75
we633T - 642T 14
a1 T-411d 4
23 22 05 (32);:97
(32);: w633T-521T 67
ns523T -411T 16
412,206 2,1 001 (44):2; (44)4:1
{(22),,(22),):95
43 22 05 (44),:95
{(22);, (22),}):3
44);: ws23l+521T 47
413l +411T 30
0} 22 001 (20)3:4; (20)4:10
(20)6:50
{(22);, 22);}:22
{(32)), 32),}:11
13 22 08 (31);:98
(31);: w633T-5120 49
wea2T -521T 22
6; 22 01 (76),:98
(76),: we633T+512T 90
nn523T+413L 5
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ITponomkenne Tabn. 12

K] . DKCIEPUMEHT Pacyetst B KOMS
E,, B(EMT, Crpykrypa E,, BEMT, CrpykTypa %
Mb3B  oan.en. MsB  opH.en.

4 22 0,03 (54),:80

r

65 |2.413 (t, o): 75237 + 4134 32%

24 02

{(22);, 32), 1:17
(54),: w633T+5211 50
nn523T +4114 40

- (76)5:
(76)5: 7n523T+4130 85

98

w633T+512T 6

Tabmuma 13. E1- m M1-nmepexoasl Ha OCHOBHOe cocTosHme M El-, E2-
H MI-nepexonsl Mexay Bo30YXKIEHHBIMH COCTOSHHAMHM B 164Dy

Havanshoe EL KoHeunoe BEMN! (oM™ wm whi-p
COCTOSIHHE HIH COCTOSHHE 2
I"K,  E,MoB|Ml|I"k, E, MoB BM1)Y ()
3KCI. [ccpuikal pacyer
272, 0997 |E1 |2%2, 0,76 41073 6-10"!
474, 1,588 |E2 |22, 1,0 9,9 1-10°
0%0, 1,655 |E2 |2*2, 0,76 89 6-10'°
170, 1,675 |E1 [0'0,, 0 (73+1,00107 [49] 19.1073 2-10"
0%0, 1,774 |E2 |22, 0,76 27 4.10°
171, 1,809 |E1 [2%0,, 0073 51073 410"
M1 |22, 0,98 0,15 2:10'2
11, 1,841 M1 |0%0,, O 0,08 1-10"
1*1, 1949 M1 |0%0,, O 0,17 2,6:1013
33, 1979 |M1 |22, 0,76 2:107 6-10°
El (22, 098 6-1077 1-10!!
El |474, 1,59 2:107 2:108
3*3, 2,113 |M1|3%2, 083 1,8107 7-10'°
El 272, 0,98 5107 1-10'"!
4*4, 21*  [E2 |2%2, 076 440 4-102
1*1, 2,1% M1 [0%0,, O 0,26 43101
4%,  22* E2 [2©2, 076 73 6-10'°
1*1, 2,3% M1 (0%0,, O 2:107 5-10'°
10, 2330 |E1 [0%0,, O (20+0,3)107 [47] 9-1073 5.10M
170, 2671 |El [0%0,, O (1,410,2)107 [47] 13-1073 1-10%
"1, 305* |M1(0%0,, © 2:107 9.10"!
M1 {22, 076 0,06 11013
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Hponbmxéuue Tabn 13

Havansnoe EA Koneunoe BEMNL (dm™) wm wi-p (™
COCTOsAHHUE WIH COCTOAHHE 2
BML (u)
I™K,  E,MsB [Ml|["¢ £ MsB N
3KcI. [ccbuikal pacyer

E2 |22, 076 37 3.10'2

"y 3,10¢  [M1[0%0,, O 0,003 2-10'2

M1 |2%2, 076 0,17 4-1013

E2 22, 076 18 1,5-10"2

IUlis  324%  [El |0'0,, O 0,2:1073 1-1013

El |2*%2, 0,76 6107 1,410

ITlye  384* |El [0%0,, O 2:107¢ 1,2.10"

M1 |170, 1,675 0,016 3.10'2

EL |17 1,841 1,7-1073 2,.2-108

*PaccyuTaHHbIE SHEPIHH.

Tabmuna 14. HeporaumonHsle cocrosHus B 166,

K,y DKCMepHMEeHT Pacuer 8 KOMA
E, B(EMT  Crpyktypa E, BEMNT CrpykTypa %
M3B OfIH.€JI. MbsB oxH.en.
27 10,786 52 08 50 (22),:98
, 1 (22);: w523T-5210 24
mt4%lT+4ll~L 23
ws21T+5210 16
413l =411L 6
w633T -651T 5
2] (1,458 53 14 53 (32),:97
(d, 1): vw633T - 521T = 58% {20);, 32);}:2
nn523T - 411T = 4% (32);: w633T-521T 40
nn523T -411T 10
; wed2T -5210 10
07 1,460 0,66 14 05 (20),:94
- ~ {(32)y, (32),}:4
S(t,p)=0,15 S(t, p) =0,16 (20);: mmalld ~4110 48
S(p, 1) £0,0025 S(p, 1) = 0,004 ws12T -512T 11
ws21d-5210 10
nn523T -523T 9
47 1,572 (He, d): ©n523T + 4114 L5 10 (54),:97
BEIMKA {(22),, (32);}:2
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IIpomomxenue Tabn. 14

Ky DKCNIEpUMEHT Pacuer B KOMS
E, B(EMT  Crpyktypa E, BEMNT CrpykTypa %
MsB OflH.efl. MaB onH.en.
(d, 1): w633T + 5211 = 4% (54),: n©n523T +4114 88
we633T +5210 8
07 [1,662 28 18 28 (30),:99
(30);: vwe42T —5230 26
we42T —-512T 8
4l —5410 2
25 1(1,703) 19 03 (22),:97
{32), (54),}2
(22);: w523l -5210 60
amal1T+4114 37
05 1,713 1,8 04 (20),:91; (20)5:2
Y St p)=0.14 S(t, p) =0,09 {22);, 22),}:5
(20);: ws21d -5218 28
S(p.1)=0,14 S(p. 1) =0,04 wsi2T -512T 14
nns23T -523T 14
il —411d 12
it 1,812 J 18 19 (21),:98
21,1910 (d, 1): vw633T — 6427 1);: we33T -642T 70
Be/IHKa nns523T -514T 13
17 [1.830 ws '®Ho k™ =0" |18 30 (G1);:97;:(31),:1
lg ft=5.2 vw633T - 5230 (31);: we33T-5230 56
BE/IHKA w633T -512T 9
nns523T —402T 6
6, |1.910 (d, ): v633T + 5230 19 01 (76),:100
(*He,q): Benuka (76);: w633T+523L 97
37 1916 (He, d):nn523T - 411l 19 04 (33),:97
BEHKa (33);: ~n523T -4111 86
we633dT-5210 6
37 1(1,938) 1,96 06 (43),:79; (43),:20
(43);: w523l +5210 80
ws12T +5210 11
0} 1,935 2,0 0,006 (20)5:86; (20)4:4
S(p. 1)=0,08 S¢, p)= 0,014 (20),:3; (20)s:2
N {(22);, (22),}4
S(p, ) =0,0012 (20);: vv633T —633T 40
w521l =521 37
4 11,979 (a, £): 23T + 5410 1,96 1,1 (44),:76
BEJIMKA ) {(22), (22),}:21
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Hponoml(éuu—e Tabn. 14

KT DKCIEepUMEHT Pacuer B KOMS
E, B(EMT  Crpykrypa E, BEMNT CrpykTypa %
MsB OJIH.e[. M3B ogx.en.
(d, 1): vv633T + 6607 44);: w523l +521T 37
3aMeTHa 5237 + 5414 32
w6337 +660T 6
57 20 1,0 (65),:99
65);: w523l +512T 71
nna04d +411T 18
71 11,990 (He, d): nn523T + 4044 25 - (77),:100
(at, 1): BenMKa (77);: nn523T +4041 100
25 12,022) 20 0,1 (32)2:99
(32)y: vwo42T -5210 78
ans23T 41T 12
.+ w633T - 5217 7
4; 2,002 (d, :v633T + 5211 2,0 003 (54)2:99
BeHKa (54): wo633T+521L 90
nns23T + 4114 9
33 20 1.3 (43),:78; (43);:21
@3);: wsi2T+5211 47
w523 + 5210 19
w633T - 660T 10
nn404d — 4114 8
43 2,05 0,01 {(22)), (22),}:73
(44),:3; (44),:23
2 2,08 001 (22)3:97
{(32),, (54)}:2
(22)3: ws21T+521d- 55
1T +4110 30
w5230 - 5211 8
w633T - 651T 6
3, 1(2,080) (d, 1:vv633T - 5210 2,1 0,1 (33),:99
BeJIHKa (33),: w633T - 5210 86
nns523T —411d 9
6} 2,1 0,02 . (66),:100
(66),: v633T +642T 99,5
13 2,1 23 (31);:97
(B3 we633T-5230 44
we633T -512T 17
nn523T - 4027 8
3% 12,132) 2,24 0,001 (43)3:95
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IIponomxkenne Ttaén. 14

Kn

n

DKCnepuMeHT

Pacyer B KOMS

E,
MaB

B(EMT  Crpykrypa
OfIH.ell.

E, BEMNT
MsB onH.ex.

CrpykTypa

o

4

* 12,160

2,196

(2,2)

(2,055)

(2,378)

2,244

(He, d): tn523T - 5414
(o, t): BeIHKa
lgft=5.6 u3 166Tm
s 17K, =3%2,
d, : vw633T - 651T
BEJIMKaA

S(t, p) <0,03
S(p, 1)=0,08

(*He, d): 7n523T —411T
(0, t): BenHMKa

2,2 0,002

2,1 0,01

S(¢, p) = 0,001
S(p, 1) =0,04
2,2 001

22 03

2,2 08

22 03

2,2 0,02

2,2 001

2,2 0,1

{(20),, (43)3}:4
(43);: nn523T - 5410
(22)4:97
{(22))), (44),}:1
w633T - 6517
w521T + 5214
(20)4:89; (20)5:3
{(22),, (22);}:2
(20),:1; (20),:1
w523) - 5234
nn404d — 4040
75237 - 5237
(44),:88
{22);, 22),}:5
nn523T + 5414
w523 +521T
(33)3:98

(22)4:

(20);:

(44),:

{(22)sb1, (31),}:

wo642T + 5214
(30),:99

we642T - 5127
w6421 - 5230
(32)3:91

{20);, 32)1}:3
{(20),, (32);}:2
w5237 - 4117
w633T - 5217
(20)5:95

(20)4:2; (20)3:2
w6337 - 6337
w5127 - 5127
w523 - 5234
4044 — 4041

(21),:99
w521T =521
(55),:99

(33);:

(30)y:

(32)s:

0)s:

@1y

—

95

82

28
17
10

34

87

23
21




HHU3KOJIEXAIIHWE HEPOTAHMOHHBIE COCTOSAHHSA 1693

Hponbmxenne Tabn. 14

Pacyer 8 KOMS

KT DKCIIepUMEHT
E, B(EMT  Crpykrypa E, BEMT CrpyxTypa %
MsB OfIH.efl. Mb»sB oaH.en.
d, 0:v633T + 5217 (55);: w633T +521T 89
BeJIMKA w6421 +5231 5
an514T +4110 4
13 23 0.2 (21),:7; (21):89
{32),, (33);}:3
(21)3: mmal1T 4114 75
nn514T -523T 12
w521T-5214 - 7
55 23 0,05 (55),:99
(55),: w523T +642T 89
w633T +521T 5
ns514T +4114 4
15 |(2,464) 25 03 @),73; 21522
(21)y: nn514T -523T 50
: wal1T -4114 20
w5127 -521T 20
6; 24 0,02 (76),:100
(76),: w633T +512T 96
35 12,293) 2,5 05 (43)4:96
(d, 1): v633T — 660T {(22),, 21 }:1
BENIHKA 43),: w633T —660T 41
wsi2t+5210 35
nd04l 4114 15
4 |2,318) 2,6 03 (44)4:92
(2,633) {(20)y, (44),}:2
(44)5: w633T +660T 53
w5234 +521T 20
w6a2T +651T 11
6; 1(2,608) - 2,6 (76)5:100
(He, d): nn5237T + 4027 (76)3: mn523T +402T 94
(a, t): BeIMKa
0; (=27 26 1,1 (30)5:96
{22),, 32)1}:2
(30);: w642l -512T 18
we33T -514l 16
nns523T —404L 4
0; 28 02 (30)4:95

(30): w633 T-514L 25
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IIponomxenue Tadn. 14

KT DKCNEPUMEHT Pacuer 8 KOMS
E, B(EMT  Crpykrypa E, BEMNT CtpykTypa %
MsaB OJIH.el. M3B ogn.ex.
nn523T -4040 22
05 |(=2.8) 29 1,0 (30)5:89
{(22),, (32),}):8
(30)s: mns523T -404l 16
w6337 - 5141 7
w6s1T - 521T 7
8 (3,075 2.8 (88),:100
(CHe, d): nn5237T + 5147 nn523T +514T 100
(o, 1): BesIMKaA
97 |(2,494) (d, :vv633T + 5057 3.4 (99),:100
(*He,00): Benuka w6337 +505T 100
3
Ta6mua 15. E1- n Ml-nepexoasi Ha OCHOBHOe cocTosHMe M El-, E2-
M MIl-nepexoasl Mexay Bo30YKIEHHBIMH COCTOSHMSMM B 166E,
HauanbHoe cocroanue | EA Koneunoe cocroanue B(EM, eXpu?
17K, E,, M3B :’ﬂl" ny 1"K, E,, MaB win BMDL, pd
akcn. [cebuika) pacuer
0'0, 1,460 E2 2*2, 0,786 1.1
170, 1,662 El 0'0,. 0 8,910,5)107° 30-1073
0*0, 1,713 E2 2*2, 0,786 95
11, 1,812 M1 0*055. 0 09
171, 1,830 El 0%0, (] =110 7-1073
373, 1,918 El |1 292, 0,786 71078
M1 |2 272, 1,458 0,03
0%0, 1,935 E2 2%2, 0,786 60
4%, 1,978 E2 2*2, 0,786 115
44, 2,05* E2 22, 0,786 500
3*3, 2,133 Ml |1 2*2, 0,786 0,001
E2 0,75
El |2 272, 1,458 107
El |3 44, 1,572 3.10°8
M1 |4 22, 1,703 4107
El |5 373, 1,916 2:107
El |6 474, 2,002 310
3'2 2,160 E2 |1 .2'0,, 0,081 0,08
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Mponomxenne Taba. 15

HauansHoe coctosuue | EA KoHeuHoe cocTosnue BEM, efpm
I, E,, MaB ;ilﬂlﬂ ny 1K, E,, MaB w BML,
3Kcn. [cebuikal pacuet
M1 |2 22, 0,786 9-107
E2 0,05
E2 |3 2%0, 1,528 0,11
170, =22 El 0°0, ¢ 0 =3.107 71073
4*4, 2,2% E2 22, 0,786 70
373, 2,216 El |1 272, 0,786 107
M1 |2 272, 1,458 0.01
M1 |3 474, 1,572 5107
E2 |4 11, 1,830 0,12
M1 |5 373! 1,916 6107
ML |6 474, 2,002 3107
373, 2,243 El |1 22, 0,786 1075
Ml |2 372, 1,514 2107
4*4, 2,6* E2 2*2, 0,786 0,42
170, =27 El 0'055 0 11073 12:1073
170, =28 El 0*0,, 0 4107 81073
Ta6nuua 16. HeporaunonHble COCTOAHHA B 18g,
K DKCHEPUMEHT Pacuer 8 KOMS
E,, B(EM)T, Crpyktypa % |E,, BEMT, CrpykTypa %
MsB  ons.en. MsB ogH.en.
2} (0,821 4.7 (t, o) 74131411450 0,8 4.4 (22),:94
nnd11T+411 37 {22),, (20), }:1
log f1 = 5,2: (22);: n©ma11T +4114 30
ws231-5210 413l -411d 26
3aMeTHa ws21T + 5210 23
w5231 - 5214 16
47 1,094 (d,p): vw633T+521470 |10 25 (54),:99
(t, o): 7nd1 14+523T 25 (54);: w633T + 5210 66
5237 + 4110 20
0% {1,217 <0,1 (1, d): vw633T-633T60 (1,3 0,07 (20),:64; (20),:23
{(22),, (22),}:4
{(32)), (32)1}:2
(20);: wvs12T - 5127 36
w633T - 6337 34
w521 - 5214 14
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ITponomxenne tadn. 16

Ky DKCMEepUMEHT Pacuer B KOMS
E,, B(EMT, Crpykrypa % |E,, BEWT, CrpyxTypa %
MsB  onH.en. MsB  onH.en.
a1l -411d 2
171,358 3,92 (4, 0): w5127 -633180 |13 43 (31),:94
(d, p): vw512T - 633 80 {22),, (33)3}:3
(31);: ws12T - 6337 76
0% 1,422 (t, d): vw633T-633T <20|1,4 0,03 (20),:64; (20),:27
{22);, 22);}:3
20),: w521T - 5217 55
w633T - 6337 22
ws12d -5120 21
37 (1,542 0,25  (d,p):v633T -521490 [1,6 03 (33),:98
(t, o): Tn523T — 411 4 (33);: we633T -5211 92
w5237 —411d 2
27 (1,569 4,94, 16 47 (32);:94
{(20),, (32);}:2
(32);: w633T -521T 29
5237 - 4117 20
w624T - 512T 11
37 11,653 (d, d’) Benuxa wia 4%3; 16 08 (43),:98
(43);: ws12T + 5214 91
07 [1,786 1,96 18 30 (30),:98
(30);: w642l —512T 25
w514d - 6337 7
nn523T - 4044 3
37 1,828 0,60 19 05 (33)2:92
(33),: w6337 -510T 80
5237 - 4114 6
nr514T - 4117 3
0% (1,833 (t,o): a1l —411425 |1,8 0,02 (20)5:94
{(32),, (32),}:3
(20);: mral1d —411d 44
75237 - 5237 28
w4117 - 4117 9
w5127 - 5127 3
w633T - 6337 2
2% 11,848 1,8 0,02 (22),:96
(22),: ws12T -5214 97
45 (1,905 (t, o):mmal11d +523T60 (1,8 0,9 (54),:99
(d, p): vw633T + 5214 30 (54),: mm4l1d +523T 60
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Mponomxenue Tab1. 16

. Pacuer B KOMJA

KT DKCNEPUMEHT
E,, B(EMT, Crpykrypa % |E,, BEMT, CTpykTypa %
MsB  oan.en. MsB  onn.en.
. w633T + 5210 31
23 1,930 log ft = 6,2: 20 0.2 (22),:68; (22)5:8
w5234 - 5210 {(22)1, (20),}:9
Mana {(22), (44),}:3
(22);: ws21T +5214 63
and11T + 4110 16
15 1,937 (t, o) mana 1,9 04 (31),:96
(31),: ww633T —5230 85
& w633T - 5127 9
351,999 042  (t, a): w5237 411075 20 06 (33);:96
(d, p): vw633T -510T 10 (33);: nrs523T —411d 76
w633T -510T 13
nn514T - 4117 6
4% 2,056 0,6 20 09 (44),:60 ’
{(22)y, (22),}:30
{(20)), (44)}:2
(44);: mn523T + 541 50
ws12T +5120 9
w5147 +521T 8
43 2,060 d, p):v633T +510T33 23 0,002 (54);:92
(t, d): vw633T + 5107 33 {(22),, 32),}:5
(54);: w624T - 5214 98
71 (2,122 22 0,02 (77),:100
(17);: 75237 + 4044 95
w5144 + 6337 4
172,134 2,1 02 (21),:82; (21)37
{BD); 32),}:5
{(33)y, (54)1}:3
. 21);: w633T —6427 80
w624T - 633T 13
5147 - 5237 3
3% 12,187 23 0,007 (43),:99
(43)y: w523l + 5211 91
25 12,193 (t, o): Trd11T+ 411 20-3002,1 0,1 (22)4:52
v log fi = 4,8: (22)3:18; (22)5:11
w523T - 521T {(22),, (20), }:12
BEJIMKA {(22),, (44),}:6
(22),: w5234 =521 60
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IIponomxenue Tabn. 16

KT DKCHepHMEHT Pacuetr B KOMS
E,, B(EMT, Crpykrypa % |E,, BEMT, CrpykTypa %
MsB  onH.ea. M3B  onH.en.
4l 1T + 4110 29
25 [2,230 22 0,07 (32),:94
{20),, (32),}:2
(32);: wv642T - 5210 83
4% 12,238 24 02 (44),:47; (44),:23
{(22), (22),}:31
(44),: mn523T + 5411 35
w514l + 5210 33
37 12,263 4,68 23 24 (33),:65
(33)4:3; (33)9:4
{(22),, 31)}):21
(33),: wea2T + 5214 39
! nns514T - 4117 23
mn523T - 4114 16
5t 12,268 20 1.2 (65),:100
(65),: mnd0dl +4117T 55
w523l + 5127 29
w514l + 5217 4
5% 1(2,298) 23 0,04 (65),:100
(65),: w5234 +512T 68
404l + 4117 30
35 12,323 1,53 24 1,1 (33)4:25; (33)g:7
(33)g:7
{(22),, (31),}:60
13 |2,365 (t, o0): a1 T + 4110 23 4-107 (21),:93
BeJIHKA {(32)), (33)3):2
(1) mrdl1T -411d 93
57 [2,366 22 03 (55),:100
(55);: w521T +624T 60
n514T + 4114 31
5237 + 4117
2k 2,425 to):medt1T+411d 24 0,01 (22)5:51
3aMeTHa (22)4:30; (22)6:12
log ft = 4,6: (22)5: w633T -651T 80
w523l - 5210 4117 + 4114 8
BEJIHKa w523l - 5210 5
4% 12,663 26 02 (44)5:42; (44),20

(44),:18
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ﬂponoum(énné Taba. 16

Ky DKCNEepUMEHT Pacyer B KOPMA

E,, B(EMT, Crpyktypa % |E,, BEMT, CrpykTypa %

M3B  opH.en. MaB oaH.en.
{(22)}, (22),}:10
{(20)), (44),}:2

(44)3: w514l + 5214 47

w5127 +521T 33
w5231 + 5410 6

Tabnuna 17. E1- m Ml-nepexoasl Ha OCHOBHOe cocTosnHe M El-, E2-
M M-mepexoasl Mex1y BO3GYKICHHBIMH COCTOSHMAMHM B '°°Er

HauansHoe coctosHue | EA KoHeuHoe cocTogHHe B(EM, elq,Mn WIH
17K, E,, M3B :{ﬂ{' ne 17K, E,, MaB BMML, pd puP 2
3KCI. [ccbuika) pacuet
474, 1,094 M2 |1 2% 0,821 0,42 [71] 0,6
2°0, 1,276 E2 |1 00, 0 <4(69] 4
E2 2 20, 0,079 5,7
E2 |3 2% 0,821 32
171, 1,358 El |1 0%, 0 1,510 [71] 51073
371, 1,431 El 1 2%, 0,079 2,2107 [71] 7-107
El |2 3% 0,895 1,2107 [71] 5107
2*0, 1,496 E2 (1 20, 0,079 2,0
E2 |2 2% 0,821 18
E2 |3 2%, 1,276 4107
373, 1,542 El |1 2%, 0,821 4,11107 [71] 6-1073
ML (2 474 1,094 3,010 [71] 1073
22, 1,569 El |1 2%, 0,821 41073
3*3, 1,653 ML 1 2%, 0,821 8107
El |2 474, 1,094 6107
El |3 373 1,542 107
El |4 272 1,569 107
170, 1,786 El |1 0%, 0 9-1073 [49] 3.1072
373, 1,828 El |1 2%, 0,821 3107
E2 |2 17, 1,358 8
M1 |3 373, 1,542 0,002
ML |4 473, 1,615 7107
22, 1,848 E2 |1 0%, o0 1,5
ML |2 2%, 0,821 0,004
E2 |3 2%, 1,276 0,06
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IIponomxkenne Tadum. 17

HauanbHoe cocrosuue | EA Koneunoe coctosHue " B(EM, 62¢,M27~ WK
I"K, E, MsB (WM 1. 7K, E,, MsB BMMY, i pm? 2
3Kci. [cebuika) pacyet
E2 |4 20, 1,493 12
El |5 22, 1569 2:107
] ML |6 3'3 1,653 8107
270, 1,893 E2 (1 20, 0079 3,2
E2 |2 3% 0,895 9
474, 1,905 M1 |1 44, 1,094 0,05
Ml |2 373, 1,542 107
22, 1,930 E2 |1 0%, 0 14
M1 |2 2%, 0,821 3107
E2 0,1
) M1 |3 33, 1,653 8-107
11, 1,937 E2 |1 0%, 0 2,210 [71] 6107
ML 2 1T 1,358 . 6-107
ML |2 170, 1,786 1073
271, 1,972 E2 |1 2% 0,821 81077
E2 |2 373 1,542 4,7
373, 1,999 ML |1 373, 1,542 58107 [71] 8107
ML |2 272, 1,569 2,5107 [71) 0,02
El |3 3%, 1,653 41077
M1 |4 373, 1,828 0,01
4*a, 2,056 E2 |1 2%, 0,821 280 + 140 [72] 175
315[73]
El (2 474 1,094 5,510 [74] 8107
474, 2,060 M1 |1 474, 1,094 2107
Ml |2 573, 1,707 5107
M1 |3 473, 1,892 2:1073
Ml |4 474, 1,905 6107
E2 0,05
3-3, 2,187 El |1 373, 1,542 6107
ML |2 3%3 1,653 5107
22, 2,193 Ml |1 2%, 0,821 71078
E2 2:1073
272, 2,230 El |1 2%, 0,821 4107
Ml |2 373, 1,542 81073
ML |3 272, 1,569 5107
4*a, 2,238 El |1 474, 1,094 1072
M1 |2 4%3, 1,736 1073
E2 |3 2%, 1,848 0,4
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Mponomkenue Tabn. 17

HauanbHoe coctosnue | EA KomneuHoe coctosHUe BEM, X wm
17K, E,, MsB :4“{' ne 17K, E,, MaB BMMY, pd gm? 2
9KCI. [ccbUiKa) pacyer
El |4 473, 1,892 107
El |5 474, 1,905 : 107
373, 2,263 El |1 2%, 0,821 4107
Ml |2 473 1,615 5107
E2 0,11
Ml |3 372 1,633 4107
El |4 3%3 1,653 3.107
ML |5 373 1,999 1073
2%25 2425 |E2 |1 00, 0 56
M1 (2 2%, 0,821 8107
E2 |3 0%, 1,217 31,5
4*4, 2,663 El |1 474, 1,094 3.107
Ml |2 3%3, 1,653 ' 0,01
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CMNEKTP BO3BYXEHUM
N BO3E-KOHAEHCAT B XUOKOM 4He

X.A.Ko3noe

O6benHeHHbI MHCTUTYT SAEPHbBIX ccnepoBaHuii, ly6Ha

IMpencrasnex 0630p paboT MO UCCIENOBAHHIO XHAKOTO “He meronom HEYIpPYTOoro pacce-
SHUS HEHTPOHOB Ha OCHOBE pE3ylbTaToB, MOAydeHHbIX Ha peakropax MBP-30 u UBP-2.
OcCHOBHOE BHHMaHHe YIEIEHO H3Yy4eHHIO CTPYKTYPHI CIIEKTPOB BO30OYXIEHHH KaK B HOp-
MaJIBHOH, TaK M B CBEpXTeKydYeil ¢hasax, MOHCKY U HcCeloBaHUI0 603e-KOHIeH aTa,

The review of investigations of liquid “He by inelastic scattering of neutrons on the
basis of results obtained at reactors IBR-30 and IBR-2 is presented. The main attention is
given to the study of the structure of excitation spectra both in normal and in superfluid
phases and to the search for and investigation of the Bose condensate.

BBEJEHHE

XKunxocts, o6pa3oBaHHas U3 aTOMOB “He, obnagaer PSOOM HCKJIIOUUTENb-

Hbix cpoiicTB. I1.JI.Kamuua [1] oTkpsui, yro Xumkui “He npu Temmeparype
Huxe T, =2,17 K craHoButcs cBepxTeKyduM. CBOHCTBO CBEPXTEKYYECTH, KaK

nokazan JI.JJlanmay [2], cnemyer u3 ¢opMBI crekTpa dJieMEHTapHBIX BO30yX-
neHuil 603e-XHIKOCTH M MOXET OCYLIECTBISATBCA NMPH YCIIOBHH, €CIIM CKOPOCTb
TeYeHHsl XKMIKOCTH MEHbIIe KPHTHYECKOH, ONMpeHenseMOi M3 CreKTpa BO30YX-

o 4
ACHHUH. PaCCMOTpCHHC XHIKoro He kak wugeanrpsHoro 6o3e-rasa IMO3BOJIMIIO

®.Jlonnony [3] nmpeanonoXurs, 4YTO CBEPXTEKY4ECTb “He cpssana c sBneHMEM
603e-9HHIITEHHOBCKOM - KOHIEHCALMH, T.6. C HAIHYHEM MaKpOCKONMUYECKOro

uncna atoMos “He B 0CHOBHOM cOCTOSHMH C ummnynbcoM p = 0. Ha sBneHue KoH-
JeHCallM{ B MMITYJIbCHOM MPOCTpaHCTBe BriepBble 0OpaTyi BHUMaHue B 1925 r.
A.Ditnmreitn. H.H.Boromo6Gos [4] mokasan, uro mist cinaboHeunaeanibHoro 6o3e-
rasa 6o3e-KOHIEHCAUsd COXpPaHSETCs, a HaiijlecHHas CTPYKTypa DHEPreTHYECKHX
YPOBHEH yIORIETBOPAET YCJIOBUAM cBepxTekydectd Jlanmay. Bnusinue 603e-KoH-
JeHcara Ha (opMy clleKTpa pacCMOTPEHO BO MHOTMX TEOpeTHYecKHX paborax,
Hayano KoTtopeiM Obuto mosoxeno H.H.BoromwoGossiM u C.T.BensesbiM [5].
PaspuTHe 9THX MIOEH NpPHUBENO K 3aKJIOYEHHUIO O CIOXHOH CTPYKType CreKTpa

BO30YXIECHHH CBEPXTEKy4ero “He.
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Puc.1. Kpusas aucnepcuu ceepxtexydero “He npu Temnepatype
1,1 K [7]

HeiitponHsie HccienoBams Xuakoro “He CBS3aHB C BO3MOXHOCTAMH H3y-
YeHHsl KaK KOJUIEKTHBHBIX, TaK H HHIHBHAYAIbHbIX ABMXEHHI aToMOB. [ToaToMy
NpPEACTaB/ISET HHTEPEC MCCIIENOBAHHE C MOMOLUBI0 HEHTPOHOB CrieKTpa BO36yX-

NEHHi B CBEpXTeKy4ed W HOpPMalbHOH (hazax XHMAKOro 4Hc, a Takxe M3ydYeHHe
sBnenus 603e-koHaeHcaunH. CBA3bIBas pe3y/bTaThl HEHTPOHHBIX HCCIIEA0BAHMI

¢ 6oraTbiM MaTepHaIOM MO HU3YYEHHIO CBEPXTEKYYECTH “He, moxHo YCTaHOBHTD
KOppPENSLHH MeXIy SBJICHHAMH CBEPXTeKY4eCTH H 6oze-konmencauuu. Ocoboe
MECTO B 3THX KOppe/slMAX 3aHHMaeT CIeKTp Bo30yxaeHHii, popma koToporo, ¢
OIHOW CTOPOHBI, ONMpeNeNseT YC/IOBHe cBepXxTekydectd Jlampay, a ¢ npyroil —
cBi3aHa Cc HaTMYHeM 603e-KOHOeHcara.

B 1961 r. Xenmoy u Bync [6] MeToqoM Heynpyroro paccessHusi HEWTPOHOB

H3MEPWIH JHCTIEPCHOHHYIO KPHBYIO BO30YXIEHHIi B CBEPXTEKYdeM 4He, KOTopasi
cosnana no ¢opMe ¢ npeackasanueM Jlanmay. B nanbHeiimieM B HEHTPOHHBIX

uccnenosanusx “He YTOYHSUIHCh NapaMETPhl KPHBOH AHCIEPCHH B 3aBUCHMMOCTH
OT TEMIEpaTyphl U [JaBjieHUs NMPH PAITHYHBIX 3HAYEHHWSX BOJIHOBOIO BEKTOpA ¢
[7—10]. Ha puc.1 nokasana xpuBas aucrnepcud u3 paGotsl [7], Ha KoTopoi
obo3HaueHs (poHOHHAs, MAKCOHHas M POTOHHas obnactu. Ha JBYXKOMMOHEHT-
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HbIH XapaKTep CHEKTpa HEYNpYro pacCesiHHbIX HEHTPOHOB B CBEPXTEKYYEM “He
B 00n1acTH MakCOHOB U POTOHOB GObUT0 OGpamieHo BHuUMaHue B 1978 r. Byncom u
CsenccoHoM [11]. B cymHocTH, OHM npeanosarai, YT0 HEHTPOHBI PaCCEHBAIOT-
Cs Ha HOpPMalIbHOM M CBEpPXTeKyueil KOMIIOHEHTaX HE3aBUCHUMO M MO-Pa3HOMY.
EcrecTBeHHO, GbUIM NMpPeaNpUHATH NOMBITKH HATH TeopeTHYecKoe 060CHOBaHHE
pe3y/ibTaTaM 3TOro 3KCIEPUMEHTa, ONHAKO HalTH €ro He yJanoch.
TMapauiesbHO ¢ U3yYeHHEM crieKTpa BO30yXIEHHiH BEJTHCh MOMCKH H HcClle-

noBaHus 603e-KOHZeHCaTa B XWakoM ‘He npu GonblIMX Nepenayax 3IHEPrHH
€>> A U BOIHOBOTO BEKTOpa g >> ¢, [l A M g, — BHEPIUs M BOIHOBOH BEKTOP

poroHa. IIpeanonaranocs, 4To BHICOKOIHEPreTHYECKHE HEHTPOHBI PacCEHBaIOTCS

Ha aroMax ‘He Kak Ha KBa3MCBOGOIHBIX YaCTHLAX, M B 9TOM C/lyd4ae yAacTcs
OTHENUTh CIEKTP pacCesHHbIX HEHTPOHOB Ha aromax O6o03e-KOHAeHcaTa OT
OCTaIbHOTO CMEeKTpa B CHJIy TOro, YTO aTOMbl 603e-KOHIEHcaTa He JaloT JOoIie-
poBckoro yumupeHus. OQHaKO BH3YalbHOrO pa3fieJieHHs CMEKTPOB MONY4HTh HE
YHOA10Ch, MO3TOMY 6bUTTH HCTIO/IB30BaHb Pa3THYHBIE METOABI 06pabOTKM CEKTPOB
OZIHOATOMHOTO pacCesHHs HEHTPOHOB, KOTOphiE€ MO3BOJIMIM OLEHHTb OTHOCH-
TENbHYI0 TUIOTHOCTb Go3e-KoHmeHcara. [ yBenuueHHs HaleXHOCTH pe3ysbTa-
TOB TaKoH aHaiu3 OOBIYHO MPOBOAWICA MpPH pa3HbIX TEMMepaTypax WIH [1aB-
JIEHHUSX.

OcCHOBHbIE JaHHbIE O AHHAMHKE XHIAKOCTH MOXHO MOJY4YHTh MyTEM H3Me-
peHnit aBaxabl AudepeHUHATBHBIX CEYEHHH paccesHHs HEHTPOHOB, KOTOpbiE
MCMOJB3YIOTCS [UIS ONMHCAHHS XHMIKOCTH C MOMOILBI0 AWHAMHUYECKOTO CTPYKTYp-
Horo ¢akTopa WM, KaK 4acTO Ha3biBalOT, 3aKOHa paccesHus S(g, ®), mpenjo-
xeHHoro Ban Xose [12]. IuHaMuyeckuii CTPYKTypHbIi dakTop S(g, ®) cBi3aH C
aBaxabl AHdEPEHUHATBHBIM CEYEHHEM PACCESHHS HEHTPOHOB COOTHOLIEHHEM

d’o _ B koo o
dQdE ~ 2k k©

rae ky ¥ k — BO/NHOBbIE BEKTOPHI MalAlOLMX H PacCEsHHBIX HEHTPOHOB, b —

WIHHA KOrepeHTHOro paccesHus. Ilepefaun BOTHOBOrO BEKTOpa g W SHEPTHH €
NpH paccesHUH HEHTPOHOB PaBHbI

q=k, -k
e=ho=E,-E,
e E) u E — HavanbHad W KOHEYHast 3HEPIMM HEHTPOHOB.

JanHblii 0630p MOCBSLIEH MCCIEAOBAHHUIO XUIKOIO *He METOAOM HEYNpPYro-
ro paccesHHMsi HEMTPDOHOB Ha OCHOBE peE3YJbTAaTOB, MOJYYEHHBIX Ha peakTopax
HBP-30 u UBP-2. OchoBnoe BHHManue oOpailieHO Ha W3yYeHHE CTPYKTYPHI
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CMEKTPOB BO30OYXIEHHWI Kak B HOPMIbHOH, TaK U B CBepXTeKyyed casax, Ha
MOMCK M HcCllefoBaHHe 603e-KOHIEHCaTa W YCTAaHOBIEHHE KOPPENSALHi MeXIy
SIBJICHUSIMH CBEPXTEKYJeCTH U 603e-KOHACHCAIHH.

1. 9KCIIEPUMEHTAJIBHOE OBOPYJIOBAHHE.
METOIUKA U3MEPEHUI

1.1. YcranoBKa. DKCIIEPUMEHTHI 110 U3YJEHHIO HEYNPYroro paccesHHus Heii-

TPOHOB B XHIKOM “He B OGbenuHeHHOM HHCTUTYTE SAEPHBIX HCCJIENOBaHHI
(ly6na) GbutH BBINONHEHbl Ha OBYX CHEKTpoMerpax: cHayana Ha JHWH-1M
[13,14] (peaxtop UBP-30), u 3arem na JUH-2I1H [15] (peakrop UBP-2). YacTts

W3MEPEHUH NpH BOIHOBBIX BEKTOpax g > 7 A™! 6pua nposefieHa B GycTepHOM
pexume paborsi UBP-30, yto no3somwio B 1,5—2 pasa ynydmuTts pa3speiua-
IOLYI0 CHOCOOHOCTb MO YHEPIWM M3-32 COKPALUEHHs [VIMTENBHOCTH HMMITY/bCa

Puc.2. Cxema cnexrpomerpa JHWH-2IIH: I — akTHBHad 30Ha
HBP-2, 2 — 3amemnurens, 3 — mnpephiBaTeNb WA TOAABICHHUS
toHa, 4 — xomwuMaTop, 5 — KaaMueBad 3acliOHKa, 6 — celek-
TOp-MOHOXpoMarop, 7 — MoHuTOp 1, 8 — xaMepa obpasua, 9 —
Mouutop 2, 10 — nosymka, 11 — 3He-cueTunku
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MOIIHOCTH peakTOpa M yMEHBIUCHUS] BPEMEHH XH3HH HEHTPOHOB B 3aMeITHUTEINE.
O6a crniekTpoMeTpa MICHTHYHBI M0 CYTH M SIBISIOTCS CIIEKTPOMETpPaMM TaK Ha-
3pIBAEMOI «IIPIMOH I€OMETPUH», XOTS, KOHEYHO, UMEIOTCH Pa3IW4Usi B KOHCT-
PYKLHSIX M OCHOBHBIX XapaKTepHCTHKax. OCOOEHHOCTH 3THX CHEKTPOMETPOB
omucansl B pabore [15]. Ha puc.2 cxeMaTHYHO MMOKa3aHO pa3MelleHHe OCHOB-
HeiX yanoB cnektpomerpa JUH-2ITHU. JlerekTopHbIE CHCTEMBI CIIEKTPOMETPOB
MO3BOJIS/IM OJHOBPEMEHHO MPOBOOUTh U3MEPEHUS] UHTEHCUBHOCTEH paccessHHbIX
HEHTPOHOB B IIMPOKOM HHTEpBalle YIJIOB paccesHus, HanpuMmep, Ha JJUH-21TH
0 =3+135° Jins u3MepeHHWit UCMONMB30BaIMCh KpuocTaTel [16], mo3BonuBLine

paboraTs ¢ 06pa3LOM KHIKOTO “He npu temneparypax ot 4,2 no 0,42 K. Tou-
HOCTh MOAAepXaHus TeMmnepaTtyphl cocrasisia + 0,01 K.

1.2. Bpemanponernas Meroquka. Ha 060X CHeKTpOMeTpax HCHOIb3YyeTcs
BPEMSIPONIETHAs] METOAMKAa M3MEPEHHS CINEKTPOB HEYHPYroro paccesHusl Hel-
TPOHOB. MOHOXpOMaTHYECKHUH NMy4OK HEHTPOHOB, NMagaloluii Ha obpaseu, dop-
MHpPYETCSl W3 BCIBIIUKH HMITYJIBCHOTO peakTopa MEXaHHYECKHM TMpephiBaTeieM
O METOINy BpEMEHM INpoJieTa HEUTPOHOB nepBod 6a3pl. DHEprusi HEHTPOHOB,
paccesiHHbIX Ha oOpasue Ha yros 0, ompefensercs no BPpEMEHH IPOJicTa BTOPOM
6a3bl MexXay oOpa3loM M JEeTEKTOPOM. _

AHanmu3 9KCIIEPUMEHTAIbHBIX CIIEKTPOB paccessHHbIX HEHTPOHOB B obnacTH
OJHOYACTHYHBIX BO30YXIECHUH NMPOBOAWICA B SHEPreTHYECKOH LIKale, IS Yero
u3MepsieMas B 9KCHEpPHMEHTE WHTEHCUBHOCTD, KaK (DYHKLMs yriia paccesHus 0 u
BpEMEHH NpoJieTa ¢ HEHTPOHOB, NpeoOpa3oBbIBaIaCh B IHHAMMYECKUH CTPYKTYp-
HbIi akTop S(q, €):

S(g. €)= @nn/b)EL/E ) d*J®, 1) /d Qdt, ' (1.1)

rane J — cuer B KaHalie BpEMEHHOIO CIIEKTpa.

BKCHCPHMCHTQJ'IBHHC CIIEKTPbI U3MEPANIUCHh B YCIIOBUAX 0= const, MOTOMY
nepenayu BOJIHOBOIO BEKTOpPA g U BHEPrUU € ONPEHECNdIOTCA U3 KMHEMaTHYEC-
KOro COOTHOIUICHHA

g= 0,695[ 2E, Fe—2cos 0 VE,(E, F¢) ] 12 (1.2)

[I€ BEPXHUE 3HAKM OTHOCATCH K OXJIAXIEHHI0O HEHTPOHOB NpU pacCesHUH, a
HMXHHE — K HarpeBy. Tak Kak KpHBble KHHEMaTH4YECKHX COOTHOIUEHHH HMEIOT
pa3IMYHBIA XapaKTep MepeceyeHus ¢ TUCHEPCUOHHON KPHBOW NpPU pa3HbIX Ey

€1 0, TO IS IPUBENEHHUS PE3y/bTaTOB MO IIHPHHAM MMHUKOB U HHTEHCHBHOCTSM
K YCTIOBHIO g = const ymoOHO BBeCTH nepeBogHON KodduuueHt j. B ciyuae,
KOTJa B Mpelenax ITHPHHBI MHKOB KPHBas JUCHEPCHMH U KHHEMAaTHYECKOE COOT-
HOIIEHHE MMEIOT JIHHEHHYI0 3aBUCUMOCTb, NepeBOAHOM K0a(pduuueHT paBeH

j=cosot[ 1 —(%e‘l Jgradqs(q)] , (1.3)
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rae €(q)— OMCNEepCHOHHAs KpHBasi, 0. — YroJl OTKJIOHEHHs KpMBOU KHHEMaTHYe-
CKOr0 COOTHOIUEHHS OT BEPTHKAIbHOH OCH €, U dq/de onpenenserca u3 (1.2).
Ing nonyyeHus OaHHBIX O IUHMPHHAX (Wq) U UHTEHCHBHOCTSAX (Iq) NUKOB TpH

q—const cnenyeT YMHOXHTh De3ynbTaThl, MONydeHHbie npu O =const, Ha j:
=Wy I =

l'lpaxmqecxu TaKOM NepeBol BO3MOXEH TOJNIBKO IJIS OTHOCHTENILHO Y3KHMX
NHKOB, s 6osiee IHPOKMX NMHKOB TpebyloTcs Apyrue noaxoabl. OTMETHM, 4TO
ucrosb3yemas panee popmyna Besepa — ®Ppomana [17] wis nepesona maHHbIX
B WIKaly g = const omiMyaercs ot (1.3) MHOXHTENEM COS O, KOTOpbIii npH 60Jb-
X dHeprusx E; u3-3a o ~ 0 HecywecTseH.

1.3. KaamueBas mMeronuka. HUsmepenue tboua B OCHOBHOM, MPOBOIHJIOCH
Nno TaK Ha3piBaeMOH KaaMueBoi Metoauke [18]. C momoiupio KagMHEBO# 3aC/IOH-
KH, YCTAHOBJIEHHOH Nnepell MEXaHHYECKHM TpepbIBaTeIeM, MMEETCH BO3MOXHOCTD
NOJIHOCTHIO MEPEKPHIBATh NMYYOK TEIUIOBbIX HEHTPOHOB. TEXHMYECKH HCNOJB30-
BaHHeE xaumucseu METOIMKH CBONHTCA K TOMY, YTO H3MEPEHHUS KaK C XHIKHM

“He, tak u ¢ nycmM KPHOCTaTOM MPOBOMATCS NMyTEM YepeNoBaHHUs ABYX PEXH-
MOB: C KaIIMHEBOM 3aCJIOHKOH BHE My4yKa H B nyuke HelWTpoHOB. Ha apyrux Bax-
HbIX METOLMYECKHX OCOOEHHOCTAX M3MEPEHHH H XapaKTEPHCTHKAX CIIEKTPOMET-
poB GyaeM OCTaHARIMBATHCA NMPH ONMHCAHHH KOHKPETHBIX 3KCMEPHMEHTOB.
Cnenyetr oTMeTHTs, uTO Ha peaktope UBP-2 uMeeTcs HeTpuBHanbHas BO3-

MOXHOCTB U1l MCC/IENOBaHHiI Xxuakoro *He Metozom HEYNpYroro paccesHus Heii-
TPOHOB B 06;acTH mepenay 3Heprvu €=1 + 10> MxaB u BonHOBOTO BEKTOpa

-2 -

g=107"+1A e 9HEpreTHYeCKUM pa3peieHHeM AE < 10 mxaB [19]. Tpeamno-
JlaraeTcs, 4To Takas ycraHoBka Oyner paboTaTh Ha «O4YeHb XONOAHBIX HEHTpO-
Hax» (E, < 1 M3B) c ucnons3oBatieM Merona «o6paTHOI reOMETpPHH» C MHOIO-

CIIOWHBIMH MOHOXpOMaTopaMH B KauecTBe GwibTpoB. [IpeBapuTeNbHO NpoBe-
AeHHble MCNBITAHWS OCHOBHBIX Y3/I0B YCTAHOBKM moOKasand ee paboro-
CrnocoOHOCTb.

2. CTPYKTYPA CIIEKTPA
BO3BYXIEHHI XHUIKOIO “‘He

Ilpencrasnenns o ¢opMe crektpa Bo3GyxmeHHil 603e-XHIKOCTH BIEpBbIE
6ot Bhickasansl Jlanmay [2]. Mcxoms M3 3KcnepuMeHTanbHoOro ¢hakTa, 4TO
yaensHas TerioemMkocts He II mpu temneparype T — 0 yOsiBaeT mponopuuo-

nansHo T2, on noctynmuposait, uto xuaxkuii *He BO/M3H OCHOBHOTO COCTOSHHUS
MOXET pacCMaTpHBaTbCA KakK COBOKYMHOCTh OTHEJIBHBIX 3JIEMEHTAPHBIX BO3GYX-
AEHMA WM KBa3MYacTHU. B obnacTH ManbiX BONHOBBIX BEKTOPOB, COOTBETCTBY-
IOLHX KBaHTaM 3ByKa — (DOHOHaM, 3Heprus BO30YXICHHIi JIMHEHHO 3aBHCHT OT
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BOJIHOBOTO BEKTOpa g, MpHYEM KO3(PDHIMEHT NPONOPUHOHAIBHOCTH COBNAgaeT
CO CKOPOCTBIO 3BYyKa C:
&(q) = chgq. 2.1

BripaxeHne wis craTHyeckoro CTPYKTYpHOro (aktopa S(q) mis Xugkoro

“He npu Maneix g ¥ T — 0 nonyyeno Buiinem [20], ®eiinmanom [21] u Muraes-
ckuMm [22]:

S(q) =hq /2Mc, (2.2)

B NPENINOIIOXKEHHH, YTO B S(q) BHOCAT BKJIag TOJIbKO OIHO()OHOHHBIE NMPOLIECCHI.
Ilpu T#0 S(0) = PkgTK ., tie p — MIOTHOCTb aTOMOB *He, kg — nocrosuHas
Boneumana u KT — HM30TepMHYECKas CXKHMAEMOCTb.

B o6nactu Mansix yacToT xoneGanmii @, BCEACTBHE YacThix CTOJIKHOBEHM i
KBa3M4aCTHL, paclpOCTPaHEHHE 3BYKOBBIX BOJIH MIPOMCXOMMT B YCIOBHSIX JIOKA/Th-
HOro TEpMOAHMHAMHYECKOro paBHOBecHs. B npemene w<<v, me v — wactorta
CTOJIKHOBEHHH, HMEET MECTO IMAPOAMHAMMYECKHI WIH CMOAKHOGUMENbHb
PEXHM M BO3MOXHO PacnpOCTpaHEHHE XOPOLIO OMpENENEHHOH MOIbI nepeoro
3syka. [Ipn ©>> Vv cronkHoBeHns npoucxonst peako (6eccmonknosumensruiii
PEXHM), M (IYKTyaUHH NIOTHOCTH NPENCTARIAIT BHICOKOYACTOTHBIH AHATOL
06BIYHOrO 3ByKa, Ha3BaHHBIH Jlannay nynesoim 38ykoM. 3atyxanue HYJIEBOTO 3BY-
Ka, CBA3aHHOE CO CTOJKHOBEHHSMH KBa3HYaCTHL, Mo, MO3ITOMY OH SIBISETCH
XOpOLO ONpeaeneHHol MOLOH, PacpOCTPaHAIOWIENC B HEPaBHOBECHOI cpene.
B o6nactu nepexona or nepsoro 3syka x HYNIEBOMY (O ~ V) CTOIKHOBEHHMs Npo-
HCXOMAT NOCTAaTOYHO YaCTO, YTOGBI MOJABHTH HY/b-3BYKOBYIO MOJly, HO He Ha-
CTO/IKO 4acTo, 4T0Gbl MOIMa PaCNpOCTPAHSTLCA He3aTyxamouas bonna nepsoro
3Byka. Takum 06pa3oM, 3TOMy nepexoly MOMXKEH COOTBETCTBOBATH -MaKCHMYM
NOIIOEHHS 3BYKOBO# BOJTHBI.

B GeccronkHoBuTensHo# o6nactu KpuBas cnekTpa Bo3OyXaeHHWil cHauaia
OTKJIOHSETCS BBEPX, TaK YTO CIEKTP OMHCHIBAETCH BHIPAXKEHHEM

e@=chg+yg +..., y>0. (2.3)

3aTeM rpynnosas cKOPOCTb BO3GYXIEHHii CHOBA yMeHblIAeTCs, NPH HEKOTO-

poM g = q* CHEKTp NepecekaeT IHHHIO NEPBOro 3ByKa H yXoaMT mox Hee. Takoi
BUI CriekTpa npH temneparype T — 0, T.e. B OTCYTCTBHE CTONKHOBEHMil KBa3H-
4acTHU, NPUBOIMT K CBOCOOPA3HOMY MOBENEHHIO 3aTyXaHHs BO3GYXAEHH, KOTO-
poe paccmorpero C.B.Hopnanckum u JLI1.ITuraesckum [23]. MNpu oTknoHEHUU
CNEKTPA OT JIWHEHHON 3aBHCHMOCTH CTAHOBHTCS BO3MOXHbBIM pacnaj Ha JiBa, Tpu
1 Gonbluee uncio Bo36yxmenuii 1o GeckoHeuHocTH. C POCTOM ¢ CHayana cTa-
HOBHTCS HEBOSMOXHbIM pacriaj Ha [1Ba BO3GYX/ICHHS, 3aTeM Ha TpPH, 3aTeM M0-
ciegoBaTeNbHO Ha Gosbinee yucio BO30OyxneHuil. Umeercss, Takum obpasom,
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NOCJIEA0OBATEIbHOCTD MOPOroB, KOTOPBIE CrylIAlOTCA IO HarpaBJICHUI0 K TOYKE
* ) * R
q . Ilpu npubIMXeHNH K TOYKE ¢ — ¢ BO3MOXEH pachaj TOJIBKO Ha OecKoHeu-
*
HOe 4YuCiI0 (POHOHOB n — oo, [Ipn ¢ > ¢ pacnag Bo30yXIEHHS HEBO3MOXEH HH

* -
Ha KaKoe 4Hcio oHOHOB. TakuMm 0Opa3oM, TOUKa g sSBIseTcs «0coboii» Tou-
KOH, B KOTOPO# 3aTyxaHue Bo30yxaeHus oOpauiaercs B Hyj1b. BeposTHOCTb pac-

*
najga Bo30yXIneHus BOJIM3M ¢ ompenensercs BbipaxeHueMm [23]:

6 3/2.1/2
Wp o< % exp (-5n-lnn), n= _‘I_Yl_/z . (2.4)
wpc (e —chq)

DKCOHEHIMATIbHBIHA XapaKkTep oOpalleHus B Hy/Tb 3aTyXaHUS BO30OYXICHHUs TpH
HaIMYMH JorapudMa gesaet 310 obpaiieHue eue Gonee GHICTPBIM.
Jlanpay mpenckasai, uro B obsacti ¢ ~ 1 /a, rae a — 3HaueHHe MeXaToM-

HOTO PAacCTOSIHHS, CNIEKTp BO30yXIeHHi CBEPXTEKYyYero “He umeer MHHHMYM
2 2
| e@P=A+7"(g-q) /2,

raie B — 9¢ddekTHBHAA Macca poToHA. 3aryxaHue BO30YXIeHHH BOIH3M POTOH-
HOro MMHHMYMa B,3aBHCHMOCTH OT TeMmepaTtyphl paccMorpeno Jlannay u Xanar-
HUKOBBIM [24], KOTOpBIE HAlUTH, YTO LIMPHHA POTOHHBIX MHKOB paBHA

W(T) =94 \T exp(- A/k,T), (2.5)

rie W — nonHas IIMpHHA Ha IMOJIOBHHE MaKCHUMYyMa IHKa.

IMoBenenue cnekTpa BO3OYXAEHHH B CBEpXTEKyueM “He B 3apOTOHHOM
00J1acTH BOJIHOBBIX BEKTOpOB paccMoTpeHo ITutaesckum [25]. C poctom g sHep-
rus BO30YXIOEHHH HOCTHraeT HEKOTOPOro MOPOrOBOrO 3HaYyeHHs (TOYKA OKOH-
YaHMs CIIEKTpa), Bbile KOTOPOro Bo30yXIAeHHe HEYCTOHYMBO OTHOCUTENBHO pac-
naga Ha aBa U Oosblliee YHCIO BO30OYXIEHUH C MEHbILEH SHeprueii.

CnekTp BO30yXaeHHil CBEpXTEKy4ero “He Jlannay, IIuraesckuit u PeitHMan
nonyywin 6e3 paccMorpeHus 6o3e-KoHpeHcara. B TeopeTnueckux paborax, Ha-
Yaji0 KOTOpHIM MojoXw1 Boromo6os, 603e-KOHAEHCAT BBOOMTCS HM3HAYAIBHO.
CornacHO MHUKPOCKONHK4YeCKOH Teopud BoromoboBa Hanuuue 6o3e-KoOHOeHcara
NPUBOJMT K AHCIEPCHOHHOH KpHBOH €(¢) (POHOHHOrO THIIA MPH MATBIX BOJHO-
BbIX BEKTOpPax B TOM CMBIC/IE, YTO KpHMBas HUMeeT KOHEYHbIii HAaKJIOH B Hayaie
KoopauHart, T.e. de/dq#0 npu g — 0. [Ipy 3TOM cliegyer UMETh B BHAY, 4TO
npejcKa3aHHe JIMHEHHOCTH CMEKTpa MOMYy4YeHO B MPEINooXeHNH 00 OTCYTCTBUH

KakHXx-160 B030yXIeHHil aTOMOB “He MPH HyJIE TEMIIEPATyphl.
Mukpockonuyeckas Teopus 003e-KHIKOCTH MONy4YWIa CBOE pa3BUTHE C
NPUMEHEHHEM TEXHHKHM KBAaHTOBOH TEOpHHM MOJII K CHCTeME MHOrux 6o3e-
yactuu. Benses [5] ana cucreMbl B3auMoneicTByOIIMX 603e-4acTULl IPH MAIO#H
TUTOTHOCTH OMNpEJeTHII 3HEPreTHYECKUH CHEeKTP KBa3U4acTHLl BOIM3M OCHOBHOTO
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cocrosHus. [Ipu ManbIX ¢ KBa3HYaCTHLBI SBISAIOTCS (DOHOHAMM, MPH IEPEXOne B
061acTh BHICOKHX BO3OYXIEHHIi WK GOJIbLIMX HMIYJIbCOB Ha KPMBOM AMCIIEPCHH
BO3HHMKAaeT BOJTHOOOGPa3HbIH M3rub (pU pacCMOTPEHHMH ra3a M3 YIPYrHX IIApOB).
Mo Mepe yBesMueHHs TUIOTHOCTH 603€-KOHIEHCATa STOT H3rHO yBEIMYMBAETCS, U
TNpH JOCTaTOYHO OOJIBILOf ITIOTHOCTH BO3HMKAET CHayaia neperk0, a 3aTeM Mak-
CHUMYM M MHHHMYM, TaK 4TO CIIEKTP KaueCTBEHHO COBMNagaeT co cnekTpoM Jlanpay.

Teopus xugxoro “He 3arem passuBanacy ['yrenronsueM u IlaitncoM [26],
I'asope 1 Ho3ssepoM [27], Xosn6eprom u Maprunom [28], llendanysu u Kou-
aopom [29], I'puddpurom u Yenrom [30] u npyrumu. B stux paGorax paccmar-
pMBAlOTCd OBa THMA BO30YXNEHHiH: IUIOTHOCTHbIE BO30YXHEHHS THOA «4ac-
THIa — JABIDKa» (IBE€ YaCTHLbI), ONMChiBaeMble (PyHKLMEH AHHAMUYECKOH BOC-
NPpUMUMYMBOCTH %, M KBa3HyaCTHYHbie (OfHa 4acTuua) Bo30OyXaeHus,
OMHUChIBaEMBbIE OfHOYACTUYHOM yHkuueil ['puna G. U kBa3nuacTHYHbIE BO3OYX-
NeHusl, ¥ BO3OYXIEHHs 4acTHLa — JbIPKa OTHOCATCS K GUIYKTYalMsIM [UIOTHOC-
4. Tak, Wig cIPHO B3aMMofeHCTBYlonMx Xuuakocreil I'aBope u Hossep moka-
3any, 4ro 06a THna Bo3Oyxnenuil ¥ U G npu Manbix ¢ U T=0 umerT oOUIyIO
KpuByI0 aucnepcud Buna €(q) = chig. lendanyzn u Kounop, I'pucddun u Yenr
YCTaHOBWIHM, 4TO npd T >0 npoHcxoguT ruOpuau3auus 3TUX BO3OyXIeHH
yepe3 603e-KOHIEHCAT. ' ‘

I'puddun, Inaiix u Crupnmusr [31—36] npemwioXuiId HECKOIBKO HHYIO
MHTepnpeTauuio (hOHOH-POTOHHBIX BO30yXIeHHi, HaOMOOaeMbIX B HEHTPOHHBIX

9KCIEepHMEHTax. B cBepxTekyuem “He o6mas nunamuueckas BOCIIPUMMYHBOCTb
% HMMEET [Be KOMIIOHEHTHI: OOHOYACTHYHYI (yHkumio I'puna G c BecoMm B Y,
3aBHCHILYIO OT IVIOTHOCTH Go3e-KoHueHcara n(T), 1 AMHaMHYECKYI0 BOCTIPHUM-

4YUBOCTh ) HaOKOHIEHCATHBIX aTOMOB. ABTOpHI MOJIAraioT, qro‘iﬂ_x n G Takxe
rubpua3upylorcs uepe3 6o3e-koHmeHcar. IIpy Malbix g XHUAKOCTh XapaKTepH3y-
eTCcsl KOJUIEKTHBHOM MOJIOH THIA HY/IEBOTO 3BYKa, KOTOpas ObUIa IpPELIOXEHa
IMaitncom [37] mns XHMAKOCTEH C CHJIBHBIM B3aMMOJEHCTBHEM MEXIY aTOMAaMH.
Dra MOZa CyIIecTByeT B HOPMAILHOH M CBepXTeKyueil (hazax “He. C pocToM ¢q
HyJIb-3BYKOBasi MOJa yWIHpsieTcss, U B 06JacTH POTOHa B HOpPMaIbHO# (haze oHa
oueHb mMpokas. KsasmuacTuunsie Bo3OYXIeHHS B CBEpXTeKydeii (hase sBisioTCs
XOpOLIO ONpENEIEHHbIMH, MPOSBISIOTCS B BHAE OCTPOro NMHKa IPH BCeX ¢ H
HCYE3al0T B HOPMaJIbHOM (hase, rae KoynnyecTBo 6o3e-KOHIeHcaTa ny(T)=0.

Bync u CseHccoH [11] Hauwm, 4TO MX pe3yabTarsl IS JHHAMHYECKOTO

CTPYKTYpHOTO (hakTopa S(g, €) B CBEPXTEKyUeM “He B 06MacTH MaKCOHOB K poTo-
HOB XOpOILO ONUCHIBAIOTCH BHIPAXEHHUEM

1 —exp(—€/kgT))
5. &)=nS(q.8)+n,S,(q,€) 7 exp(—¢/kyT) ’
B

n=p/p, n=1-n, (2.6)
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Iae p, — MIOTHOCTb CBEpXTeKydeH KommnonenTsl. [Ipuyem S (g, €) npeacrasnser
co60ii HHTEHCHBHOCTb NMHKa HopMansHOro He I npu T, >T,. Tennosoii ¢axrop
3aCeNIeHHOCTH ONTM30K K €IHHHLE U CYLIECTBEH TOJIBKO MPH € < kgT. Ceuperens-

CTBOM €CTECTBEHHOCTH TaKOIO MpENNON0OXEHHsS aBTOPbI CYUTAIOT TOT (aKT, YTO
nojyyaemas MMM M3 9KCIepHMeHTa Benu4yuHa S(q, €) — P,S5,(q, €) mpn BOTHOBBIX
BekTopax g =(1,5+2) A™! Bena cebs TNpH M3IMCHEHHH TEMMepaTyphl Kak Ap
(roe A =const). Beipaxenue (2.6), no cywiecTsy, npeanosaraer, YTo HEHTPOHbI
KaK 6bl YyBCTBYIOT HOPMAIbHYIO M CBEDPXTEKYYYI0 KOMIIOHEHTHI pa3nesnbHo. Ecre-
CTBEHHO, GBUIH NPENNPHHATHI MOMBITKH HAlTH TeopeTHYecKoe 060CHOBAHHE Ta-
KOH KapTuHbl paccesHus [38,39]. Onnako 40 HacToswero BpeMeHH Takux o6oc-
HOBaHHii HalTH He ymanock. Bonee Toro, MMeHHO 3TH pabOTHI MOCTYXHIIH OCHO-
BOH ¢opmynuposku koHuenuuu IpucdpdunHa — TInaiiga, o KoTopoii wa peus
Beilie. C Opyrodf CTOpPOHBI, CMPaBelIMBOCTb TaK Ha3biBacMOil JEKOMIMO3MLHH
Bynca — Caenccona (2.6) 6Gbiia cunbHO mokosne6yeHa B MOCHEAHMX 3KCnepu-
MeHTanbHbIX paboTax [40,41]. Okasanocs, 4o Gonee NpaBHJIBHBIA y4e€T MHOrO-
(OHOHHBIX BKJIAAOB B ONHOYACTHYHYI0 MHTEHCHBHOCTb PacCessHMsi HEHTPOHOB
NPHUBOAMT K HApPYLICHHIO 3MMHPHYECKOIO MpaBuia Aekomno3uuuu. OcobeHHo
3aMETHO 3TO MPOSBWJIOCH MPH aHAIH3E IKCMEPHUMEHTOB MOM JaBAEHHEM. DTOT
takt BooOwWwe nocraBun nox comHexue upeww Byaca — CseHccona o paino-
XEHMH MHTEHCHBHOCTH PacCcesHHs Ha [BE COCTaRJISIOLIHE.

Pesynbrarsl Hawux pa6or [42—45] CBUAETENBCTBYIOT O TOM, YTO B CBEPXTe-
Kyue# ¢ase B HPOHOHHOH M MAKCOH-POTOHHO# 06aCTAX CNEKTPA, MO-BUIAHMOMY,
NpaBHIbHBIM SIBJIAETCS MpeACTaB/leHHe OCTPOro NMHKa paccesHHs HEHTPOHOB B
BHJIE CYMEPIIO3HLIUH JABYX KOMIIOHEHT NpPH MCKJIIOYEHHH BKJIala MHOTOGOHOHHOI
4acTH paccesHus. IIpy 3TOM KOMMOHEHTHl HMEIOT GJIH3KHE 3HAYEHHs MO MONo-

XKCHHIO ITHKOB H pa3Hbli€ 0 LHPHHE, NO3TOMY HX BblIEJIEHHE 3aBHCHT OT Haubo-

Jiee aleKBaTHOIO MaTeMaTHYECKOrO ONMHCAHMA DKCIIEPHMEHTATbHBIX MUKOB.

2.1. TexHH4eCKHe BO3MOKHOCTH KCNIEPHMEHTA. Mbl HCTIO/B30BAIH HOBbIE
TEXHHYECKHE BO3MOXHOCTH crniektpoMeTrpa JHH-2ITH, yuursiBas ocobsie cBoii-
cTa camoro ‘He. Ormertum METOHYECKHE OCOOGEHHOCTH NpPOBEAEHHBIX HAMH
9KCNEPUMEHTOB 1O HCCJIEAOBAHHIO CIIEKTPa BO3GYXIEHHH XHUIKOrO *He.

Paspewenue. BaXHbIM napaMeTpoM CNEKTPOMETpAa SRIAETCS LIHPHHA

(byHKUMM 3HepreTHYecKoro paspeienus. Ui BpeMANpOETHOH METONMKH 3Ta
BEJIMYMHA 3aBHCHT OT SHEPIWi najaloliux Ha obpasen (Ey) u paccesnnbix (E)

HEHATPOHOB

AE =N aE} +bE3+ ..., @7
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rie a U b — xoucrauThl. CornacHo (2.7) it MONyYeHHUs JydLiero pa3pelieHus
SHEPrHs NaJAlolIHX HEHTPOHOB BLIGHpATAch MO BO3MOXHOCTH HU3KOM. Pe3ynbra-
Thl U3MEPEHHH NP camoi Hu3Koi Temneparype T = 0,42 K u HayaibHO#H 3Hep-
MM HEHTPOHOB ~ 2 M3B moKasanu, YTO MojHas WIMPMHA HA TOJOBHHE BBICOTHI
(AE) dbynkuuun paspeieHus B obnactu MakcoHa Gbuia He Gonee 50 MkaB, a B
obnactd poroHoB U ¢oroHOB — He Gosnee 100 mxaB. HyxHO OTMETHTH, 4TO
pacueTHbie OLUEHKH LIMPHHBI (PyHKUMH pa3pelieHHs, BBINOIHEHHbIE MO METORY
Moure-Kapno corpynaukamu ®3H (O6HHHCK), Jaiu 3HAYeHHs WHMPHH, 61u3-
KHe K 9KCNepUMEHTaIbHBIM LIMpHUHaM nuKoB npu T = 0,42 K.

Mnozogononnoe paccesnue. Tlpu dHeprusx Bbille KPHBOH MMCNEPCHH
OnHOGOHOHHBIX BO3OYXAEHHI HAYHHAETCH WMPOKas M0J0ca, CBA3aHHAA C BO3-
Gyxnenuem mByx u Gosee KBa3M4aCTHU. DTO TaK Ha3biBaeMble MHOrOOHOHHBIE
M MHOTOYaCTHYHbIE NMpOLECCH. 3aBUCHMOCTh MaKCHMYMa 3TOH 4YacTH pacCesHHs
oT g 0o603HayeHa KpUBOi 2 Ha puc.3. BTO paccesHHE HMEET JOBONILHO CJIOXHYIO
CTPYKTYPY H CaMo SIBJISIETCS HHTepecHbIM 0bbekToM Hccnenosauus [46,47]. 3nech
Xe U HaC BaXHO TO, YTO HH3KOIHEPreTHYECKHE KPbUIbS MHOTOYAaCTHYHBIX MpO-
LIECCOB MOTYT MOBJIMAThL Ha BEJIMYMHY U (OPMyY TOil YacTH paccesiHus, KOTOpYIO
NPHHATO Ha3biBaTh OAHOOHOHHOIM WM ogHOYacTHYHOIH. OCOGEHHO 3aMETHO 3TO
MOXET CKa3aThCs B 00s1acTH MakCOHOB. Kak BHAHO M3 puC.3, HayanbHas SHEPrHs

o 4
2 M3B NeXHT HHXE MOJOCh MHOIOYacTHYHBIX BO3GyXnmewii B “He, M, Takum
o6pa3oM, nmpouecchl HX POXACHHS B 3HAYMTENbHON creneHu ocnabneHbl, a HX
HH3KOSHEPreTHYECKHEe KPbUTbS NAIOT Maiblii BKJIag B 06acTh OXHOYACTHYHOM

\
|

" e " s

0 0,5 1,0 1,5 2,0 2,5
-1
a. &

Puc.3. [lucniepcHoHHas KpHBas OMHOYACTHYHBIX BO3GYXIEHHi
(1) n xpuBas MaKCHMyMa ITHKa MHOTO(OHOHHOIO paccesHus
HEATPOHOB (2). KHHeMaTHYeCKHEe COOTHOLIEHHA A Heil-
TPOHOB, DAacCEesHHBIX MO PAVIHYHBIMM YriamMH npu E, =
= 2,08 M3B
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Piuc.4. DKcriepuMeHTATBHBIE CIIEKTPBI PacCESHUS HEHTPOHOB B
“He mpu ¢=157A" 1) T=15 K u Ey=35 wmeB;
2) T=1,45 K u E;=2,08 meB. ['0pH30HTaIbHEIE YEPTOUKH

4
TTOKa3bIBAIOT PA3pCUICHHE MJIA HaHHBIX ITHKOB. KpHBLIC HOp-
MHMPOBaHbI Ha IUIOLIAAb OMHOYACTHYHBIX ITHKOB

HHTEHCHUBHOCTH paccesHus HeHTpoHoB. Harngaanoil wumocTpauuei atoro ssns-
ercs puc.4, Ha KOTOpPOM Uil CpaBHEHHs TIPUBEACHBI 9KCIIEPUMEHTAIbHBIE CIIEKT-
pot mpu T~15 K n g~1,6 A IS JIBYyX HAyaIbHbIX 9HEPIUIl HEHTPOHOB:
kpusas | — E;=3,5 moB u kpusas 2 — E, =2,08 maB. Kpustie HopmuposaHbt

Ha IU101aab OQJHOYACTHYHOIO IMHUKa.

H3 puc.4 xopoumo BHMIHO, YTO NPU CHHUXEHHH HAYAIbHOW HEPTHH HEUTPO-
HOB CYLIECTBEHHO YMEHBIUHMJIACh IIMPHHA OJHOYACTHYHOIrO IMHUKA M MPOH30LUIO
3HAYUTENIBHOE OciabieHne BKi1aga MHOrOOHOHHOro paccesHus. [1oHOCTBIO U3-
6aBuTECS OT MHOTO()OHOHHOTO paccesHHs, BEPOATHO, HE YHacTcs, TaK Kak
HHU3KODHEPreTHYEeCKUH XBOCT MHOrOG)OHOHHOTO pacCessHUS 3aXOMMT MOX MHK
OTHOYACTHYHBIX BO30OyxneHuil. KoHeuHo, nanbHeiilee CHUXeHHE SHEPIUH NAal0-
IIMX HEHTPOHOB elle Oonee yMeHbUIWIO GBI BKJIaX MHOTO()OHOHHOIO paccesiHus,
HO TIpH 3TOM, BO-NIEPBBIX, OBICTPO YMEHBIIAETCH MHTEHCHBHOCTb MANAOLIMX H,
COOTBETCTBEHHO, PAacCeSHHBIX HEHTPOHOB H, BO-BTOPBIX, YTO OCOOEHHO BaXHO,
sHeprust E; npubnuxaercs Wiy, jydile cKasarh, CTAHOBUTCS CPaBHUMOH ¢ eba-

€BCKOH TeMIlepaTypoH XHIKOIo *He (T, = 15 K), 4T0 MOXET IPHBECTH K HCKa-
X€eHHI0 (OPMbI OMHOYACTHYHBIX ITHKOB CO CTOPOHBI BHICOKHMX 4acTOT.
3neck HYXHO CHOBa BEpHYThCS K 9KcniepuMeHTaM Bynca — Ceenccona [11].

IIpuBeneM Ui HamIAEHOCTH pHC.5 U3 pabote [41]. V3kuit nuk Byac u CeeHccon
CBSI3BIBAIOT CO CBEpXTEKyYeH KOMMOHeHTOH. HopManbHyl0 Xe KOMIOHEHTY OHH
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MOJIyYal0T M3 LIMPOKOINO IMHKA, BBI- 300 ) T ; T T
YyHuTas U3 HEro Ty 4YacTb pacCesHus, ‘ 'RLE S
KOTOpass OCTaeTcs MpPH CHUXEHUH - T = 112K P= 20 bars,

TeMIIepaTyphl ‘He mo T- 1,2 K.
Ipennonaraercd, 4To Ta 4acTh LIK-
POKOro mnHKa, KOTOpas 3aBHCHT OT
TEMIIEpPAaTyphl, OTHOCHTCS K paccesi-
HMI0O Ha HOPDM&IbHOH KOMIIOHEHTE.
A Ta yacTb, KOTOpas OCTajIach Mocie
CHUXEHHs TeMrepatypst no ~ 1,2 K,
OTHOCHTCS K MHOTO(pOHOHHOMY pac-
CESIHMIO, H NPH JaTbHEHIIEM yMEHb-
LIEHHH Temneparypsl Huxe 1,2 K
9TO paccessHHe M3MEHHTCS HeCyIeCT- - v, Tl

BeHHO. Hamu skcrnepuMeHTHl noka-

3BIBAIOT, YTO, CKOpEE BCEro, BECh Puc.5. CpaBHeHHe crieKTpa paccesHHBIX HEii-

- : 4
IIMPOKHH NMHK OTHOCHTCH K MHOro- TPOHOB B cBepxTekydeM “He (o) c MOZIE/TbHBIM
doHoHHOMY paccesnuio. M 3mecy OMHCaHHEM Bynca — CaeHccoHa (crutomHas

. aunma). HITpuxoBas JMHMA — HOpMaIbHas
HeT npoTtuBopeuns. lupoxuii nuk,
. -KOMroHeHTa n,§,(q, ®, T') [41]
OTHECEHHBI K pacCesHHUI0 Ha HOp-
MajlbHOH KOMIIOHEHTE, TaKXe SBJis-
€Tcsi MHOTOG)OHOHHBIM PaCCESHHEM C TEM JIMLIb OTIIMYHEM, YTO HEHTPOHBI pac-
CEHBAIOTCS HAa yX€ MMEIOUIMXCA B XHUAKOCTH BO3OYXICHHSX.
Muozoxpamuoe pacceanue. Mni paGotaiu ¢ KOBOIBHO GONBIIUM 0OBEMOM

CYeT

obpa3ua XHIKOro “He ( 3600 cm ) N0 CPaBHEHHMIO C pasMgpaMH obpasia

Ipyrux aBTopoB (~ 60 cm ) C OHOM CTOPOHBI, 9TO AAET BBIMIPHIIL B MHTEHCHUB-
HOCTH npuMepHO B 60 pa3s, HO, C APYroil CTOPOHBI, B NPHHIHUIE 3TO MOXET
NIPMBECTH K BO3DPAaCTaHHIO POJIM MPOLECCOB MHOTOKPATHOTO PAacCesHHs HEHTpo-
HOB M HCKaXCHHI0O UCTHHHOH popmbl muka. [l MPOBEPKH BIMAHHUA Takux ac-
dexTOB, 60-nepeosix, GbUTM NMPOBENEHH CTIELHANBHBIE YKCIEPHMEHTH C KaMHUe-
BOH BCTaBKOH B KOHTeHHep o6pasua, pa3GuBamLueil BeCb 00bEM Ha CUCTEMY TOH-
KHX c10eB (TonuuHoM 2 cM). CpaBHeHHE Pe3y/IbTaTOB U3MEPEHHUI TIPH HATHYHH
TaKO#l BCTaBKM W 0Oe3 Hee He BBISBUIM CKOJIBKO-HMOYIb 3aMETHBIX pa3fuyMii B
topme nMKoB paccesiHus. HHTEHCHBHOCTb Xe paccesiHUsi yMEHBLIMIACh TIPHMEp-
HO Ha 7% 3a CYeT MepeKphITHA NyYyKa HEUTPOHOB W3-3a TONIIMHBI KAIMHEBBIX
cnoes. Bo-émopwix, HEOOXOMMMO 3aMETHTh, YTO TNpPH CHHXEHMH HAYaTbHOl
SHEPrHH HEHTPOHOB YMEHBIIAETCS IONHOE CEYEHHE paccesHUs HEWTpoHOB [48].
Tak, npu E;=2,08 maB 0= 0,2 6, u mponyckanue o6pasua pasHo 0,94.
DHeprus HEATPOHOB NONGHpanack Tak, YTOOB BEPOSTHOCTh MOBTOPHOTO Paccesi-

HUug B He NMpoAoJIXasa MagaTh U3-3a JAIbHEWIIEro NajgeHHs MOJHOIO CEYEHHUs C
YMEHBIIEHHUEM 3HEPIUM. KpOMC TOro, 3aMETHM, 4YTO €CJIM I10CJIE€ MEPBOro pacced-
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HHS BHEPIUs HEHTPOHOB CTAHOBUTCS HECKONBKO MEHbILE SHEPrUH BO3OYXIeHHi
B MaKCOHe, TO NMOBTOPHOE paccCesHHE CTAHOBUTCS BO3MOXHBIM TOJILKO B Orpa-
HHYEHHBIA TeecHblil yron. K 3THM yMeHBIIAIOWMM MHOTOKPATHOE paccesHue
thakTopam HyXHO n06aBuTh crenylowee. [Ipu MccnenoBaHWM HeyNpyrUX Mpowec-
COB MHOTOKpAaTHOE paccessHMe CTaHOBHTCH BaXHBIM, €CJIH HEHTPOHBI MOTYT pac-
ceusarscs B obpaslie ynpyro, T.e. 6e3 u3MeHeHHs 3Hepruu. B aToM ciyyae u3-3a
OTHOCHTENBHO GOJIBLIONO CEYEHHs YNPYroro paccesiHdsl MPUXOMMTCS YYHTHIBATH
TaKHE BO3MOXHOCTH paccesHHs, KaK ynpyroe + Heynpyroe Wiu Heymnpyroe +

+ ynpyroe paccesiiue. B atom cMbicnie ceepxrekyunii *He umeer uckmoumntens-
HYI0 OCOGEHHOCTb 10 CPaBHEHHIO C APYTHMH XHIKOCTSAMH — K HACTOSIIEMY
BPEMEHH He YAANOCh IKCTNEpUMEHTaNbHO Habsonars ynpyroe paccesuue. Iosro-

MY B CBEPXTEKYYEM “He MHOTOKpaTHOE paccessHHe MOXET ObITh CBA3aHO TOJIBKO
C Heynpyrumu npoueccamu. TakuM 06pa3oM, eciid BEPOSTHOCTH MEPBOro paccesi-
uus no, x=0,06, To noBTOpHOE paccesHHe He npesbiwaer 3% OT MEPBOro

[no,(x/2) <0,03], 1 MOXHO cunTaTh, 4TO 3hIeKTh MHOTOKPATHOTO paccessHus
HEHTPOHOB B HAHHBIX 3KCMEPHMEHTAX HE HIPAIOT 3aMETHOI posH.

Caenaem HeGanbiuoe 3aMeyanue. B KOHIEHCHPOBaHHBIX Cpeaax MoJHOE ceve-
HHE paccesiHMsl HEWTPOHOB NpPH PHEPrHAX MOPsSAKa HECKOJAbKHX M3B ckauko-
o6pasHo nagaer. Takoi cnan OGBIYHO CBS3aH C YMEHBIIEHHEM YNPYroro Kore-
PEHTHOrO paccesiHHsl HEHTPOHOB NPH IJTHHAX BOJH A > 2d, rie d — MaKCUMaib-

HOe PaccTOSHHE MeXMy IUIOCKOCTaMH. B cBepxtekyuem *He ynpyroe paccesHue
He HabioaaeTcs, a pe3koe yMeHbIIEHHE MOJIHOTO CeYeHHs! NPH SHEPTHAX MOps-
Ka 2 M3B B OCHOBHOM CBSI3aHO C HEyNnpYIrHMH MPOLECCAMH WIIH C YMEHbLIEHHEM
BK/1aJ1a MHOTO)OHOHHOTO paccessHHs HEHTPOHOB.

OrMeTnM, YTO MCONB30BAHHE HH3KMX HAYAIbHBIX IHEPTHil HEHTPOHOB MpH-
BOIHT K ROMOJIHUTENILHOMY YIy4llIEHHIO (DOHOBBIX YCJIOBHI IKCIEPUMEHTA M3-3a
GOJBIIOrO BpEMEHH MpOJIETa HEHTPOHOB, T.€. MPOBEAECHHIO HIMEPEHHI BIATH OT
BCMBIIUKH MOLIHOCTH peakTopa.

HeonpenenenHocTs 3Hauenus ¢, CB13aHHasA C KOHEYHBIMU pa3MepaMH obpas-
Al ¢
La ¥ AeTekTopa, MpH Manbix g cocrasnser Ag ~ 0,06 , MpH GONBIIKX g 3Ta
BeJIMYHHA MeHblle. YacTh akcriepuMeHTOB Gbuia BbinosiHeHa ¢ Ag ~ 0,02 Al

Hrak, ucnonb3oBaHHe HH3KOH HayaibHOM SHEPIMH HEHTPOHOB NpPHBENO K
yny4YuieHuio - (pyHKUMH pa3pelieHus W (POHOBBIX YCIOBHI, NMO3BOTHIO MONABHTD
MHOINO4acCTHYHbIE MPOLECCH NPH PaCCESHHH HEATPOHOB, 3HAYHTENILHO MOBBICHTD
TOYHOCTh HU3MEPEHMH W peanbHO HabMIOJaTh H aHATM3HPOBATh OCOGEHHOCTH B

" 2
criekTpax HeUTpoHOB B (1 +5)-10° pa3 MeHblIHE, YeM HHTEHCHBHOCTb B OCHOB-
HOM OJHOYaCTHYHOM MHKe paccesHus. HMiunocTpauueii BO3MOXHOCTEH SKCnEpH-
MEHTa SIBJISETCH TOT thaxT, 4TO B NMPOBEXEHHBIX IKCNIEPUMEHTAX HabIIODATHCH
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NHKH, CBS3aHHBIE C PacCESSHHEM HEHTPOHOB B XMakoM “He c nproGpeTeHneM
9HEPrHH, T.e. C HArpeBOM HEHTPOHOB B XHIKOCTH.

2.2. DrcnepUMeHTANbHBIE Pe3yabTaThl. Onucanue gopms nuKos Heynpy-
2020 pacceanus Helimponos. [luHaMHYeCKHii CTPYKTypHbIii dakTop S(g, €), onpe-
AeneHHsli (1.1), paccynTBIBANCA H3 BKCTIEPUMEHTAIBHBIX JAHHBIX MO opMyIe

S(g, €) = (ES /E®d (8, 1) /dQ dt.

AHanu3 CrieKTpoB paccesmuz YOOGHO NpOBECTH OTAENBHO S CBEPXTEKYyUeii

M HOpManbHOI (a3 xumkoro “He. Kpome Toro, MOXHO BBIIENIMTH TPH XapaKTep-
Hble 06/1aCTH 3HaYEeHHH BOJHOBOTO BEKTOPA ¢, VISl KOTOPHIX (hOPMbI THKOB TaKXe
paanuqam'ca BT0 HayaIbHBIA (POHOHHBIN yYaCTOK KPHMBOH HMCNEPCHH NpH

<04 A1, 3atem maxcon- poToHHas obnactb 3036yxmeﬂun q>0,65A" ~! 4, Haxo-

Hel, nepexoaHas obnactb npu 0,4 < g < 0,65 A , Ha3BaHHas HaMH obnacteio Y.

AHanu3 ¢opmbl nHKa Beica ¢ nmomowsio u6o rayccuanos (GG), nu6o
nopexuuanos (LG). O6o3nauenns GG u LG npeanonaraior, 4To coGCTBEHHbIE
rayccoBckasi H JIOpeHUEeBCKas (opMbl CBOPAYHBAIOTCA C rayCCHAHOM, OMUCHIBAIO-
KM (PYHKUMIO paspelleHHs crieKTpoMeTpa. Bui6op Mexay sTuMu IByMs Mofe-
NIMM TIDH aHATH3€ HEKOTOPBIX NMHKOB B Mpe/ie/laX TOYHOCTH B HACTOSILLEE BpeMs
3aTPYAHHUTENICH, XOTH €C/IM H3MEPEHHBbIH MUK JOCTaTOYHO XOPOLIO BHUIEJEH, TO
nopeHuesckas ¢opMa NpPEANOYTHTENLHEE HM3-32 JIydUIEr0 ONMMCAHHS KPBUIbEB
nuKa.

Yro kacaercs onucanus OpMbl MHKOB C MOMOLIBbIO PYHKLIHH «rapMOHHYe-
ckoro ocuunnsropa» (HO) [34], To npu sHeprusx €> kgT at0 onucanue Hecy-

IIECTBEHHO OT/IHYAETCA OT OMHMCAHMS JIOPEHUMAHOM LG ﬂpuqem NpH yMeHb-

LeHHH TeMnepaTyph xuaxoro “He ara YC/IOBHast IPaHHLA CABUTacTCA B CTOPOHY
MEHbIIHX €. OTIHyHe B onucaHusax ¢ noMowsio LG win HO cranosurcs Gonee
3aMETHHIM MpPH caMbix MaIbIX 3Heprusax. @ynkuns HO, ogHoBpeMeHHO OnHChiBa-
Iolad W CMNEeKTP OXJIaXICHHA HEATPOHOB M CNEKTP HarpeBa (€c/H, KOHEYHO,
CEeKTp Harpesa Habsionaercs), yno6Ha MpH ONMHUCAHHH KCTIEPHMEHTATBHBIX JaH-
HBIX, NMONYYEHHBIX B YC/IOBHSIX ¢ =const. B HaumeM cnyuae, korma 0 =const, a
q # const, onucaxue (opmbi nukos dynkuneit HO ycnoxusercs TeM, 4To KpH-
Bble KHHEMaTHYECKHX COOTHOLUCHHH [UIA OXJIAXICHHS M HAarpeBa HEHTPOHOB He
COBIAAAIOT.

Csepxmexyuas ¢pasza. B MaKCOH-POTOHHOI 0611aCTH CrIEKTpa OJHOYACTHY-
HBIH OCTPBIH MUK paccesiHH HEHTPOHOB IUIOXO ONMCHIBAETCH OXHHM IayCCHAHOM
GG unu ognum nopeHunanom LG. Jlyymee onucaHHe ¢ TOYKH 3peHHs CTaTHC-

THYECKHX KPUTEPHEB aNMPOKCHMALHH (BEJIHYHHDI xz, K03(ppHLIHEHTOB KOppes-
UMM NapaMeTpOB MOIENH M Jp.) COOTBETCTBYET MOJENH [BYX TayCCHAHOB
(GG + GG) nnu aByx nopenunanos (LG + LG). JIBe KOMIOHEHTH MHKa pacce-
SHHUS 3HAYMTEJILHO Pa3JIHYAIOTCA 110 WIHPHHE, OITOMY B RanbHeiLeM Mbl Gynem
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MMEHOBATh OfIHY H3 HHUX «y3KOi» (n), a APYryl — «HpoKoi» (w). TunuuHsle
NpUMEpPHI palioXeHHs NpUBEIEHH Ha puc.6.

B ¢doHoHHOIT 0OnacTu cnekTpa Takxe HaOMIOOAIOTCS y3Kasd M IIHPOKas KOM-
TIOHEHTBl paccessHUss HeHTpoHOB. Ilo mMpuuYHHaM, KOTOpbIE CTAHYT SICHBIMH M3
JarbHEHAILEro, y3Kas KOMIIOHEHTa 3[eCh HMeEET, MO-BHIUMOMY, MHYI0 MpHpOLY,
4yeM KommoHeHTa (n),H Mbl O6yneM o6o3Hauath ee janee cumBosioM (os). Llupo-
Kas KOMIIOHEHTa (W) XOpOLIO BMAHA B 3TOM o0JsiacTH TOJBKO BOMM3M T,, a mpu

6osfee HM3KUX TeMIlepaTypax ee MHTEHCHBHOCTb IaNaeT W BBIIEIHMTb €€ CTaHO-
BUTCS TPYIHO.

B nepexonHoii o6nactn Y KapTHHa paccesHUs HEUTPOHOB Haubosiee CIIOX-
Has. MHTepnonupys onucaHde MUKOB C MoMoupio (n), (0s) ¥ (W) KOMIIOHEHT B
nepexonHylo obnacth Y, MojydaeM, YTO 34eCh, MO-BHIMMOMY, HaOJI0HAlOTCH
cpa3y TpU KOMIIOHEHTHI paccesHus: (n), (os) u (w). Ilpu sToM KoMnoHeHTa (0s)
C POCTOM ¢ HAaYMHAET CHIIBHO 3aTyXaTb, M BOJIM3M BEPXHEH rpaHHLb 06nacTu

npu g ~ 0,65 Afl €€ CTaHOBHUTCS TPYAHO BbiaenuTh. KoMmnoHeHTa (n) npu yMeHb-
WEHHH g ¥ TIPHOJIMXEHUH K HUXHel rpanHuue obnactu cOnuxaercss N0 CBOMM

w00 @ T=2,21K 1200
q=1,578""
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Puc.6. Kpuseie S(g, €) npu pasHbIX TEMIEpPATypax ¥ COCTABISIOLIME HX PAIIOKEHHs NpH
pa3nnuHeIX g. Jlng cpaBHeHHUs (6) MOKa3aHO OMNHCaHHe ¢ MOMOILIBI ofHoro LG
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NlapaMeTpaM C KOMIIOHEHTOH (0s) U npu ¢ < 0,4 A ux TPYAHO Pa3desuTh.
IlIupokast KoMNoOHeHTa (W) IPUCYTCTBYET B 9TOH 061acTH, HO onpenensercs xy-
Xe, 4eM B (POHOHHOH HIIH MaKCOH-DOTOHHOM 06MacTsIX, H, BEPOsTHEE BCEro, OHa
TaKXe 3aTyXaer.

Hopmansnas cpasa. Briue T, B MaxkCOH-pOTOHHOH o6nacTH cmekTpa Ha-

O/MI0fIaI0TCS TONBKO INMPOKME MHMKH pAaccesiHus (W), XOPOLIO ONMCHIBAEMBIE
omuuM GG wnu onrum LG. B poHOHHO# 0671aCTH TOMMMO IIHPOKOH KOMIIOHEH-
Thl (W) XOpOWO BHAHA y3Kas KoMIMoOHeHTa (0s). B mepexommoii o6nactu Y sta
KOMIIOHEHTa (0S) HauMHaeT GBICTPO 3aTyxarh, U Bhile g ~ 0,65 A7 oua yXe He
HaGmonaercs. Lllupokas KoMnoHeHTa (W) B nepexofHol o6nacTy onpenensercs
IUI0X0. Y3Kas KoMnoHeHTa (n), xapakrepHas mis He II, Bbiuie T, ne nabnona-
eTcs BooOlue.

Owwubru. Ha pucyHKax NPHBOAATCS CTAaTHCTHYeCKHe OmMOKH. [TomoxXeHus
NUKOB OMNPENENAITCH C BbICOKOH TOYHOCTBIO, M OLIHOKH HAaXOmATCS B Ipenenax
rpaHyecKux CHMBONIOB. OTHOCHTENBHO TPYAHEE OHU ONPENE/AIOTCS [PH CaMbIX

Maibix g ~ 0,1 A TNIpH MPOBEICHUH 9KCIIEPUMEHTOB. C BesTnuuHOi Ag = 0,06 AL
MeHee TouHO ompemensloTcs napameTpsl WMPOKMX NHMKOB (W) B o6nactu Y,
OCOGEHHO MpH BHICOKHX TEMIEpaTypax, H3-3a TOO, YTO 3HAYEHHS IUHPHH STHX
NIMKOB CTAaHOBATCS CPaBHUMBIMH C 3HEPrueil NMajalolUX HeWTPOHOB. OCHOBHas
cHCTeMaTHyecKas omMOKa CBsi3aHa C YYeTOM BKJIaJa MHOrO(OHOHHOTO pacces-
HHsl, HECMOTDPS Ha €ro Malyl0 BEJM4HHY. DTO CKa3bIBaeTCs IIaBHBIM 06pa3oM B
001aCTH MaKCOHa, Tak Kak 3Ta 06/1acTh HAXOMUTCS OJIHXe BCEro K MaKCHMyMy
MHOTO()OHOHHOTO NHMKA, & TAKXE IPH OIPEAeEHHH APAMETPOB IMHPOKOH KOM-
NOHEHTE (W) NPH HH3KHX TEMIIEpaTypax H3-3a €€ MalOil HHTEHCHBHOCTH.
Cucremarnyeckas omm6Ka BO3MOXHA TaKXe H M3-3a MCIIONB3YeMOH MOJIENHU npu
00paboTKe 9KCIIEPUMEHTATBHBIX PE3yIbTATOB. .
HAucnepcuonnsie kpussie. PaccMoTpuM BHayase MaKCOH-DOTOHHYIO 061acTh

criekTpa npu q > 0,65 AlB CBEpXTeKy4ei (hase IMCIEPCHOHHBIE KPUBBIE Y3KO¥
(n) ¥ WHPOKO#H (W) KOMNOHEHT 63Ky Apyr K Apyry. Paiinuue Mexny € (q) u

€,(q) Menee 10%. Onnako mpu Bcex Temneparypax T < T, wnabmopmaercs TeH-
JEHIHUS CIOBMra BCEil 3aBHCHMMOCTH €,(q) B CTOPOHY MEHBIIMX 3HAaYeHMil g MO
OTHOMICHHIO K € (q). DTO NPUBOIMT K TOMY, YTO MAKCHMYMBI B MaKCOHE H, Be-

POSITHO, POTOHHbIE MUHUMYMbl IMCIIEPCHOHHBIX KPUBBIX (n) ¥ (W) HE COBNAZAIOT
(cM. puc.7). TemnepatypHbie 3aBUCHMOCTH JUIsi 0G€HX KOMIIOHEHT SIBJISIOTCS 10~
CTaTro4yHO cnabbiMu. ONHAKO 3aMETHM, YTO €C/H NMPH HH3KHX TeMIepaTypax B
MaKCOHE KOMIIOHEHTa (n) pacroNoXeHa Bbile KOMIOHEHTH (W), TO BOIH3H A-
TOYKH OHH MeHsI0TCH Mectamu. IIpu nepexone yepes T, y3kas xomnoHenTa (n)

MCUe3aeT, a JMCNEPCHOHHasd KpUBas € (g) CYMECTBEHHO He MeHseTcs (cM.
puc.8,6).
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Puc.8. H3meHeHue 3HeprHH BO3GYXIEHHH C TEMIEPaTYpO:
a) =037 A, 6) g~1 Al Komnonewra (n) — (o),
(w) — (@), (0s) — (4)

B ¢oHoHHOM ¥ nepexomHoH Y obnacTax CreKkTpa 3aKOHbl QMCHEPCHH s
KOMMOHEHT (n) u (0s) He pasnuyatorcs (puc.7). Kpusas mucnepcuu s minpo-



CNEKTP BO3BYXIEHHIM M BO3E-KOHIEHCAT B XHMIKOM “He 1723

KO KOMIIOHEHTHI € (q) IEXHT Bbille, YeM € (q). TemneparypHbie 3aBHCHMOCTH
€,:(9) ¥ €,(g) B 9TOH YaCTH CIIEKTpa TaKXe SBIAIOTCA OYeHb ClabbiMu M Mpak-

THYeCKH He YYBCTBYIOT Nepexona B HopMaibHylo a3y (cMm. puc.8,a).
Humezpansnsie unmencusnocmu. B cBepxrekyueit pase xapakrtep

3aBUCHMOCTEi MHTErpabHbIX HHTEHCHBHOCTEH OT BOJIHOBOTIO BEKTOpPa MJIs Y3KOM

¥ WIHPOKOH KOMIOHEHT Z () U Z (q) B MaKCOH-POTOHHOH obnacTu sBnsercs

cxomHbiM. B kauecTBe WiOCTpauuu 3TH 3aBUcMMocTH npu T=0,42; 1,45 u

Zonen
Z, orH. eq. " .
] " T=1,45K
150 T=0,42K °/° /é
] o/ 20 /o
: / o
100 / o7
/ v/
o~ ° 10 0/0 -
w-‘ ’,0’ [ 4\(3—8// o{.
A& ./ : A@ .//.
@A __0/’. a e® 8~ —o—°
VS .I—'_'. '—'—l. ———r 0 ’é-v—f’-r'—.-r—ﬂ——v—y—--v e Ak S ke St S o
0.0 05 1,0 15 0.0 0,5 A‘;,O 1,8
q'&‘l q,
z.OI'H- en
] T=2,05 K .
20 —: /e
: /
3 /
] L7
10 ] P °
] _ ).' . ,°
Puc.9. 3aBHCHMOCTH HHTEHCHBHOCTH OT ¢ S o-" g
o ] 008——8~
npu T = 0,42; 1,45 u 2,05 K uis xomno- ,;g'u_“.doﬁ' it A
HeHT: (n) — (0), (W) — (@), (0s) — (A) 0.0 05 q &'1’0 18

Puc.10. 3aBUCHMOCTb MHTEHCHBHOCTH OT ¢ (o S ———
npu T = 1,2 K B 0611aCTH POTOHHOTO MHMHH- o
Myma [49]
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Puc.11. Kpusas n(g) npu T =145 K. Puc.12. 3aBucumocts N(T)

Hy}lKTﬂpHaﬂ JIMHUA — CpeOHEe 3HAYCHHE

2,05 K npusenenn Ha puc.9. O6e kpuBble, OYEBUIHO, UMEIOT U3BECTHBIH Mak-
cumyM [7,49] B obnacTd pOTOHHOTO MMHHMYMa KPHBOW AWCIEPCHM, KOTOPBIH
nokas3aH Ha puc.10 npu OXHOKOMIOHEHTHOM OINMCAHHWU OCTPOrO MHKa.

AHau3 moka3sbiBaer, YTo npu Joboil TeMreparype OTHOWICHHE MHTEHCHB-
Hocted M(q) =Zn(q) / [Zn(q) +Z,(q)] B npepenax pa3bpoca TOYeK, MOXHO CKa-
3aTh, He 3aBHUCUT OT ¢ (puc.11). OgHaKO 5TO OTHOMIEHHE CHJIBHO 3aBHCUT OT
Temmneparypsl (cM. puc.12)

Ha puc.13 3asucumocrn Z (T) u Z (T) npusenenst st g ~ 1,6 A7l us pu-
CYHKa BHAHO, YTO y3Kas KOMIIOHEHTa paccesHus NOMUHHMPYET NpPH HU3KUX TeM-
neparypax 1 GakTHueckH ucuesaeT npu npubmukenun x T,. Hao6opor, unren-
CHBHOCTb LIMPOKOH KOMIIOHEHTBI P€3KO MajaeT NMpu MOHUXeHuH T.

B HopmanbHO# ¢haze xupgkoro *He ocratotcs TonbKO IIUPOKHUE MUKH pacce-
AHMs (W), IS KOTOPBIX Xapaktep 3aucumocteit Z (g) (puc.14) nonoben aHa-
JIOTUYHOH 3aBUCHMOCTH i IIHPOKOH KOMIIOHEHTHI B CBepXxTeKyueil ¢ase.

Teneps oOpatuMcs K (OHOHHOH 4YacTH KpPUBOH [HCIEPCUM  IIpH

e —1 .

g<0,65A"". Temneparypnbie 3aBucumoct Z (T) w1 pasHbIX 3Ha4eHHH g (M.
puc.15) oTHyalOTCs OT aHAJIOTMYHBIX 3aBUCHMOCTEH Zn(T) (puc.13) teM, ytO
npu T> T, 3uadenns Z (T) ne obpawaiorcs B Hyns. Mcxons u3 aToro, MOXHO

TNPEaNoNIOXMTh, YTO B CBEPXTEKydeH (ase y3kasd KOMIOHeEHTA (0S) B (OHOHHOH
YacTH caMa COCTOMT W3 ABYX OJIU3KHX MO MOJOXEHHSIM U LIMPHHAM KOMIIOHEHT:
Y3KOro MuKa paccesHust cOOCTBEHHO (0S), HHTEHCHBHOCTb KOTOPOIO, BEPOSTHO,
cab0 3aBHCHT OT TeMIEpaTyphl, H y3KOro nukKa (n), HHTEHCHBHOCTb KOTOPOTIO C

TeMIiepaTypoii MeHseTcs B (POHOHHON 00JIaCTH Tak Xe, KaK B MaKCOH-POTOHHO#M
obJ1acTy.
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4 4 4 ' ’ Puc.14. 3aBHCHUMOCTh HHTEHCHBHOCTH
Tk or g npu T =221 K 111 KOMIOHEHT:

(W) — (@), (0s) — (4)

Puc.13. 3aBUCMMOCTH HMHTEHCHBHOCTH OT
TEMIIEPATYPhl VIS KOMIIOHEHT: (n) — (0),
(w) — (e). KpuBble HOPMHPOBAHbI Ha €H-
HULY 11 (W)-KoMnoHeHTs! ipu T > T

Panee ynomuHanocs, yto Buitnem [20] u DeitHMaHOM [21] 6bina yCTaHOBJIe-

Ha CBfA3b CTPYKTYPHOIO (pakTopa XHAKOro *He co CIIEKTPOM KOJUIEKTUBHBIX BO3-
OyxneHuit (2.2), TOT Xe pe3yibTaT Ha OCHOBE TMIPOAMHAMHKH KBAHTOBO
xuakoctu nomydeH ITuraesckum [22]. YTo6sl mpoBEPHUTH BHIMOIHEHHE BTOTO CO-
OTHOLIEHH, 6bUI0 caenaHo cremywiee. CyMMHPOBaHHEM BCEX KOMITOHEHT GbuTH
NOJyYeHbl [aHHble OO MHTErPaIbHBIX HMHTEHCHBHOCTSAX MPH TeMIEpaTypax
T=0,42; 1,45; 2,05 u 2,21 K ¢ yyeroM KaK OXJaX[AECHHS, TaK U Harpesa Hei-

TPOHOB TipH paccesHuH. POHOHHAA YacTb 3THX HaHHBIX npH ¢ = (0,1 + 0,6) Al
OMUCHIBAIACh ABYMS (PyHKUMAMHU:

Z(q)=a, +ayy,
2
Z\(q)=b,; +byqg +byq",

rae ¢; u b, — nocrosiHuble. s 06enx KpHBBIX GBUIM MOJIyYeHBI CTATHCTHYEC-

KHE€ KPHUTEpPHH KayeCTBa anmnpoKCHMalUH X,z 3arem CTpOHJiIaCh 3aBUCHMOCTD

OT TeMIepaTypbl TaK Ha3blBA€MOro AUCIIEPCHOHHOrO OTHOWEHHS [99]

2 2
v =x% /%> KOTOPOE XapaKTepH3yeT CTENeHb OTKJIOHEHHs 9KCHEepHMEHTalb-

HBIX JAQHHBIX OT NpsAMOM JMHUM. Ha puc.16,4,6 nokasaHbl 3aBUCUMOCTH HHTET-
PaIbHBIX MHTEHCHBHOCTEH OT BOJIHOBOIO BEKTOpa M ONMMCcaHUe (DOHOHHBIX
obnacTeil npsAMoii JMHUEN LI JaHHBIX npu Temneparype 0,42 K u kpuBoit —
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° R Puc.15. H3MeHeHHE HMHTEHCHBHOCTH
g S~ KOMITOHEHTH (0S) C TeMiiepaTypo:
. 0 TS L g=028 A1 — (@, ¢=037 AT —
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o e
~N ~ 0 1
2 m\\:
1 B_
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] Puc.16. 3aBHCHMOCTH HHTErpalbHbIX
2,0 - HHTSHCHBHOcTeH oT gmpu T= 0,421 2,21 K
W KpUBble, OMNHCHIBalOLIHE  (DOHOHHYIO
o6nacts, a Takxe vZ or T
- -Q)
1,0 o= ; : P
0 05 10_ .15 0 2
YT K 5 3

s pannbix npu 2,21 K. Ha puc.16,6 nmokasaHa 3aBHCHMOCTb vt or T. Us

PHCYHKA BHIHO, YTO AOCTAaTOYHO [UIABHOE HCKPHBJICHHE MPH MOBBILEHHH TEM-
mepaTyphl HHXe A-TOUKH CMeEHseTcs pe3kum ckaukom BOmu3u T,. Kpyxouek

npu T=0 K nocrasnen ucxons u3 reopun [20—22]. MoxHo yTBepXnarb, YTo

3aBUCHMOCTb CTATHYECKOr0 CTPYKiypHOro ¢hakropa OT BOJIHOBOIO BEKTOpa

xuaxoro “He B oHOHHOI 06N1aCTH NPH MOHMXEHHH TEMIEPATYPH CTPEMUTCSH

K MpsAMOii JIMHUH, a B Touke (a30BOro mepexona MpeTepneBacT pe3KOe H3Me-

HEHHE.
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IMMupunw. upuasl MHKOB WIS KOMMOHEHT (n), (0S) (W), MOJSYYEHHbBIE C
MIOMOIIbI0 Pa3IOXEHHUs CIIEKTPOB PacCESHHbIX HEHTPOHOB, MPUBEAEHbI Ha puc.17
npu T=0,42; 1,45; 2,05 u 2,21 K. lllupusa W onpepensiercs Kak MojHas
UIMpHHA Ha 1ojJIoBHHE MakcuMyMa. Co6cTBeHHble 3HAYEHWS ILHUPHH TIHKOB
W,.(¢. OBUTH MOJTy4EHBb! BHIYMTAHHEM M3 9KCHEPUMEHTAIbHBIX WwHpHH W(g, T)

LUIMPHHBI THKA TIPH CaMON HU3KO temneparype T = 0,42 K. I1pu atom 3amerum,
uro W(q, T) nonyyeHsl U3 usMepeHuii npu 6 = const. Lllupuna koMnoHeHTs! (n)
HMeEET B 06/1aCTH MaKCOHAa MHHUMYM, CBSI3aHHbIA C HAWTYYIUIHM IHEPreTHYECKHUM
pa3spemienreM 6narogaps caMoil HU3KO# KOHEYHOil 3Hepruu HeiTpoHoB. Llnpu-
Ha y3KO# KOMMOHEHTH (0S) Pe3KO BO3pacTaeT B nepexogHoi obnactu Y, urto
CBHIETE/ILCTBYET O GbICTPOM 3aTyXaHHM B OTHOCHTENILHO Y3KOM WHTEpBale BOJI-
HOBbIX BEKTOpOB. LlIMpHHA LIMPOKOH KOMIOHEHTHI (W) MMeeT CWJIbHYIO 3aBH-
CHMOCTb OT g B ¢hoHOHHOH obnactu cnekTpa. B mepexonHoii obnacru, kak yxe
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Puc.17. 3aBucuMocTb WIMPHHBI MHKOB OT ¢ npu T = 0,42; 1,45; 2,05; 2,21 K ana xomro-
HeHT: (n) — (0), (W) — (e), (0s) — (A), (O0) — KOMmOHeHTa (W), H3MEpeHHas c

Agq ~ 0,02 A1
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FOBOPHJIOCH, 3Ta KOMIIOHEHTA UMe-
€T, MO-BUOUMOMY, OoJTbIIHE 3HAYE-
HHS IUPUH U BbIIEJISETCS IUI0XO.
ITonpaska Ha mepexon B IIKa-
Jy g=const He BBOAWIACH H3-3a
6onpumx Bemuuun  W(g, T), a
3HaYMT, OOJNBIION HEITHMHEHHOCTH
KHHEMAaTHYECKOIO COOTHOILLEHHS B
npenenax MHPHUHBI MHKA, YTO MOT-
JIO TIPUBOAUTHL K MCKaxeHusM. He
6 YYMTBIBAJIaCh TakXe [MOMpaBKa,
CBS3aHHA! C HEONpeHeNeHHOCTHIO
ool = . s 'Aq. HanomuuM, 4To u3-3a pasiuy-
g } - 8 / HOTO XapakTepa fepecedeHus: KuHe-
§. :

o
Q
o

Win, MxoB
~
o
o

L2 o

7 MaTH4YECKOro COOTHOUIEHHUS U JUC-
MEPCUOHHOM KPHUBOH Ha pa3HBIX
yIJlax paccesiHus HEHTPOHOB MOJY-
yaerca JeopMUpOBaHHas KapTH-
Ha 3aBucuMoctd W(q). Ecnu 6t
© . yAQI0Ch KOPPEKTHO BBECTH TO-
L0 02 04 06 08 "TO ‘:,z 194 16 1,8 20 2,2 2,4 MpaBKy Ha HCKJIIOYEHHE 3TOH ne-

' cdopMmaLuy, T.e. NEpeTH B LIKATY
Puc.18. 3aBHCHMMOCTD [UMPHHDL IHKOB OT TeMnie- ¢ = CONSt, TO B MaKCOH-POTOHHOM
paryps: a) ¢ ~ 1 A~!. Kommonenra (n) — (o), obnacty  CnekTpa,  BEPOSTHO,
(W) — (). Paspemenue BhmTeno. Cromnas MMM Obl 3aBucumoctu W () u
KpHBas paccuMTaHa M1 WMpuH poronos no W, (g), cnaGo 3aBucAMeE OT g NIy
topmyne (2.5). 6) KomroHenra (0s) 4 BO BCTaB-

© 0

L T S T R TR PR Y /0
Tk /m
7

/
4

/
150 p+— i
-

g — — BF

‘....._,-._\._B-

BCEX TeMIepaTtypax. Bce xommno-

ke Kkommowenta (w); ¢ =028 A"' — (@), uents paccesiHus HeiTpPOHOB B
g=037A"1—(0),g=045 A"' — (+). Paspe- "He HMEIOT JOCTaTOYHO CHIBHYIO
LIEHHE HE BBHIYTEHO 3aBMCHUMOCTb LUMPHMHBI OT TEMMepa-

TypHl (cM. puc.18).

Cnexmp Hazpeea Helimponog. WccnenoBanus XHIKOIO “He ¢ nomowpsio
HEYNMPYroro paccesHus HEHTPOHOB B HAacCTOsIee BPEMS CTAIO BO3MOXHBIM HeE
TOJIBKO TIPH OXJIAXJICHHH HEHTPOHOB B XHMAKOCTH, HO M NpH UX Harpese. [Ipu
Harpese HEMTPOH nosyyaer WHGopManuio 06 UMEIIIUXCA B XHUIKOCTH BO30YX-
JOEHHsX, B TO BpeMsl KaK IPU OXJaXJIEHHM HEHTPOH CaM CO3[aeT TakKHue Eo30yx-
neHus. 3pech 06CYXHaloTCs pe3yabTaThl, OTHOCSLIMECS TOJNBKO K HH3KOSHEpre-
THYECKON YyacTH (POHOHHOH KPHBOH. DTO CBA3aHO C TEM, YTO MHTEHCHUBHOCTh
paccesHHBIX HEMTPOHOB NPONOPLHOHATbHA 3aCEJIEHHOCTH YPOBHEH, a U3-3a HU3-
KOH TEeMIIEpaTyphl XHAKOCTH TaKHe M3MEPEHHS BO3MOXHO BECTH TOJILKO IIpH
CaMbIX MalbiX SHEPrUsAX BO30yXIeHHH. M3MepeHHs crekTpoB Heympyroro pacces-
HUSl MIPH HarpeBe U IPH OXJIAXIEHHH HEHTPOHOB MO3BOJISIOT MCNIONB30BaTh COOT-
HOLIEHHE AETAIbHOrO pPaBHOBECHS MJIs HMCC/IENOBaHMA 3THX npoueccos. [lpu
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Puc.19. DkcnepumeHTaIbHEI criekTp

1000
HEYNpyroro paccesHduss HEHTPOHOB [ @ %
xugkuM  “He mpu T=205 K; 800 ) °Q
0=7,6°u Ej=1,83 MmsB — (0), u o . : o
doH 6e3 “He — (). Crpenkoit mo- 600 . 0 0° o
Ka3aH LEHTP yNpyroro nuka. N — S, L o %
HOMEp KaHa/la BpEMEHHOTO CIIeKTpa 00t o 2 9 & 2
[ S % 9
W o .
2 Lo A %,.'....-_..v-.,_...“..
310 430 450 470 4;0
N

Puc.20. 3aBHCHMOCTD pacyeTHbIX 3Ha-
yeHud T OT €, MOMYYEHHBIX M3 BKC-
NMEPUMEHTANBHBIX  NaHHBIX  S(g, €).
Temneparypa o6pasua T = 2,05 K

100 150 200 250 300 350
£, MK3B

9TOM, KOHEYHO, HyXXHO MOMHHTB, YTO M3-3a H3MEPEHHI NpH O = const KHHEMATH-

YECKHE COOTHOWMIEHHS i1 OXJIAXHOEHUS U Harpesa HeﬁTpOHOB, B INPHUHLIMIIC, HE
COBITaaIoOT.

DKCIIEPUMEHTEI 110 HEYNPYIOMY PACCESHHIO HEHTPOHOB NpU MX Harpese M
OXJIXICHWH MPOBOAWINCE NPH HH3KMX 9SHEPIHAX MANAOIMX HEHTPOHOB
E,=1,83 u 2,08 mM3B. IIpene6pexuMo Manasi HHTEHCHBHOCTD MHOT0()OHOHHOrO
¥ MHOTOKpaTHOrO NMPOLECCOB, a TaKXe HHU3KMH ypOBeHb (POHA yCTAHOBKH IO-
3BOJIMJIM BECTH H3MEPEHHs IPH BONHOBEIX BekTopax ¢ > 0,08 Al ¢ Heonpene-
JIEHHOCTBIO Ag ~ 0,02 Al Ha PHC.19 npencTaBnen 9KCNEpUMEHTAIBHBIH CIEKTp
HEYNPYIoro paccesHus HEHTPOHOB Xxuakum “He IIpY yriie paccesHus = 9 = 7,6°

 Temneparype obpasua T=2,05 K, a Takxe ¢ou Ge3 “He. IlpaBbrii UK oTHO-
CHTCH K OXJIQKNEHHIO HEHTPOHOB, a JIeBbii — K HarpeBy. LleHTpanbHblil muk
0b6s13aH ¢ony. .

Hunamuyeckuil CTPyKTYpHBIA chakTOp npH Harpese HEHTPOHOB S(g, — €)
OTHOCHTCA K S(q, €) IPH UX OXJIaXIEHHH KaK (haKTOp 3aceNeHHOCTH
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8(q, —€) = (g €) exp (=€ / kgT). (2.8)

3nanue S(g, —€) U S(g, €) MO3BOJSET BHIYMUCIMTD M3 COOTHOWIEHHs (2.8) 3Ha-
yeHHE TEMIIEPATYpbl U CPaBHHUTD €€ C H3MEPSeMOi TEPMONApOil B 9KCNIEPUMEHTE.
Kak Buano u3 puc.20, pacuerHas Temrneparypa COBNana ¢ M3MEPEHHOH TemIepa-
typoit T=2,05 K. YBenuueHue owru6oK npu Maibix H GONbLIKMX € CBS3aHO C
OTHOCHMTEJILHO MEHbLIEH CTaTUCTUKON Ha KpPbUIbSX INHKA.

2.3. O6cyxaenne pe3ynbraroB. [101BOOA HTOIM aHaNM3a 3KCHNEPHMEHTAIb-
HbIX JAHHBIX, MOXHO 00paTuTh BHUMaHHE Ha TO, YTO, MO-BUAMMOMY, B XHIKOM
“He umelotcs 1se XapakTepHbie 06/1aCTH 3HAYMTENBHOMH NEPECTPOHKH SHEPreTH-
YECKMX CMEKTPOB BO3GYXAEHHI M TPH PalIHYHLIX THMA BO3Oyxmenuii: (n), (0s)
¥ (W), KOTOpbl€ MpOSBJIAIOTCS MO-Pa3HOMY B 3aBUCHMOCTH OT TEMIEPaTyphl H
BOJIHOBOrO BEKTOpa. Bo-mepBbiX, CWIbHBIE KAaYECTBEHHBIE H KOJIHYECTBEHHbBIE
M3MEHEHHMsI B XapaKTepe pacCesHWs HEHTPOHOB B IeJIMM MPOUCXOAAT B OUYEHb
Y3KOM HHTEpBaJie TeMIeparyp Wi (pakTHYECKH B TOUKE CBEPXTEKYYEro rnepexo-
na T,. Bo-BTopbix, sBHble H3MEHEHHA B XapaKTepe B030yXaeHuil Kak B CBEpX-
TEKy4eM, TaK H B HOPMalbHOM *He NPOMCXOAAT B Y3KOH 06/1acTH BOJIHOBBIX
sektopos (0,5 + 0,65) ATl NpH nepexofe oT HPOHOHOB K MaKCOHaM.

PainioXeHHe OCTPOTO MHKa pacCessHUs HENTPOHOB Ha HECKOJIBKO KOMIMOHEHT
C COBEpLIEHHO padinuHbiMK 3aBucuMocTaMu &(T), Z(T) u W(T), npeanoxeHHoe B
pabGorax [42—44], asnseTcs HOBbIM pe3ynbTaToM. Takoe MaTeMaTHYecKoe pas-
JI0OXeHHe NoTpe6oBaioch MOTOMY, YTO MOMOXEHHS STHX KOMIIOHEHT B KOOPAHHA-
Tax € — g OKa3aIMCh GJIM3KMMH JPYT K Apyry. B To Xe BpeMs Takoe paxioXeHHe
CT10 BO3MOXHBIM, TaK KaK HHTEHCMBHOCTH W LIMPHHBI 3THX KOMIOHEHT UMEIOT
pa3Hble 3aBUCHMOCTH OT TEMIMEpPaTyphl U Yallle BCEro 3HAYHTENIbHO OTIMYAIOTCH

no sBenuuuHe. BeposTtHo, 6e3
1 T T T ]  HCMOJb3OBaHHA NMPOLEXYPHl pasio-
ot XEHHs TMpAMO B 3IKCMEPHMEHTE
IBYXKOMIIOHEHTHYI0O  CTPYKTYPY
CMEeKTpa pacCcesiHHbIX HEHTPOHOB B

as8l- —

vel { | xumkom “He MoxHO 6bu10 6bi Ha-
o Gnogath NpH M3MEpPEHHH MaKCOH-
{ POTOHHOrO MHKa Ha CHHH-3XO
. cnekrpomerpe [50].

B { } . TIpsMoe cCOMoOCTaBleHHE Ha-
02| } o } 4 wHMX 3KCIEepHUMEHTAIBHBIX Pe3yJib-
I T TaTOB C JAaHHBIMH APYTHX aBTOPOB

°90m..-§ J, BBI3HIBACT ONDE/IE/ICHHbIE 3aTpyl-
o (&Y " HeHus. B mpenpigymmx paborax

OCTpble MHMKH paccesHHs HEeHTpo-

Z(Q)
1
1

0,4}

Puc.21. Bkian HHTEHCHBHOCTH OIHO(OHOHHBIX 4
Bo36yxnenmii B S(g) npu T = 1,1 K [7] HOB B "He, KaK NpaBuiO, OMHUCHI-
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BIHCh KaK OMHOKOMIIOHEHTHBIE CTPYKTYpHI. [10/N€3HO CpaBHUTH HALIK pe3y/bTa-
TH 11 Z(g) ¢ DaHHBIMM, nonydeHnsiMu Kaynu u Byacom [7]. 3aBucumocts
Z(q) npu T=1,1 K u3 pa6otsl [7] npusenena Ha puc.21. Ecnu cyMMHpoBaTh
HHTEHCHBHOCTH BCEX KOMIIOHEHT M3 HallMX HaHHBIX MpH TeMIeparype
T=1,45 K, To noiyyuM o4eHb MOXOXYIO g-3aBHcMMOCTh. Haubonee npeunsnon-
Hbl€ M3MEPEHHS JAPYTHX aBTOPOB B MOC/EAHHE TONbI BHIMOMHSIUCH TONBKO IS
HEKOTOpPBIX BHIODAHHBIX 3HaY€HHiI BOJIHOBOTrO BekTopa. Tak, MpM JaBIeHHHM Ha-

ChIIIEHHBIX napoB 310 ¢ =0,4 Al (doHoHB) M ¢=1,92 Al (poronsr) [40].

Hamu nannbie mo mapamerpam €(q), Hanpumep, aia q = 0,37 Al (cM. puc.7),
HaxomaTcs B XxopouweM cornacuu ¢ pabotoit [40]. B akcnepumenTax Meseu u
Crupnunra [51] 6su1H nonyyens: Haubonee TOUHbIE PE3yIbTaTHl JUIS COOCTBEH-
HBIX WIMPUH IHKOB, KOTOpbi€ NPEKPAaCHO COBMNAIH C TEOPETHYECKOH KPHUBOIi,
paccuutaHHoi no ¢opmyne (2.5) Jlanpay, XanarHukosa [24] npu oqHOKOMIO-
HEHTHOM OMHCaHWH nHKa. Hamm pesynbraThl COBMAgalT C pacyeTHHIMHM s
wkpHH (n)-koMnoHenTsl npu T< 1,7 K 1 61u3Kku ¢ uMpuHaMu (W)-KOMIOHEHTHI
npu T22 K (cm. puc.18,a).

' H3menenus npu nepexode A\-mouxu. Tpu T < T, x cnoxHoi cTpyKkType

aucnepcHoHHbIX KpHBbIX B He I no6aBnsercs HoBas koMnoHeHTa (n), KOTOpas He
Habmionaercs Bbille TOYKH (ha3oBoro nepexopa. MHTEHCHMBHOCTH 3TOH BETBH

npu ¢>065 A™! ¢ nonnxenuem TeMNepaTypbl Pe3KO yBEJIHYMBAETCS M CTaHO-
BUTCA OMpeaessiolieii npy HU3IKMX Temneparypax. OQHaKo 3aMeTHM, YTO Jaxe
npH caMbiX HH3KHX TeMneparypax T =0,42 K HHTEHCHMBHOCTb (W)-KOMIIOHEHTBI
He 3aHynsercs u M = 0,88 (cM. puc.12,13). B ¢oHOHHOM Xe 061aCTH HHTEHCHB-
HOCTb (W)-KOMIIOHEHTBI MPH HH3KHX TeMIepaTrypax B Nnpenejax omM60K He Ha-
6nonaercs.

Ilepexoonas o6racms Y. HaGnionaembie HamMu B nepexonHoii Y-o6mactu

BosIHOBBIX BekTOpOB (0,4 + 0,65) A~ xomnonenTs paccesiHHst HEHTPOHOB UMEIOT
ocobennoctu. KomnoneHTa (0s) 3aech 6sicTpo 3atyxaer. LLIupokas KoMnoHeHTa
(W) uMeeT 0COGEHHOCTH B 3aBHCHMOCTAX €., W, (q) u Z,(q) (cM. puc.10, 12,

17, 21). Y3kasa xomnoHeHTa (n) Kak Gbl C/IHBAETCS WIH MEPEXOAUT B KOMIOHEHTY
(0s). B 3r0ii xe 061acTH g HCYe3aeT aHOMaTHA KPHBOi JUCIIEPCHH, T.€. KpHBast
RHCTIEPCHH MeEepecekaeT JIKHUI0 CKOPOCTH HepBoro 3syka [52].

Ml yxe kacanuce paGotsl Hopmanckoro u Iluraesckoro [23], B koTopoii
PacCMOTPEHO NOBEJEHHE NMapaMeTPOB AUCNIEPCHOHHOM KPUBOM MPH MOJIOXHTENb-
HO# aHOMAIBHOH AMCNEpPCHH. DTOT BOMPOC B CBOE BPeMs aKTHBHO OGCYXmascs
Takxe B pabote [53]. B paGorax [54,55] 6bu10 0GHapyXeHO, YTO NPELH3HOHHBIE
usmepeHus €(q) B PoHOHHOH 06NAcCTH CBHIETENBLCTBYIOT, YTO 3TAa 3aBHCHMOCTD
Ha HEKOTOPOM Y4YacTKe JIEXMT Bhillle MPAMOH €=chq. DTH U3MepEHHS OTHO-
cuuch K TeMnepatypam 1,1 +2,3 K. Takoe siBnenue, xoraa ¢asosas CKOPOCTb
BO30YX/EHHI TPEBLIIAET BEJIHYHHY CKOPOCTH NMEPBOTO 3BYKA, MONYYMIIO HA3Ba-
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HHe aHOMaJIbHOM aucnepcud. CorlacHO JaHHBIM Haleil paboThl, MOKa3aHHBIM Ha
puc.22 Ans pasHBIX TEMIIEPaTyp M Y3KOH KOMIIOHEHTH! (0S + n), BHAHO, 4TO
aHoMasibHasi pucniepcus HaGmiomaercs npu T<1,45 K npu Bcex H3MEepeHHBIX

BosiHOBBIX BekTopax 0,08 < ¢ < 0,65 AL Mpu T=2,05u 2,21 Ku ¢g<0,3 Al
JUCTIEPCUOHHAs KpHBasl NpHOJIHXKaeTcs K MpsMOii CKOpPOCTH MEPBOIoO 3ByKa, T.€.
BH[IHA, BEPOSATHO, 0671aCTh Mepexoa OT HY/IEBOTrO 3ByKa K IepBOMY. 31eCh BaXHO
TaKXe OTMETHTb, YTO NUCIEPCHOHHas KpHBas IepeceKaeT NpPsAMYI0 CKOPOCTH

nepeoro 3Byka B obnactu q ~ 0,6 + 0,7 Al c YMEHbIIEHHEM TeMIlepaTyphbl TOY-
Ka NepeceyeHust TBUXETCS BHU3 MO ¢. BooOlue rosops, HacToside pe3ysibTaThl
BIIOJIHE COIVIACYIOTCS C HAHHBIMH HauboJiee TOYHBIX TNpeNbIIYLIHX H3MepeHHil
[55], ecnmu paccmarpuBaTh OZHOKOMIIOHEHTHYIO CTPYKTYpPY OCTpOro muka. Yro
KacaeTcs KOMIIOHEHTHI (W), TO KapTHHA aHOMATbHON JUCIIEpCUM 11 Hee Haubo-
nee Gorara. Kpusas gucnepcuu mist (W) JIEXUT Bbillle KPUBBIX 1is (0s) U (n) M,
KpoMe Toro, Habmiogaercs pe3koe M3MeHeHue ee HakioHa B obnactu Y.
INMonyuyennsie B pabote [23] opMynbl HOCAT YHUBEPCATIbHBIH XapakTep; OHH
MoryT OBITH HCITOJIB30BaHBl KaK B CJy4ae XHIKOIO 4He, TaK ¥ I JPyrux Xui-
kocteil. Ucnone3zyeM ux it KoMnoHeHT (n), (0s) U (W) nmo oTaeabHOCTH. Jnst
npumepa paccMoTpuM (w)-koMmnoHenTy npu T =2,05 K. U3 xpusoit qucnepcuu

HaXOIUM q:v = (0,80 £ 0,02) A7l. Bhumcnum 3navenue Y, = (€ - chig)/ q3 =

=226 M3B‘A3, rie ¢ — CKOpPOCTb NEpBOro
3ByKa. COOTBETCTBEHHO, 1d (0S + N)-KOM-

240 dM&)
[o} - e
Lp-m -0 22X poheHTH: ¢ =0,68A7! u v =
, 20 ~o os+n os+n
~
2 ——T 7 9 =0,50 maB-A3. 3asucumoctu pacYeTHBIX
g 20] “p 3HaueHud n(q) n W, no ¢opmynam
5 & S T=2,05K P
__________ B o — K
a ~ 2.4) nokasansl Wi (W)- U (0S + n)-KOM-
£ >
. ~
g T ~, TOHEHT Ha puc.23. U3 pucynka BuaHo, 4To
] MHUHMMaJIbHOE YHCJI0 (POHOHOB N, HA KOTO-
8 0] “Brd-2ooigeg T=145K q’ :
F e e e T poe pacmagaloTcs  BO3OYyXIEHHS  NpH
] . . :
200 ] 4 “~o. ¢<0,5A7! mano ommuaercs or emunu-
~
0. T T T T P qpl, HO 3aT€M PE€3KO YBEIMYMBAETCA M NPH
*
20 j__f_?‘_(f‘_‘?_‘_j.:go_\__\____zﬂizl(_ NpUOTNKEHHH K ¢ YXOOMT Ha OecKoHeuy-
w] ~ “Soo_ HOCTh. BepossTHOCTH pacmaga Bo30yxnie-
E \\P HUH Ha (DOHOHBI Wip(g) HMEIOT BHA NHKOB
T T T N
0077 02 04 4408 08 19 o vakcumymoMm mpu ¢=05Al. Ha

~ puc.17 npu ¢=0,5 Al wis (W)-KoMmro-
Puc.22. Cxopocty 3ByKa NmpH YeTHIpEX HEHTbl BHAEH NHK, KOTOPHId MOXeET ObiTh
TeMnepatypax ~ [UIs  KOMIIOHEHTBl IIPHHSAT KaK NMK pacnana Bo3GyXaeHHi Ha
(os + n). Topusontansubie auHuM 1o-  poHOHBL. s (0S + N)-KOMIIOHEHTH TaKOM
Ka3biBAIOT BENMYMHbI CKODOCTH IIEPBOTO.  [IUK B DKCHEpHMEHTe He Habniomaercs, u
3ByKa [52] 9TO OOBACHIETCS TEM, YTO €ro BEIMYHHA B
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Puc.23. 3aBHCHMOCTH pacyeTHBIX Wip 4 n OT BonHOBOTrO

BEKTOpa: a) (W)-KOMIOHEHTa U 6) (0S + n)-KOMIIOHEHTa.
PUCYHKM  B3aHMHO HOpPMHMpOBaHBL.  BepTHKATLHBIMU
JIMHUAMH OTMEYeHbl 3Ha4YeHus g*

MakcuMmyme npuMepHo B 30 pa3s MeHblle, yeM Wi (W)-KOMIOHEHTH (CM.
puc.23,6), U, BEPOSTHO, U1 €ro HaGMoNeHUs NOTPe6YIOTCS APyrHe YCIOBHS IKC-
nepumenta. Kpome Toro, Hao oTMETHTh, YTO WIMPHHA MHKa Ik (OS + N)-KOM-
TIOHEHTH! 3HAYUTEIbHO MEHBINE IIMPHHBI JUIA (W)-KOMIOHeHTh. [IOHATHO, uTO
BEPOATHOCTh pacnaja Ha OHOHBI HAKJIABIBAETCS HA BEPOSTHOCTh APYIOTO MpO-
Liecca, CBSI3aHHOTO C B3aMMOJEHCTBHEM BO3OYXIEHHH APYr C APYroM, U Ha puc.17
HabniofaeTcss CyMMapHasi KapTHHa.

Cmpykmypa cnexmpa 6036yxoenuii Kuoxkozo “He. Ecnm MpOaHaIH-
3UpOBaTh pe3ynbTaThl Hawux pabor [42—45], pabor Bynca — Csenccona [11]
n I'pucpuna — Tnadina [31—35], To MOXHO NPEANOTOKHUTE, YTO CIEKTpP HEHT-

4
POHOB, PaCCEAHHBIX XHIKHM He, COCTOHT U3 OCTpOro u IIHPOKOIO IMHKOB, KO-
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24 n TOpBIE, B CBOIO OYepeb, COCTOAT U3
S | (n), (0s), (W) u (r), (mf) xommno-
HeHT. Ha puc.24 cxemaruyHo

1] w r MOKa3aHbl BCE Ha3BaHHbIE MHMKH
mf B030yxneHuii. B HopManbHO# ¢hase

xuakoro *He B obnactu OCTpOro

0 | 1 | MHKa BWIHBI JBe BETBH B0O36yXne-
0 1 2 € Huit. OaHa u3 Hux (w) HaGsiogaer-

ca BO Bceil M3yyeHHO#H o6nactH
Puc.24. CxeMmaTHyHbIi CNeKTp paccesHHbIx BOJTHOBBIX BEKTOPOB g H XapakKTe-
XunkuM “He HeHTPOHOB M €r0 KOMIOHEHTEI pusyerca  Gonplioi  IIHPHUHOM
nukoB. Bropas BerBp (0S) xopouo
BHIHA MPH MalbIX 3HAYEHHAX ¢ H

GbicTpo 3aTyxaet npu g ~ 0,5+0,6 Al 06e yKa3aHHble BETBH XapaKTepHbl H

1 CBEPXTEKYYEro “He. Mx 3akonm IOMCTIEPCHH, NOBENEHHE WHTEHCHBHOCTEH M
IIMPHH KaK (YHKUMA ¢ HaXOmATCA B €QMHOM pyclie COOTBETCTBYIOLIMX
3aBUCHMOCTE# Ui HopMmanbHOW (haspl. Ha c¢oHe ykasaHHbIX Bbilue OBYX KOMMO-
HEHT paccesHHs HEHTPOHOB B cBepxTeKyueit aze nossnsercs AONONHHTENbHAA

BETBb, COOTBETCTBYIOLAA y3KOil KxoMnoHeHTe (n). B obenx ¢asax xuakoro ‘He
HabmionaloTcs Takxe KoMnoHeHts (r) u (mf), koropbie B 06CyXnaBIIMXCA 3KC-
NEPHMEHTAX CHJIBHO TOAABIIEHBI.

Kaxkoii xe pusHdeckHii CMBICT HMEIOT BCe OMHCaHHble BETBH BO30yxXneHHi?
3iech MOXHO BBICKa3aTh CJEAYIOLIHE COOOpaXeHHS.

Y3kas xomnonenma (n), HabnionaeMas TOJNBKO B CBEpXTeKydel (pase 4l-le,
OIHO3HAYHO MOXeT OBITh OTHECEHa K KAHOHM3HPOBAHHOH KPHBOI HMCNEPCHH
Jlanpay mis anemeHTapHbix Bo30yxaeHuil. MHTEHCHBHOCTb 3TOH KOMIOHEHTHI,
KaK BHOHO W3 puc.12,13, CHIBHO 3aBMCHT OT TEMMNEPATYphl M MPH HH3KHX TEM-
nepatrypax ssinserca (paKTHYECKH Onpepessiolledl BO BCeil KapTHHE pacCesHHs
HEHTPOHOB B IeJIHH. Y3Kas KOMIIOHEHTa (n) XOpowio BHEHA B MAKCOH-POTOHHOH

obnacTH crniektpa BIWIOTh 10 ¢ ~ 0,4 A"l, rae oHa cONMXaeTcs C KOMIIOHEHTOIH
(os) u npu Gonee HU3KUX g HabnmogaeTcss BMECTE C KOMIIOHEHTOM (0S).
Y3kaa xomnonenma (0s), xapakTepHas s o6nacTH Malnbix ¢ Kak B HOp-

MaIbHOH, TaK H B CBEpXTeKydel (ha3zax XHIKOIo *He, cKopee BCero, sRIsercs
BETBBIO KOJUIEKTHBHBIX BO30YX[I€HHii THNa HYJeBOro 3Byka. DTOT BOMPOC MOJ-
po6HO obGcyxpaics B psge pabor, Hanpumep [32]. Ilono6Has BeTBb XapakTepHa
Wis Bcex 6e3 MCKIIIOYEHMs XHMIAKOCTEH, BKJIIOYas 3He [56] U XuaKue MeTaUIbl.
Pesynbratel HamKMx paboT MOKa3biBalOT, YTO 3Ta KOJUIEKTHBHAs BETBb BO30YX-
neHui (0S) MpH NOCTHXEHHH OMNpENEe/ICHHOH BEIMYHHBI BOJIHOBOIO BEKTOpa
q ~0,4 + 0,65 A™! samerno ymupsercs u 3aryxaeT. OTMETHM, YTO TaKoe 3aTy-
XaHHE HY/IEBOTO 3BYKa XapaKTEpHO IJIsi BCEX BaH-J€p-BaalibCOBBIX XHIKOCTEH, B
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KOTOPHIX OH He HaGJIiofaeTcst IpU BOMHOBHIX BekTopax Bhie 0,8—1,0 A™!, kak
XOPOILO OMNpenesieHHas MOAa.

Ilupoxas xomnonenma (w) xapakTepHa ans obeux a3 XMIKOro “He. B
HacToslee BpEeMs MMEIOTCS Pa3fiHuHbIe TPAKTOBKH (PH3HYECKOro CMbIC/IA IMpO-
KOH KoMmoHeHTbl. [Ipexne Bcero mpuseneM ' HHTepnperauuio B.B.Ilpuesxesa,
OCHOBaHHYIO HA4 CPaBHEHHM NHUCHEPCHOHHBIX KPHUBBIX BO3OYX/IEHHIi B KBAHTOBBIX
H KIaCCHYECKHX XHAKOCTAX. DKCIEPHMEHTBI 10 PAacCessHUI0 HEHTPOHOB B Me-
Ta/1ax, XHAKOM BOIOPOJE U APYTHX XHMAKOCTAX B HEKOTOPOM MHTEpBale obpar-
HbIX MMIYIECOB NAIOT AUCMEPCHOHHBIE KPHBHIE, MOAOGHBIE KpuBOii Jlannay B

XKHOKOM 4He, HO C ropa3fo Gonbieiil wupuHOi. Hanuuue Takux BeTBeil MOXeT
ObITh CBA3aHO C KBA3MKPHCTA/LIMYECKOH MPHPONOH XHAKOCTEH OTHOCHTENbHO
KOPOTKOBOJIHOBbIX BO30YXMIEHHMii C IIHHaMM BOJIH MOPSAKA OT MEXAaTOMHOIO

PacCTOSHHS 0 HECKONbKMX KOOpAMHauonHbix cep. XKumxuit “He, spnssch
NPEUMYILIECTBEHHO KBAHTOBOH XXIMAKOCTBIO, COXPAHAET HEKOTOPbiE CBOHCTBA
K1aCCHYECKOH XHMIAKOCTH. B npocreiimieM noaxoge, OCHOBAHHOM Ha BapHa-
LUMOHHOM MpHHUHIE, HOHOH-POTOHHAA JHCIIEPCHOHHAs KpHBas £(g) CBS3aHa CO
CTPYKTYpHbIM (hakTOpOM S(q) COOTHOLIEHHEM

e(g) = "q*/2MS(q).

H3sectHoe paccyxneHHe (DeiiHMaHa OTHOCHTENIBHO TOXIECTBEHHOCTH YacCTHLL
NOKa3bIBaeT, 4T0 NpH Matbix ¢ H T=0 doHoHHbIE BO3GYXAEHHS C BOJHOBOI

dbyHkuueit
b4 =[ z exp (iqrs)] () 2.9)

ABNIAIOTCA €AHHCTBEHHO BO3MOXHBLIMH BO30YXIEHHAMH XuAKOCTH. [IpH KoHeu-
HbIX TEMIMEpaTYpax H BO3PACTaHHH ¢ [0 BEJIMYHHBI MOPAAKA 0GPATHOIO paccTos-
HHA MEXIY 4YacTHLAMH KapTHHa MeHserca. Manbie xonebatenpHble NBHXEHUA
arOMOB B rapMOHHYECKOH BOJIHE H TH(PPY3HOHHOE ABHXEHHE OTACIBHBIX aTOMOB
CTaHOBSATCH OAHOrO nopsaxa. BonHosas ¢ynkumus Buaa (2.9) no-npexsemy ynos-
JIETBOpACT BapHALHOHHOMY NPHHLHMY, HO TeNeph ee eAHHCTBEHHOCTb HE MOXeET
GHITH BbIBELEHA 3 TeX Xe COOGpaxeHHil, 4TO M MpH Mankix g. [109TOMy MOXHO
AOMYCTHTh CYIUECTBOBAaHHE BOJHOBBLIX (YHKUMiI APYroro THma, OTBEYAIOMIMX
«HOPMAIbHOMY» COCTOSHHIO XHMAKOCTH. DTH BOJHOBbIE (PYHKLMH JOXHbBI OTpa-
XaTb KBa3HKPHCTAUIHYECKHA XapakTep ABHXEHHS aTOMOB rejius M OBITH JIOKa-
JIH30BaHHBIMH OKOJIO MEUIEHHO MH(PYHAHPYOIMX LEHTPOB, JBHXEHHE KOTO-
PBIX OMHKCHBAETCS KJIACCHYECKHMH nepeMeHHbIMH. KorutekTuBHble BO36yXneHus
9TOH «HOPMAIbHOM» KOMIIOHEHTH COOTBETCTBYIOT KBa3HKPHCTAUTHYECKHM
¢oHOHaM B KJIACCHYECKHX XHIKOCTSX. Bonbluas mmpuHa STHX BO30GYXIeHHii
CBA3aHa C MANOCTBIO YMC/Ia KBa3MKPHCTALIHYECKHX KOOPAMHALMOHHBIX cep
WIH MAIOCTBIO [UIHHBI KOTE€PEHTHOCTH.
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3/1eCh YMECTHO OTMETHMTb, YTO OTHOCHTEJbHBIH BKJIaJ MHTEHCHBHOCTEH Y3-
KOro (n) ¥ IHPOKOro (W) MUKOB MOXET SBJSATHCS elle ONHHUM 9KCIIEPHMEHTAb-
HO M3MEpSEMbIM MapaMeTPOM JAIbHETO MOPSMKa, TEMMepaTypHas 3aBHCHMOCTDb
KOTOpOIo KayeCTBEeHHO Moxo6HA TPaIMIMOHHBIM MapameTpaM MNOpsAKa: MoT-
HocTH 603€e-KOHEHCaTa ¥ IJIOTHOCTH CBEPXTEKy4YeH KOMIIOHEHTBI.

HHas TpakTOBKa JBYXBETBEBOH CTPYKTYPbl XHMAKOIO ‘He naercs B pabore
B.C.Spynuna [57]. Tak xe, Kak KOMIIOHEHTa (n) CBS3aHa C HATHYHEM 603e-KOH-
JeHcara, Tak M KOMIIOHEHTa (W) CBA3bIBAETCS C HAIHYHEM aTOMOB C mmym;com
p =0, KOTOpble UMEIOTCS B CBEPXTEKyueil M HOpMalbHOH (hazax XKHIAKOro “He.
Paanuune MeXIy HHMH 3aKiII04aeTCs B TOM, 4TO B IIEPBOM Cilydae aToMbl Go3e-
KOHEHCATa HaXOOATCS B IOJOXEHHH pPaBHOBECUS B MUHHMYyMeE NOTEHUHAIbHOH
KPMBOIi, a BO BTOPOM — aTOMBI C UMNYJIbCOM p = 0 BO36YXIAI0TCs U3 COCTOSHUA
BHE MHHUMYMa.

ITonbiTka OOBACHUTH TIPUPORY KOMIIOHEHTH (W) C TMOMOIIBIO paccesHus
HEWTPOHOB Ha TEPMHUYECKH BO30YXIEHHBIX KBa3MYaCTHLAX HATAIKHBAeTCs Ha
prnnbcn. Tpu TakoM noaxoe NMpH YMEHbUIEHHH TEMIIEPATYpbl HHTCHCUBHOCTh
KOMIIOHEHTHI (W) JOJIXKHA CTPEMHTBCS K HYJIO H3-3a YMEHbIUEHHs YMCIIa KBa3H-
yacTHIl B XHAKOCTH. B Hamem ciydyae (cM. puc.12,13) koMnonenTa (w) Habmo-
JaeTcs Jaxe MPH CaMbIX HU3KHX TEMIlEpaTypax.

Hlupokas xomnonenma (r), MAKCUMYM KOTOPOH HaxOHMTCS NPH SHEPrusx
BBIIIE CNEKTPa ONHOYACTHYHBIX BO3OyXnmeHud €>1,2 maB, Habmomaercs B

obeux pazax XHAKOIO “He. Ona UMeeT CUIBHYIO 3aBHCHMOCTb OT TEMIIEPATYPBI,
¢ ymenblienueM T WHTEHCUBHOCTh KOMIIOHEHTHI (T) MO OMPEHENCHHIO MafaeT 10
HyJIs. DTy MOLY paccesiHust CBA3BIBAIOT C pacCcessHHEM HEHTPOHOB Ha TEPMHYECKH
BO30yX/IeHHBIX KBa3uyacTuuax. [Ins Xuakux (epMu-cHCTEM TeOpHs TaKHX BO3-
6yxnenuit xopowo paspaborana [37] u ucrosnb30BaHa Ui HHTEPIPETALMH JaH-

HbIX [56] Mo paccessHUI0O HEUTPOHOB B JKHIKOM 3He. HekoTopoe 06061menue mis
603e-cucreMnl caenaHo B paborax [38,39]. ®Pu3nyeckuil CMBICT TaKMX NpoLEC-
COB 3aKJII0YaeTCs B NEpefade SHEPrMH PacCeHBAIOIMXCS HEHTPOHOB yXe HMe-
IOIIMMCS B CHCTEME TEpMHMYeCKH BO3OYXIEeHHbIM KBasnmyactuuaM (¢ononawm,
MaKCOHaM, POTOHaM). DHEPreTHYECKHH CIEKTP TaKMX BO3OYXNEHHH NPHUHLM-
MHAJIBHO OTJIMYAETCH TEM, YTO BMECTO JTMHHH KPHBOH AMCIIEPCHU B KOOPOMHATAX
£ — ¢ UIMeeT MECTO IIHPOKas MOJIOCA MIIH KOHTHHYYM, A€ KaXI0My 3HAa4eHHIO g
COOTBETCTBYET ONpejesieHHblii uHTepBan € Takum 06pa3oM, NHMKH paccesHus
HEHTPOHOB, CBA3aHHbIE C 9TMMH BO30YXICHHSMH, JOIXHB MMETh GONBLIYIO LIK-
pHHy. YKa3aHHBI MEXaHH3M paccessHHs HEHTPOHOB BCETNa CBsi3aH C (IyKTyaiu-

sIMH TUIOTHOCTH Cpebl H IOMXeH Habmonarbcs B obenx (hasax “He. Unrencus-
HOCTb BO30yXI€HHIi TAKOrO POfia JOJIXHA GBICTPO yMEHBILATHCA NMPH NMOHHXEHHH
TEMIIEPATYPhl, MOCKOJbKY 3HAYMTENBHO YMEHBIIAETCH YMCIO TEPMHUYECKH BO3-
GyXIeHHBIX KBa3MYacTHLl B XHAKOCTH. Boobuie rosops, 3TOT mpouecc Moxer
GBITh OTHECEH K MHOTO(OHOHHOMY pacCessHHI0 HEHTPOHOB WM, MO KpaiHe#
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Mepe, K IByX(OHOHHOMY, T.K. HEHTDOH pPAaCCEMBAETCH Ha HMEIOLIEMCS B
KHAKOCTH BO3OYXICHHH M NPU PacCessHMH POXAAeT XOTA Obl OMHO HOBOE BO3-
6yxnenune. Crnenyer, OOHAKO, YTOYHHMTh, YTO B MAKCOHHOH O6JaCTH BOJIHOBBIX
BEKTOPOB MaKCHMYM 3TOr0 LIMPOKOIO MHKAa HaXOMMTCS NMPH SHEPrusx Mopsaka
2—3 m3B, U 3T0 MOXHO OGBACHHTH TEM, HTO MPU PACCESHHH HA TEPMHUYECKH
BO30YXIEHHBIX KBa3MYaCTHLIAX, KPOME PACCMOTPEHHOTO BhILIE MPOLIECCA, MOXET
NPOMCXOIHUTH HCITYCKaHHE OXHOBPEMEHHO ABYX, TPeX U OONBINEro yuciia Bo30yx-
JICHHH.

Llupoxas komnonenma (mf), cnabo 3aBucsIIad OT TEMNEPATYphl, TAKXe Ha-

Gmomaercs B ofenx (hazax XHAKOTO “He. Ilpn yMeHbIIEHHH TeMIeEpaTyphl

XKHIKOro 4He, KOraa HHTEHCHBHOCTh KOMIIOHEHTHI () majmaeT, KapTHHa 3TOM
KOMIIOHEHTHI paccesHus cTaHoBUTCA Gonee penbepHoit. Ha crnektpe (mf) mpo-
SBMSIOTCS [IMKH, KOTOpBIE, COrTacHo pa6ore [34], cBs3aHbI C MCIyCKAHHEM JBYX,
Tpex u Goyiee KBa3HYACTHL NIPH paccesHuM HeiTponos. Komnonenra (mf) otHo-
CHUTCH K MHOTO()OHOHHOMY PacCesHUI0 HEHTPOHOB.

3. IIOUCK H HCCIEIOBAHHE BO3E-KOHI[EHCATA :
B )KI/II[KOM ‘He

Xots cBa3b Mexny cBepxrekydectsio He I u Hanuumem 603e-KoHpeHcaTa He
SBJIIETCS HENOCPEeACTBEHHOM [58], yXe maBHO BbICKa3bIBaeTCs MPEMIIOIOXEHHE,

4TO HUXe TeMmepaTyphl A-TOukH B Xuakom ‘He umeercs 603e-KOHIeHCAT M3
aTOMOB C HyJIEeBHIM MMIyIbcoM [59,60]. DTo mpeamosnoXeHHe OCHOBBHIBAETCS B
NEpBYI0 OYEPelb Ha aHAIOTHH C HeujealbHbIM 603e-ra3soM, OQHAKO MMOKa HeT
BIIOJIHE CTPOrOro [OKa3aTelbCTBa INPHBENEHHOro yTBepxXmeHus [58]. 3a mo-
CliefiHue MosiBeKa GbUIo MpoBeNeHO GOJBIIOE YUCIIO SKCIEPUMEHTOB 110 MOUCKY

B CBEPXTEKyueM “He 6o3e-KOHIEHCaTa, KOTOpble MOIIH GBI, KPOME TOTO, MOJ-
TBEPIHUTb MIIH ONPOBEPTHYTh HEMOCPEACTBEHHYIO CBS3b MEXIY CBEPXTEKYYECTBIO
U HampyueM 6o03e-KOHAeHcara.

PaccMotpum HanGoniee BaXHEIE NMPEIIOXEHHS 10 IMOMCKY B CBEPXTEKYYEM

*He 6o3e-konmencara “u ux OCYIIECTBICHHE. YCIIOBHO HEKOTOpbIE M3 HHX
0OBENHHIM BMECTE.

B 1950 r. Tonsmmreiin u ap. [61] npeanonoxunu, uto agdekT 603e-iH-
IITEHHOBCKOH CTaTUCTHKH MOXET ObITh YBHIEH NPH PACCESHMM HEWTPOHOB XHI-

xum “He. Dro 6puma omna u3 NEPBBIX MOMBITOK MOCTPOMTH TEOPHIO PacCesHUs
MEIUICHHBIX HEHTPOHOB XHIKHM renueM. PaccMaTpuBas Heynpyroe paccesnue
HEHTPOHOB C IHEPTHIMH MHOTO Gonbuie kT XHIKOCTH, OHM IOMY4MIIH, YTO TIPH

nepexone 4Yepes A-TOUKY CeYEHHMs pacCesHHs B 06JacTH MalbiX YIIOB
YMEHBLIUTCS 32 C4eT 603e-KOHAEHCALHH YacTH aToMoB. KpoMe Toro, u B criekT-
pe HarpeBa HEHTPOHOB JOJLKHO HaGIIONAThCS YMEHBLICHHE CEYEHHMS, CBS3aHHOE
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C HEBO3MOXHOCTBIO HarpeBa HEHTPOHOB Ha aroMax 6o3e-KoHmeHcara. OgHako
3KCIEPUMEHTHI, BbimoiHeHHble B Jloc-Anamoce [62] u Xapysnne [63], He moka-
3aJIH 0XHIAEMOro M3MEHEHHs B HHTEHCHBHOCTH paccessHHs HEHTPOHOB MpPH Mpo-
XOXIEHHH uepe3 A-TOYKY.

Haunbonbuiee 4uCI0 3KCNEPHMEHTOB ObUIO MPOBEAEHO B YCJIOBHAX, B KOTO-
pbiX BbLICOKO3HEPTeTHYECKOE paccesHHe HEHTPOHOB XapaKTepu3yeTcs KaK OfHO-
aTroMHoe [64—66]. [pennonaranoch, 4TO M3MEPEHHBIH AMHAMHYECKHH CTpPYK-
TYPHbIH (hakTOp pa3lenMTCs Ha [ABa ClaraeéMbiX, OAHO M3 KOTOPBIX OTHOCHTCH K
paccessHHI0O Ha aToMax 603e-KOHJeHcaTa, a Ipyroe — Ha HaIKOHAEHCATHBIX aTo-
max. IlpoBeneHHble M3MepeHHs NpH GONbUIMX BOJHOBBLIX BEKTOpax BIUIOTH IO

q=23 Al [71—74] nokasanu, yto pasgensHo Habmogats nNUK Go3e-KOHAEHcaTa
He ymaercd, TaKk Kak OH ywupsercs Gnarogaps B3aMMOAEHCTBHIO B KOHEYHOM
coctosHuu [71,75,76). TloaroMy GbUIH HCMONB30BaHbI pa3lTHMYHBIE MaTEMATH-
YecKHe MOIENH Ul OMHMCaHUA CNEKTPOB paccesHUs HEHTPOHOB, KOTOpBIE MO3-

BOJIWIH OLEHHTbh TUIOTHOCTh 003e-KOHAeHCaTa B XHIKOM “He. s nonyyeHus
6onee HameXHBIX Pe3yNbTaTOB DKCMIEPHMEHTbI MPOBOAWINHCH MPH Pa3HBIX TEM-
neparypax. OLeHKH Wi roTHOCTH 603e-koHaeHcata npu T =0 Haxomsitca B
uHTepsane n,/n ~ 0+14%.

OrmeTum paboThi MO OnpeneseHHIo IWIOTHOCTH 603e-KoHaeHcaTa U3 napHo#
KOPPENATHBHOMH YHKLHH g(r), MONYYEHHOH U3 U3MEPEHHH CTATHYECKOro CTPYK-
TypHoro ¢aktopa S(q) B xuaxoctu [67—70). [lapHas xoppenstuBHas GyHKLHs
8(r) mna xupkoro “He smnsercs ¢yHkuHEH TeMnepaTypsl B CHJTY TOTO, YTO 4acTb
aromoB npu Ttemneparype T < T, nepexomut B 603e-KOHIEHCATHOE COCTOSHHE.

TIpocTpaHCTBEeHHas HEOMpPERENEHHOCTh M1 aTOMOB C MMNynbcoM hp =0 npu-
BOAMT K YMEHBLIEHHIO aMIUIHTYAb OCUWUISUMA (PyHKUMH g(r) OTHOCHTENBHO
8(r) = 1. U3Mepenus TeMnepaTypHOil 3aBHCMMOCTH TUIOTHOCTH 603e-KOHIeHcaTa
nanu s T =0 seanuuny ny/n ~ 14%.

B Tteopernyeckux pabGorax ['aBope u Ho3sbepa [27], Pearro u Yecrepa
[77,78] 6bL1M monydeHbl TOYHble (POPMYIBl VIS MMITYJIBCHOTO pacripeesieHus
atroMoB n(p) npu p — 0 u temneparypax T— 0 u T>0. C noMowsio 2Kcre-
PHMEHTANILHOH NPOBEPKH 3THX 3aBUCHMOCTEH HMMeeTCs BO3MOXHOCTh Onpefe-
JIMTDb TUTOTHOCTb 603e-KoHAeHcaTa. Ho ypoBeHb COBpPEMEHHOH TEXHHMKH MOKa He
MO3BOJIWI TIPOBECTH TaKHE H3MEpEeHHS.

B pabore [79] mis oueHkH mOTHOCTH GO3e-KOHAEHcara MNpeyIaraeTcs
HCIIONIB30BaTh HEOOBLINE KOHLEHTPALUH TIPUMECH 3He, KOTOpasi, Hapsay C pas-
PYLIEHHEM CBEPXTEKY4Yero COCTOSHHA, paspymaer u 6o3e-konmeHcar. Ecnu

¢hyHKIHMA pacnpefiesieHHs MO UMITYJIbCaM B XKHIKOM “He n(p) nns atomoB ¢ p# 0
c1a60 3aBHCHT OT MaJIbIX KOHLEHTPalHil NpHUMeECH 3He, 1o npu T < T, BCe OTIIH-

yue B (popMe CIEKTPOB HEHTPOHOB, PACCEIHHBIX B YHCTOM “He u Ha cMecu
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4He+3He, Gyner obycnaBiuBaThCs HanuuHeM Go3e-KOHmeHcaTa. LleHHOCTh Ta-
KOif OLEHKH N /n B TOM, YTO NaHHBI METOA HE 3aBUCHT OT MPEAMONOXEHH 0

Bufe (DyHKUHMH 3aKOHA paccesiHus (g, €). CJIOXHOCTb Xe UCIO/b30BaHHs METOA
CBsi3aHa C TEM, YTO B 3THX IKCIEPUMEHTAX M3-3a OONBIIOrO CeyeHHs 3axBaTa

HEHTPOHOB Ha aToMax SHe HEOOXOMM OYeHb HHTEHCHBHbII MYYOK HEHTPOHOB.

H3 apyrux npemnoxenuii MoxHo otMeruTs paboty [80], B KOTOpOii 06Cyx-

- laeTC METON OnpefesieHHs IUIOTHOCTH 603e-KOHAEHCaTa M3 JaHHBIX O CpefHed
KHHETHYECKOH SHEPTHHM HA aTOM B XHIKOCTH.

Hccnenosanus teMneparypHoil 3aBUCHMOCTH OTHOCHTEBHO# TUIOTHOCTH 60-

3e-KOHIeHcata B XuikoM “He, BLHINONHEHHBIE B OGbenMHEHHOM HHCTHTYTE siiep-
HbIX HCCNIEIOBaHHH, POBOAWIHCH B 06/1aCTH OQHOATOMHBIX BO36YXICHHII METO-
AOM HEYNpYroro paccesHHs HEHTPoHOB npu Temneparypax T=0,42 + 4,2 K.

TpH ananH3e CNEKTPOB HEHTPOHOB, paccesHHbIX Xuaxum “He, B KauecTse MaTe-
MaTHYECKOH MOJE/NH MCTO/b30Banack GopMa ¢ ONHUM M C ABYMA FAYCCHAHAMH.
OGpa6oTka 3KCIEPUMEHTANbHBIX JaHHBIX BENaCh Ha OCHOBE PEry/NSAPH3OBAHHOTO
uTepaunoHHoro npouecca I'aycca — Heiotona [81]. PaccMorpum 3TH 3Kcne-
PHMEHTH nogpobHee.

3.1. DKRcnepHMeHTANbHBIE YCIOBHS. DKCNEPHMEHTH 10 HCCIEAOBAHMIO

wioTHocTH Go3e-KouneHcata B xuakom ‘He NIPOBOIMJIHCE N0 METOAY BPEMEHH
nponeTa HeHTPoHOB Ha cnektpoMetpe IHUH-1M B GyctepHoM pexume paGoThi
peaktopa MBP-30. Havanbnas aHeprus HeiiTpoHOB, namaommux Ha opasew,
BbiOHpanace BONH3M E ~ 190 M3B. CniekTpsl HEHTPOHOB, paccesHHBIX XHIKHM

4He, H3MEPSAIMCh Ha Tpex yriax paccesHus 0=96,5; 109,5; 122,6°. DHepruu
Aep OTAAYH WIS yKa3aHHBIX yIJIOB COCTaBMIAIOT €= 82; 93; 102 maB, u nepe-

Aia4u BOJIHOBOTO BEKTOpa ¢, = 12,6; 13,4; 14,1 Al Bri6op HauanbHO# 3HEpruu

HEHTPOHOB M YITIOB PacCEsHHA CBA3aH C TEM, YTO B HCCIENYeMOil 061acTH nepe-
Zlay 3HEPrHH H BOJIHOBONO BEKTOpAa pacceMBawllas CHCTeMa BefeT cebs Kak
KBa3MCBOGOAHAS, T.K. YNOBJIETBOPSET, C OQHOH CTOPOHBI, TPeGOBAHUIO MATOCTH
SHEPIHH KOJUIEKTHBHBIX BO30OYXIEHHI N0 CPaBHEHHMIO C MepeaaHHOH HEHTPOHOM
SHEPIUH, H, C IPYrOH CTOPOHBI, OTHOUIEHHE NEPENaHHON HEHTPOHOM BHEPruH K
3HepruH BO3GyXIeHHs CBOGOAHOIO aToMa reius GIH3KO K eQMHHLE. B MaHHBIX
SKCMEPHMEHTAX 3TO OTHOLUEHHE COCTaBIsLI0 Beinuuny 0,98 +0,02.

C yBenuueHHeM HaYAIbHOM IHEPTHH HEHTPOHOB BAHAHHE B3AUMONEHCTBHS B
KOHEYHOM COCTOSHMM YMCHBILIAETCA H YAydIIaeTCsd NPHMEHMMOCTh TEOPHH
[64,65]. Tlpn 3TOM NpUXOAMTCA Y4HTHIBATH TO, YTO LUIMpHHA annapaTypHOH

JIMHHH, KOTOpas MpPONOPLHOHANbHA EO3 2, pacret 6rICTpee, yeM HOILUIEPOBCKal
IIHPHHA, KOTOPas pacTeT KaK EOl /2 B PaccMaTpHBAEMBIX 3KCIEPHMEHTAX OTHO-
IeHHE KBaJpaTOB IIMPHH (YHKUMM pa3pellleHHs CIEKTPOMETPA M JIOMIEPOB-
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CKOr0 YUIMPEHHs Ha aToMax *He cocrasnser sesinuuHy nopsgka 0,2. ITostomy
npu yBeJMYEHHH HayanbHOH dHepruH cebiie 190 MeB 1mMpHHA OXHOATOMHOrO
nuka Gymer B 3HAUMTENBHON Mepe onmpenessTscs (PyHKLMeH paspeleHus ycra-
HOBKH, W aHanu3 (opMbl MHMKa CTaHeT HepealbHbIM. Uit nonyyenus Gonee Toy-

HO#M (pOpMBI CrieKTpa HEHTPOHOB, PACCEAHHBIX KHUIKHUM “He, HU3MEPEHUs BEJIUCh
C MaKCHMalIbHO BO3MOXHOM CTAaTHCTHYECKOH TOYHOCTBIO. MHTErpaibHbIA CYeT B
NMKE OQHOATOMHBIX BO30yXAeHUIH MPHU pa3HbIX TeMIIEpaTypax XHUIKOCTH COCTaB-

JIET BEJIUYHHY (2+5)-105 UMITYJIbCOB.
3.2. Onucanne mMonenel Jia aHanu3a. [lepBrle 9KCEPUMEHTHI MO H3y4e-

HMIO CIIEKTPa OJHOATOMHBIX BO30YXHeHHH “He B XHIKOCTH C IOMOLIBIO Heynpy-
roro paccesiHus HeATpoHOB [49,82—84] nokasany, YTO NPH AOCTUTHYTHIX IKCIIE-

pUMEHTIbHBIX YCNOBUAX (g = 14 A'l) npewioxenne Xosubepra u Ilnaumana
[64] ocywecTsuTb He ymaetcs. OTMETHM, 4TO U B Horiee MOIAHUX SKCNEPUMEHTAX

[73] npu g=23 A7 rakxe ne yaanoch npsiMbiM 006pa3oM BbliesuTh 603€-KOH-
neHcarHblii nUK. OUEHKH NOKa3blBalOT, YTO HyXHoro sddekTa, BEpOATHO,

MOXHO JOCTHYb mpH ¢ > 100 Al IMosToMy mpu aHaTKW3e 3KCMEPHUMEHTAIBHBIX
JaHHBIX OBUT UCNONIB30BaH METOJ MAaTEeMaTH4YECKOro pa3jioXeHHs CIEKTpa pac-
CesHHBIX HEHTPOHOB HA KOHAEHCATHYIO W HaIKOHAEHcaTHylo vactd [65]. Ilns
nosnyyenus Gojiee HaNeXHBIX PE3YIbTATOB I IUIOTHOCTH 603e-KOHIEHCaTa B

XHIKOM 4He, a TakKXe Ul YCTAHOBJIEHUS BO3MOXHOW CBSI3H sSBJICHHH 603€-KOH-
JEHCAlMX U CBEPXTEKYYECTH MCCIIENOBATHCh TEMIIEPATYPHBIE 3aBUCMMOCTH Napa-
METPOB MAaTeMaTH4YeCKOro pasjIoXEHHs, B TOM YHMCIE€ W OTHOCHTEJbHOH IIOT-
HoctH 6o3e-KoHmeHcara [49, 85—92].

[pu aHatu3e SKCHEPUMEHTAIbHBIA CIIEKTP HEHTPOHOB, PACCEAHHBIX XHM-

xuM “He, onucisanca ¢ nomomsio IBYX rayCCOBCKHMX KPUBBIX B COOTBETCTBHHM C
teopueii [Tadpa u Tenna [65] ¢ nonpapkoii HErayCCOBCKOIrO BHMA, NMPENIOKEH-
Ho#l B paborax [85,86]:

@) =E*A exp (P) +EA, exp (P)) + (A, +Agh),
P =—e—g,+A4) /A, 45 Py=—(e—-gy+A)"/As 7, @3.1)

e A, + Ag — cBoGOAHbIE NIapaMeTphl, ! — HOMEp KaHala BpEMEHHOTO CIeKTpa

WIM BpeMsi npoJyieta HeilTpoHOB. TlepBblil raycCHaH ONMCHIBAET pacCesHUE Hei-
TPOHOB Ha HAJIKOHAEHCATHBIX aTOMax, BTOpoil — Ha Oo3e-KoHumeHcare. Baene-
HHE TPETHETO WIEHA CBA3aHO C TeM,; YTO ABYXFAyCCOBCKas MOMEJb HE MOJHOCTBIO
ONHMCHIBAET IKCIIEPUMEHTAIBHO HabJI01aeMbIH CIIEKTP B 0011aCTH GONBIIMX NEpe-
1ay 9HEprHd. DTa aCHMMETpHUs OJHOATOMHOIO MHKa Habmiojanack ¥ B APYIHX
aKcrepuMenTax. [lepBoHayalbHO YBEIHYEHHE WHTEHCHBHOCTH Ha BBICOKOSHED-
reTHYECKOM KpbUIE NMBITATHCH OOBSICHATD NPUCYTCTBHEM B n(p) B obnacti 60mb-
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IIUX UMMY/IBCOB THO0 MaKCHMyMa, 100 MOHOTOHHO YOBIBAIOLIEH YaCTH ClleKTpa
[93—95]. B HacTosee BpeMs aCHMMETPUS OMHOATOMHOIO MHKA CBA3BIBAETCH C
3heKTOM B3aHMOJEHCTBHS B KOHEYHOM COCTOSHHM, KOTOPOE MPHBOAMT K MO-
SBJICHHIO a[UIMTUBHOIO WieHa B S(q, €). Tak, B paborax [36,71,94] obcyxmaercs
pasienenye JMHaAMUYECKOro CTPYKTYPHOTO (pakTopa Ha CHMMETPHYHYIO M aCHM-
METPHYHYI0 4acTh S(q, €) =S (g, €) + S (g, €), NpUYeM NpPH YBENTHYEHUH BOJIHO-

Boro BekTopa S (g, €) — 0, a cuMMeTpuuHas yacThb Bce Gosiee yHOBJETBOpSET
UMIyNIbCHOMY npubnuxenuio (IA) $.(q, €) > S,,(q, €). B Hawewm cnyyae Tperuii

YJIeH YaCTUYHO CBS3aH C MHOTOKPATHbIM PacCesiHHEM HEHTPOHOB.
C pocToM BOJIHOBOrO BEKTOpa IIMPHHA rayCCOBCKOM KPHMBOM Uil HaIKOH-
JIEHCATHBIX aTOMOB (A;/ 2) YBEJTHUMBAETCSl IPONOPLUMUOHAIIBHO ¢, TaK XK€, KaK W

JOIUIEPOBCKOE yLIHUpEHHE, MO3TOMY IJId MapaMeTpa A2 BBOAUTCA MHOXHTEID q2.

BBeneHue 3aBHCHMMOCTH q2 VIS KOHIEHCATHOM YaCTH MOXET ObITh OOBICHEHO

. 2
TEM, YTO B3aUMOLEACTBUE B KOHEYHOM COCTOSIHMM TaKXe MpONOPLHOHANBHO ¢
[65], ecnu cuMTaTh MOJNHOE CEYEHHE pacCesTHUS “He—*He cnabo MEHSIOLIEHCH

tyHkuueit B 310it obnactu gq. Muoxurens E 2 Bosuukaer MpH Nepexojie OT 3a-
KOHa paccessHus S(g, €) K BpEeMEHHOMY CIEKTPY paccessHus HeHTpoHoB. CoBuUrH
UCKOMBIX TayCCHaHOB OTHOCHTENBHO DHEPTHH BO30YXHEHHH CBOGOZHOro aroMa
renust A; M Ag OTPaxaioT TOT GakKT, YTO aTOMBI TENMsS HAXORATCS B XHAKOCTH U

ABIISAIOTCS KBa3MCBOOOMHBIMH.

AHanu3 Bcex 3KCNIEpHMEHTAIBHBIX JaHHBIX MPOBOIMICH TakKXe M 0e3 BKIIIO-
4yeHHs 603e-KOHAEHCAaTHOrO wieHa (A, = 0), T.e. ¢ HCTO/Ib30BaHHEM OIHOTaYCCOB-

CKOM MOJeJH:
o)=E 2A1 exp (P]) + (A7 + Ast). (3.2)

3a cBoGoxHble TapaMeTpsl B 3. u (3.2) MPUHUMATUCh aMIUIMTYOBl rayc-
COBCKHMX KPHBBIX A; U A,, KBa[paThl WHKPUH A, u Ay, cnguri A; n Ag (B pacye-

Tax, B OCHOBHOM, NpPHPaBHUBATH A;=A¢) u mapaverpsl A, u Ag. Craructu-

YyecKHMe OMMOKH MapaMeTpOB BbIYHCISUIMCh C NPUMEHEHHEM TEOPHHM OIIMOOK
METOJa HaMMEHbIIKX KBaaparoB [96]. OTHocuTenbHas MIOTHOCTh GO3e-KOHIEH-
caTa OINpejessulach Kak OTHOLIEHHE

E=ny/n=0mn)le(ny) + ¢(n,)],

e ¢(ny) ¥ G(n,) — MIOWANM CNIEKTPOB I KOHAEHCATHOH W HaIKOHIEHCATHOM

qacTedl COOTBETCTBEHHO. IIpu aHanM3e dKCIEPUMEHTAIbHBIX AaHHBIX HCIOJIb30-
Banack nporpamma COMPIL, OUAH C-401, NIy6ua [81].



1742 KO3JIOB X.A.

N T 3.3. AHamM3 3KCIIEPHMEHTaIb-
i / ‘ 18K 1 seix maHEBIX. UHCNeHHBIH aHanu3
- . z .+ SKCIEpPMMEHTAIBHBIX JaHHBIX Ha

ocHoBe 3asucumocteit (3.1), (3.2)
5 - CBOOMTCS K pELICHHIO HEJIMHEHHOMH
- 1 cucTeMbl ypaBHEHHH i pajIM4HBIX
3Ha4YeHHUMH ¢ OTHOCUTEJIbHO HEU3BECT-
HBIX A1+A8, NPH 3TOM CYHTAIH

A3=A6. Yucno HeW3BECTHBIX MpPH-
HUMIOCh. PaBHBIM m; =5 U m, =17

VIS OOHOTayCCOBCKOH M JByXrayc-
COBCKOH MoJeJieii COOTBETCTBEHHO.
Ilpu pemeHHH HCMONB3OBAUCH CTa-

THCTHYECKHE Beca BHaa 1/ 0‘2, rae

250 Joo ?{ O, — CTaHIapTHOE OTKJIOHEHHE H3-

Puc.25. DxcnepuMeHTalIbHbIE CNEKTPhbl Heii- MepsieMbIX BETHUMH M 1= 1,2, ..., 121.
TPOHOB, paccesHHbie xuaxum *He mpu g =
=134 A7, T=18; 2,35 K. Pacuernnie
KpHBbIE, OTHOCALUHECA K 6o3e-KoHaeHcaTHOM
(xpuBast /) H HAIKOHAEHCATHOH (KpHBas 2) yac-
TSM, NOKa3aHbl MyHKTHPOM KPHTEPHEM Ka4yecTBa annpoKCHMAaLIHH
[96), tae i=1, 2; sl.=l2l -m; —

4YHCN0 crerneHeld cBoGOIbI.

310 OaeT BO3MOXHOCTb BOCHOJIB30-
BaTbCsl OVIM30CTBIO K €IHHHLIE BEJIH-

2
YHHbBI xi /S'., KaKk CTaTHCTHYECCKHM

Ha puc.25 npencrarineHsl 3KcriepuMeHTIbHBIE CTIEKTPbl HEHTPOHOB, pacCesiH-

Hbix xuIkuM ‘He npu Ttemneparypax T=1,8; 2,35 K mis yma paccesHus
6 =109,5°. [IlyHKTHPHBIMH THHUSIMH NOKa3aHbl PacYETHblE KPHUBbIE, OTHOCAILHE-
cs K KOHIeHcaTHO#H (kpuBas /) ¥ HanKOHAEHCATHOH (KpHBas 2) yacTiAM.

IlupuHa raycCOBCKOH KpHUBOH AN KOHICHCATHOM YacTH OIMpeRensercs
9HEPreTHYECKHM pa3pelICcHHEM CIIEKTPOMETpPa H BEJIHUHHOH B3aHMONCHCTBHS B
KOHEYHOM COCTOSAHHH. B naHHOM ciyyae pacueTHOe 3HaYE€HHeE KBajpara IHPHHbBI
w1 603e-KOHAEHCATHOrO rayccuaHa Ag B OCHOBHOM OMNpENC/IAETCS 3IHEPreTH-

YECKHUM pa3pelliecHHEM CNEKTPOMETPa, KOTOPOE B MpeaesiaXx HECKONIbKHX MPOLIEH-
TOB He 3aBHCHT OT yIJIa paccesHHs M TeMNeparyphl H B mpeaesiax omMOOK, COB-
MagaeT C COOTBETCTBYIOIIEH BEJIMYMHOMH pa3peleHHs. -

3HayeHHs NapaMeTpoB A3 ] A“3 IS pa3sHbIX H3MepeHHi KoneOmoTcs B
unrepsasie 0 +4 M3B. Hcxoms u3 pacueroB, MOXHO CKa3aTh, YTO nepefaHHas

aroMy “He B xuaxocTn DHEPrHs MpH paccesHUH HEHTPOHOB MeHblle Mepenayu
®HepruH cBoGOLHOMY aTOMy NpHUMepHO Ha 2%.
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Puc.26. 3aBUCHMOCTh CpefiHeil KHHETHYECKOH dHEPIHH Ha
atom “He or Temnepatrypsl: (0) M (- —) — HaHHbIE HALIMX
pa6or [88,90], (A) — TepMoauHamuuyeckHe aaHHbie [80],

(X) — nanHbie [97], () — naHuHbie [98]

l.l.lupuHa HAaAKOHACHCATHOH YacTH CNEKTpa onpeaensercs TEIUIOBbIM IABHU-

Xennem atomos “He wiu cpenHed KHHETHYECKON 3HEPTMEH Ha aTOM B XHAKOCTH
KE. 3nauenns KE paccuHTBIBAIHCH M3 CNIEKTPa HEHTPOHOB, ONKUCHIBAEMOrO KOH-
JNEHCATHBIM W HaJKOHJEHCaTHbIM rayccHaHamu. Ha puc.26 nokasaHbl BBIYHC/IEH-
Hpie 3HaueHus KE ¢ nomowsio asyxrayccosckoi monenu. [lpu T'> T, 3xauenus

KE, B npenenax owu6ok, coBnagaoT s obeux mopeneii, a npu T < T, 3Hna-

yenus KE, nonyuenHsle U3 ogHorayccoBckoi Mogenu, npumepho Ha 1 K Huxe.
310 06bACHAETCA TeM, 4TO npu T> T, 06e Moaenu paBHO3HAYHBI IS ONHCAHHUS

3KCMEPUMEHTATLHOTO CreKTpa, a npu T < T, CneKTp HEHTPOHOB Jiyylle OMMChHI-

BaeTCsl ABYXrayCCOBCKOW Mozenblo. g cpaBHeHHs Ha puc.26 noka3aHsl pe3ysib-
tatel Ui KE u3 [80,97,98], koTopsie no xapakTepy KpMBO# CXOXH C HalIHMH,
HO MO BEJIMYHHE AAIOT HECKONbKO Oobliuee 3HaYEHHeE.

HPOBCI.ICHHBIFI AHaAJ/IM3 3KCNEPHMEHTAIBHBIX OAaHHBIX C IMOMOILUBI0O OAHOrayc-
COBCKOH H nsyxrayccoscxoﬁ Mofeneil noka3sbiBaeT YAOBJIETBOPHUTEJIBHOE ONMUCA-

HHE CTIEKTPOB HEHTPOHOB, PACCESHHBIX XUAKHM “He. YCI0XHeHHe IByXrayccoB-
CKO# MOJIeSTH MyTeM J06GaB/IeHHs HOBBIX FayCCHAHOB HE YNyYIUAeT OMUCAHHS M3-

MEpEeHHBIX crieKTpoB. CpaBHEeHHE BEJIMYHH x% /5, W1 OQHOraycCOBCKOH MomenH

2 .
H x2 / 32 IJis IBYXrayCCOBCKOH IOKa3bIBA€T, YUTO C TOYKH 3pPEHHSA CTAaTHCTHYEC-

KOro KpHUTEpHs 3KCIIEPUMEHTAIbHBIC NaHHBIE, MOJIydeHHbIE NPH TeMIepaTrypax
T>T,, ny4uie ONHCHIBAIOTCS OAHOTAayCCOBCKOH Monensio, a mpu T < T. ), — HBYX-

rayccoBcKod. PaccMOTpHM Tak Ha3biBaeMOe OUCNEPCHOHHOE OTHOuIEHME [99]
2 2 .
v2=(xl/ 51)/ X3/ s,), KOTOpOE XapaKTepH3yeT, ¢ KaKOil BEPOSATHOCTbIO MOTYT
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ObITh MPHMHATHI WM OTBEPrHYTHl MPU CPaBHEHHWH MCHOJb3yeMble Mopenu. Ilpu
T> T, nucnepcHOHHOE OTHOIUEHHE PaBHO V= 0,99 +1,01. Ilpu T < T, c YMEHbB-
LIEHWEM TeMIlepaTyphbl JUCIIEPCHOHHOE OTHOLLEHHE Vv ObICTPO yBEeNMYMBAETCd H
npu T<1,8 K cranosutcs Gonbine 1,2. Hcnonb3ys TabynupoBaHHbIE 3HAYESHUs
s v2 u3 pa6otst [99], mis 5= 116 u 5y = 114 naxoguM, 4TO KpUTEpuil 3Ha-
YHMOCTH ISl IPUHSTUS ABYXrayccOBCKOH Mopmenu npu T < T, cocraBiser Beln-

yuny f> 80%, a JUIs NPMHATUS OIHOTAYCCOBCKOM Monenu f< 20%. B 1o xe Bpe-
M npu Temneparypax T>T, KpPUTEpMHM 3HAQYMMOCTH U TPHHSTHSA OJHO-

rayCCOBCKOW HWJIM JBYXTayCCOBCKOH MOJENU NPUMEPHO PpaBHbI M COCTaBJISIOT
BennuuHy f=50%.
3.4. TemnepaTrypHas 3aBHCHMOCTb OTHOCHTEJIBHOMH IUIOTHOCTH 003e-KOH-

. ACHCaATa B XKHIAKOM 4He. PCByHLTaTbI aHaIN3a 3KCNECPHUMEHTAIIbHBIX JAaHHBIX IO

OIpEeNe/ICHHI0O OTHOCHTENIBHOH IUIOTHOCTH 603€-KOHJEHCAaTa B XHUIKOM “He B
obnactu Temneparyp T = 0,42 + 4,2 K npencrasnens Ha puc.27. TemneparypHas
3aBUCHMOCTb 71y / n umeetr ocobeHHOCTh npH Temieparype T = T,.Nlpn T<T, c

ymeHbiienueM T nHabiiopaetcs yBelMueHHe KonuyectBa Go3e-koHneHcarta. [lpu
T> T, monyyeHHas BelMYMHA IUIOTHOCTH KOHJEHCATa B MpENENax CTaTMCTHYeC-

KX OIMOOK OCTaeTcs MOCTOSHHOM, T.€. HE M3MEHSETCs, NO3TOMY MOXHO Ipea-
MOJIOXHUTH, YTO 3TAa BEJIMYHHA SBISETCA CUCTEMAaTHMYECKOW OmHOKOM, CBI3aHHOM
C MCIONB3YeMOi BSKCNEpPUMEHTAIbHO METOOHUKOH M C METONOM JBYXIayCCOB-
CKOIO pa3jioXeHHS CIIEKTPOB HEHTPOHOB. YPOBEHb CHCTEMaTH4eCKOH OLIMOKH
MOXeT OBITh OLIEHEH YCpPEeXHEHHEeM pe3yJIbTaTOB pacyera OTHOCHTEIbHOM IMIIOT-
HOCTH KOHJeHcaTta npu T > T}‘ (~ 0,5%).

BrluuciieHHbIE 3HAY€HHS OTHOCHTE/IBHON IUIOTHOCTH 603e-KOHIEeHcaTa IpH
Temneparypax T < T, ONUCHIBAINCH SMIMPUYECKOH (HOPMYIIOi

é = go[l - (T/ To)m]y
e &O — OTHOCHTeNbHasl IUIOTHOCTH Go3e-koHaeHcara npu T=0, T, — Temne-
parypa 6o3e-KoneHcauuu. 3nauenus cBo6oanbIx napamerpos &, T, m onpene-

JISUJIUCh METOAOM HaWMEHbBUIMX KBaJlpaTOB:

E,=(1£05) % T,=(222+005K; m=3%0,7.

TIpoBeneHHbIH aHANH3 NOKA3bIBAET TEMIIEPATYPHYIO 3aBHCUMOCTDb [UIOTHOCTH
Gose-konnencara. Ilpu T < T, nabmonaercs Gose-konuencar, a npu T>T, B

npenenax TOYHOCTH SKCIIEPUMEHTA U MaTeMaTH4ecKoi o6paboTku criekTpoB 6o3e-
KOHfIeHcaT He obHapyxeH. Temneparypa 603e-KOHIEHCALHH B TIpefesiax omuboK

COBMAJacT C TemnepaTypoﬁ nepexona XHaKoro 4HC B CBEpPXTEKy4ee COCTOSHHE
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Puc.27. TemneparypHast 3aBUCHMOCTb OTHOCHTEIBHOM IUIOTHOCTH 603€-KOH-
HeHcara B xumkoM “He: (W) OTHOCATCS K pe3y/IbTaTaM aHATH3a OOHOATOMHOTO .
paccessHHs HEHTPOHOB, (0) — KOMIIOHEHTA (n) CIIEKTpa ONHOYACTHUYHBIX BO3-
6yxnenuit, HopmMHpoBanHas K & B obnactu Temneparyp 0,4 + 0,5 K

>~ TX' Xapax’rep 3aBUCUMOCTH TNIOTHOCTH 603C—KOHIICH03Ta COBITAXACT C TEM-

nepaTypHOH 3aBUCHMOCTBI0 U3MEPEHHOM IJIOTHOCTH CBEPXTEKYydeil KOMIOHEHTHI
B XHIKOM “He [100]. Boimie A-Touku 603e-KOHOEHCATAa HET, OH NOSBISETCH B
A-TOuKe H OBICTPO PACTET C MOHMXKEHHEM TEMIIEPATYPHI.

HHTepecHO MpHBECTH pe3y/bTaThl OLEHKH MaKCUMalIbHOW IJIOTHOCTH G03e-
kongencara npu T'=1,2 K, nonyyennsie B konue 60-x romos. Ilpemnonoxum,
uro npu temnepatype T =4,2 K miotHocTh 603e-KOHIEHCaTa paBHa HYJIO, U BCe
U3MEHeHUs B (QopMe CrekTpa HEHTPOHOB, pacCesHHBIX Xugkum He, mnpu
CHMXEHHMH Temmeparypsl ¢ 4,2 no 1,2 K cBs3aHBl TOJIBKO C KOHEHCALMEH aTo-

mos “He. Hcnons3yst 9KCIIepUMEHTaAIbHBIE CTIEKTPbI, H3MEPEHHbIE HAMH NIPH BOJI-
HOBBIX BeKTOpax ¢ = 12+ 14 A~ 1, MOJIy4HM, YTO MAaKCHMaNbHOE KOJIMYECTBO 60-
3e-KOHJeHcaTa B XuukoM ‘He npu T=1,2 K pasHO gm =(5,9%0,4)%. Dror

pe3yJIbTaT BMOJIHE COIIACYeTCs C JaHHbIMM, MOKA3aHHBIMM Ha puc.27.

Ilns cpaBHEHMs NPHBENEM H3MEPEHHbBIE B MOCJEIHEe BPEMs 3HAYEHMS IUIOT-
HocTH 603e-KoHaeHcaTa u3 pabor [71—74]. [TonyuenHas B 3THX paboTax Teme-
parypHas 3aBUCHMOCTh OTHOCHTENIBHOM IUIOTHOCTH 603e-KOHAEHCATa MO Xapak-
Tepy 61u3ka ¢ paHee HaMH H3MepeHHOM. [lst wioTHOCTH G03e-KOHAeHcara Npu
T=0 K oun nonyunnu ny/n >~ 9%, 410 XOTS M AOCTaTOYHO GIIU3KO, HO BCE Xe

pa3u4aeTcda no 3Ha4Y€HHIO IJIOTHOCTH 603C-KOHI[CHcaTa.
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3AKIIOYEHHE

IMonuepkHeM OCHOBHbIE PE3y/IbTaThl HCCIIENOBAHUH XHMIKOrO *He metomom
HEYMpYyroro paccesiHusi HeWTpoHoB Ha peaktopax UBP-30 u UBP-2 ¢ ucnosns3o-
BaHueM cnektpomerpos JHH-1M u JJHH-2ITH, kotopsie Gbutd npoBemeHsl B
wHpokoi obnactu nepenay sHepruu €=0,1+200 m3B, BonHOBOro BekTOpa
g=0,08+14 A™! u temneparyp T=0,42 +4,2 K.

1. M3Mepena cTpykTypa crniekTpa BO30yXICHHS B XHAKOM “He.

— CnekTp Bo30yxzneHuii B POHOH-MAaKCOH-POTOHHOI 061aCTH MMEET CIOX-
HYIO0 CTPYKTYpY, 3aBHCSILYI0 OT BOTHOBOIO BEKTOpA U TeMIeparyphl. PainoxeHue
OCTPOro MHKa pacCessHHsi HEHTPOHOB Ha HECKOJIBKO KOMIOHEHT C COBEPLIEHHO
pa3nuuHbsiMH 3aBUCHMOCTAMHU €(T), Z(T) u W(T) sBnsercsa HOBbIM pe3ynbsraToM. B

HOpMaJIbHOH (hase XHUIKOro *He summbl 1se BeTsM B036yxneHuil. OgHa U3 HUX
(w) nHabnionaercst BO Bcel M3ydeHHOH 06/aCTH BOJIHOBBIX BEKTOPOB g M XapaK-
Tepu3yercs Gonpioii WHpHHONH NUKOB. BTopas BeTBs (0S) XOpPOLIO BHAHA TOJMb-

KO npu Manbix q. O6Ge yka3aHHbie BETBH XapaKTepHbI U U1l CBEPXTEKYYETro “He.
Ilpu T<T, k crpykType aucnepcuonnsix kpusbix B He I noGasnsercs Hosas

KOMIIOHeHTa (n), KoTopas He Habnionaercs Bbliie TOYKHM (a3oBOrO nepexoaa.

HHTEeHCHBHOCTD 3TOM BeTBH 1pH g > 0,65 A7 ¢ nounxenuem TeMneparypbl pes-
KO YBEJIHYMBAETCH M CTAHOBHTCS ONpelensiomei npu HU3kux T.

— Ilna Bcex Tpex KOMMOHeHT Bo3Gyxaenuit (n), (0s), (W) B OHOHHOI
obnact cnekTpa HabniogaeTcs MONOXHTENbHAs AHOMAIbHAs JMCMEPCHS, TPH-
4eM sl KOMIIOHEHTHl (W) MpH YBETHYEHHH TEMIIEPATYPbl OHA CTAHOBHTCH OCO-
6enHo 3aMeTHOH. C yMEHbILIEHHEM § KPHBBIE JHCNIEPCHH BCEX TPEX KOMIOHEHT
cbnuxatorcs.

— JlucnepcHoHHast KpHBas NS (W)-KOMIOHEHTHl KaK Obl HECKO/IbKO CABH-
HyTa, cjaBleHa B 06/1aCTh MEHBIINUX BOJIHOBBIX BEKTOPOB OTHOCHTEJILHO AMCHEp-
CHOHHOW KPHBOW U1l KOMNOHEHTH! (n). TakuM 06pa3oM, MaKCOHHBIH MaKCHMYM
H, BEPOATHO, POTOHHBIH MMHHUMYM [/1si KOMIOHEHTH (W) HabniogaloTcs npu
MEHBIUIHX ¢, YeM I8 KOMIIOHEHTHI (n).

— H3mepeHa 3aBHCHMMOCTb CTaTHCTHYECKOIO CTPYKTYPHOTO haKTopa OT BOJI-
HOBOTO BeKTOpa B (hOHOHHOI obnacTu npu teMmneparypax T =0,42 + 2,21 K. ITo-
Ka3aHO, 4YTO IPH MOBBIIIEHHH TEMIMEPATYPhl HUXE A-TOYKH JHOCTATOYHO IUIaBHBIH
YXOX OT MpsAMOM JIHHKH, nonydeHHoil PeiiimManoM u [IuTaeBCKHM, cMeHsercs
PE3KHM CKaukoM BOAH3M T .

— B xuxom ‘He npu nepexojie 3 o6nactH (POHOHOB K MakCOHaM Npu

q~0,5+0,65 A 0GHapyxeHa 0COGEHHOCTh Ha AMCIEPCHOHHON KpHBOii. Kom-
noHeHTa (0s) 31eck GbIcTpO 3aTyxaer. LlIupokas koMmoHeHTa (W) HMeeT ocobeH-
HOCTH B 3aBHCHMOCTAX €_(q), W, (q) u Z,(q)- Y3xkas xomnoHenTa (n) KaKk Gbi

C/TMBACTCA HIIM IEPEXOMMT B KOMINOHEHTY (0s). B aToif xe obnactu g Hcyesaer
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AHOMAJIMs KPHUBOH JMCIEPCHH, T.e. KPHBasi QHCNIEPCHH NMEPECEKaeT JIMHHIO CKO-
poctd nepsoro 3Byka. OCOGEHHOCT Ha JMCIIEPCHOHHOH KpPHBOH npH

q~0,5+0,65 A”! moxer 6biTh o6BsicHeHa cortaco teopud Hopnanckoro u
Iuraesckoro pacnagom Bo3Gyxuenuit Ha OHOHBI. DTO, BEPOSATHO, TOT CiyyYai,
Koraa pacnan Bo30yxIneHHi Ha (OHOHB HaGIIOLAEeTCS OTAENBHO OT NpOLIECCOB,
CBSI3aHHBIX C B3aHMOJEHCTBHEM BO3OYXIEHHMIi APYr C APYroM.

— H3Mepena TemneparypHast 3aBMCHMOCTb BPeMEHH XH3HH BO30yXaeHH
(n) u (W) B MaKCOHHOIi 06y1acTH. CpaBHeHHe ee C pacyeTHO#l COMIacHO TEOpHH
Jlanpay u XanaTHukoBa 41 pOTOHOB MOKa3aio, 4TO npu T < 1,7 K pacuernas
KpHBad COBMAgaeT C SKCMEPUMEHTAIBHOW 1S KOMIOHEHTH (n), a npu npu6-
JINXEHHH K A-TOYKE — C SKCMIEPUMEHTANILHON M1 KOMIIOHEHTBI (W).

— AHaIu3 CNEeKTPOB Harpesa H OXJIaX[ICHHUSA HEHTPOHOB B XHIKOM ‘He
NOKasan, 4YTO 3Ha4YeHHS TEMIIEpaTyp, MOJiydeHHbIE C MCMOJIb30BAHHEM COOTHO-
WEHHs A€TAIbHOrO PaBHOBECHS H U3MEPEHHbIE TEPMONAPON, COBMAIH.

— DKCNEepHUMEHTAIbHO M3MEPEHHBIH OTHOCHTE/bHbIH BKIal WHTEHCHBHOC-
TeH y3KO# (n) M WHPOKO#H (W) KOMIOHEHT MOXET GbITh NPUHAT KaK elle OJMH
NapaMeTp JalbHEro nopsjka, TeMneparypHas 3aBHCHMOCTb KOTOPOTO KayecTBEH-
HO MOA0OHa TPaIHUMOHHBIM NapaMeTpaM MopsaKa: MIOTHOCTH 603e-KOHaeHCaTa
M MJIOTHOCTH CBEPXTEKYYeil KOMMOHEHTDI.

2. Tlpu wuccnenoBaHHWH CTPYKTYphl criekTpa Bo3GyxaeHuil B xuakom “He
NpUMeEHsIacs HOBass MeToAMKa. OCHOBHBIM NHKTOM €€ ARISIETCS HUCHOJb3OBaHHE
HEHTPOHOB C OYEHb HH3KOH HAYAIBHOW IHEPIUEH, KOoTOpas BbiOMpanach Huxe
SHEPTHH MHOTO(OHOHHBIX BO3OYXIEHHIA. DTO MPUBENO K YIyYLIEHHIO thynkuun
pa3pelletns U MOAaB/ICHHIO NPOLECCOB MHOrOGOHOHHOTO paccesHus. Tak Gbula
MOATOTORNEHA NMOYBA IS aHATH3a (POPMbI OCTPOrO NMHKA PacCesiHUs HEHTPOHOB.

3. M3Mepena 3aBHCHMMOCTb OTHOCHTENBHO# IUIOTHOCTH 603e-KOHIEHCATa B
obnactu Temneparyp T=0,42+4,2 K 1ByMs He3aBUCHMBIMH pa3HbIMH MeTo-
nam.

— IlnoTHocTs 603e-KOHAEHCATa MOAYdYEHa C MOMOIUbIO aHATM3a CMNEKTpPOB
ONHOATOMHOIO paccCesiHHs HEHTPOHOB NpH nepegayax sHepruu €= 100 M3B u

BOJIHOBOTO BekTopa g = 14 A7),

— H3mepeHa 3aBHCHMOCTb HHTErpalbHOH HHTEHCHBHOCTH KOMIIOHEHTbI (n)
OT TEMMepaTypsl, KOTOpas, COMIaCHO TEOPHH, MPONOPUHOHATIbHA [IOTHOCTH
603e-KOHOeHcaTa.

— AH@IU3 3KCMEPHMEHTATBHBIX NAHHBIX [10KA3&1, YTO OTHOCHTEIbHAS TLIOT-

HOCTb 603e-KOHIEHCaTa B XuIKoMm “He npu T=0 K pasHa ny/n=(71%£0,5) %.
— Temneparypa 6o3e-KoHaeHcauuu B npeaenax owWHGOK COBNATAET C TeM-
nepaTypod nepexona XuUaKoro “*He B CBepxTekyyee cocrosuue T =T,.

— XapaxTep TeMIepaTypHOii 3aBUCHMOCTH OTHOCHTENbHOM IUIOTHOCTH 60-
3€-KOHICHCaTa, MOXHO CKa3aTh, COBNANAET C TEMIIEPATYPHOH 3aBHCHMOCTBIO
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IVIOTHOCTH CBEpPXTEKYuyell KoMnoHeHTsl. Boiue T, 6o3e-KOHIEHCaTa, B npeesiax

omM6O0K, HET, OH MOSBIAETCS B A-TOYKE M OBICTPO PacTeT C MOHHXKXEHHEM TeMIie-
paTyphl.

ABTOop BhIpaxaer OnarogapHocth B.JI.AkcenoBy, A.M.Banaryposy,
B.B.I'onukosy, JI.I1.Ilutaesckomy 3a BHMMaHHE W TOJIe3Hble OOCYXIEHHs
pe3ynsratoB paGoTsl, a Takxe JI.Anekcannposy, H.B.Borosenenckomy, B.A.3a-
rpe6uosy, J1.B.Kapnauesuuy, B.I'.Kono6ponosy, B.B.Ilpuesxesy, A.B.IlyukoBy
u B.C.SIpysuHy 3a COTpymHHYECTBO. ABTOp XpaHMT 61arofapHyio namstb O 3a-
6ote u BuuManuu ®.J1.1Ianupo u B.A.TlapdenoBa Kk paGoTam 1o UCCIIEAOBAHHIO

XKHIKOro 4He.
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YIK 539.12.01; 539.14.141

HeiiTpanbHple TOKH B HHKO3HEPTeTHUECKHX fIEPHBIX Ipoueccax. Jymumpecky O.

@u3UKa 3/EMEHTAPHBIX YACTHI H aTOMHOTO spa, 1996, Tom 27, BRINLG, c.1543.
Hccnenyercs Bo3MOXHOCTh H3BIEUEHHS U3 3KCIIEPUMEHTA MHGOPMALIMK O BKJIAJC HEil-
TPAIbHBIX TOKOB B C/aGble B3aMMOJIEHCTBHSA, NPHBONAILEM K HAPYLICHHIO 3aKOHA COXpa-
HEHHS YETHOCTH. AHaIM3MpyeTcs HapyuieHue uyeTHoctd (HY), MHOyuMpoBaHHOE c1abbiM
4/IpOH-aNIPOHHBIM B3aMMOLEHCTBHEM H HCCIIENYEMOE B HU3KOIHEPIETHYECKUX SAEPHBIX NPO-
ueccax. PaccMarpuBaloTcs Takue NpoLEcchl, KaK PE30HAHCHOE SNEPHOE PacCesHHE, pea-
MM, MHAYLHMPOBAaHHbIE MOJSPU30BAHHBIMH YaCTHLIAMH, raMMa-H31y4eHHE OpPHEHTHPOBAH-
HBIX H HEOPHEHTHPOBAHHBIX S€P, 3aNPEIUEHHbII [10 YeTHOCTH aba-pacnan. O6cyxnaercs
Hapyllnaloiee YeTHOCTh HYKJIOH-HyKJIOHHOe B3aumognedcrsue (HYHH). Paccmarpusatorcs
TIPWIOXKEHHS K CNEUM(PHIECKMM THIaM DacCesHUs, PeakUMil U pacnajoB, CBA3aHHBIX CO
CMeUIaHHBIMH 10 4eTHocTH Aybneramu (HYM). Dextri, cpazandbie ¢ HYJI, momxHsl
TOMOYb B ONpeNe/IeHHH OTHOCHTENbHOH Clibl pa3nuyHbiX KoMnoHeHt HYHH. Tak kak B
uenoM GOJIBIIMHCTBO KOMIOHEHT faeT Maibie Bkiansl B HUHH MarpuuHble aneMenTl,
HYHH cBs3aHO B OCHOBHOM C HH3KOPHEPreTHYECKOH 06IaCTbIO SHEPHbIX BO3GYXIEHHI U B
3HAYMTENIBHOM CTENeHH — C CUIIOH C/1a6oro HKJIOH-SIEPHOTO B3auMoeiCTBHs. [TocKONEKY
ci1aboe B3aHMOMIEHCTBHIE HE COXPAHAET H30CIIHH, €ro CHIa MOXET XapaKTepH30BaThC IBYMs
YHCITaMH, CBA3aHHBIMH, COOTBETCTBEHHO, C HEHTPOHHBIMH M NIPOTOHHBIMU CHJIAMHM, HITH, 9TO
TO XE CaMoe, C X M30BEKTOPHBIMH M M30CKAISAPHBIMH KOMIIOHEHTaMH. OTaeNbHblE cliyyau
YROBJIETBOPSIOT KpuTepusM nap HY/I v nomxHel paccMaTpHBaThcs B PAMKaX COOTBETCTBYIO-
wiek anepHoii Momenu. U3 paccmanuBaebex B JIATEPATYpE CITydaeB Mbl BHIOpAIN pe3oHaHC-
Hoe MIPOTOHHOE PacCesiHHe C(p, p) C sacensiomee HYL ¢ sneprusmu 8,7 u 9,3 MsB B
N PE30HAHCHOE SepHOE pacceaﬂue N(p, o) 2C 3acefxa|ou1ee HYl ngn 13 4 16,2 MsB
O ramma-acummetpun s HYI mpu 1,0 MsB B F 0 11 MaB 8°F u 2,79 M=B B
Ne , HakoHew, nsa HY]I B sappax ¢ A = 36: 1,95 MsB B 3Cl u 4,95 M3B B 36Ar I'py6Grie
OUEHKH HaloTcs Takxke s Apyrux HYUJI, onnako Ge3 meramsHoro o6cyxnenus. Ilpemiara-

I0TCS HOBBIE SKCHIEPHUMEHTEI.
Ta6n.9. Hn.2. Bubnuorp.: 146.

VIK 539.172.4
DKcnepHMeHTAIBHBIE TIOAXOABI K HCC/IEOBAHNIO HHBAPHAHTHOCTH K 0GpAllleHHio Bpe-
MEHH BO B3aHMOJeHCTBHH HEHTPOHOB ¢ Axpamu. [llapanos 5.H., [llumuyy X.M. ®Dusuxa
9JIEMEHTAPHBIX YaCTHL U aTOMHOTo fapa, 1996, Tom 27, Bein.6, c.1607.

DKCHEPUMEHTBI TIOCIEIHEro JIECATIVIETHS 110 H3YYEHHIO HApYIEHHs MPOCTPAaHCTBEH-
HO YETHOCTH B HEHTPOHHBIX P-BOJNHOBHIX PE30HAHCAX W TEOPETHYECKME IPENCKa3aHHs
YCWICHHA BO3MOXHBIX 3()(PEeKTOB HADYHIEHHA BPEMEHHON YETHOCTH B HUX CTHUMYIHPYIOT
MHTEPEC K NpOBEPKE CUMMETPHU K 0OpauleHHI0 BpEMEHH BO B3aMMONEHCTBUN HEHTPOHA C
Anpamu. UyBCTBHTENBHOCTh HEHTPOHHBIX SKCIEPUMEHTOB K Hapyluaomieil 7-4eTHOCT coc-
TAR/IAIOWIEH SHEPHOTO raMMIBTOHMAHA MOXET GBITh HA MOPSANOK BbILIE, YEM PE3YNbTAT, Clie-
AYIOIHHA U3 3KCTIEPUMEHTAIBHOTO BEPXHETO IpeJena Ha 9MeKTPHUYECKHH MHUMOMbHBIA MO-
MEHT HEeHTpOHa. PacCMOTpeHb! BO3MOXHBIE 3KCTIEPHMEHTDI [0 TIPOITYCKAHHIO HOJSPH30BAH-
HBIX HEHTDOHOB Y€pe3 MONAPH30BAHHBIE WIM BHICTPOEGHHBIE MHILEHH, a TaKxe
9KCHEPUMEHTHI 110 3aXBaTy HEMOSAPH30OBAHHBIX DE3OHAHCHBIX HelTpoHOB. Caenan o630p
COBPEMEHHBIX NOCTHXEHHH B CO3laHMH 3((EKTHBHBIX MONSPH3ATOPOB M AHAIM3aTOPOB,
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TMOJIAPA30BAHHBIX MHUILLICHEH, HCHTPOHHBIX HOCTEKTOPOB, HOIIFOTOBHCHHBIX A1 3THX 39KC-
NEPUMEHTOB, U IUIAHUPYEMBIX METOINUK HCCIIENOBAHUS. O6CY)K)JalOTCﬂ TNpeaBapuTe/IbHBIC
PE3yabTaThl mmepeﬂuu, BBIMTOJIHCHHBIX K HACTOALUEMY BPEMEHH B BEAYLUIHX SAOCPHBIX LICHT-

pax CHIA, Poccun u SlnoHumu.
Ta6n.3 Un.13. Bubnuorp.: 102.

YIK 539.1

Huskonexamme HepoTalMOHHBIE COCTOAHHUA B cnnmonedmpmnpona}mux YeTHO-YeTHBIX
Aapax peaxko3emesnbHoi odnactu. Conosves B.I., Cywkos A.B., lupuxoséa H.IO. ®Pu3uka
3JIEMEHTapHbIX YacTHII M aTOMHoro sapa, 1996, tom 27, Bein.6, c.1643.

B 0630pe naHO omHMCaHWE YCOBEpPILEHCTBOBaHHMS KBa3HM4aCTHYHO-(POHOHHOH MoOmenu
sapa (KOMA) g neopMupoBaHHBIX SIep, BBHITOMHEHHOTO B MOCHEIHee BpeMs, KOTopoe
COCTOMT, BO-TIEPBbIX, B MPHOIMKEHHOM HCKIIOYEHHH NYXOBOTO COCTOSHHMS IIPH BHIYUCIIEHHH
yposHeit ¢ K™ = 1* u, Bo-BTOPHIX, B COBMECTHOM MCIIONb30BAHHM CITHH-CIIMHOBBIX M KBall-

PYTIONIBHBIX B3aUMOIEHCTBHIK 4 pacuera 1¥-COCTOSHHIA, OKTYTIONBHBIX M IMIONBHBIX B3aH-
Moneucmnu s 07- u 17 -cocrostHuii. B 0630pe npuseneHbl pe3yabTaThl pacyetos ote ruii
BOJTHOBBIX Q)?'HKU,HH BCEX HEPOTALMOHHBIX cocTosHM#M no 2,3 M3B B 136,158 Gd,
1601 62 lMD 8Er. Ipusenens! BepostHoct El-, E2-, E3-, E4- u M1-nepexooB u3
OCHOBHBIX B BO30YXIeHHbIE COCTOSHUS M NpUBENEeHHbIE BeposTHocTH El-, E2-, M1- u M2-
[IEPEXOI0B MEXIY BO3OYXIEHHHIMH COCTOSHHSIMH. CHCTEMATU3UPOBAHbl COOTBETCTBYIOLLME
9KCMEPHUMEHTAIbHbIE JaHHBIE M BBITIOJIHEHO CPaBHEHHE C MOJy4eHHBIMH pe3yabTaTamu. [To-
JIy4eHO AOCTaTOYHO XOpOLiee ONMCaHHe B KBa3MYaCTHYHO-(POHOHHOH MOIENH Spa SHEPIHH,
NpHBefeHHbIX BeposTHocTei E A- u M A-nepexofoB ¥ HaMGONBIIMX ABYXKBa3HYaCTHUHBIX
KOH(uUrypauuii oqHO(pOHOHHBIX WIEHOB BOJHOBBIX (DyHKLHMH HEPOTALMOHHBIX COCTOSHHM.
Ha ocHoBanuu pacyeroB B KOMSI U nx cpaBHEHHS C 9KCMEPHMEHTATBHBIMHM JAHHBIMH Clie-
JaHBI OTIpeeIeHHbIE PENCKa3aHHs, B TOM YHC/IE O CTPYKTYPE HEKOTOpBIX Hiaimmx 0*-,
2*., 4*-cocrosHuit u o npupone 6bicTpoix E1- u M1-nepexonoB Mexay Bo36YXIEHHBIMU
COCTOSHHSMH.
Ta6n.17. Wn.1. Bubauorp.: 100.

YIK 538.941

ChniekTp B030YyKneHMil H 603e-KOHIEHCAT B XKHIKOM *He. Kosnos X.A. ®usuka snemeH-
TapHBIX YacTHIl M aTOMHOTO fAapa, 1996, Tom 27, Bein.6, c.1705.

Ipencrasnen 0630p paboT MO UCCIENOBAHHIO XUIAKOro “He METoloM Heynpyroro pac-
cessHUs HEHTPOHOB Ha OCHOBE pe3y/lbTaToB, MOJMy4yeHHbIX Ha peaktopax UBP-30 u UBP-2.
OcHOBHOE BHUMaHHE YAEIEHO M3Y4YEHHIO CTPYKTYPHI CIIEKTPOB BO30OYXIEHHil KaK B HOp-
MAITLHOM, TaK M B CBEPXTEKydei (ha3ax, TOHCKY H MCCIENoBaHMI0 603e-KOHAEHCaTa ¥ ycTa-
HOBJIEHMIO KOPPEISLMHA MeXY SBICHHUSIMH CBEPXTEKYYECTH H 603e-KOHIEHCALHH.

AHanH3 cnekTpa Bo30yXIEHHH NpPH BOJHOBBIX BeKTopax ¢ < 1,6 A" noxasan, uro B
HOpMaIbHOH (pasze HabmonaloTCs ABe BETBH BO30YXHEHHUiA: BeTBb BO30OYXAEHHIl THUMA HYyje-
BOro 3ByKa (0s) B o6;1acTi (pOHOHOB U BeTBb BO30YXIeHHH (W) B (POHOH-MaKCOH-POTOHHOM
0651acTH, KOTOpast CBA3BIBAETCH C KBa3MKPHCTAIMYECKON CTPYKTYPO XMIAKOCTH. B cBEpX-
TeKydel ha3e KpoMme BhIlLIEHa3BaHHBIX BO30OYXIeHHMi HabmiofaeTcs BeTBb BO30YXneHui (n),
KOTOpast NMpU HU3KMX TEMIIEpPaTypax CTaHOBUTCS ONpeessiolieil. Dra BeTBb OOHO3HAYHO

~ Moxer GbITh OTHEeceHa K KpuBoit JlaHaay juis aneMeHTapHbIX Bo30yxnenuit. ITokasano, uto
3HAYMTEbHbIE NEPECTPOHKH CIEKTPOB BO30YXIEHHIl IIPOUCXOMAT NPH Nepexofie depes A-
TOUKY, a TAKXE B Y3KOH 06/IacCTH BONHOBBIX BeKTOPOB g = 0,5 + 0,65 ATl . Ing (n)-, (0s)- u
(w)-Bo36yxnienuii Hab/moaeTcs MOJOXHUTENbHAS aHOMAbHAs JUCIIEPCHS.
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Cnenan 0630p paboT Mo HOKUCKY M MCCe0BaHHI0 603e-KOHNEHCATa, BbIIONHEHHBIX B
o6nmact¥ 0OHOATOMHBIX BO30YyxmeHuit. O6CYXIaloTCA pe3ynbTaThl O TEMIIEPATYPHOH 3aBU-
CHMOCTH OTHOCHTEJIBHO# TI0THOCTH G03e-KoHaeHcara. [To XxapakTepy 3aBUCHMOCTH OT TeM-
[EpPATYpBI 3TH PEe3YJBTATH, C ONHOH CTOPOHBI, JIOTHYHO COBINAJAIOT C 3aBUCHMOCTBIO NHTEH-
CHBHOCTH (n)-KOMIIOHEHTHI OT TEMIIEPATYpHI, & C APYroll — C TEMIEPaTypHOH 3aBUCHMOC-
THIO TUIOTHOCTH cBepxTekydeil komnoneHtsl B He II. Temneparypa 6o3e-koHmeHCauuu, B
npenenax owMGOK, COBIAamaeT ¢ TEMIeparypoil mepexoma xuakoro He B cBepxrekydee
cocrosHHe. JIaloTca OLEHKH BEJTMYMHBI IIIOTHOCTH Go3e-KoHaeHcara npu T = 0 K, nonyueH-
Hble M3 3KCIIEPUMEHTAIbHBIX NaHHBIX.

HUn.27. Bubnuorp.: 100.
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K CBEIEHHIO ABTOPOB

B XypHane «Pu3HKa 3/IeMEHTAPHBIX YaCTHLL H aTOMHOrO sapa» (DYAS) neuaraorcs 0630psl Mo
aKTyalbHHIM TIpO6/IEMaM TEOPETHYECKOH M 3KCIIEPHMEHTAIBHON (DH3MKHM 3/EMEHTAPHBIX YacTHU H
aTOMHOTO s/1pa, Npo6/ieMaM CO31aHHs HOBBIX YCKOPHTEJIBHEIX H 9KCTIEPHMEHTANIBHBIX YCTaHOBOK, aBTO-
MaTH3alMKH 06paboTKH IKCIIEPUMEHTATBHBIX JaHHBIX. CTaThH NEYaTAlOTCA HAa PYCCKOM M aHIIMHACKOM
a3bikax. Pefakuus npocHT aBTOPOB NPH HaNpaBIeHHH CTATHH B [eYaTh PYKOBOACTBOBATHCH HATOXKEH-
HbIMH HHXE TpaBHIaMH.

1. TexcT cTaThH fONXeH GHTHL Hane4yaTaH Ha MalIHHKE Yepe3 [Ba MHTEPBala Ha OJHONH CTOPOHE
nucta (06S3aTeNIbHO MpENCTARIAETCA nepBbiii MALIMHONHCHBIH 3k3eMiuiap). [lons ¢ neBoii cTopoHbl
IONXHB OBITh HE yXe 3—4 CM, PYKOMHMCHBIC BCTAaBKH He JOMYCKATCH. DKIEMIVISP CTAaThH JOJIXEH
BKJIIOYATh aHHOTALUMH M Ha3BaHHE HAa PYCCKOM H aHIIMICKOM f3biKax, pedepar Ha PycCKOM s3biKe,
VIK, cBeneHus 06 aBTopax: paMwiHd M MHMUM&IB (Ha PyCCKOM M aHITHACKOM A3bIKax), Ha3BaHHE
HHCTHTYTA, ajipec H TesieoH. Bee cTpanHubl TeKcTa 10AXHB 6GbITh MPOHyMepoBaHbl. CTaThs A0/MXHA
6biTh MoAMHCaHa BCeMH aBTOpaMH. TeKCT cTaThi MOXeT GHTb HaleyaTaH Ha NPUHTEpPE C COOMIONEHHEM
TEX Xe MpaBHl.

2. ®opMyan H 0603HaueHHS NOMXHH GWTh BMHCAHH KDYNHO, YETKO, OT PYKH TEMHBIMH
yepHWIaMH (TH60 HameyaTaHBl Ha MPHHTEpE H O6A3aTesBHO pasMeucHbl). JXKenaTeNbHO HyMepOBaTh
TO/ILKO T€ (POPMY/IB, HA KOTOPHIC HMEIOTCH CCHUIKH B TekcTe. HoMep dopMynst ykasbiBaetcs cnpasa B
Kpymibix ckobkax. Oco6oc BHHMaHHE CiielyeT OGPaTHTL Ha aKKypaTHOE H306paxcHHE HMHIEKCOB M
MoKa3aTe/ici CTENEHEH: HHXHHC MHICKCH OTMCYAIOTCS 3HAKOM MOHHXEHHMS M, BEPXHHE — 3HAKOM
MOBBILUICHUS U; WUTPHXH HEOGXOMMO YCTKO OT/IHYATD OT CAMHHLIN, @ CAHHHLY — OT 3ansiToii. Cnenyer,
0 BO3MOXHOCTH, H36eraTh rpOMO3/IKHX 0603HauYeHHii M ynpowars Ha6op dopmyn (HanpuMep, npuMe-
HSs exp, Apo6b Yepe3 KOCYylo YepTy). :

Bo n36exanne HenopasyMeHHi H OWHGOK CICAYET AENaTh SCHOE PaVIHYMe MEXIY MPOMHCHBIMH
H CTPOYHBIMH GyKBaMH, OIMHaKOBBIMH Nno Hayeprauio (VU v, Unu, Wuw,Ouo, Kuk,Sus, C
u ¢, P up, Z u z), NponHCHBC NOMYCPKHBAIOT ABYMA YCPTaMH CHHM3Y, CTPOYHbC — [ABYMS YEpPTaMH
caepxy (§ M 3, C u §). Heobxonumo nenats ueTkoe paviuume mexay 6yksami e, I, O (6onbiuoit) 1 0
(Manoit) U 0 (Hynem), w18 4yero Gyksbi Qu G OTMEuAIOT ABYMS YEPTOYKAMH, & Hy/b OCTAaBISIOT Ge3
noayepkuBaHus. I'pedeckue GyKBH MONYCPKHBAIOT KPACHBIM KapaHNAUIOM, BEKTOPH — CHHHM, JH60
3HaKOM LJ CHM3y uepHwiamu. He pexomenmyercs ucnonb3oBaTh Wi 0G03HaYeHHs BENHYMH GyKBbi
FOTHYECKOrO, PYKOMHCHOTO H NPYTHX MaOYNOTPEOMMbIX B XYPHATBHBIX CTaThaX LIPHGTOB, OAHAKO
€CiiH TaKylo GyKBy Hesbis 3aMCHHTB GYKBO#l JIATHHCKOIO HIM rPeyeckoro anasuTa, TO e PasMeyaloT
NpocTHM KapaHnaiioM (o6BOLAT KPyXKoM). B ciyyae, ecin HanMcaHMe MOXET BHI3BaTh COMHEHHE,
HEOGXOIMMO Ha NOJAX [aTh MOACHCHHE, HanphMep: § — «weta», & — «kcu», k — nar., Kk — pycck.

3. PACYHKH NpeACTaRnfi0T Ha OTACHbHBIX JIHCTax Gesoit GyMaru WM KaibkH C yKa3aHHEM Ha
06opore HOMepa PHCYHKa H Ha3BaHHA CTaTbH. ToHOBbiE GoTOrpadMyu NONKHH GHITH MPEACTARTCHH B
IBYX 3K3eMIUIpax, Ha 060pOTe KapaHJalllOM YKa3aTb: «BepX», «HH3». I'padMKH 1OMXHB OHTH TuIA-
TEJILHO BHIMOJHCHB TYLIBIO WIH YEPHBMH YCPHHIAMH; HC PEKOMEHAYETCS 3arPOMOXIaTh PHCYHOK He-
HYXHBIMH J€TalsMH: GONBIIMHCTBO HaINHCCH BBHHOCHTCS B MNOANMCh, a HA PHCYHKE 3aMEHSETCH
unpamn win Gyksamu. XKenarenbHo, YTOGb PHCYHKH GBUIH FOTOBBI K MPSMOMY PENpPOIYLIMPOBAHHIO.
TMoanucH K pHCYHKaM NpEICTABNAIOTCA HAa OTAE/BHBIX JIHCTAX.

4. Ta6nuubl JOMXKHB GHTb HaneyaTaHbl Ha OTACABHBIX JHCTaX, Kaxaas TabaHua A0MIXKHA UMETb
3aroyioBok. CrieflyeT yKa3niBaTh €QMHHLIN HIMEPEHHS BETHYHH B TaGIHIax.

5. CnHCOK NHTEpaTypH NOMEMaeTcs B KOHLE CTaThil. CCUIKH B TEKCTE NAIOTCA C YKa3aHHEM
HOMepa CCHUIKH Ha CTPOKE B KBAIPaTHHX CKOOKax. B jHTepaTypHOil CChUIKE HOMXHB GHITh YKa3aHbi:
WIS KHHT — (baMWIHK aBTOPOB, HHHLIMANTH, HA3BAHHE KHUIH, rOpOJ, H3AATENBCTBO (WIH OpraHM3auMs),



rojl U3aHHs, TOM (YacThb, [J1aBa), LMTHPYeMas CTPaHMIIA, ECIH HYXHO; I cTaTed — (aMHWIHHM aBTO-
POB, HHHMLHA/IBI, Ha3BaHHE XYPHaNla, CEpHs, IOl H3laHHd, ToM (HOMeEP, BBIMYCK, €CJIM 3TO HEOOXOMMO),
nepsas cTpaHHLa cTathi. Eciii aBTOpoB Gonee nsTH, TO yKa3aTh TONBKO MEPBIE TPH haMInK.
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