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Bibpauii B aapax

[ToBepxHeBi ocuiNnAaLil MynbTUNONbHOCTU £
(€20):

R(t)=Ry[1+B,(t) Ye,(0)]
Bo(t)= Bpcos(wt)

O6’em, AKMM 3aMMatOTb HYK/IOHI B A4Pi, MOCTIMHUN:
Vp=const, V =const;
[YCTUHW NPOTOHIB ab0 HEUTPOHIB NOCTINHI B Oyab-
AKIN TOuLI aaepHOro ob'emy :
p,=const, p =const.



[loBepxHeBI KONMBAHHA

_Llle

HM3bKOEHepreTnyHi BibpaLinHi CTaHW
£=2: E~1-4 MeV £=3: E~2-6 MeV

0
4

g




[ToBepxHeBI KOJINBAHHA
E, =hw,
W, = (C, /B,)Y?
C, =1/(4m)[b, (8-1)(L+2)A%/3
-6e2(€-1)/(r,(28+1))Z?A /3]
b, ,~16—21 MeV;
e?/r,=1.2MeV
D, =3Mr,2A>/3/(4nR)
E=T+V=(1/2)2,, D, [d/dt(a,,)|?
+(1/2)2,4, Co | g, |
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FIGURE I. Summary of Various Adopted Quantities as a Function of Mass Number 4
See page 13 for Explanation of Figures
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The B(E2)t values are basic experimental quantities
that do not depend on nuclear models. A quantity that,
though model dependent. is quite useful because of its easy

FIGURE I. Summary of Various Adopted Quantities as a Function of Mass Number 4
See page 13 for Explanation of Figures

(c) ¢ | visualization is the deformation parameter. f. Assuming a
7 uniform charge distribution out to the distance R(#, ¢) and
/ zero charge beyond. f 1s related to B(E2)t by the formula
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oy *:% | \ | havecalculated theratio f/ (). The quantity ;) is assumed
o~ ; to be 1.59/Z. which follows from using the single-particle
il

LINES CONNECT ISOTOPES ": | value B(E 2)1sp) in Eq. (2). This (Weisskopf) single-particle

(=]

g

P R T
20 40 60 80 100 120 140 160 180 200 220 240
Mass Number A4

R N o= B(E2)t value is given by

-
[+]

EWSR(II) (%)

-
(=]

| A — T B(E2)M (= 2.97 x 107° 4% *v’. (3)

The energy-weighted sum-rule (EWSR) strength. on the
other hand. tells us how much total transition strength we can
expect in a particular nucleus. It is given by [3]

SI) =Y E x B(E))t =30¢’(W*/8tm)4R;, (4)

where m 1s the nucleon mass and (3 ji)Rﬁ 1s used for the
single-particle. mean-square radius. The isoscalar part of the
full sum is given by [4]

S(ID) = S(I)(Z/4)". (5)
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|130BEKTOPHI NOBepPXHeBI KOIMBAHHA

M1, rotations w E2, vibrations w




[IrQHTCbKI MYN1bTUMO/IbHI PE30HAHCHU -
Le BUCOKOeHepreTU4yHI CTaHW

GMR: NoBepxHeBiI KOIMBAHHA NPOTOHHOI Ta HEUTPOHHOI
NOBEPXHi My/IbTUNONAbHOCTU £

Ro(t)=R o[ 1+B ¢ (t) Yeo(O)]
Rn(t)=Ro[14B,,¢(t) Yeo(O)]

AKi CBA3aHi 3 KONMBAHHAMMWM F'YCTUHU NPOTOHIB Ta HEUTPOHIB B
06'eMHIiM yacTUHI aaep

P,(t)=ae(t) Py f(r) Yeo(0),
Pu(t)= 0e(t) Pof(r) Yeo(6):
AMNANUTYAQ KO/IMBAHb
0y (t)™ By(t) ~ cos(wt).
KinbKicTb NpoToHiB abo HENTPOHIB € NOCTiIMHOLO (36epiraeTbea):
/=const, N=const.



Pi3Hn moan 30ymkeHb € y aapax (Spin x Isospin x Multipolarity)

IS mode 2Y20 IV(Isospin) mode T
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IcTopin

* A.B. Mirgan (1944/45) oueHis eHeprito GDR.

e Baldwin and Klaiber (1947/48) Bumipsanu
GDR

* |soscalar Giant Quadrupole Res. (1971)

* |soscalar Giant Monopole Res. 1977
(E~13.5 MeV, 208Pb)

* |soscalar Giant Dipole Res. 1980
(E~19-21 MeV, 208Pb)
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Experimental probes for
isoscalar giant resonances

Inelastic scattering : (d.d’) (o,a’) @ E = 25 A.MeV
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D.H. Younblood et al, Phys. Rev. Lett 76, 1429 (1996) '



Isoscalar monopole and quadrupole resonances
| I I T

GDR (isovector), Photoabsorption ) e

150

L
-]
3
g
400
T; 200 g (Mev) %°
FIG. 1. (a) *®pb spectra taken at 14° and 17°, The
Photen Emergy - MeV¥ two Gaussian peaks and the background fitted to the da-
FIG. 24. Total photoneutron cross sections for the zirconium isotopes, ta are indicated. (b) Spectra taken at 13° for '*TAu,
showing the broadening of the giant resonance as one adds neutrons W6ph  28ph  apd 2*Bi are shown., The neutron separa-
to a nucleus having a closed neutron shell (Livermore). ' L
tion energies as well as excitation energies correspond-
Rev. Mod. Phvs.. Vol. 47. No. 3. Julv 1875 ing to 634 "1/% and 804 "1/ MeV are indicated by arrows,

The straight lines drawn are only to guide the eye,
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Experimental description of GMR
Example isovector GDR

197 25 MeV
79AU _ {odE = (300 * 30) MeV fm?
EMeY - (11201) 6 52 MeV fm?
T 2
i 3 (3) B &
= res
(E_Eres)2+(%‘)2 Eres E
E,..=13.9MeV TI':=42 MeV
\ Tres = 53 fm?
5 ;
: NG
{3 )
gt
[ ]
] | ] | ] | | | ] | I | | ] | | |
8 10 12 14 16 18 20 22 24
f i } Ey(MeV)
(yn) (y2n) (¥3n)



Mopaenb pigkoi Kpanai
Y mogeni pigkoi kpanni IVGDR onncyeTbca AK KONIMBAHHA
HEUTPOHHOI PiAMHN NPOTU NPOTOHHOI PiANHM 3 NOBEPTHOYOOD
CMNO010, NOB'A3aHOIO 3 HEUTPOHHO-NPOTOHHOK B3aEMOMIELD.
[YCTMHI NPOTOHIB ab0 HENTPOHIB Ta iX pajiycu 3a4at0TbCA

pp(t)= .Qp+ap€,(t) pO f(r) Y{Z,O(e)l Rp(t)= Bp+ap8(t) RO f(r) YBO(e)I
Pn(t)= pt0e(t) pof(r) Yeo(O), Rn(t)= R +a,(t) Ryf(r) Yeo(0).
Steinwedel-Jensen model Goldhaber-Teller model
06'eEMHiI KONMBAHHA NOBEepPXHEBI KONMBAHHSA
06’emHa noBepTOYa cuNa noBepxHeBa NOBEPTHOYA CMANA




Microscopic Description

In the microscopic treatment of collective motion the nuclear wave function is
described as a linear combination of particle-hole excitations.

The many-body Schrodinger equation HY = E ¢ is difficult to solve. In the mean-
field approximation each particle moves independently from other nucleons in a
single particle potential, representing its interactions with all other nucleons.

MICROSCOPIC MODELS
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Skyrme Hartree Fock (SHF) model

o SKyrme interaction (effective zero-range force with density and momentum dependent terms)

1 - o N
Vsky(F1,F2) =to[1+ xoPaj5(h—rz)+§tl(1+ XlPo-){k 26(fi-F2)+ S (ri-T2)k?

+t2(1+ x2Po )K" S (.- h)lZ+%t3(l+ X3Po) p* ()3 (Fi-T2)

+1W (51+5‘2)' E'X5(F1—F2)E
(V:i=ve) . (V- V)
i ’ 2i
o Hamiltonian density  H(p,, p,) = (HF|T +V, |HF)
2

H (pn,pp) =§—m(fn+2'p)+%t0(l— XO)(,On2 +pp2)+t0(1+%XOJpnpp

1 1 a+2 1 1 a 2 2

1
+§[t1(1- Xl) +3’[2(1+ XZ)}(IOnTn + ,Opr)

=~

+ %{t{u % le + t2(1+% Xzﬂ (ontp+ potn)+ Heoul + (derivative terms)



Physical properties of the infinite nuclear matter
by the parameters of Skyrme interaction

e Isoscalar part
2

0= 5—menm2/3 +gt0pnm + %{3t1+t2(5+ 4X2)} CI()nmS/3

—Eo= hz CIOan/3 +§t0pnm +it3pnma+1 +i{3tl+t2(5+ 4X2)} C,OnmS/3
10m 8 16 80
K=- 3—iﬁlzc,onmz“” +3tsa(a +1) pon ™ +§{3t1+ t2(5+ 4X2)} Com >
5m 16 8
e |sovector part
= h—ZCIOan/3 —1t0(1+ 2X0),0nm —its(l—i— 2X3),Onma+1 —i{3t1X1—'[2(4 + 5X2)} Cpnm5/3
6m 8 48 24
I = 3t (14 2560) o — b1+ 25) (1)
o6m 8 16
5 5/3
—ﬂ{3t1X1—'[2(4+5X2)} C Onm

2
—3—rn(:,0nm2/3 —%tB(l-F 2X3)(0[ +1)0{pnma+l —% {3th1 — t2(4 + 5X2)} ClOnt/3



[lepopmoBaHi Aapa
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|Isoscalar:

Isovector:

Bnactnsoctm GMR

L=0 E=80 A'Y/3MeV,
L=1 E~120-140 A3 MeV,

=2 E=62-65 A3 MeV, I, ..~0.02 (Eqpere)?
=3 E~105-115 A'Y3 MeV
=0 E~180-195 A3 MeV,
L=1 E=68-82 A3 MeV, I 0o~0.02 (E pere)?

L=2 E~105-125A13 MeV,
L=3 E~145-170 A'Y/3 MeV



Time-Depending-Hartree-Fock equation:
where

is the Hamiltonian and V(r) is the potential:
V(r) = fdr"U(r, r')p(r')
Wigner transformation for one-particle operator:
Aw = A(r,p) = /ds erp(—%ps) Alr+s/2,;r —s/2).
Wigner transformation of commutator:
([A, B])w = 2i Awsin E(ﬁ'ﬁp ~-V,V, )] By =
= ihiAw(V,V, — V,V,)Bw + O().

Wigner transformation of TDHF equation:

of (r,p,t)

P = = = _ 2
ot -+ vaf(rz P, t} - vﬁf(rv pvt)va(r) - O(h )’

where

V(r) = ] dr'dpU(r, ) (€', p, 1



Approximations: 1. Sharp edge of density and potential in coordinate space
2. Sharp edge at the p = p; in momentum space
3. Neglecting O(h?) terms
4. Linear approximation ( small amplitude of

vibrations & f(r,p,t) < f(r,p) )




By using approximations we obtain the Vlasov equation into the nuclear volume for proton and neutron

distribution functions:

sz-(r? P; t)

223
p Tk
TR TAL fé(P]P]fHﬁ(E—Ef)m_M/d’T > Fifilr,pt)| =0,

j=P.N
where i, j = P, N, dT = 2dp/(27h)®, F;; are the constants of quasiparticle interaction.
THE DENSITY VIBRATIONS ARE DESCRIBED IN THE MODEL:
by the Vlasov equation < into the nuclear volume

by boundary conditions < into the nuclear edge



ISOSCALAR GIANT MULTIPOLE RESONANCES
[soscalar distribution function:
f+{r'r P, t) = fP(r:~ P, t) + fN(r': p'.vt)'

The Vlasov equation for f*(r, p,1):

aft(r,p,t)
ot

T2 h3
drF*f* t) =0

where F* = Fpp + Fpy. The solution of the Vlasov equation, corresponded to the isoscalar density vibration

+ 29, e +i <

of multipolarity £ is given by

co8(Upr)

fH(r,p,t) = awd(e — =) /dﬂk}’m(ﬂk)erp(i(kr — wt))

where s = w/kvy, vy = /25 /M.

The quantities s is determined from the equation:

SE 541 1_1
2 "\s—1) " T F

s — cos(Upr)’




The boundary conditions for free surface:

Velocity of Particles = Velocity of Surface
Ore(r, t)|p = P(t)

Normal to Surface Pressure of Particles = Pressure of Surface Tension

(. t) = | dr2 e, :
ort) = [[drEft e,
R(t) = R(1+(0)Yi(2))

TRt

1
JTT(r?t) :E/dq_pgf-l-(r‘p‘t)—l_p 2 ?u' /de-l_(r?p!t)?

&s() (6= 1)(f+2)
R

P(t) = Yio().

In nuclens with A nucleons the energy of isoscalar giant multipole

resonance is equal to:
Etn = DinA)A™F,

where

h?E 1/2
Din(A) =25 (2M -.:g) Zen(A).



Here z4,(A) is the n-th root of equation:

y 36.(.1‘441"{3

Jilz) = P12 [(1—3s*+ F1/3)j{ (z) + (1 — 8* + F1)jg(z)]

je(z) is the spherical Bessel function, primes - derivatives, bt = 47rio, R = rgA~'/2,

%z ag+ bTA Y3 4+ JA (%)2 (1— %) +.... Note: zy,(A) = zp, = weak A dependence.

Transition densities = volume and surface contributions:

0pen(r) = aenpolie(zen(r/ R))w(r) — (Jo(zen) /zen) B/ (r)],

here p = 3/(4nr]) is density of nuclear matter, w(r) is the radial dependence of static density in nucleus

w(r) = [1+ezp((r — R)/d)]™"

Parameters: £; = 40 MeV, ro = 1.2 fim, b* =19 MeV, F* =1



Here z4,(A) is the n-th root of equation:

y 36.(.1‘441"{3

Jilz) = P12 [(1—3s*+ F1/3)j{ (z) + (1 — 8* + F1)jg(z)]

je(z) is the spherical Bessel function, primes - derivatives, bt = 47rio, R = rgA~'/2,

%z ag+ bTA Y3 4+ JA (%)2 (1— %) +.... Note: zy,(A) = zp, = weak A dependence.

Transition densities = volume and surface contributions:

0pen(r) = aenpolie(zen(r/ R))w(r) — (Jo(zen) /zen) B/ (r)],

here p = 3/(4nr]) is density of nuclear matter, w(r) is the radial dependence of static density in nucleus

w(r) = [1+ezp((r — R)/d)]™"

Parameters: £; = 40 MeV, ro = 1.2 fim, b* =19 MeV, F* =1



ISOVECTOR GIANT MULTIPOLE RESONANCES

[sovector distribution function:

f(r,p,t) = fx(r,p,t) — fp(r,p,1).

The Vlasov equation for f~(r, p,t):

0 (p ), P [ - w“f 1
where F'~ = Fpp — Fpy. The solution of the Vlasov equation, corresponded to the isovector density vibration
of multipolarity £ is given by

B _ cos(Upr)
F02.0) = auble =) [ dnlerp(ite — ) T

where s = w/kvy, vy = /25 /M.

The quantities s is determined from the equation:

5 s+1 1
5 1=
2”(3—1) F-

The boundary conditions for free proton and neutron surfaces:

v (r, 1) = RPV()

T

Velocity of Protons (Neutrons) = Velocity of Proton (Neutron) Surface

0., (v t)|r =P~ (?)



Normal to Surface Pressure of Particles = Pressure of Neutron Skin Deformation

o e,0) = [ arZ e,
RPN (t) = RPN (11 PV (1)Yo(9))

ﬂaﬁaF
o (r,t Mfd’rp f(r,p,t) Epr fd'rf‘(rﬁp?t),
P(t) = 9 —(RNa(t) — R"al (t))Ya(V).

27y

In nuclens with A nucleons the energy of isovector giant multipole resonance is equal to:
Efﬂ = DEH(A)A_Hgﬁ

where

Dia(A) =25 ( i )m zen(A).

Here z4,(A) is the n-th root of equation:

e A3y
jele) = %[(1 — 35"+ F7/3)ji(2) + (1 — 5"+ F)ji(x)]

B b AP A () (1 - ) +
Note: The A dependence of z4,(A) is very strong and important.



Transition densities = volume and surface contributions:
5ptn(r) = ool jeCeen(r/ R)Ju(r) — (jileen) /en) R ().
here p = 3/(4wrd) is density of nuclear matter, w(r) is the radial dependence of static density in nucleus
w(r) =[1+exp((r — R)/d)]™".

Parameters: £¢ =40 MeV, rp = 1.2 fm, Fjy = 1.6, B~ = 43.5MeV.



Hydrodynamic | 1-sound) Isovector Giant Multipole Resonances

Model Volume Osc. | Surface Osc. E(A]
Steinwedel- Jensen + - A-LB
Goldhaber-Teller - + A-LE

Free Surface Model + + between A1/ and 4~14

ree Jurrace IVio

The linearized hydrodynamical continuity equation for proton and neutron liquids are
Obpp(r,t)  Z dbpy(r,t) N

5 + i div{vp(r,t)) =0, P + ik div(vy(r,t)) =10,

where g = 7. Condition: 6pr(r, t) +8pn(r, ) = 0.

The Euler hydrodynamical equations for two-component liquid are
£  dvp(r,t)
AN

N  ovylrt
szn % + 2Cpp grad dpn(r,t) + 2Cpy grad dpp(r.t) =0,

M + 2Cpp grad dpp(r, t) + 2Cpy grad dpy(r,t) =10,

where M iz the nucleon mass.

The linearized wave equation is

Fhpir,t) 2T _
— (r,t) =10,

where K /18 = Cpp+ Cpy is incompressibility modulus and J = Cpp — C'py is isovector symmetry coefficient.



The linearized wave equation is

&bp~(r,t)
ot

— %ﬁp_[r, t) =0.
Solution:
p(r,t) =dpw(r,t) — dpp(r,t) = Wpx(r, 1) = —20pp(r, t) = cnpm(t)ge(kner ) Yem(, ),

A A A
v(r,t) = vy(r, t) —vp(r,t) = Ev;.,rl:r, t) = —ﬁvpl:r,t:l = mé;frm[ﬂ gradj kner) Yem (1, ),

Flalr,t) = 2Jang(t) poje kner) Yem (9, §)-
The vibration of neutron skin surface:
T(t) = Ru(t) — Rp(t) = Ry — Rp + as(B)ro¥an(d, §).
Boundary conditions:

vy (r, )| =T1(2)

Prafrt)lr = Pr(t) = soa(t)ra¥in(d, )

0



Free Surface Model

The energy of resonance:

where z¢,(A) is the root of equation

y aINZ 3z
jiT) = A QAHQJ'!{I]‘

Transition densities = volume and surface contributions:

Spn(r) = agpolielze(r/R)Jw(r) — (7 zem)/ zm) Re'(r)]-

The limiting cases:
Steinwedel-Jensen Model

() +oc, = jlz) =0, Ep= ﬁmfﬂ_ﬁl_l-‘rﬂ Transition densities: = volume contribution;

dpea(T) = el Tea(r/ B w(r).
Goldhaber-Teller Model

J =00, = Efd)=, f%,’r; A AV

Transition densities: = surface contribution:

bpi(r) = af mBRw'(r).



Isovector GMR

Transition densities:
= p,(t) - p,(t)
= 0l(t) P flr) Yeo(B)+ Op(t) po R (1) YeolO). ’
Energy
E,=D, A1/3

r,(A)
N & S oo

0.5

gt Ll ar ] g R e R i

i S

RS

11111111}?

a0 IZI]'4 160 200 2490



Deformed Nuclej
E ~1/R;

sphere
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GIANT RESONANCES IN HOT NUCLEUS.

The Vlasov equation for f~(r, p,f) with the collision integral:
Of*(r,p,t)

at |
++:V [ P pot) 4 8(e — ) / drFEf(r )]
T Py _f pr P

_ —/dﬂmm ) [fE(e, pt)—

y ( f dr' fi:(x, p', ) + 3cos(pk) / dr'cos(p'k) fi:(r, P’afJ)] )

where Fi = Fpp + FPN-
The width of 0-sound is given by

To(A) = ao (Eg(A) + (2rT)7) ,
where T' is the temperature of nucleus,

h
ag = —F1 0 02 MeV,
10?['27]|:|

no=1,84- 1072 (MeV/ fm)3sec

is the parameter of quasiparticle viscosity of nucleus n = 19 /T".



The mean free time in Fermi-liquid theory is equal

_ O
B 2pepT?

T

(-sound = rare collisions regime. The frequency of vibrations w = %ﬂl is smaller then frequency of quasi-
particle collisions wg,; = 1/7.
O-sound = w7 <« 1 rare collisions, small 7' (could and warm nuclei)

l-sound = w7 > 1 frequent collisions, high T" (very hot nuclei)
The width of 1-sound vibration (hydrodynamic):

Iy (A) = ay (Eli(f))ﬂ _,

where

To
a] = =0,2MeV.
LI+ Fy ek

Transition region wt = 1 < strong dissipation and attenuation of collective motion.

The critical temperature T, at wr = 1:

For A~ 100 — 150 (E(A) ~ 15— 16 MeV) = T, ~4,5MeV.
1., frequency of collision coincides with frequency of collective vibrations and the collective motion strongly

dissipated.



Before we proposed that [yl = Ceollision, DUt

= Deollision + Pesmpe + I' Landau + Ffmgmentaﬁun + ...

We propose that

1
Fcuﬂisinn = _Ftutui .
.jf

where v > 1. In this case

Twly=1)=45MeV, T, (y=2) = 6.3 MeV, T, (y =4) = 9 MeV
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Corsi, et al., APPB42,619, (2011): Analysis has shown that the hindrance of GDR decay in the
selfconjugate nucleus 80Zr makes possible the evaluation of the degree of isospin

mixing preﬁsnt in a highly excited compound nucleus
1 10
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Fig. 2. The high energy ~-ray spectra measured in the reaction 37 Cl4+%Y*Ca — *'Rb
at B = 83 MeV (left panel) and in the ¥ Ca+*"Ca — *Zr (E* = 83 MéV) reaction
(right panel). In the insets, the linearised spectra are shown, The statistical model
caleulations (see text) are displayed with contimons line |22 21).



In general light-particle emission is much more probable
than ~y-decay, but the latter, which has a probability of the
order of 102, is a more useful probe of the GDR proper-
ties since the ~-ray carries all the energy of the resonance.
The decay rate R, is given by

R.dE, = ﬁ‘ﬂ((;) } fepr(Ey)dEy , (4)

where p(FE1 ) and p(FEs) are, respectively, the level densities
for the initial and final states which differ by an enerev
E, = E1—Es and fepr(Ey) < 0apsES. It can be wri

—
as ':-E L (a) -
=15 |— —
fonn(B) = 2 g NZ o | E 3 i

GDR\ L~ 3rhmed GPR T (=]
~ (b &

I'cprE; i _

9 5 5 512 y ~ o Gaardhoje et al "
(E’T o EGDR) + E’TFGDH 10 |~ ®Chakrabarty et al. _
Z L 2w ]

&
‘_.g -
5 —

PR TN TR I T T TR TR B
D. Santonocito and Y. Blumenfeld, 50 100

E, (MeV)

Eur. Phys ). A 30,183 (2006) Fig. 2. The systematics for the energy (a) and width (b) of

the GDR as a function of E*. Open symbols are from refs. [23,
24] while full circles are from ref. [25]. The full line corresponds
to the parametrization of the width given by eq. (6).



GDR in hot nuclei

Heavy-ion fusion === Compound nucleus === Gamma-Decay

Counts (arb. scale)
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E, (MeV) Figure 2
Divided plots of data and fits in (a)""0 + ™'W at
Figure 1 100 MeV and (b) @F + % Ta at 105 MeV. Solid

Experimental y-spectra and the CASCADE fits in the
reaction @F 4+ 8107a at 93(a). 105{c), 126(d), 141({f)
MeV, and in 20O + =YW at 100(b)}, 140(e) MeV.

curves are prolate fits. Dashed curve in (a) is a
single component and in (b) is an cblate fit.



Multi-phonon giant resonances

428 MULTIPHONONS

Harmonic oscillator
F. = ﬂF]

=nhuﬂil - /75; %- l,

ETI:

Fic. 9.2. Multiphonon states of a one-dimensional linear harmonic vibrator of
JT = 17 phonons (IVGDR). After (EML94).
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and open symbols denote data for dipole resonances from heavy-ion experiments and from pion
charge exchange reactions, respectively. The solid line indicates the value expected in the harmonic
limit. Middle: Same as above, but for the width I'. The dashed lines correspond to a value of
V2. Borrom: Ratio of experimental to calculated electromagnetic cross sections for the double
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LAND, P. Adrich et al., PRL 2005
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* PO3pi3HAIOTb NOBi/IbHI (NOBEpPXHEBI) Ta LWBUAKI
(06’eMHi Ta NoOBepxHEBI) i30CKaNAPHI Ta i30BEKTOPHI
KO/INBAHHA PI3HOT MY/IbTUNO/IbHOCTI

e Ob'emHi Ta NnoBepxHeBi i30CKaNAPHI Ta i30BEKTOPHI
KOJIMBAHHA NMOB'A3aHi rpaHUYHUMM YMOBAMM.

* Y aapax € ABa Pi3HNX PEXMMU: HYNbOBUN Ta
nepLnm 3ByK.
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