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QUANTUM DESCRIPTION OF THE EXIT FROM THE ELASTIC CHANNEL IN
THE OPTICAL MODEL
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In nonrelativistic quantum mechanics, a decrease in the particle flux can be modeled
by adding a negative imaginary part iW(r), W(r)<0 to the interaction potential of the nuclei V(7).
The time dependence of the wave function [(r,t) (in the center of mass system) is determined

by the nonstationary Schrodinger equation

., OW h? .
and the complex conjugate equation for V" (rt)
., 0W* h? . *
—in% = [~ TA+ V() - w|v e, (12)

here p - is the reduced mass of colliding particles with masses m, m,
mym,
= (1.3)
r is the vector of their relative distance. Multiply both parts of equation (1.1) by the
complex conjugate function ¥* , and both parts of equation (1.2) by ¥ and subtract the second
equation from the first. As a result, we obtain a continuity equation describing the absorption of

particles
L =21 div()) =2W(r)p <0, (14)

at

where p(r,t)=¥Y* W is probability density, j(r,t) is a vector of probability flux density
jrt) === (VY — $YW*) = L Im($* VW), (1.5)

The relative rate of absorption of particles is equal to

ldp 2

;E—hW(T) < O, (16)

Relative decrease in the number of particles with velocity v per unit trajectory length s
ap _ _1_10p_ 2
ds 1 vpat —th(T‘) <0 (1.7)

Thus, the imaginary part of the interaction potential of the nuclei is related to the free path

length by the ratio
hv
Alr) = ~we >0 (1.8)

For a free path length depending on r, the probability of a particle “surviving” on a trajectory

with a path length s will be determined by the expression
ds

Py (s) = exp (_ fﬁ) (1.9)

The model in which the interaction of a particle with a nucleus is approximated by the effective
“refractive” potential V (r) and the “absorbing” potential W (r) (reducing the flow of elastically
scattered particles due to their exit into other reaction channels) is called the optical model of nuclear
reactions [3, 4]. It was proposed in 1954 by Feshbach, Porter and Weiskopf. In this model, the core
can be represented as a “refractive translucent spherical lens” with a complex refractive index

n= /1 - VJZW = Re(n) + ilm(n) (2.1)
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When considering the scattering problem in a stationary formulation, the wave function of the
relative motion of scattered particles with an asymptotic momentum p=hk, (k wave vector) and
energy in the laboratory system E;,, = p%?/2m, (in the center of mass system, the energy is
E.m = Ejqp /(1 + my/m,) satisfies the Schrodinger equation with an optical potential U (r) = V(r)
+1W(r)

- Z_i”k + V(D) +iW(r) —E[¥ () =0 (2.2)

A rigorous justification for the introduction of the optical potential is given in the multichannel
quantum
scattering theory [5].

The interaction potential of nucleons and spherical light projectile nuclei with
spherical target nuclei is central V(r) = V- (r) + Vy(r)and includes Coulomb V, and nuclear Vy parts
[2 - 4, 6, 7]. Absorption is usually assumed to be either volumetric in the form of a Woods-Saxon
potential

Wo
—Rus\’
e

W(r) = (2.3)

or the surface potential of Woods-Saxon

d 1
W(T) = —4aWW0 EW (24)

aw
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The values of the parameters Wy, <0, Ry = 1oy <A§ +A§>,aW, as well as similar

1 1

parameters Vo <0, Ry = 1oy (Ai + Ai), ay for Vyy are determined by selecting the theoretical

differential cross section of elastic scattering with experimental data for a given pair of projectile-
target nuclei to ensure the best agreement [2-7]. It was found that Ry, = Ry, ay, = ay, |W,| < |V,
and the values of || also increase with increasing energy (approximately from 3 to 20 MeV), [2, 8,
16].
In the central field, the decomposition of the wave function Wy () is used for partial
waves with orbital moments 1=0,1,... [2, 6]
Wi (r) = Xizo(2L + DAL ¥y (r)Pycos (6)  (2.5)

where P; - are Legendre polynomials [7], and the Oz axis is chosen in the direction of the
wave vector k. The asymptotics of the total wave function at r — oo

Yy (r,0) = explikrcos6 + inln (kr — krcos@)] + (fc(6) + fy(60)/r)expli(kr —
nin2kr)] (2.6)

It is a superposition of an incident wave distorted by a long-range Coulomb potential (the first
term) and a scattered divergent spherical wave. Here 1 = uZ,Z,e?/kh? - Coulomb parameter
(Sommerfeld parameter), f-(8) and fy(6) - Coulomb and nuclear scattering amplitudes, respectively
Zie, Z,e - charges of the target particle and nucleus, energy in the center of mass system E =

h?k?/2u. The Coulomb scattering amplitude is known explicitly,
212292 1

. in?6 , ,
fc(0) = “az 52 P {—Ln In (%) +im + 2100} 2.7)

oo =argl’'(1+in) (2.8)



The corresponding scattering cross section

d ZZe?\? .
% =1fo(0)? = (—142"’ ) sin~*6/2 (2.9)

it exactly coincides with the classical formula of the scattering cross section by the Coulomb
field (Rutherford cross section). The nuclear scattering amplitude fy () is equal to

fu(8) = 5 Eio(2L + Dexp (2i0,)[exp(2i6,) — 1], (cos6) (3.1)

where are the values

o, =argl(L+1+in) 3.2)

they are called Coulomb phases, and the values of §; are called partial scattering phases (phase
shifts).

The meaning of the scattering §; phases can be demonstrated by the example of a short-
range potential. Without Coulomb repulsion (including n = 0, a;, f-(8) = 0) the asymptotic form
of the total wave function at r — oo is a superposition of the incident plane wave exp(ikrcos(0)) and
diffuse divergent spherical wave

Y, (r,0) = exp(ikrcos) + fNT@exp(ikr), r—o (3.3)

The incident plane wave can be decomposed into partial waves

exp(ikz) = exp(ikrcosf) = Y52, i*(2L + 1)j, (kr)P,(cos8) (3.4)

where j; (kr) - are spherical Bessel functions. Graphical representations of three partial waves
Jj.(kr)P;(cosf) with L=0,1,2 are shown in Fig. 1.

For large values of r, the radial dependence of partial waves for free motion is determined by
sinusoids sin (kr — %L) (see Fig. 2 for L=0)

exp (ikrcosf) = iZfzo iLt(2L + 1) sin (kr — o P, (cos@), r— o (3.5)
kr 2

Away from the scattering center, the radial dependence of partial waves is determined by
sinusoids sin (kr — %L + §}), shifted in phase by magnitudes §; is relative to the sinusoids for free
movement.
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Figure 1. Graphical representations of three partial waves j; (kr)P;(cosf) with L=0,1,2.
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Figure 2. An example of a phase shift of §, (for the so-called s-scattering [2]) in a real short-
range potential (dashed line), dependence graphs |r1/1k,0 (1’)|2 for scattering (solid curve) and free

motion (dashed curve), |r1/) k0(T) |2 - 4sin?(kr + &,) atr— oo. Solving a model problem in a system
of units, where & = 1, p= 0.5 for the potential V(r) = —3 exp(—r?) and k = 1.

In the presence of an imaginary part of the potential, the phase shift is a complex
number §; = &, + iy,. The phases §; are calculated by numerically solving the radial Schrodinger
equations for partial waves with coefficients A, = ilexp (io;) in the formula 2.5. If the nuclear part
of the potential includes spin-orbit interaction [6, 8]

V() = ~Vef () = iWeg () + (1) (Vso + Wso) (L) (0 1) (3.6)

where o - are Pauli matrices, L is the orbital moment operator, then states with quantum
numbers of the total moment j = L + 1 2 have various phase shifts that complicate the expression of
the nuclear scattering amplitude.

The scattering amplitude and the differential scattering cross section are equal [2-5]

f(8) = fc(8) + fun(6), (3.7)
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24Am PAIMOU30TOIBI HET'T3IHAEIT )KOFAPBI DO®EKTUBTI
PAJUOMN3OTOIITBIK TEPMOJJIEKTPTIK TEHEPATOPJIAP 93IPJIEY
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Kazakcran
Fruteimu sxerexmrici: Kyrepoekos Kaiipar ArakanoBuu

CastayatThl )KoHE Ta3a SHEPTHsHBI KAMTaMachl3 €Ty OYTiHTr1 KyHHIH 0acThl MocelnenepiHiy 0ipi
Oonbim TaObIaabl. Ka30a OThIHIApH! Ka3ipri yakbITTa QJIEMIIIK JHEPTHs OHJIpICIHE YJIKECH Yiec
Kocyna. by sHeprus ke3nepi KopliaraH OpTaHbl JJacTaiibl, TAPHUKTIK ra3fap LbIFapa/ibl, COHBIMEH
Karap OipHeIIe OHKBUIABIKTA TayChlIaabl [1].

Bbonaiak ypnak yIIiH ojaem/ie TYThIHbIIAThIH SHEPTUs MOJIILIEPIH a3aiiTy ©T€ MaHbI3/1bl )KOHE
OyFfaH TEK TEXHOJOTHUIBIK MPOTPECC MEH OPTYPIl JKaHAPTHUIATHIH SHEPTHs KO3IepiH MaiiganaHy
apKbLIbI KOJ JKeTKi3yre 6onazpl. OChl OpTYPIIi SHEPTUs KO3AEPiHIH 1IIIHAE TEPMOIIEKTP SHEPTUICH
Ka3ip OoJalrakka opTak )KoHE MEePCIeKTUBAIBI OaamMa YHEprus Ko3ine aitHamya [2].

TepMo3IeKTpIIiK MaTepuaniap *KbUly aFbIHbIH JIEKTP HEPrUusiChiHa alHaIAbIpyAbIH (3eebek
addexkrici) xoHe kepiciame ([Tenprhe a3 dekrici) epekmie kadbinerine ue. Onapapl naiaanany 6apran
cailblH KbI3BIKTBI 0OJIa TYyCyze, OHMTKEeH1 ojlap KaJAbIKTapblH SHEPrUsCHIH KaiTa mainananynablq
apTHIKIIBUIBIKTAPBIH YCBIHAIBI. ByJ @HEpKacinTiKk HeMece aBTOMOOUIIb KOJIIT] IIBIFapaThiH KBUTYIbI
SNIEKTP DSHEPrusiChlHA aMHANABIPYAbI, >KYHEeHIH TUIMAUIIIH apTThIpYAbl JKOHE MaijanaHy
IIBIFBIHAAPBl  MEH KOpIIaFaH OpTaHbIH JIACTaHybIH a3alTyael Oungipeni. TepMoanexTpiik
KYpPBUIFbUIAp €peKIlie CeHIMIUTIKIICH, YHCI3IKIIEH epeKIleIeHe/1l XKoHe Aipia TyAbIpMaiiibl, eTKeH1
oJiap >KYMBIC 1CT€y1 YIIIIH MEXaHUKAJIBIK SHEPTUSHBIH yieciH Kaxer erneial [3]. Ocwl cebenrepre
OaliIaHBICTBl TEPMOZJIEKTPIIK JKyHeJaep TEXHOJOTMACHIH aMbITy YIIIH jKaHa Marepuangapibl
KOJIJaHy apKbUIBI YJIKeH KYHI skymcaiibl. 1960 >Kelimapbl OCHI calafarbl €H MaHBI3IBl 3€pPTTEY
Oarapiamanapsl xKapTbUlaid ©TKI3Til MaTepHalIapabl KOJJaHy apKbUIbl XKYPri3uiii.

Anponeix Oarapesmap perinai PUTOI-map 20 racelpablH OacblHAa 3epTTEyIILIEPIIH
(Moseley and Harling, 1913) nHasapeiH aynapran OonaTbhlH, y3aK >XKoHe JepOec KyaT Ke3iH
KamMTamachl3 €Ty (aKTOPBIHBIH apKachlHAa o)l KYHTe JCWIH Hazap aylapTyabl KaracTeipyna [4].
SlnpomaH  BNEKTp OSHEPrHMsCHIH  alyAblH OpPTYpil TEXHOJOTUSUIaphl 0ap: TEpMOANEKTPIIIK,
TEpMO(OTOIEKTPIIIK, 3aPSIATHIH TIKEIeH KUHAKTATYbI, TEPMOIMHUCCHS, CIIMHTIIIISIHSITBIK apaibIK
eHIMJIep koHe aib(a, GeTa-BosbTauKajgap SHEPTUsACHIH Tikenel TypieHaipy. COHFBI KbIPBIK >KbLI
iImiHae SIPONBIK OaTapesutapiblH 0achIM TEXHOJIOTHSICH PAIHON30TONTAPIBIH BIIBIPAYBIHAH KBUTY
SHeprusachliH 3eebek 3((eKTICI apKbUIbl HIEKTP AHEPTUSACHIHA alHAJIIBIPAThIH PaJIUOU30TONTHIK
TepmoaniekTpiik reneparop (PUTIIY) Gonsl.

Pamuonykmuarep — 6y 10° MJ[K/Kr mamMachiHaa ©Te 5KOFaphl MEHIIIKTI SHeprUsAchIMEH
TaHBIMAJI TYPAKThl SHEPTUSHBIH €peKIe Typi. DINEKTPOXUMHUSUIIBIK OaTapesuiapMeH Hemece Ka30a
OTBIH KO3FAITKBIIITAPHIMEH CaJIBICTBIPFAHAa PaAMOU30TOINTHl DJIEKTP TeHeparopbl OipHelle
OHXKBUIIBIKTap OOMBI Oip 3apsaTa >KyMbIc icTed ajaapl. FOmuTepleH ThIC IMJIaHETaapaiblK >KOHE
KYJIIbI3apalblK FApBIITHIK 30HATAPAAFbl 3€pPTTEYNIep YIIIH aroM SHEPrUsChIH MaljganaHy KYH
SHEPTUSICHl JKETKUTKCI3 OOJIFaH Ke3/le FBUIBIMUA Kypaljapbl, aHTCHHAJIAPABl >KOHE OalIaHBIC
KyHhenepiH OackapydblH SKajJFbl3 IenriMi Oosbln  kepiHeni. PaanouzoTonTsl TreHeparopiap
wianeranap Oetingeri Mapc armocdepacsinga Curiosity poBepiH  KyaTTaHIbIpY — YIIIH
naiinanansuiasl. On cOHOai-aK NOJSPIIbIK aliMakTap/a, KaaKbIMaibl KaJITKbUIApbIH OaKblIaybIHCHI3
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