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Interaction between an “excess” electron in an ionic crystal with optical and acoustical
vibrations of the lattice is considered. Account of interaction with acoustical vibrations
leads to a reduction of the energy of the system and to a change in the effective mass of
the current carrier in comparison with the polaron. The wave functions, the energies of the
ground and excited states of the F-centers and the parameters of the F-absorption band are
computed with account of the “condenson” interaction. A comparison of the polaron and

condenson effects in ionic crystals is given.

HE INTERACTION of the “excess” electron

with optical vibrations in an ionic dielectric
leads to the appearance of “polaron” states.! The
effective mass of the current carrier in such crys-
tals —the polarons — can differ appreciably from the
effective mass of the “band” electron. In polaron
theory the interaction with acoustical vibrations
was not excluded in the zeroth approximation, but
was considered as a reason for the scattering of
polaron waves.? As an excitation potential, use
was made of the micropotential assumed by Bloch,
Brillouin and Bethe.?
for those crystals in which the corrections to the
energy (as a result of consideration of the interac-
tion with the acoustical vibrations of the lattice)
are significantly smaller than the spacing of the en-
ergy levels of the polaron. {lowever, the effect of
the interaction with acoustical vibrations of the lat-
tice is not small in a whole series of ionic crystals
with strong homopolar coupling. Hence, considera-

Such a consideration is valid

tion of this interaction in the zeroth approximation
of the theory is a necessity.

Such a consideration is given below. We chose a
potential of the deformation type as the interaction
potential for the electron with the acoustical vibra-
tions of the lattice. This potential was hypothe-
sized by Pekar and one of the authors of this paper,?
and is the condenson potential.* The energy terms
and wave functions of the system were computed by
the variational method and by an adiabatic approxi-
mation. The effective mass of the current carrier
was computed; it differs from the effective mass of
the polaron. In this same approximation, the quan-
tum states of the F-center were considered and the
parameters of the F-absorption band were obtained.
A comparison of the magnitude of the condenson and
polaron effects in ionic crystals is given.

* This potential was proposed independently by Bar-
deen and Shockley.'®
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1. HAMILTONIAN OF THE SYSTEM. GROUND
STATES OF THE CRYSTAL WITH AN “EXCESS”
ELECTRON (VARIATIONAL METHOD)

Making use of the results of Refs. 1, 4, 5, the
Hamiltonian of the crystal — “excess” electron sys-
tem can be written in the following fashion:

1:1 = '—lz—A + Vp(r) +Vk (r)+ﬁopll + Hac:
20 (1)

Vp(r):eSp_(r_,)._(r__i_).dﬂc’ (2)

r—r?

P (r) is the inertial part of the separate polarization
of the dielectric by the field of the electron:

A %2
H=_mA+eS
f
L

k

[r—rf?

(93 —02/0q3) +
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Vi (r) = a (uy 4 g + Uss), (3)

urj are the diagonal components of the deformation
tensor of the dielectric; a is the coupling constant
of the electron with the acoustical vibrations of the
lattice; Hop and Hac are the Hamiltonians of the
longitudinal optical and acoustical vibrations, re-
spectively, of the lattice; p, is the effective mass
of the band electron. In Eq. (1) we have omitted
the Hamiltonian of the transverse optical vibrations
of the lattice, since, in the macroscopic approxima-
tion used here, the electron is not excited by these
vibrations. !

The Hamiltonian (1), after substitution of (2) and
(3), can be transformed to

P (1) (r—

f) dry + a (uyy + tse + Ug3)

1 (4)
5 D) o (g2, — 02/ 0g3,),

where g, g, are the generalized coordinates of the normal vibrations, £ and » are the number of the opti-

cal and acoustical vibrations; w is the limiting frequency of the optical vibrations; w, are the frequen-

cies of the corresponding acoustical vibrations, « is the number of the acoustical branch of the vibrations.
The ground state of the system is determined from the absolute minimum of the functional

ﬁ:SW*(lr...qk...qxa)IA-[ Y(r...q,...q,-

with the additional normalization condition

..)dvdg, dgs, dg, = [[dg,; dg, = T[] dq,, (9
R o %

{1 ¥ 2 dedg,dg, =1.

The minimized function is put in product form:

‘F(r...qk...qm...)=-13(r)CD(...qk...)HFa(...qm...). (6)

Substitution of (6) in (5), and variation with respect to ® and to Fy lead to a system of equations for ® and

Fy

(2 Hh>CD = \D; (Z Hm> Fo =» A Fa,
3 %

Hy = + o [(g, — q9)2 — 0° / 0g2] — 5= DR [4],

(7)

Ho = - e (0, — 0007 — 0/ 0g2,) — oK (9 co 0

% = (c/ 4mhe) " Dy [], @0, = (pho, )" " @K _s [$] €OS O / fos

¢ =1/n* — 1/e; & is the dielectric constant of the crystal, n = optical index of refraction; fy = @, /|x|;
p = density of the crystal, 0, is the angle between the vectors » and q,



INTERACTION BETWEEN CURRENT CARRIERS AND F-CENTERS 1127

Di[] = e |9(0) {2 =T, (m) dedmy, Koo (9 = — {1 4(0) e (D), ®)

r|3

Xy and x,, are basic functions to which the expansion of the vectors of the specific polarization of the di-

electric P(r) and the displacement of the medium u(r) reduce.’

The eigenfunctions and the eigenvalues of Eq. (7) have the form
1 o 1
Q= H €xp {“'g(qk —Qg)“}an (9,—q%), E= th(nk + 2)._.__D (%],
k R
1
Fa = H eXp {—7 (q‘»{tz - q?m‘)z} H"x (qxu - qoua) (9)
*®

1 cos? 9,

Ea = Db (1o ) — G K201 =5

n, and n, are the quantum numbers of the oscillators, H, are the T'schebycheff-Hermite polynomials of
order n.
Use of Egs. (9) allows us to represent the functions 4 in the form

H J[‘P] -}-hm?(flh"i‘ )+thxa(nx+%); (10)
where J [] is a function depending only on ¥(r):

J[0] = g|vq)|2dc__21)k[u]_—2f 2 cos? B, K% [$]. (11)

The procedure for further calculations requires a knowledge of the explicit form of the dependence of the
quantities cos 6, and f on x. For crystals with a lattice of the type NaCl, these dependencies can be
found by making use of the results of Tolpygo.® It follows from his work that

[(k1 =+ kosy) 2 — (ks + kas,)]?
Y o (Ry - kas )2 - (ks + kas,)® — 22 (k1 + kas,) (ks + kasy) -~

cos? Ba =

Here k,, k,, ..., z are constants depending on the parameters of the crystal,

Yo=n2[(n—sa)? + 15 [(n2 —s.)* + 1}/ (n] —sa)’ n=x/|x|,

s, is aroot of the cubic equation: i =m;/p (i =1, 2), m; is the mass of the ion, a,,
ne/(n:—s) 4 n2/(n2—s and a,, are functions of the parameters of the crys-
L/ (n2—s)+ 3 (m3 —s) o
+n2/(n2—s)+z=0. v =14 2zs,.

The roots s, (a =1, 2, 3) correspond to the three

.. . It is appropriate to approximate the quantit
branches of acoustic vibrations: pprop PP kb Y

— B= ) By = v72 cos? By (12
fa"‘vael/Vl*d’ %J §
p is the reduced mass of the two ions of opposite by the expression
sign, d is the shortest distance between them; . 9
B = (co+ciYs+ Yo+ Vg4 €107 10)%  (13)

I = (py + 1) /[0,69557 — 4 (a;; + as,)],

where Y; is a spherical function which is invariant
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relative to a rotation about the coordinate axes by
7 /2, and reflection from the coordinate planes.g

The coefficients ¢; were determined by compari-
son of Kgs. (12) and (13) at five different points.
The smoothness of the approximation is verified at
seven other points.

The chosen approximation gives an error of the
order of 10%. Changing from summation to integra-
tion in £q. (11), we can write

SIVUI de— "%chzcldfz

ry—

J9] =

27

pr g K2 [9] 2 dxg sin 9 d9 S B (9, 9)do,
0

L? is the volume of the fundamental cell of the
crystal. J[y] is minimized with respect to (r) by
means of the approximating function

Do () = (@ Ta) (1 + ar) e==. (14

Use of (14) and (8) and rather tedious calcula-
tions permit us to determine J[¢/] as a function of
the parameter o of the approximation:

3h2 o 1Qod 437
Jola] = { a? — 3e? ca — a? “PS;’ 5T oc3},
T2 2m
Qo= S sin 9 d9 g B(%, 0)do.  (15)
0 0

The extremum condition dJ,/dx =0 allows us to
find the expression o corresponding to a minimum
of the functional oy, :

M. F. DEIGEN AND V. L. VINETSKII

o = h2e2g, (1 — VT — pc/ hig,),  (16)

= (2°-T=% [ 437) p | paPpoQold. (17)

Expressions (15) —(17) determine the minimal
value of the functional.

The above calculation can be carried as far as
numerical results only for certain crystals, for
which the dependence of f, and cos &, on xis
known. Therefore, the approximate consideration
of the ground state of the current carrier in polar
crystals is of interest, under the assumption that
the crystal is isotropic. In this case, using the re-

sults of defs. 1 and 5, we can write the function

J (4] in the form

J[V] = S]Vu [2dr
(18)
e2c (¢ (1) $2 (2) a? ,
— | dndsa— e mEAREE

Here K and p are the moduli of uniform compression
and shear, respectively.
Using Eq. (14) as an approximating function, we
get
3 k2

2
— 2 a2 2 o2y —
J"[“]_Muoa VA

437 2 -
2927 (K + 4w/ 3)

(19)
The condition dJ,/do = 0 leads in this case to an
expression for oy, analogous to Kq. (16), but with a
value of g, different from Eq. (17):

= (28-7x/437) (K + 4p / 3) [ woaZe?.  (20)

2. ENERGY OF THE FUNDAMENTAL STATE AND THE WAVE
FUNCTION OF A SYSTEM IN THE ADIABATIC APPROXIMATION.
EFFECTIVE MASS OF THE CURRENT CARRIER.

In the adiabatic approximation the energy of the system is computed in two ways: first, the configura-
tion of the ions is fixed by giving the totality of the normal coordinates Py; uy or g, q,. The state of the
conduction electron corresponding to this configuration is determined by the equation

[— 5 A+ Vo + Vi) 0) = Egt @).

(21)

Here V,(r) and V;(r) are expressed by Eqgs. (2) and (3). The value of £, which is found enters as a com-

ponent part in the energy of the “heavy” subsystem.

It is appropriate to replace {2q. (21) by the equivalent variational principle

EO(...Ph...u

- =ming {19y pac + v, @) 0 past{ Vi 92}
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The total energy of the conduction electron in the longitudinal acoustic and optical vibrations is equal to
H=E(...Pr...ty...)+ Hop+ Hy. (22

Solution of the Schrodinger equation with Hamiltonian (22) is very difficult in the general case. How-
ever, it is possible to find the solution for the equilibrium configuration of the ions, for which the poten-
tial energy of the ions is a minimum. This potential energy can be written in the form

F (e Ppocitnd) = Eo (oo st 4 D2 PE 4 £ Dz w2,
R R x®

Here the second and third terms are the potential energies of the optical and acoustical vibrations of the
ions. Let us assume that the crystal is isotropic.
Minimizing F' with respect to P, and u,, we get

Pk‘—:ChDh/‘l'Tt; uu=—aK_x/lu|(K+4p/3). (23)

Substitution of (23) reduces F to the functional J [¢/] [£q. (18)] which depends only on ¥(r). Minimizing

J (4] was carried out above. The solutions obtained refer to an electron in a polaron-condenson well,* the
center of which is at the origin of the coordinates. However, the current carrier can be localized at any
point of the crystal. For a polaron-condenson with center at the point &, the equilibrium solution is ob-
tained by a translation of the quantities 1) ,(r), Py(r), uy(r), ¥,,(r) and V4(r) through the vector & In com-
plete analogy with Ref. 1, we represent the polarization P and the displacement u at an arbitrary point in
the crystal in the form

P(r) =P, (r—& + P (r); u(r)=uy(r—8) + u'(r),

where P'(r) and u'(r) can be regarded as small perturbations of the polarization and displacement, respec-
tively, at those places in space where the polaro-condenson is localized, and where the terms P(r — §)
and uy(r — &) are large. In the rest of space, far from the polaro-condenson, P (r — &) and u(r — &) are
small and the polarization and the displacement are defined by the vectors P'(r) and u'(r). In the zeroth
approximations, the terms P'(r) and u'(r) are omitted; then the solution of Eq. (21) will be ,(r — ). In-
troducing the terms P'(r) and u(r) as small perturbations, and making use of perturbation theory, we com-
pute the energy of the electron in the first approximation. It is shown to be equal to

E(..Pr...uy...) ZETLEZS'V"? 2 dx — SP(r)Do(r—g)dT LDl K (8), (24)

Kee®) = =\ 19017 — O % () d.
Substituting Egs. (23) and (24) in Eq. (22), and making use of the relation

©F = (K +4p/3)22 [,

we get

H=J 0+ NP+ N 27 P g (K4 /3) Qe+ § 3 i (25)
k R % %

Introducing the notation
_p2 2 2 . 2 2 . 2 2 _ a2 2 2
2nPy [ e oi = Q1r;  pUy /2 = oon; 2Pz [ Crwh = ofrg;  pllyz | 2 = Gane> (26)

* Such a development will be called hereinafter a polaro-condenson.
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we can rewrite Eq. (25) in the form

2
H=J[}]+ 2 2, [25k + (Par — Pane)® 02, ].
a=1 k
Transforming to canonically conjugate coordinates,

gak = ({:ah V2/ hodyp 5 qah = cPah VQ(’)ak / h
and replacing g, by the operator —id/dq,,, we get

H =[]

1 (27)

2
+ o EI :_S_‘J hwak [(thh - qakE)Z —0? /aqik]

a=1 R

We can determine the quantity &, which enters
into £q. (27), from the condition

OE(...Pr.. . tx...B)/0u=0 (i=1,2,3),

which, with the use of the notation (26) and Eq.
(23), can be written in the following form:

M. F. DEIGEN AND V. L. VINETSKII

2 Z(Pak (x)gh 69,;{5/0& = 0. (28)
a k

We can determine & in another manner; let us ap-
proximate ¢, by the function ¢, by means of the

method of least squares, and so choose &; that the
integral 2 3 (%x — ©ug)?dt will be a minimum. In

this case, in place of the condition (28), we get

2 z Pak a?ah&/agi = 0. (29)
« k

In a way similar to that used by Pekar, 7 we select
(for the determination of £) an equation intermedi-

ate to (28) and (29):
Z Zc?ah Wyk a(PakE/OEi =0
k

o

or, in normal coordinates

oq. .. /% =0.
Zlgqak qak&/ 3 (30)

By use of the method developed by Pekar, we can obtain a series of auxiliary relations which are neces-

sary for what follows.

Defining the operators &,; and @,; by means of the relation

Oy (1) = (0 + £200) 7, (1), Ot (1) = — kx_, (1),

we can show that

3§ oea (r B 620 (r — B de = (= (1) 000 (1) d.

o

We differentiate this equation with respect to &;, recalling that n, = n, = n/2:

3,

Pt ENE EE

and then differentiate with respect to fi:

zga@ao—e) 007 96 (r—8) _

3, 3,

o, (r—E&) ~, n
———Z“g—‘—ﬁf—macpa(f—s)d’t = Ogl)'

Thanks to the spherical symmetry of the functions @, () and ®q (1), 0P=4s;; 0"™. The total differential

of Eq. (30) is then

3
D 0 | O+ D D4, (%, / 05, 0% ) dE; = O
ak

ak j=1

It is easy to show that

(3D

. __ 2 (o))
D D Gk PG g [ 05,08, = — -8, 0.

ak j
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Here we can transform Eq. (31) to the form

) % ,

or _— =
aquk aq:xk

% aqqu

G opg
201 0%,

3t

_ 2
=0

These formulas allow us to establish the validity of
the following equations:

. o€, 651. 92
2 Z ok G 30 GF o

ak je=1
o ﬁ(ﬁ ﬁ) 9
ahaqak a‘gjaqak 08,

#%0®

2(0)22

62
» {32a)
aE?

22

ok if (32b)
_ 3 Z kil aqxhi 02 9" 9rg 9
40N 5 Cok ToE” 9F 08, 9F °

In the case of spherical symmetry of the function
Py Eq. (32b) will vanish.

The solution to Schrodinger’s equation with oper-
ator H is sought in the form

Y(..q4,--)

)

the g, enter directly into ¥, and are also contained

1
= U(Elv 22’ E3) exp{—?Z(qak_
ak

in the &;. We denote by a.a differentiation only

with respect to the g, whxch do not enter into the
;. In this case,

o2 o2 08, 0%; oo
aq2%, Y 0% 99ar 994k 05, 08; (33)
0¢; 92 0%, a2

0%, <a aii) o2
09,, \05; 04,/ 08; * 04y, 08,0°q,,

Taking (30) into account, we can show that

00,0 T 0 0%;

1131

¥ 04 0'q,, =0,

P [0'q, Pt = YOG | O (34)

Considering fqs. (27), (32a), (32b), (33) and (34),
we get

(2)
HY = {0+ 3 Shon — 34 05— g Mg ¥,
=ﬂ®/&%

Thus the energy of the ground state of the polaro-
condenson is

H =J[%] + "i" E hoar — 3o b (0(2) / 0(1)).

ak

(35)

It is easy to verify that for the polaron in the ab-
sence of dispersion of the optical frequencies, Eq.

(35) takes the form

3
hoy,

H =7 [%] + 5~

which coincides with the result of Ref. 1. Here v
is the general number of polarized longitudinal nor-
mal vibrations of the crystal in the volume L3.
Computation of the integrals 0®) and 0'® per-
mits us to express the effective mass of the polaro-
condenson explicity in terms of the parameters of
The integrals pertaining to the optical
vibrations were computed earlier. Computation of
the integrals pertaining to the acoustical vibrations
lead to the following expression for the effective
mass of the current carrier in an ionic crystal:

the crystal.

[437-70 w2ce?E2 + 183128 a2 V Ep wal2ad

M= 147-0473w2E3 |49 -437 weeE + 43-147a%a?]

1072,

where « is determined by Egs. (16) and (20), £ =K
+4p/3.

3. INTERACTION OF THE ELECTRON OF THE F-CENTER
WITH THE ACOUSTICAL VIBRATIONS OF THE LATTICE.
COMPARATIVE ESTIMATE OF THE POLARON AND
CONDENSON EFFECTS IN IONIC CRYSTALS.

The Hamiltonian of the F-centers — crystal system, analogous to Eq. (4), can be written in the form

A he
3
+ 5 2@ -
k

[r—r?

P(r)(r—r)

ze?

dry + a (U + tge - Ugg) — —

02/0q2) + 2 K (G — 9%0G2,).-
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The result differs from Eq. (4) by the term —ze®/er, which represents the energy of interaction of the elec-
tron with the Coulomb field of the defect.

With the aid of computations similar to those carried out in the first part of the work, we obtain for the
energy of the ground state of the F-center in crystals of the type NaCl an expression similar to Eq. (10),
in which J[¢] is equal to

J 9] ——SIV‘P 2 dx— S"“ d= ezcg"“?(r‘f—)_‘l’i:)z—)drldcz_‘5_284;81(2_1['9]%2%(9, o) sin 9d 9d.

Making use of the function (14), we obtain

3h2 [Qod 437a
J@) =g { e =" Bz ec)u— a2 LS BT (36)
/u (3z + €c) :
Uy = h2 62 ( l/ 0 h45g0 ) > (37)

where g, is defined by Eq. (17).

Calculation of the 2p state of the F-center is performed in an entirely similar way; the approximating

function was chosen in the form

Gop (r) = B = e rcos 9.
The energy of the excited state is determined by the expression

Hy= 1181+ 10 3 (1, + 3) + 3 howa (%, + )
k P13

where
1 (2,
I = (28— S (e 4 0,3914e0) B — a5 575 (140 — 420, + 45Q0) B}
(38)
B = ntergy (1— 1/ T— (ny/ oh*) (z + 0,39142¢) / g4),

2 27

Qr = S cosh  sin 35198 B (9, o)de, g = 2°%%/3pa’pld (14Q, — 42Q; + 45Q,). (39)
0 0

According to Ref. 8, the frequency of the maximum of the absorption bard of the local centers is computed

from the equation

thax=]Jo—'—J1|+1/2ahw—f—hcl. (40)

The half width of the corresponding absorption band, in the limiting cases of high and low temperatures,
is determined by the expressions

=2V 22 V&T (agho + 2hs;), 30 =21 2102V, (hw)? ag+ A% oy, (41)
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where

1
Z (q’fls o th.U A=y Z (qmls mzp)z Ora; T2 = 5 Z ( gals - mep)Z wia-

H

The quantity aghw/2 was computed in Hef. 1; calculations that are cumbersome, but that present no diffi-
culties in principle, let us determine %o, and %%0,:

2u ld a3 ( 437
hoy = Gt L Qo+ g 5 (14Q0 — 42Q, + 45Q))

(42)
(7ot 4 4903 + 6602 + 280 + 4) Q, — 3v? (7v% + 490 + 12) QZ]} ,

1
»—28(0—1—1)7[

. % Vipd ad [ 183 , /
hig, — LV luda [73 > Qp -+ 7004 (7Qo — 28Q, + 36Qy)

2m3pe

4 {(2108 - 28805 — 27008 — 4802 - 9) Q) — 12( To® + 1920° - 1650% — 40?) Q
-7 6 (02— 1)%

+ f” In TS I(—90° — 0% 4 1302 — 1) Q) + (540° + 1500% + 380° —2) Q;I}] , (43)

where
|2

v=oa/B; Qr = &cosh 9 sin 9d9 2§<2 Byvy) ds.

0 0 o

In the approximation in which the crystal is considered isotropic, Eqs. (36), (38), (42), and (43) take the
form

e , 437 a?
J[a] = 14u a2_v,4;(32—,—sc)oc B9 (K—I—4(L/3)

J{Bl:mpa “ (2 +0,39142)  — 9m9

ho, = ﬂ{o,oosas —0,0997 272+ o+ 2 + 40,005 60}

KFiu/3 @1 (44)
htoy = — 10,0054 007 096 2 1) (708
oy = Vp(K+4M/3>{ 00540 + 0,00704 & + 0,0 5 =T 1)7 [(v2 —1) (7o

+ 48008 + 9300* + 3202 — 9) — 1202 In v (270 4 1410t 4 7702 — 5)]}.

Here o is determined from (37) and (20), and B from  ered in Ref. 1, is obtained if we set a = 0, which

(39), but with a different value of g,: demonstrates the small value of the condenson ef-
fect in these crystals.
g, = 28z (K + 4p /3) / 27pqa%e>. Unfortunately, the absence of a complete set of
experimental data for other crystals compels us to
The theory contains two parameters, a and p,. limit ourselves only to estimates.
Their determination is possible by comparison of The most favorable of the crystals known to us in
the theoretically computed values of & and %)y ax regard to the experimental data is Cu,0. But even
with the corresponding experimental parameters of here information is lacking on the dispersion of the
the F-band. vibration frequencies of the lattice. For this reason,
The best agreement of the theoretical and experi-  we restrict ourselves to a comparative estimate of

mental data for the alkali halide crystals, consid- the polaron and condenson effects in the approxima-
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tion in which the crystal is regarded as isotropic.
Availing ourselves of the data® for F bands, and of
the expressions (40) and (41), we can determine
to/m and a approximately:
po/m=0.9; |a]=7eV.
EFrom these parameters we estimated the polaron and
condenson terms in (19) and (44). It turned out that
for the polaro-condenson the magnitude of the con-
denson term amounted to about 10% of the total en-
ergy, while for the F-center, to about 25%.

The values of the effective masses of the bound
electron and the current carrier change appreciably
in comparison with the corresponding values ob-
tained without regard to the condenson effect. Thus
to/m appeared to be two times smaller than the
value in Ref. 1, while ¥/m = 7.63 instead of 9.69
as in Ref. 1.
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Dispersion Relations for Photoproduction of
Pions on Nucleons*

A. A. LOGANOV AND A. N. TAVKHELIDZE
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Dispersion relations are derived for pion photoproduction reactions on nucleons. The
spin and isotopic structure of the reaction amplitude is established, and the unobservable
energy range is separated. It is shown that the dispersion relations are inhomogeneous.

ORMAL SCATTERING THEORY, based on the

unitarity and asymmetry of the scattering ma-
trix, leads to an expression for the amplitude in
terms of phase shifts. The values of the phase
shifts depend on the dynamics of the collision proc-
ess. Since the character of the dynamics of the
process is not taken into account in the formulation
of the formal scattering theory, it is natural that
the values of the phases remain unknown in such an
analysis. The determination of phase shifts from
experimental data is of great interest, for it permits
a deeper study of the character of the meson-nucleon
collisions. Using the charge-independence hypoth-
esis in the s- and p-wave approximation it becomes
possible to find several possible sets of phase

*Paper delivered at the All-Union Conference on
Physics of High Energy Particles on May 15, 1956.

This am-
biguity can be eliminated using the causality prin-
ciple. In fact, Goldberger® has found the Hermitian
and anti-Hermitian portions of the forward-scatter-
ing amplitude to be connected by dispersion rela-
tions that lead to a correct choice of phase shifts
for the meson-nucleon collision processes.

N. N. Bogoliubov* developed general principles
for the derivation of dispersion relations for a great
variety of scattering processes. His method is es-
sentially based on analyticity theorems that follow
from the principle of causality.

In the present article we shall use the Bogoliubov
method to derive dispersion relations for the photo-
production of mesons on nucleons.®

shifts for the meson-nucleon collisions.

* Reported by N. N. Bogoliubov to many seminars on

theoretical physics in the V. A. Steklov Mathematics In-
stitute in January 1956.



