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REDUCTIONS OF THE BETHE-SALPETER EQUATION
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ABSTRACT. Three different versions of 3D-reduction of the
Bethe-Salpeter equation for bound ¢qq-systems taking into
account both two- and three-body interaction potentials has been
considered. The normalization condition for wave function is

tioned equations with oscillator type two-particle potential as a

basis, system of algebraic cquations for expansion coefficients are
obtained. Next it will be investigated the dependence of existence
of the stable solutions of obtained system of equations on Lorentz
(spin) structure of two- and three-quarks confining potentials.

1.

TRODUCTION

The properties of baryons in the framework of the constituent
quark model (bound qqq -systems) at first stage were studied in non-
relativistic approach. Exhaustive review of such an approach is given
in [1] and will not be discussed below. The necessity of the relativistic
treatment of bound gqq -systems is apparent (well known) for baryons
(N, %, A, E, A, Q) with constituent quarks from light sector
(u, d, s). The natural basis of such investigation is Bethe-Salpeter
(BS) equation for three-fermion bound systems which were used e.g.
in [2-11]. The main approximation used in the BS-equation is
instantaneous (static) approximation for the kernel or its Lorentz-
invariant version (null-plane approximation). Below it will be used the
instantaneous approximation for the kernel of the BS-equation and
some additional approximation for the free two-particle Green
functions in the 3-particle system for the formulation two different




versions of the 3D-reduction of the BS-equation. These versions then
will be compared to the Salpeter type versions formulated in [11].

2. THE 3D-REDUCTION OF BS-EQUATION FOR
BOUND gqq -SYSTEMS AND NORMALIZATION
CONDITION FOR CORRESPONDING WAVE FUNCTION

The BS-equation for bound gqq -systems has well-known form:

&y d'q
, 9)=Go(P; p, KPP p,q; P\ 4"
@p (D 9)=Go(P; p. q)j'(z”)4 o P; p, @ P's 4 Wp(P's 4)

)
where P=P(M?+ P2, B)is total 4-momenta of the system under

consideration and ( p, ¢) are one of three equivalent pairs of Jacoby
variables
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For the 3D-reduction of the equation (1) the following
approximations are used:

KOP; p, 4; Py a) - RV (B, 2906k 6

K, 0+ s Py P> Ry(Bys B ==V, By By, @)

iic. the instantaneous approximation for the kernels corresponding to
two- and three-body forces, and (c.m., P=0)

Goy (M5 pys q4,) = [Goy (M py» 4,) +

(©)

(Goy (M pp- P =, M+ pf) = 1,03, B,

=Gy (M: pys G~ = Gojuey (M5 P> Ga)s

iic. in the jj free-particle Green function before two-body interaction
potential the third (non-interacting) particle () is taken on mass-shell
suggested in [12] and used in [10], where the 3D-reduction of BS-

cquation without three-body force and Ggy term was formulated.
Below this version will be mentioned as the IKLR version. Then the
additional term Gy, in (5) (suggested and used in [13] for the 3D-
reduction of BS-equation for bound ¢g system) will be called as the
IKLR+MW version.

Now using the approximation (4) and (5) after integrating over po
and ¢, the BS-equation (1) for the wave function

L
o (B, G)= Iﬁ%%(n 9, ©)

we obtain the equation
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Note that the first term in (9) corresponds to the IKLR version, as to
the additional term in (9) appears in the IKLR+MW version.

For derivation of the normalization condition for the wave
function @,/ (5, §) in the IKLR and IKLR+MW versions we use the
procedure suggested in [10]. We begin with the equation for total
Green operator

G(P)=Gy(P)+Gy(P)K(P)= KD(P)+ KP(PYG(P),  (11)

from which in (4) and (5) approximations it follows the equation for
the Green’s operator in 3D-space (c.m.)

G(M) = iGo(M) + [1(3“(“\//)12"”(1\/1) +
) iG‘o,,,.uy(M)k.ﬁl‘(M>}G<M>. 12)
i)

This equation can be rewritten as

G = igo[1,I° + g,UG, (13)
where
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4
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Then the equation (7) can be written in the vector form (c.m.):
@) = 8607 )- 16)



Now it can be easily checked that if Green’s operator satisfies'the
equation (13), then the following relation holds:

GIm, (g - U)6rm,r° = iGrom,r. a7

Noting that the equation (13) holds for arbitrary reference frame
P=(R,P), the Green operator G(P) has the following
representation:

ZMH}, (@ |=(@u . as)

e
B P - M} +i0

Substituting this expression in the relation (17) after extracting the
bound state poles in the operator G, the following condition can be
obtained (c.m.):

(6w ‘mu—%z?(m]iw):w. 19

which is normalization condition for the wave function @, (5, §)
satisfying equation (7).

3.3D-EQUATIONS FOR THE “FREQUENCY COMPONENTS”
OF THE WAVE FUNCTION AND CORRESPONDING
NORMALIZATION CONDITION

Introducing the “frequency components” of wave function

=AG=)5,(5, ) (200)

P73, g

and taking into account the relation



A B, @) =u (B, @) @ov)

@

from (7) equation it can be obtained the following system of equations
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Now the normalization condition (19) takes the form:
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Note that the Salpeter type equation derived in the [11] from 3D-
reduction of BS-equation (LKMP version) can be obtained from the
equation (21a) if f, —1 and put (aj@sa})=(£tt), ie. the

components @{;*", i)

are zeros. As to corresponding
normalization condition BTV (st ) (s G 22)
putting

Now we represent function @45 (5,g)as

0P, §)= N (B rnﬂ

(5B, 3), (23)

m, + a,m,

3
NEE (5, §)=]1
=1

and the Lorentz structure of the three-body confining interaction
potential we take the form [14]:

. L model A
©) =@y @) 24
I =L, {L‘}cv e 29
where

v =3a, L;:{‘/z}(:l,ealz@lﬁ > nerier)
V4 odm
and ais negative constant, v{i
quarks coordinates.
As to the two-body interaction operator it is taken in the form
given in the review paper [1S] concerning bound g7 -systems
problem:

is increasing positive function of

Vy =10 ® V& ++lxy’ ®7] + (1~ ®L; Wy +



{1, ®1,+7; @7} W, 0sx<1, (24b)

where “og”, “c” and “T” means “one gluon”, “confinement” and “t-
Hooft”, accordingly.

Then the system of equations for wave functions {7 (p, §)
can be obtained from the equations (21) and has the form:
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As to the normalization condition for the functions
249 (B, ) it can be obtained from the condition (22) substituting

(23) expression. As a result we have:

2

4’p (aaa)
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from which it follows the normalization condition for the LKMP
version of 3D-reduction of BS-equation if fj, —> 1.

4. THE SOLUTION PROCEDURE FOR OBTAINED
EQUATION

Main problem which must be considered below is dependence of
existence of the stable solution of the system of equations (25) on
Lorentz structure of the two and three quarks confining interaction
potentials. For this (i) quarks confining interaction potential is taken
in the form used in [16] for investigation mass spectra of bound g7
systems

Iy 7)==a, by (8a)

2, 2 mm
ay =5as()Vo, by =as(n)=et of, as(mj)=
)



A
" (28)
o oy =my+m,
A o 4

with free parameters: @, A and 1, (number of flavours). Note that
appearing the 2/3 in a, and &, instead of 4/3 for g systems is related
to color depending part of wave function. As to three-quark confining
interaction potential v(>) we take the form suggested in [14], but
instead of linear type interaction we use oscillator type interaction

V@, 7, 5)=b(R

[ +17 -7, @9)

which s practically more easily solvable and compatible with two-
body model.

Below we consider bound gqq -systems with m = m, = m,, which
included all observable baryons mentioned in the ~introduction
N,Z, A A,Q and use variables p=pp, 3=
Then in the momentum space from (28a) and (29) we ha

—(27) {a +b, [( 2 5},}?

+1=80)

;;,—,]D}‘M’ 60G-7), (G0




- —(zm%(%%% . 25%,%)6"’(5 -5)69G-7), (300)

WP, @ B §)=20)3a8% (5~ §)5DG~3).

If we put the expressions (30a,b) in the right side of the systems of
equations (25) then there will appear the following type of integrals:

3 o

gﬁw”'(é -6 (d-d)BE, d; &, d)x

1@, d)= |

XN, d)zy @, dyd’cdd’,  (3la)

which taking into account the boundary condition for the bound state
wave functions 7(cy .z .. =+)=0 are reduced expression

1@, d)= iia(a, a; &, dWNE, dVzy @, d

% od (31b)

As a result the system of equation (25) will be reduced to the system
of the second order differential equations (nonlinear over M) for wave
functions 7§74 (5, §).

For the wave functions we use the partial wave expansion:

1, D)=

a g |
% u.zw,<"‘ 3(slg >L<S.zE)SJM/>MR:;§;‘;:,“””’<::, 9 (2
where /, and [, are orbital momenta corresponding to moments

pand g, respectively, S, is total the two particles system




(12), Land Sare total orbital momenta and spin of the system (123).
As a result from above mentioned system of differential equations for
the function z\%%®)(p, §) it can be obtained the system of
differential equations for radial wave functions 4, RI52%Y (p, g)
g5
For calculation of the mass spectrum of bound (u, d, s) quark
systems (N, Z, A, E, 4, Q baryons) we will use the solutions of the

differential equations obtained from system of equations (21a,b) in the
non-relativistic limit. For this reason it must be used the
approximations:

@, —m+ 2 (in left side)

2m,

;> my, y 1, b —>my, y? —0; (inrightside)  (33)
B > i), other components are equal to zero.
As a result taking into account only gq -interaction confinement
potential we obtain well known equations (m =m, =m)
=) =71 2
APl i Gisi £ )
Ty diy B

2
[es, +£5,)~ AL+ EaS(AmZ)V(, +

2
@, 4 .
20 o i m ol @ D=0, @9
‘where.
m 2mm
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2
w, =g, |= ag((m+my)°).
3 mtmy

The wave function 7,ve(p. §) is represented analogously to (32)

2w D= X (Bl

Rl

o) (@]lam0) Rayt, (PR, (@D, (36)

Ry ()= 15" Ry g, (), X=L, Po=\1,0,, (37a)

Ry, @ =057 Ry, (), ,vf ) ’lo"\jﬂq %8

21'(n+/+/2)/ s N
Ry(u)= r(”/)\rr(m) — 2ol exp(u) ol + Y,

(37b)
2
iy +§a§(4mz)l/a =@, 1, + )0, &+
2 2
Sas (e o=y +ly + )0, (37¢)

Now using the radial wave functions (37a) as a basis functions the

unknown functions 4 R,"j@{’"“’( P, q)can be written as

MBS (b, q)= 3 Cee S MR, 1, (P)Ry, (@) B8)
Py



and putting it in the system of equation mentioned above we obtain
the system of algebraic equation (nonlinear over M ) for coefficients

Claese)t (M) . solution of which gives mass we are looking for.
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STUDY OF TRANSFORMATION OF AIR STREAM
ON THE TERRITORY OF WEST GEORGIA CONSIDERING
THE INFLUENCE OF THE BOUNDARY LAYER
PARAMETERS.

Z. Khvedelidze, N. Cheishvili, T. Shalamberidze, R. Aplakov
Accepted for publication December 2005

STRACT. It is natural that physiographic location of an
investigated region determines the dynamics of atmospheric
in it. In particular, air mass blows from the Blak Sea
and peculiarities of the terrain make study of airblow
ion processes very i on the territory of West
Georgia. Investigation of these processes is an important issue
when air mass blows from one type of an underlayer, such as sea
surface, to another one — earth surface. A new parameter, which
reflects the influence of the relief on the air stream
transformation, we have included into the famous equation
system.

Comparing calculated values with the factual, an important
conclusion can be made that consideration of the parameter of the
relief influence on the air-stream transformation makes the
calculated speed closer to the factual by 3-4%.

Especially it concerns the influence of a relief, although this
region is not with distinct 1
farther from the coast height of the orography increases and thus
makes the relief influence. Mostly, mountain ridges of Likhi and
Kharagauli make humid air move back to West Georgia. This
result is a confirmation of the fact that there is a tendency for the
fall of temperature against the global warming.

It is natural that physiographic location of the investigated region
determines the dynamics of atmospheric processes in it. In particular,
air mass flow from Black Sea and peculiarities of the terrain make
study of airflow transformation processes on the territory of West
Georgia very interesting. Investigation of these processes is an

22



important issue when air mass blows from one type of an underlayer,
such as sea surface, to another one - earth surface.

The time needed for formation of quasistationary regime in the
boundary layer of the atmosphere is assumed as duration of the air
stream transformation process. At these conditions, the system of
hydro-thermodynamic equations are simplified [1-3] as heat, radial
and phase effects are excluded. Thus, the problem comes down to the
following system:

&), 0)
@
(©))
.o
k= ye Vb2, @)

where  and w are the components of wind velocity on ox and oy

inate axcs kisa factor; b -
turbulence energy; 7 - the Karman constant; ¢ — the constant value [4-
6

It is assumed that we have horizontally homogenous layer that
meets the following conditions: when x < 0, the movement is ordered;
when x > 0, movement velocity and impulse are continuous. In this
arrangement, the next boundary conditions for the solution of system
(1-4) are required [1]:

/ il
u=emZ,  p=c2y?, ®)
28 20|
atx=0and z>z ;
u=w=0, k=zai(x), k a” S ©

at z=z§ and x>0;
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h ou_ 2
e k—=v%", 7
n P (@)

atz=h and x>0.
where  is the height of the layer; z, - height of the land surface
“roughness” at x < 0; z,' is the same at x > 0; w’and w'are the
magnitudes of dynamic speed at x <0 and x > 0 respectively.

With dimensionless quantities, the system (1) — (4) will appear in
the form:

®)
(&)
L, (10)
k.,
an
o
The corresponding houndary conditions may be written as:
=inz,, b,=1, a12)
at x,=0 and z,>1;
4 )
at z,=m and x,>0;
u, =Inh, ‘k,, 14
!, az,, (14)

atz,=h and x,>0;

Vel »
is the “roughness” parameter, m

w
where a =
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If a is a small value, the equation system may be solved in the
form of sequences:

Uy =y Uy Wy =W+ W (16)
ky=ky +ak,  b,=b, +ab,

Solution of the given problem in zero-order approximation is
described in detail in [1-3]. For a wind profile and vertical component
the following relations are obtained:

w=ph, 17)
m

@18)

Within the same problem, we have considered the terrain features
using streamlining conditions of a mountain. Thus, instead of the
vertical coordinate = we have introduced 7, which is expressed as
[3.4]:
o 2=¢0uy) 19)
H=¢(xy)
where ¢(x,) is the function describing a surface; H — the height,

where the air stream is horizontal. Considering (19), in the zero-order
approximation (8) - (15) we will obtain:

Hogp
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(22)
@3)
u £, 24
‘& @ )
atzj=m =20, x>0, 1=wy=0, ky=mp;
2o
uy =Inh, (2s)
at z=h andx>0.
H
‘where d =————— is a parameter characterizing the terrain.
H-¢(x)

After integrating equation (20) by z taking into account
conditions (24) and (25) we will get:
b =pld. @6)

Let us rewrite equation (20) in the expanded form:

akafCiig Hom! el @n
o, oz,
2,
Using equation (23), we can exclude "aﬂ factor from (27). So, it
2]
gets the following form:
%k _ P
Okt i @8
aZl ‘/E
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Integrating (28), we obtain:
p
k=22 @9)
O

After using condition (24) and integrating from m to z,:

P&
Uy =—=In=t. (30)

N m

Using the continuity equation for wy, we get:
=Pl | 31
o = [d.v[ st (€D)

Equations (31) and (30) differ from corresponding (17) and (18)
ones by presence of parameter d, that reflects the influence of the
relief on ll\c air stream Imnsformatlon

of the and sizes of their
changing are given in Table |

Table 1
Parameter 5 5
ol ol 4 z
m(op | w|w g ¢
Height(m) E | e
0.1
2 0.5 1 30
1.0
0.1
4 05 [ 083 25
10
o 30 25 | 02-200
8 05 [ 069 20
1.0
]
16 05 [ 033 10
1.0
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The computations can be made at the same altitude for various m and
p- Also it is possible with constant p and variables z and m, or with
constant m and variable z and p [5.6]. The corresponding values of Uy
and U, are given in Table 2.

Dependences of velocities u, and ug on z for different p and m
are given in Figs.| and 2.
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From Fig.1 follows that in the investigated region wind speed
increases almost linearly and it gets logarithmic at increase of m; at
constant p, this relation is logarithmic; Fig.2 shows that u, depends on
m almost exponential. In fact, these results agree with the evaluations
given in literature [ 1

Similar calculations are made taking into account parameter d
for the real velocity «=ugv. this time. Here v, =1,2m/sec, when z =
2,40r 8(m)and v. = 1,1 when z = 16m.

The corresponding values of all the parameters by 7 locations of
west Georgia are given in Table 3.

For computation of the vertical components w and wy of velocity,
we used arithmetic average of the pointed values. For instance, at m =
0.5; p = 075, then applying equations (8) and (31), we get
correspondingly at Ax = 3x10" m:

w=-3.68x10" m/wm, wy=-3.48x10" m/wm, atAx=3x10'm
3.68x107 m/wm,  w,=-3.48x107 m/wm, at Ax=3x10"m

For the whole region 1, = 3.35 m/sec, 1, =3.26 m/sec and average
velocity of the actual wind is 3.27 m/sec. Thus, if we take into account
parameter d, difference between actual and calculated values is just
0.3%, as that between U and u makes 2.4%. Consequently, an
important conclusion can be made that consideration of variations of
boundary layer parameters at air stream transformation gets closer the
calculated values with their actual magnitudes. Especially it concerns
influence of a relief, although this region is not distinguished with
distinct orography. Naturally, farther from coast height of the
orography increases and so does the relief influence. Mostly, mountain
ridges of Likhi and Kharagauli make humid air to trawl backward to
west Georgia. This result is a confirmation of the fact that there is a
tendency to fall of temperature against the global warming,
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CHAOS IN POLYATOMIC MOLECULES
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ABSTRACT. Polyatomic molecules can perform internal
rotational motion of two types: torsional oscillation and free
rotation of one part of the molecule with respect to the other part.
On the phase plane these two types of motions are separated by
the separatrix. Phase trajectories, originated as a result of
periodical external force action on the system have stochastic
nature. At the quantum consideration of the motion near to the
classical separatrix, transition from the pure quantum-mechanical
state to the mixed one takes place. Originated at that mixed state,
it must be considered as the quantum analogue of the classical
dynamic stochasticity and named as the quantum chaos. This
work is devoted to the investigation of the quantum chaos
manifestation, in the polyatomic molecules, which have property
to perform internal rotation. For the molecule of ethane C,H,,
the emergence of quantum chaos and possible ways of its
experimental observation have been studied. It is shown, that
radio-frequency field can produce the non-direct transitions
between rotational and oscillatory states. These transitions, being
the sign of the existence of quantum chaos, are able to change
levels population sizeably and due to this phenomenon
experimental observation of the infrared absorption is possible.

1. INTRODUCTION

The traditional notion of an area, where the laws of statistical
physics are effective, consists in the assumption that the number of
interacting particles is sufficiently large. However, a lot of examples
of systems with a small number of degrees of freedom, where chaotic
‘motions occur, had become known [1,2] by the end of the last century.
A new stage in the development of notions about a chaos and its
origin appeared in the last two decades of the past century. It tumed



out that classical Hamiltonian system may experience special kind of
instability. Because of this instability various dynamic characteristics
of the system randomly change with time. Such a property of the
system to perform random motion is called dynamic stochasticity.
Dynamic stochasticity is an internal property of the system and is not
associated with the action of some a priori random forces.
Stochasticity as an internal property of the system is rather frequently
encountered in physical problems. The difficulty of revealing it is due
to the fact that it occurs either in a very narrow range of parameters or
manifests itself on very large time intervals or is veiled by other
stronger processes. Quantum analogue of dynamic stochasticity is
usually called quantum chaos. By a quantum chaos we understand a
quantum state appearing when the ratios of the parameters of a system
are the same as those at which, in the case of classical consideration,
dynamic stochasticity takes place.

2. A PHASE PORTRAIT OF THE PENDULUM AND
FORMATION OF A STOCHASTIC LAYER

In the general theory of stochasticity of Hamiltonian systems the

dominating role is played by the problem of a pendulum, the function
of whose Hamiltonian has the form

P2
H="+U(p), @
2m
where P, =mg is a pulse and
U(p) = mgl(1-cosp) @
is the periodic potential of the point body of mass m, which is

suspended by a thread of length / (see Fig:1).
Using the law of energy conservation
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mgl —— —

2n 7 7 2n

Fig.1. The periodic potential of the pendulum.The angle @ is an
angle of deviation of the pendulum from the equilibrium
state. The equilibrium state of the pendulum is assumed to
be a zero value of potential energy.

22
% +U(p) = E(t =0) = const S (©)

‘we can construct a phase picture of the pendulum (see Fig.2).
Using the energy integral (3) and potential (2), we can obtain an
expression for a period of rotational motion of the pendulum
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Fig.2. A phase picture of the pendulum. The closed curves E <
2mgl correspond to oscillatory motions. The wave curves £
> 2mgl correspond to rotational motions. To the energy E =
= mgl there corresponds a special trajectory called a
separatrix. On the phase plane it separates trajectories with
different topology.

is the complete elliptic integral, & = (2mgl/E)? is called the module
of the integral. For the period 7, of trajectories in the neighborhood of

the separatrix (k —1) we obtain,

lim 7, =T,
ST

I ) 2 e =

VE i-k*

From expression (6) it follows that with the approach to the separatrix
from above (k—>*1) the motion period logarithmically tends to
infinity. The oscillatory motion period T. can be calculated
analogously, but we do not do this here. We would like only to note
that the approach to the separatrix from below

lim I =T,
k-1



is analogous to (6). That is, the periods of oscillatory and rotational
motions coincide in the limit (k — *1) and, in doing so, they tend to
7, Motion along the trajectories near the separatrix is not uniform. It
stops at the singular points @, =(2n+1)x, but quickly (within the

time ~(I/g)'?) gets over the remaining (greater) part of the
trajectory. Now let us assume that the considered system is under the
action of perturbation, periodic with respect to time. In limiting cases
of small oscillations E <<2mgl and free rotation E >>2mgl, such a
ion leads to the ion of phase Points of
intersection of a perturbed trajectory with an unperturbed one arisc on
the phase plane regularly. The position of each point completely
depends on the position of the preceding point. The situation changes
radically if an unperturbed trajectory lies near the separatrix
(E ~2mgl). Since in that case the motion makes a prolonged, though
unstable, stop in the neighborhood of nodal singular points, even small
perturbatmns may strongly a.ﬁ'ecl !hc trajectory. Then points of
of perturbed traj ones appear on
the phase plane irregularly (randomly). An area of the phaso space
occupied by random trajectories is called a stochastic layer (see Fig.3).
Thus the main condition for the formation of a stochastic layer is
motion near separatrix (E=~2mgl). The stochastic layer width is
defined by a difference E - 2mgl and a variable field amplitude.

Fig.3. The formation of a stochastic layer near the separatrix.
Note that even at first glance we see that in the considered case,

dynamic stochasticity appears in the completely deterministic dynamic
system. Motion stochasticity is directly connected with the availability
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of the scparatrix on the phase plane. On stepping over the separatrix,
phase trajectorics abruptly change their form. In the neighborhood of
singular points, lying on the separatrix, there arises a strong instability
which is the main cause for the appearance of stochasticity. To explain
the phenomenon of dynamic stochasticity it is necessary to take into
consideration a small dispersion of the initial conditions. This
dispersion is insignificant for trajectories lying at a large distance from
the separatrix (E>>2mgl, E <<2mgl), while for trajectories near
the separatrix (£ ~2mgl), the initial dispersion grows so that, with a
lapse of time, motion becomes completely unpredictable. A detailed
study of the criterion of stochasticity formation in classical nonlinear
systems can be found in [1,2]. We do not discuss this issue here.

3. QUANTUM CONSIDERATION. INTERNAL ROTATION
IN POLYATOMIC MOLECULES

Let us now consider a quantum analoguc of the pendulum
(quantum pendulum). The corresponding Hamiltonian can be obtained
from (1) if we replace there the pulse P, by its operator

1‘; =ihd/d¢ . Then we have

' 2 g2
H=->———+U(p) (@)
m

Note that this form of the Hamiltonian is usually used to describe
internal rotation in polyatomic molecules. As is known [3,4], one of
the forms of intemal motion in_ polyatomic molecules is torsional
oscillation which  for large to
rotational motion. In order to describe the corresponding motion in
Hamiltonian (7) we assume that ¢ is the angle of torsion of one part
of the molecule with respect to the other part and replace the mass m
by the reduced moment of inertia 1 =11, (I; +1,), where Land I,
are the inertia moments of rotation of the parts of the molecule with
respect to its symmetry axis. Thus we obtain
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) =20-cosnp),

where ¥, defines the height of potential barrier that separates
torsional oscillations from the rotation of one part of the molecule
with respect to the other part, and » defines the quantity of equilibrium
orientations of one part of the molecule with respect to the other part
For the molecule of iethane H,C-CH,, dimethylacetylene
HyC—-C=C-CH, and for other organic molecules we have = 3
equilibrium configurations (see Fig.4).

Fig.4. A schematic drawing of the molecular structure of ethane
H,C —CH . The circular arrow shows the torsion phasc @ ,
1o i the equilibrium distance between two parts of molceule

The conﬁguratmn slmwn m Fig4 conesponds to an encrgy
maximum and is
Other. nonethhnum conﬁgurauuns are obtained by rotating by the.

Vi o
angles —and 2= (® fi
gle 3 3 8
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rations) are obtained by rotating of the angles Z %-{- ; ’;+ZT”




Below we give the numerical values [3,4] of other parameters of
some organic molecules having the property of internal rotation. Thus
for the molecule of ecthane C,H;, we have L=I,~

5310 kg -m?, Vy(CoHg)~2.1-1072°J , and for the molecule of
dimethylacetylene  C,Hs we have [, =1, %106-10"kg-m?,
Vy(C4Hg) <0.34-1072°0

The inger equation ing to Hamiltonian (7) has
the form
dy ZI[ 1 }
Y 2 6~ Vy(-cosng) | =0, @
) (i) ?) | v

where &, the cigenenergy of the k-th state. Note that &, =&, (V) is
the function of barrier height ;. The condition of motion near the
separatrix (ncar a potential maximum) is written in the form & ~¥; .
If we introduce the new variable & =12 , then equation (8) can be
rewritten as

d:(") +[E =2l cos2a] y(a)=0 ©)

where
81
E=—L (c-¥,/2) (10)
PR

plays the role of energy in dimensionless units, and the parameter

21
Iy ===V, 11
o="77% (11)

is the half-height of the barrier in dimensionless units and plays the
same role as the length of the thread does in the classical pendulum
problem. Equations (8) and (9) are called the Mathieu-Schrodinger
equations. It describes the dynamics of the ”quantum pendulum”.
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The Mathicu-Schrodinger equation (9) is a linear equation, which
gives us the grounds to believe that for the quantum pendulum no
instability, which leads to chaos and the instability of trajectories,
might develop as this happens in the classical case. Another property
of dynamic stochasticity is a jump-like change of the form of phase
trajectories when they pass across the separatrix. In the case of
quantum consideration, a smooth transition from the discrete energy
spectrum to the continuous one takes place near the maxima of the
periodic potential (Fig.1), which is connected with a possible
tunneling through the barrier. Thus this fact does not work in favor of
chaos either. However, as is shown in [5-7), the basic propertics of
dynamic stochasticity (in particular the irreversibility of the process)
manifest themselves in the case of quantum consideration too. It can
be assumed that a mixed state is a quantum analogue of classical
stochastic motion. In our problem the transition from the pure state to
the mixed one occurs due to special properties of the Mathicu-
Schrodinger odinger equation to be discussed below. A peculiar
feature of the Mathieu-Schrodinger odinger equation consists in the
specific of ei E,()and i

W, (@,)on the parameter / (sce Fig.5). On the planc (1), on which
the spectral characteristics (so-called Mathieu characteristics [6]) are
drawn, this peculiarity manifests itself in the altemnation of arcas of
twice deg G; and states G. The

between these areas pass across the branch points of energy terms
E, ().

The presgnce of degenerate and nondegenerate states of the
quantum mathematical pendulum was established by studying the
symmetry properties of the Mathieu-Schrodinger equation. In [5] the
eigenfunctions were defined for each one of the areas of degencrate
states G, and nondegenerate states G :

1

(ceznn (@) £isernn (9)) 5

Vin(0)=
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Fig.5. A fragment of a parametrically dependent energy spectrum
of the quantum mathematical pendulum. The straight line
E = corresponds to the separatrix of classical motion. By
™ are denoted the points of branching of energy terms to
the left and to the right of the separatrix

Vin@)= T3 Cen@)tisen ), @)

e (0); Cerun(@); 5e2,(9); S (9), @)
1 i

&(p)= B (ce(p) tise,, . (9)), Gy)

@)= %(cez,., (©)2ise,,.,(¢).

Here ce,(p)and se, (p) denote the periodic Mathieu functions [8].
Let us consider two limiting cases of a low and a high energy barrier.
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In the limit of a low barrier ¥, —>0, the Mathicu-Schrodinger
cquation (8) implics the equation for free rotation
&y U

e may=0.
dg? ¥

From which for the energy spectrum we obtain &, = (h%/2/)r2,
where =0, |, 2..are iiiteger numbers. Using the above-given
numerical estimates for the molecule of ethane C,Hg, we obtain
&,~021-102'72 J, which corresponds to the cyclic frequency of
rotation ~2.0-10'27% rad/s. Comparing the expression for encrgy
with the value of the ethane molecule barrier we see that only levels
with a sufficiently large quantum number (+ > 10) are located high
above the barrier and it is only for such levels that the considered limit
isvalid.

In another limiting case of  high barrier ¥, the rotator is most of
the time inside one of the potential wells where it performs torsional
motions. In that case acan be treated as a small angle. After
expanding the potential energy in the Schrodinger equation (9) into
small angles cos2a~1-2a?, we obtain a quantum equation for the
oscillator, whose energy spectrum has the form &, =(r+1/2)hw ,
where ®=ny[V/21 6.0:10°rad s For the encrgy spectrum of

small torsional oscillations we obtain &, % (r+1/2)-0.63-102°J . If
we compare the obtained expression for the spectrun with the
corresponding numerical value of the barrier, then we can sec that
only the first three levels &, ~0.32-10%°J, & ~095:102°J and
£, ~1.58:10"°J are located in the well but not at a sufficiently large
depth that would allow us to assume that passages between them
correspond to small oscillations. Thus we can conclude that for
internal rotation of the molecule of ethane C,Hg the approximation
of small oscillations is not carried out sufficiently well, while the

[



approximation of free rotation is carried out for large quantum
numbers.

A real quantitative picture of the internal rotation spectrum can be
obtained by means of the Mathieu-characteristics when the points of
intersection of the line /=/, with the Mathieu- characteristics is
projected on to the energy axis (see Fig.6).

Fig.6. The graphic method of finding energy terms of internal

rofationYEorthe s moleculcll %V,, ~124

These conclusions are in good agreement with experimental data.
In particular, in the experiment we obscrved the infrared absorption by

molecules of C,Hgat a frequency ~8.7-10'2Hz [9]. For an energy
difference between the levels participating in the absorption process
we have the estimate Af,y,, ~054:10°J, Comparing the
experimental * result with the energy difference between two



neighboring levels in the case of approximation of small oscillations,
we obtain  *
Agy =21voh,
where vy = zi Vol21 is the frequency of small oscillations.
’

Inserting the parameters values for molecules of C,Hy, we obtain
the estimate Ag, =0.63-1072°J . After comparing the obtained
estimates with the energy.difference between the states described by
the wave functions ce;(@,ly), se;(@,lo)and applying formula (10).
we obtain As(ces(@,l) <> se5(@,h)) ~0.54-107°J

Comparative analysis of the obtained estimates gives us the
grounds to conclude that the energy levels corresponding to the statcs
ce;(@,ly), ses(@ly) participate in the infrared absorption revealed in
the experiment.

4. FOMTION OF A QUANTUM CHAOS

Let us assume that the considered quantum system is subjected to
a radiofrequency (RF) monochromatic pumping whose frequency ©
satisfies the condition Q <<V, /. This causes a slow modulation of
quick electrone motions in a molecule. The formation of an energy
barrier ¥, is a result of the averaging over quick electrone motions
and thus it is obvious that due to the pumping effect the barrier value
is time-dependent,

Vo —>Vy + AV cosQt (12)

The depth of modulation AV depends on a pumping power By
replacing (12) we obtain the time-dependent Hamiltonian

A=Hy (@) +H(p.0).

2.
ﬁu(¢)=‘;7+’o°°52¢x )



H'(p, 1)=Alcos2pcosQy ,
2

Al= AV . (14
n*n*

Simple calculations show that the matrix elements of perturbation
H'(p, 1)with respect to the wave functions of the nondegenerate area
G are equal to zero

A, 1)

<ce,

2
Se, >~ AII ce, (@) cos2¢p se,(p) dp=0 (15).
0

where n is any integer number. Therefore perturbation (14) cannot
bring about passages between nondegenerate levels.

The interaction H'(@, {), not producing passages between levels,
should be inserted in the unperturbed part of the Hamiltonian. The
Hamiltonian obtained in this manner can be considered as slowly
depending on time.

Thus, in the nondegenerate area the Hamiltonian can be written in
the form

A 3
A=-2_+1(t) cos2p. 16
= (16)

Because of the modulation of the parameter /(f)the system passes
from onc area to another, getting over the branch points.

As different from the nondegenerate state area G, in the areas of
degenerate states G_ and G, , the nondiagonal matrix elements of
perturbation H'(¢, )(14) are not equal to zero. For example, if we
take the matrix elements with respect to the wave functions ¥z, (@),
then for the left degenerate'area G_ it can be shown that

H =

-
=<Vana

/(0,02 >~
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~ Al [ 5, Wi o2 dp#0 a7
JVan

Note that the value H _ has order equal to the pumping modulation
(14) depth AI.

Analogously to (17), we can write an expression for even 2n states
as well.
An explicit dependence of H'(p, f)on time given by the factor
cosQt, is assumed to be slow as compared with the period of
passages between degenerate states that are produced by the
nondiagonal matrix clements H; _. Therefore below the perturbation
H. _(@, 1) will be assumed to be the time-independent perturbation
that can bring about passages between degenerate states.

In a degenerate area the system may be in the time-dependent
superpositional state

Van =6 () ¥3,+C; () Vi, 18)

The probability amplitudes CZ(f) are defined by means of the
fundamental quantummechanical equation, expressing the casuality
principle. We write such equations for a pair of doubly degenerate
states:

.
(g, ) CheHL G

] ©)
-m";" —H{_Ct+(Byy+H.) Ci,

where the matrix elements are taken with respect to degenerate wave
fnctions (see (17)) and By, is the cnergy of the r-th degencrate level
near a branch point.




Let us assume that at the initial moment of time the system was in
the degenerate state 73, . Then as initial conditions we should take

C;(0)=1, C}(0)=0 (20)
Having substituted (18) into (17), for the amplitudes we obtain
(620} =,exp&mjsinm,
(0= exp[% El)coswl. @1
E=Ey, +H. s,

where o=

. H;.’ is the frequency of passages between
degenerate states, 7 is the passage time.

Note that the parameter @ has (like any other parameter) a certain
small error @, which during the time of one passage ~27/@,
leads to an insignificant correction in the phase 27(6w /). However,
if during the time 7~ AT, when the system is the degenerate area
(AT<T, T=27/Q) there occurs a great number of passages
(AT >> 1), then for AT6w %27 , a small error dw leads to the phase
uncertainty. Then we say that the phase is self-chaotized. The self-
chaotization formed in this manner can be regarded as the embryo of a
quantum chaos which, as we will see in the sequel, further spreads to
other states.

5. SPREAD OF THE QUANTUM CHAOS TO ENERGY
TERM!

The spread of the quantum chaos, formed as a result of self-
chaotization, can be described in the energy space by means of the
density matrix.
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Let us introduce thedensity matrix averaged over a small
dispersion 80 :

p:'<z>:[w" 4 'Fj(')] )
R0

= il it
=lcz@f, F©=Cl0)C (). The overline denotes
the averaging over a small dispersion 5o

+50
| AGxndx (23)
To solve (21) we can write that

W; (£)=sin’ ot, W () =cos’ at, F,,(/):%sinZa}l. 4

After a simple integration of the averaging (23), for Ll\e matrix
element (24) we obtain

W)= %(1 F f(2801)cos201)
E0=F0=17050), @)
sm Zﬁml

fQéot)=———

At small values of time #<<7 (7 =27/dw), insufficient for self-
chaotization ( f(26wf) ~1), we obtain

Wi (1 <<7)=sintot, W ((<<7)=cos’ot,



F(1<<7)= %sin 201

Comparing these values with the initial values (24) of the density
matrix clements, we see that the averaging procedure (23), as
expected, does not affect them. Thus, for small times we have

sin® o Lsin2at
Py <<T)= Z : @9
—'isin 2wt cos*wrt

One can casily verify that matrix (26) satisfies the condition
p2(t <<T) = p(t <<7), which is a necessary and sufficient condition
for the density matrix of the pure state.

On relatively large time intervals 7>7, in which the self-
chaotization of phases takes place, for the matrix clements we should
use general (25). The of these for
the matrix elements (25) into the density matrix (22) gives

O 1 (1— f(25wl)zios2ml if (260t)sin 20t j o)
—if (280t)sin 20t 1+ f(26wt) cos 2wt

Hence, for times ¢>7during which the phases get completely
chaotized after passing to the limit ¢ >>1 in (27), we obtain

1-0(¢) iO(e) J

-i0(e) 1+0(e) (e

p 0= (
where O(g)is an infinitesimal value of order & =1/2501 .

‘The state described by the density matrix (28) is a mixture of two
quantum states w3, and y;, with equal weights. The comparison of
the corresponding matrix elements of matrices (28) and (26) shows
that they differ in the terms that play the role of quickly changing
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fluctuations. When the fimit is r>7, fluctuations decrease as
~1/2501

Thus the system, which at the time moment /=0 was in the pure
state with the wave function 7, , gets self-chaotized with a lapse of
time ¢>>7 and passes to the mixed state (28). In other words, at the
initial moment the system had a certain definite “order” expressed in
? With a lapse of time
the system got self-chaotized and the fluctuation terms (27) appeared
in the density matrix. For large times ¢>>7, a new "order” looking
like a macroscopic order, is formed, which is defined by matrix (28)

After a halfperiod, the system passes to the area of nondegencrate
states G. In passing through the branch point, there arise nonzero
probabilities for passages both to the state ce,, (p)and to the state
sey,(¢) . Thus, in the nondegenerate area the mixed state is formed,
which is defined by the density matrix

ol i o
p{"(2~5>>1)=3(0 l], D)

where i and k number two levels that correspond to the states
ey (p)and sey, (9).

As follows from (29), at this evolution stage of the system, the
populations of two nondegenerate levels get equalized. It should be
noted that though the direct passage (15) between the nondegenerate
levels is prohibited, perturbation (14) essentially influences indirect”
passages. Under “indirect” passages we undestand a sequence of
events consisting a passage G — G_ through the branch point, a set of
passages between degenerate states in the area G_, and the reverse
passage through the branch point G_ — G . The “indirect” passages
ocurring during the modulation halfperiod 7/2 result in the

izati ion) of two levels.

the form of the density matrix p* ~(0)= [g




Thus “indirect” passages are directly connected with a quantum
chaos. Hence, by fixing indirect” passages we thereby fix the
presence of a quantum chaos

Let us assume that the investigated molecule is a component of
gaseous or liquid state. Then the molecular thermal motion, which
tries to establish an equilibrium distribution of populations according
to Boltzman’s law, will be a competing process for the quantum chaos
described above. Using thermodynamic terminology, we can say that
the considered quantum system is located between two thermostats
One of them with medium temperature T; tries to retain thermal
cqulibrium in the system, while the other, having an infinite
temperature, tries to equalize the populations.

An cquation describing the change of populations according to the
scheme shown in Fig.7 has the form

(30)

Fig.7. A thermodynamic scheme of the process. Subsystem 1 is a
usual thermostat with temperature 7;, subsystem 2 is a
thermostat having an infinite temperature and consisting of
the interaction H'(p, f) (14); the subsystem 3 is the
quantum system corresponding to internal rotations of
molecules and being able to receive energy from subsystem
2 and to transfer it to subsystem 1.

where 2/ is probability of indirect passages and 7; is the time of

thermal chaotization. Bloembergen, Parcell and Pound used equation
(30) to describe the process of saturation of nuclear magnetic
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resonance in solid bodies [11]. For a stationary distribution” of
populations from (30) we obtain
Dol D)
T+s
where s = 2WT, is called the saturation parameter. For s>>1 indircct
passages have a stronger effect on the system than thermal processes.
Thus, along with the conditions Q<<Vo/h, AT>>7,
ATéw~27, dw<<w, AT <T the condition s>>1 is a necessary
condition for the formation of a quantum chaos.
In the opposite limiting case s <<1, #, =n{*), the quantum chaos
will be completely suppressed by thermal motion.
the case of gases the thermal chaotization time is estimated by

the formula T~ where d is the molecule size,

v

=312 (2KT, /m)""? is a mean motion velocity of molccules. After
substituting the numerical values “for C,Hg, we obtain
7, ~03-10""\JI/T, s. Hence it follows that thermal chaotization in
gaseous ethane occurs so quickly that the quantum chaos is
completely veiled by a usual thermal chaos (s <<1).

In the case of liquid under 7; we should understand the mean time

of the settled life of a molecule, which is about 107%s. Relatively
large times of relaxation in liquids ensure the fulfilment of the
saturation condition (s>1). As mentined above, infrared absorption
by the molecules of C,Hg was observed at frequencies ~289cm™"
[9], which corresponds to passages se; —>ce; between the ground
level and the first excited level.

Let us assume that the RF pumping gets involved into the process
simultaneously with infrared passages absorption. If the pumping is so
strong that indirect induced by it saturate the working levels 521,
then infrared absorption will stop. This is regarded as a manifestation
of the quantum process.

The authors express their gratitude to Professors A. Khelashvili,
N. Tsintsadze, G. Japaridze, A. Pataraia and other participants of the
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seminar of the theoretical physics chair of Tbilisi State University-for
valuable suggéstions and uscful discussions.
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ABSTRACT. This paper addresses the role of Large Extra
Dimensions in some flavor changing neutral current (FCNC)
driven processes. In particular we have investigated radiative
decays of charged leptons within models with only one universal
extra dimension (UED). Loop contributions with internal
fermions and scalars of comparable mass would seem to yield
sizeable amplitudes, since the generic quadratic suppression
factor is changed into a linear one. Such scenarios can in principle
be realized in models with universal extra space dimensions. Yet
our calculations of the Kaluza-Klein (KK) contributions to these
radiative decays show this expected relative enhancement to
disappear due to the near mass degeneracy of the heavy neutrinos
from the different generations. In this paper we estimate also the
UED contribution to the B, , — yy rate and find an enhancement

of 3% and 6 %, respectively, over the SM prediction.

1. INTRODUCTION

The highly. ive idea of lating extra di ions to
explain peculiar features observed in our world with 3+1 space-time
dimensions has been revived for a novel reason, namely to provide an
alternative approach to the gauge hierarchy problem [1,2]. An
interesting feature of this novel insight into the hierarchy problem is
that gravitational interactions become sizable not at the Planck scale,
but already at the immensely lower scale ~ O(TeV), which in fact
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must be considered as the only fundamental scale of nature. TeV
scale dynamics in general. will be explored directly by the LHC
starting in 2007. The renaissance of multidimensional models is
mainly due to superstring theories and their generalization, M-theory
It is the only consistent quantum theory known today that
incorporates, at least in principle, all interactions including gravity
Both superstring and M-theory most naturally are formulated in d =
and d = 11 dimensions.

Since the extra dimensions can possess very different
characteristics, models involving them lead to vastly different
phenomenologies. Those characteristics refer not only to the size and
other topological features of the extra dimensions (and whether they
are of the space or time variety), but also to the fields that populate
them. The options range from where only the graviton can propagate
through the extra dimenion(s) to where all fields can; in the latter case
one talks about universal extra dimensions (UED) [3].

A remarkable feature of UED models [3] is the conservation of
the so-called Kaluza-Klein (KK) parity, which leads to the absence of
tree-level KK contributions, to transitions at low energies, namely at
scales p<<1/R with R denoting the compactification radius for
extra dimensions. KK parity resembles R parity, which is conserved in
many supersymmetric models. In particular KK parity prohibits the
production of single: KK modes off the interaction of ordinary
particles.

Transitions driven by FCNC like K°-K°, B®-B° oscillations
and B, , - yyare highly suppressed in the Standard Model (SM).
Radiative 7 and g decays are even SM forbidden. New Physics
contributions in general and KK ones in particular thus have (in
principle) a considerably enhanced chance to make their presence felt
in such processes.

In this paper we investigate lepton flavor violating radiative
decays of charged leptons within models with only one universal extra
dimension  and  also estimate their  contributions  to

B, ;- yy transitions, which are allowed though suppressed in the
SM. The article is organized as follows: after summarizing in Section
2 information about the UED model of Appelquist, Cheng and
Dobrescu (ACD) [3] relevant for our calculations we devote Sections
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3 and 4 to the study of charged lepton decays 4 —1,7 and B, s — 77+
respectively, in the framework of the same model, before formulating
our conclusions in Section 5. Some useful formulas are collected in
the Appendix.

2. THE ACD MODEL

Modern models with extra space-time dimensions have received a
great deal of attention because the scale at which extra dimensional
effects become relevant could be around a few TeV [1,2,3]. If so, they
could be searched for directly at the LHC. The first proposal for using
large (TeV) extra dimensions in the SM-with gauge fields in the bulk
and matter localized on the orbifold fixed points was developed in
Ref. [4]. The models with extra space-time dimensions can be built in
several ways. Among them the following approaches are the most
actively pursued ones: i) The ADD model of Arcani-Hammed,
Dimopoulos and Dvali [1], where all clementary fields except the
graviton are localized on a brane, while the graviton propagates in the
whole bulk. ii) The RS model of Randall and Sundrum with warped 5-

ime and ized geometry [2]. iii) The ACD
model of Appelquist, Cheng and Dobrescu (also referred to as model
with Universal Extra Dimensions (UED)), where all fields can move
in the whole bulk [3].

In UED scenarios the SM fields are thus described as nontrivial
functions of all space-time coordinates. For bosonic fields one simply
replaces all derivatives and fields in the SM Lagrangian by their 5-
dimensional counterparts. These are the U(l)yand SU(2), gauge
fields as well as the SU(3)c gauge ficlds from the QCD sector. The
Higgs doublet is chosen to be even under Ps(P; is the parity operator
in the five dimensional space) and possesses a zero mode. Note that all
zero modes remain massless before the Higgs mechanism is applied.
In addition we should note that as a result of action of the parity
operator the fields receive additional masses ~n/R after dimensional
reduction and transition to the four dimensional Lagrangians; # is a
positive integer denoting the KK mode.

In the five dimensional ACD model the same procedure for gauge
fixing is possible as in the models in which fermions are localized on
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the 4-dimensional subspace. With the gauge fixed, onc: can
diagonalize the kinetic terms of the bosons and finally derive
expressions for the propagators. Compared to the SM, there are
additional Kaluza-Klein (KK) mass terms. As they are common to all
fields, their contributions to the gauge boson mass matrix is
proportional to the unity matrix. As a consequence, the electroweak
angle remains the same for all KK-modes and is the usual Weinberg
angle 6. Because of the KK-contribution to the mass matrix,
charged and neutral Higgs components with 70 no longer play the
role of Goldstone bosons. Instead, they mix with W and 6, to form
—- in addition to the Goldstone modes 6 and G, - three physical

states alyy and afy). Below we will study the impact of these new
charged states.

The interactions of ordinary charged leptons with pairs of KK
scalars and neutrinos (ds) , Vi(ry) is given by

L jv,(,,)a(",,]) =T(e P+ vRPR)U,/V.(.,w&) +h.c. )

with

Frs
2

Pp=—T3, o =~(gm())[2My ),

cr=~(22Miy)[(N2Miy ),

where g, is the SU(2) coupling for the weak interactions, 7 labels the
KK towers (g My is the mass for the nth KK-mode:

Mgy =My +n*[R?) and U}, is an element in the MNS matrix, the
leptonic analogue of the CKM  matrix.

The complete list of Feynman rules for models with only one
universal extra dimension has been given in [5].

The Lagrangian responsible for the interaction of the charged
scalar KK towers a(y with the ordinary down quarks, s s follows



O (CR2P, + COPr ) iy +

f MW

T (CE, +CPBR )l @)

2
iy [
oMy ry

with [5]
0 0 ~(2) 0 0 Dy
) =-mV;, e =mv;, R =M,

o =,

My =m(@r) = Mw+ ®)

o
here ¥ are clements of the, CKM matrix. The mass parameters in (3)
are defined as

0) =

my” = =My Ci(y +2 MSD _EM_ i)

RM icn)>

wH_nm
D = My sy + M§D =

My i(n)> @

RM Cicn) ¢

here My, and the masses of up (down)-quarks () on the right
hand side of (4) are zero mode masses and ¢;(,y, Si(x) denote the sine
and cosine of the fermion mixing angles, respectively
m
1820,y =—1, n21. 5
820w =20 ©)

The masses for the fermions are calculated as
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the phenomenological ~applications we use the restriction
n/R>250 GeV and hence we assume that all the fermionic mixing
angles except () are zero. .

3. RADIATIVE DECAYS L; —»L;y OF CHARGED
LEPTO!

In [6] a-mainly model independent analysis of x—ey and
= —> py on the one-loop level has been given. An important statement
is that when the masses of the internal scalar and fermion masses are
comparable, the transition amplitude becomes considerably enhanced
over what one would usually expect. The authors state that such a
situation arises in UED theories. We will analyze the situation in more
detail specifically in theories with only one extra dimension [3].

Real decay processes, where the photon has to be on-shell
represent a magnetic transition described by two form factors:

A > L) = (00T (p2)iou K (Fyy + Fagys)u(pr) @

u,; denote the lepton spinors with momenta. p; and k = p ~ p, and

£4(k) the photon polarization vector.

For completeness we give also the amplitude for such transitions
with an off shell photon (or Z°), which contains four additional form
factors:

A > Ly) =& (0, (p) By + Biars)ru +

+10,,, k" (B + Fagys) +ky By + By s)uy(pr) - (®)



The specifics of the underlying dynamics then determine the form
factors F, and F. Switching on' one universal extra dimension
expands the particle content of the model. In particular, KK-modes of
the charged scalar boson arc real particles in this case [3,5]. The
relevant Feynman diagrams are shown in Fig. 1. Their contributions to
I, 1,7 are explicitly calculated in this section.

3]
;Kk | Bm Hou
i
'.uv.r} /_\ ie) e m Jipa)
s N
5 N
B Y N AR

i
i
| e}

LA

Fig.1. |, -1y decay in the model with Universal Extra
Dimensions (the dashed line in the loops correspond to the
charged KK towers a,, , while the solid lines in the loops
are for neutrino KK towers).

One can conclude from the expressions for the masses of the
neutrino and physical scalar “towers'

n2 n”
m Chey) =t V) + 7 (@) =My + 7 ©)

that they are comparable already for the first excited mode (n=1),
because very rough es(unagcs for the compactification radius  tell us:
1/R>250 GeV.
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Explicit calculations yield for the form factors Fyy 54 — relevant
for I, 1,y — and the other four form factors Fys and Fy
(which become relevant for J; —1,IT)

2 My K

i .
Fy =——eg} — W ———U, U} x
@ My mia)

A+ (102)

J_n mo) @)+ ma)?
w My 2m(a)

mt)md) 1
—WJ—J[Z/’;(&H

m2 (1) +m)m@,) +m* (1) 1K
) TACH) sz(a("))/‘(m .

10 M mG)en),
24n)” MW) @)

Ey =-

Uy

‘{m"@, m%)[ )+ )~

mi () +m*()) nt ml)md,)
) T R

f1(g)+ ( )fz(&)‘




2w+ 2'"151,)*‘ 3m(, )m(l’)/ﬂ(n)J e
3m*(a,)

Ii M m0)=r)
2607 O My M)

Ul x

A+ (100)

Jn ) m@)+m@))
RMy, My mi(ag)

( 2 m()m(l,)
frrr %]B’Z‘”“‘

(273
2 (4) + mG)m@,) + (L) s
e A5 fe)
where
m Vi)
= 11
5 @) o

and summation over the tower indices » is assumed in Eqgs.(10a-10c);
the functions f(x,) are given in the Appendix. The axial form-factors
are related to the corresponding vector ones by:

Fy(m@), m()=Fy(m@), —md;)). (12)
Eqs.(10a-10c) demonstrate explicitly the general relation  between

form factors:
()= m@,)Fy =By 13)
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Using Eq.(7) we obtain for the decay width:

_ESHEL (@) -m @)Y
TU—>Ly)= = =0 (14)

Let us note that the ratio x,, =m?(Vi(m)/m*(a(,) is close to unity for
all n, namely 0.9 <x, <1:
- 2
2 n
i) O

m? ()

2
n

M+
I

With the rough estimate for the compactification radius (1/R
>250GeV) we have already for the first KK-mode x, >0.9. Noting
that the masses of the scalar and fermion towers are close to each
other for the same n, we can simplify Eq.(10b):

L 2 ME m() 5
By = D_y,U’
I i)
n_ V@) 1 %), %
x{RM,,, My et 12) 60 49
and thus
6a M, 5
Bi(l, > 7)== U,V )] an
7 My

In four-dimensional models with small Dirac neutrino masses the ratio
of neutrino mass square differences to the #-boson square mass
serves as a highly efficientsuppression factor for [, > 17 . Eq. 16
exhibits an apparently linear dependence on the neutrino to ¥ mass
ratio for the exchange of KK towers in the loops. This might be seen
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at first as leading to a_very considerable enhancement of the
I, =1, amplitude. This conclusion, however, would be fallacious.
For upon explicit substitution of Eq.9 for the KK masses into the form
factor expression in Eq. 16 the quadratic dependence re-emerges:

» MVicy)
R
My,

(13)

o 2 (vi)
E R

The initial appearance of a merely lincar suppression thus disappears
due to the near-degeneracy of the masses for neutrino KK-towers from
different generations. For example, we have for two neutrino
generations:

0 ) =M Vry) =

m(V,,)+m(V,)

=(m(v,) = m(v.)) <<m(v,)-mv,) - (19)

In the end the following expression emerges for the branching ratio:

3 3a M} . m(v,) i
1, > 1y)=— U 0
=bn 32ﬂM,',(n)[U"U'k WE)? (6

This expression shows that it cannot enhance the SM result [7-
12] significantly:

B, 1) = m(u U, "’M(‘;')] (1)



In the slightly extended SM with massive lefi-handed neutrinos lepton
flavor violating processes like of 4 —>ey and 7 — uy are extremely
suppressed. For example, ‘taking into consideration the data from
modem neutrino experiments [13], the branching ratio for x> ey is
predicted to be as low as 71077 [7-12] in the SM.

A planned experiment is expected to lower the existing’ upper
bound Br(u—>ey)<1.2:107"" to the 1072 —107"* levels [14]

4. ngﬂn/ DECAY IN MODELS WITH ONE UNIVERSAL
EXTRA DIMENSION

Detailed studies of the decays of strange hadrons were
instrumental in developing the Standard Model (SM). Recent findings
on B decays — in particular the CP asymmetry observed in B —y Ks
by the BABAR and BELLE collaborations at the B factories —
represent a striking confirmation of the SM [38]. Yet they do not
invalidate the various theoretical arguments pointing to its
incompletencss, i.c. the existence of physics beyond the SM (BSMP)
If anything they even strengthen the case. for a new paradigm. History
might well repeat itself in the sense that future detailed studies of the
decays of beauty and charm hadrons and tau leptons will reveal the
intervention of BSMP.

The BABAR and BELLE experiments running at the two B
factories at SLAC in the USA and at KEK in Japan are producing the
huge high-quality data sets required for such searches for BSMP.
There is even a proposal in Japan for building a Super-B factory with
much higher “luminosity; similar plans are being pursued in Italy.
Further information will be gained from the tau-charm factories at
Comell University in the US and at Beijing in China.

Some experimental evidence for an incompleteness of the CKM
description has actually merged in the CP asymmetry in B¢ K and
similar channels. It also points towards radiative and related B decays
as promising areas for scarch for BSMP.

Exploration of B-physics, including B-meson rare decays is one of
the central issues of the physical programs at accelerator facilities



operating now or soon getting online. The process B, 4 — 77, which
is the subject of this section, has an unusual experimental signature
that can be searched for at least at B factories. It should be noted that
the two photon final states produced in this process can be CP even as
well as CP odd. This feature might allow searches for nontraditional
sources of CP violation in B-physics. In general the process
B, 4 —>yy is sensitive to BSMP effects. The experimental feasibility
has stimulated efforts of theoretical groups as well [15-32]. B, 4 > 77
rates have been calculated within the SM with and without QCD
corrections, in multi-Higgs doublet as well as supersymmetric models.

In the SM B, ; — yy first arise at the one loop level with the
exchange in the loops by up-type quarks and W-bosons [15-19]. SM
predictions for the branching ratios are of the order of 107(107%) .

It has been shown that in extended versions of the SM {(multi-
Higgs doublet and supersymmetric models) one could reach branching
ratios as large as Br(B, 4 —>77)~107° depending on the parameters
of the models. This enhancement was achieved mainly due to
exchange of charged scalar Higgs particles within the loop. There
exists an analogous possibility in other exotic models as well for the
scalar particle exchange inside the loop, which could enhance this
process. For example, the Appelquist, Cheng and Dobrescu (ACD)
model with only onc universal extra dimension [3] presents us with
such an opportunity. One should note that in the above approach
towers of charged Higgs particles arise as real objects with definite
‘masses, not as fictitious (ghost) fields.

In this Section we calculate the contributions from these real
scalars to B, —yy. The Feynman graphs, describing the
contributions of scalar physical states to-process under consideration,
are shown in Fig 2.

The amplitude for the decay B, —>77 has the form

T(B— )= ¢f'(k) &3 () A8 +iBouagkkl]  (22)

This equation holds after gauge fixing for the final photons which we
have chosen as
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1k, = 83k, = 1k, = 87 =0 @3)

This is possible because in the CM frame both final photons are
collinear, where & and & are photon polarization vectors,

respectively.
k k.
e ) §e e
N sd ZanN 1700\
(LY YRS i Ve Y i
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ACEN A O N
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Fig.2. Doyble radiative B-meson decay B, 4 -7y in the theory
with only one extra universal dimension (the dashed linc in
the loops correspond to the charged KK towers dyy, while
thy solid lines in the loops are for up-quark KK towers).

The gauge condition of Eq.(23) together with energy-momentum
conservation leads to

§ sP=&p =Py =0, (24)

where



P=k+ky and p=p,+k+hy. 25)

Let us write down some useful kinematical relations resulting from
Eqs.(23-25):

()= (Ph) = ()= M3, (ipa)=-momay, (Br) =M,

1 1
wﬁh):(/);kz)jmms. (P2k) = (poky) == 'y ayMp

(Ppy) =-myayMp. (26)

The total contributions into CP even (A) and CP odd (B)
amplitudes from Eq.(22) are calculated as sums of the appropriate
contributions of the diagrams in Fig.2 corresponding to a tower of
scalar particle contributions in the ACD model with only one extra
dimension. Let us note that we used the following formula for the
hadronic matrix elements:

(075 7:8(B.(P)) = ~ifuP, - @

Apart from one particle reducible (IPR) diagrams, one particle
irreducible (1PI) ones contribute to the amplitudes, and hence, to their
CP even (A) and CP odd (B) parts. We should note that each of the
1PI contributions is finite. Let us discuss these contributions in more,
details. In the SM only one 1PI diagram (the one with the W-boson
exchange in the loop, when both photons are emitted by virtual up-
type quarks) gives a contribution of order ~1/Mj, . In Ref.[33] it was
observed that diagrams with light quark exchanges contribute as
~1/M§,, while diagrams containing the heavy quarks are of order
~1/M},. In the ACD model the contributions of such diagrams are

also of order ~1/Mj, because the estimate for all KK-tower masses,
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including the ones exchanged in the loops, is given in units of 1/R >
250GeV [34]. Similar considerations show that all the 1PI diagrams

existing in the ACD model also are of order ~1/Mjj. Thus, the

leading 1PI diagrams are negligible and we do not consider them.
The total contributions to the B —> 7y decay amplitudes are:

L 0 1 G
—elelfp—t = VoaVin X
(n)* 4 My m (@) Msca)

n
x:
{RM

= O i Ja )+

2 1
+m{” -~ mymyaycion) 5 17(5)

iy Oy 1 imes
WE‘ f-_yu(d)ynb %

81/s =
My (@) Msca)

{RMLWW)MMG.W&(X,H

2
) +
3 R*M,

1
mb’"x(d)"‘:’(n})i/’!(x, )} ,(28)

—5x* +8x —3+2(3x —2)lnx

BEs 61-x)

27 -32 +6x-1+6:"Inx

i 6a=z)
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As is obvious from Fig.2, the correct calculation must include the
crossed diagrams (not shown on Fig.2). In the kinematics we use, cf.
Eqs.(23)-(26), this leads to a factor 2 for all amplitudes, except for the
one given by diagram 11, However, diagram 11 belongs to the class
of 1P diagrams. As it was stated above, those contributions are order

~1/Mj, and thus negligible compared to those from the IPR

diagrams.
On the other hand, using the unitarity of the CKM matrix, the
amplitude for double radiative B-meson decay can be rewritten as:

7= 3 A,T.=A{T.—n+i<n—m}. D)
i KA
Let us note that we restricted ourselves to calculating the leading order
terms of ~1/M} from the up-quark KK-towers. In this
approximation it turns out that the u(,y and the ¢(,) towers have cqual

Therefore, the ions for the amplitudes have a
simpler form than before:

4=4(Aw~Aw)>  B=4Bw~Bw) ()

Furthermore, it is easy o obtain from Eq.(22) the expression for the
By decay partial width}

1 2 1 aipe
TB-w)= 44" +=Mg|B|" |. 32)
T LR
Now we are in the position to compare the ACD contribution to the
decay with that of the SM.

Namely, let us consider the ratio
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{ o Cr(n)/s("l(n))“ /x("c(nt)}
M
(33)
4(C(x,)+233) +2[C(x)+ +16— “”
where
= 22153 159546, 305y,
6(1-x) 1-x*
2
]
x,:ﬁ (34)

Rough numerical estimates show that the pure UED contributions to
B, 57y and B; -7y enbance the SM estimate by about 3% and 6
%, respectively. 3

CONCLUSION

In this paper we have investigated lepton flavor violating radiative
decays of charged leptons /; —>/;y within models with only one
universal extra dimension and have estimated also their contributions
to the highly suppressed SM rates for B, ; —77 .

Planned éxperiment are expected to lower the existing upper
bound Br(u— ey) <1.2-107"" to the 1072 ~107'* levels [14]. There
are bad news and good news from our analysis:

o The bad news are that UED models with only one additional

spatial dimension cannot raise Br(u —>ey) into a range, where it

could ever be observed.

4 Sy



« The good news are that if 42— ey is ever observed, it must have
a completely different origin.

The pure UED contribution to the B, -7y [B, —>77] rate is 3%
[6%] of the SM estimates of Br(B, »>77)~107 and
Br(By —77)~107, i.c. rather small. It is quite possible that the as
yet uncalculated radiative QCD corrections could enhance these rates
further and that they become observable at a Super-B factory. Then
they might be relevant for the central goal of B physics studies to not
only discover New Physics;:but also identify its salient features.
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APPENDIX
The functions f(x,) appearing in Eqs.(10a-10c,16) are given by:

1-9x-9x +17x° —6x% (3+x)lnx

e 36—



2-9x+18x? —11x* +6x’ Inx

)=
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ABSTRACT. It was stated by us that in the connection with
the diffusional mismatch in semiconductor heterostructures IV-VI
the pressure exceeding the limit of elasticity can originate. For
lasers it leads to the increase of threshold currents almost by a
range and to the decrease of operating temperature. When the
critical deformation resource is used up, the widening of ‘elastic
deformation diapason is used on account of elasticity modulus
modification by doping with impurities, decreasing the crystal
constant of solid solution. Accordingly it causes a significant
‘weakening of mismatch effect.

Widening of elastic deformation diapason also allows to create
the conditions in epitaxial layers for displacing impurity level into
the depth of the forbidden gap. If at the same time the impurity is
capable of stabilizing the Fermi level then for the given impurity
and certain composition of solid solutions the transformation
metal-dielectric is carried out.

The work presents formulation of conditions for creation the
dielectric state in given IV-VI semiconductors, which are
necessary for rising sensitiyity of IR photodetectors.

Lately considerable breakthrough has been traced in working out
IR tunable lasers and photodetectors on the basis of IV-VI
semiconductors. This is connected firstly with creation of new
heterostructures and homogenous heavily doping crystals.

If the width of forbidden gap and effective mass of current carriers
in different i are basically ined through their
chemical composition (chemical formula), then most characteristics:
type of conductivity, mobility of carriers, lifetime, coefficients of
absorption and heat conduction, etc., significantly depend on doping
impurities. According to totality of thse parameters for different tasks
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the most effective materials are selected. Particularly, for

lasers and imi of their
characteristics: threshold current (operating temperature), capacity of
radiation, sensitivity, etc., are carried out in consideration with
influence of doping on electrical, optical and thermal characteristics of
materials. Although our latest research [1] showed that new important
resource in perfecting their characteristics represented mechanical
clastic properties (clasticity modulus, limit elastic deformation),
modified at doping by certain impurities.

In the present statement we consider the situations, when at
widening diapason of clastic deformation in semiconductor lasers
threshold current  decreases, and resistivity and consequently
sensitivity considerably rises in photodetectors.

s well-known that ‘due to decrease of active volume and
limitation effects a considerable decrease of threshold current is
achieved in lasers on the basis of heterostructures. In most cases for
widening spectral diapason multicomponent solid solutions are used
as active layers. Due to experiments and calculations in the process of
heterostructure creation an obvious  interdiffusion of solid solution

takes place [1]. C even in structures, assumed
as isoperiodic, in emitters and active ranges of lasers an mismatched
area forms. In most cases they are inevitable, even when changing the
profile of in the The strain
to mismatch exceeds limit of elasticity- their relaxation causes
mismatch dislocation from the sticking centre [1,2]. Because of the
increase of nonradiative recombination the threshold current rises
considering:

ol
1.,.~[’i] _d+ast »
3 d

where 7 is the carrier’s lifetime considering the centres of
recombination under mismatch; T is lifetime in active area; d is the
thickness of active range; S is the velocity of surface recombination
(in the given case distributed in certain thickness in the active range of
lasers). In its turn:



S=o-v-N, @)

2

here o =a? is the square of recombination; v is thermal velocity of
current carriers; a is a crystal parameter constant; N- density of centres.
of recombination, equaling to:

¥oa

5 3)
a

Assuming that at weak mismatch — equals to its maximum. Let

consider as a sample in IV-VI

PbSeTe-PbSnSeTe. The mismatch E in the active range at epitaxial

temperature corresponds to (1 + 3)- 10’ On the other hand out of
measuring the lifetime in the active range of heterostructures and
amplitudes of dependence of internal friction more than half of the
whole amount of defects are revealed at deformation (1 + 2)-10”
Therefore, considering v = 3.107 cm/s, 7= 5-10° + 10*s, d = 0.4 um
because- of diffusional mismatch the measured threshold current Ly
increases by an order and more.

It is worth mentioning that the limit stress at research internal
friction are determined by critical amplitudes of oscillation (when the
derivative of the energy loss from the amplitude of oscillation
considerably changes) with weak temperature dependence, i.c. with
strong centers of sticking the dislocation. Although, for the initial
crystals and layers with different density of dislocation plastic
deformation generates in comparatively small or big amount of local
volumes of different values. In epitaxial layers at large density of
dislocation the limit of elasticity occurs at small mismatch. But even
in this case the influence on this threshold current is significant. The
calculations show that if mismatch represents the half of limit, then
the threshold current increases 5 + 6  times.

When the resource for limit strain deformation in laser structures

Aa

are excluded, then ultimate stress aM=li._ (where viis
=\ @l



Pausson coefficient) can be increased on behalf of the rise of elasticity’
modulus £ (for photodetectors also due to increase of critical elastic
deformation &, ). The rescarch [3] shows that elasticity modulus in
IV-VI semiconductors rises 2.5-3 times, and the critical elastic
deformation 3.5-4 times at doping by Cr, Ca Mn impurities on the
level < 0,01 All these impurities reduce the crystal constant even in
the condition of its pressing the barrier for generation and motion of
dislocation. Though, the most neutral in relation to radiative transition
in [V-VI semiconductors is impurity of M.

The doping effect, for example, with chromium impurity, can be

expressed by letting the coefficient C-Cp, (where g, =114,
Tpo

Tpp =15 A radii of Cr and Pb atoms in the lattice of solid solution
PbSnTe, Cp, <0.01-concentration of chromium impurity) ‘in the
expression of dislocation tightness (3). Clearly enough, this cffective
mismatch reduces by 2-3 orders and the threshold current will
significantly be decreased, and the operating temperatures of lasers
will rise.

The evaluations given above relate to double heterostructure
lasers. In case when the width of mismatch area coincides with the
thickness of active layer of the laser, then formable lead to
displacement of the band cdges. Considering isotopic and mobile
deformational potentials displacement of the band edges at € = 2- 107
represents ~ 40 meV. At the same time the degeneracy of four
ellipsoids of band structure for their different orientation is relative to
the direction of deformation that causes decrease of density of state,
and consequently to the threshold current. In this way diffusional
‘mismatch can be used as a positive factor in creation of strained layers
in this case.

One of the abovementioned impurities — chromium, along with
widening the diapason of elastic deformation, has the feature of
stabilization of Ferm level. In the condition of stabilization of Fermi
level at the rise of concentration of the given impurity or others the
Fermi level does not change its position. When some impurity is high
in concentration (10"*+10°cm®) nonstoichiometric and other
electrically active defects can take multivalentive states, including
donor and acceptor, certain relation of occupied states among them
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takes place and the state of Fermi level changes only in accordance: to
composition of solid solutions.

In solid solutions PbSnSe(Te) with the rising composition of tin
the stabilized Fermi level displaces from the edge of the conductivity
band to valence band, so that amount of vacancies rises in the
sublattice of metal-equilibrium displaces on the side of acceptor states.
Although the chromium level in PbTe is placed above the edge of
conductivity band (~100 meV) the speed of its displacement with the
composition (8 meV per 1%SnTe) exceeds almost two times the speed
of reducing the width of the forbidden gap (4.8 meV per 1%SnTc) and
therefore for some compositions of solid solutions it falls below the
middle of the forbidden gap, transferring to acceptor state. If stabilized
Fermi level of for some compositions coincides with the middle and is
remote from the edges of bands at considerable energy — (7 + 9) KT,
then resistivity of the semiconductor significantly rises and it becomes
possible to realize effective photodetector at maximum temperature.

Behaviour of the chromium level in PbSnTe is a matter of interest
even at hydrostatic pressure the level is weakly displaced relatively in
the middle of the forbidden gap. Obviously in some compositions of
PbSnTe when the stabilized level of chromium lies in the forbidden
gap, at pressing with negative coefficient of change of the forbidden
gap width the transfer of dielectric-metal takes place with pressure. If
in any way we achieve the stretching of semiconductor the reverse
effect will be observed. According to the model of the dielectric state
in the indicated semiconductor, using the mentioned methods at
doping by impurities, the widening of the forbidden gap and
penetrating in the depth of forbidden gap (or the cut) of donor or
acceptor level can be assumed. The calculations show that for leaving
of the forbidden gap edge with the energy 7 +9 kT by the Fermi level,
the widening of the bands in the indicated semiconductors should be ~
100meV (for compositions corresponding to % < 8 pm). In the range of
elastic deformation 8:10°, achieved at doping by chromium, the
difference among the electron potentials and the holes should be 10
eV. It occurred that abovementioned options should be realized at
stretching the semiconductor through the growth of thin strained layer,
for example, PbSnTe on the substrate BaSeTe with crystal constant.
For the concrete composition PbSeTe:Cr with the content of SnTe =
0.3 and Cr = 0.5 % at increase on the substrate BaSeTe with content of



BaTe-0.15, the mismatch constitutes 5-10° and the suitable pressure.~
8 wbar. The width of the forbidden gap increases at 60 meV and
reaches 140 meV (A = 9 pm) at 100K, and the chromium level leaves
the peak of the valence band at 60 meV. Relation of the specific
resistance of semiconductor in strained and normal states according to
calculation makes 4+5 ranges. For covering the area of spectrum up to
20 um by photodetectors the composition of solid impurities will be
separately doped by gallium and vanadium.

Thus, the negative effect of diffusional mismatch in laser
structures can be surmounted by doping with active impurity layers,
decreasing the crystal lattice parameters. The creation of dielectric
states in narrow-band IV-VI semiconductors scems possible only in
case of fulfillment of these three options:

a. Formation of pressure for interchanging the level of impurity
in the forbidden gap with leaving the edges of bands at energy
7-9KT.

b. Fulfillment of appropriation of this pressure for the diapason
of elastic deformation of the observed composition of solid
solutions.

c. Selection of substrate with the same crystallographic structure

and the composition:for the necessary mismatch.

In conclusion, it is worth mentioning that simultaneous
stabilization of Fermi level and widening the diapason of elastic
deformation at doping the IV-VI semiconductors by certain impurities
transform the initially defective, nonstoichiometric material into
perfect, homogeneous with wide possibilities for managing energetic
spectrum the current carriers. This condition can play a decisive role
in the further usage of IV-VI semiconductors in IR optoelectronics.
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SUPERCHARGE OPERATOR OF HIDDEN SYMMETRY IN
THE DIRAC EQUATION
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ABSTRACT. As it is known, the so-called Dirac K -operator
commutes with the Dirac Hamiltonian for arbitrary central
potential V(r). Therefore the spectrum is degenerate with respect
to two signs of its eigenvalues. This degeneracy may be described
by some operator, which anticommutes with X . If this operator
commutes with the Dirac Hamiltonian at the same time, then it
establishes new symmetry, which is Witten’s supersymmetry. We
construct the general anticommuting with K -operator, which
under the requirement of this symmetry unambiguously select the
Coulomb potential. In this particular case our operator coincides
with that, introduced by Johnson and Lippmann many years ago.

Supersymmetry (SUSY) of the hydrogen atom is rather old and
well-studied problem. We have in mind the usual cases: SUSY in non-
relativistic quantum mechanics and inclusion of spin degrees of
freedom by Pauli method as well. In the last case the projection of
well-known Laplace-Runge-Lenz vector onto the electron spin
direction plays the role of supercharge [1].

Relatively less is known about the Dirac electron, although the so-
called radial SUSY was demonstrated a long-time ago [2]. As for 3-
dimensional case, it was shown [3-6], that the supercharge operator is
the one, introduced by Johnson and Lippmann in 1950 in the form of a
brief abstract [7). As regards to the more detailed derivation, to the
best our knowledge, is not published in scientific literature. Morcover
as far as commutativity of the Johnson-Lippmann operator with the
Dirac Hamiltonian is concerned, it is usually mentioned that it can be
proved by “rather tedious calculations” [5].

The main aim of our paper is a derivation of the Johnson-
Lippmann operator in a simple and transparent manner and

i ion of its ivity with the Dirac

‘Hamiltonian,
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Below we show that among all central potentials the Coulomb
potential is a distinguished one. The additional symmetry takes place
only for this potential. Then we show that the operator responsible for
that symmetry reduces to the Johnson-Lippmann one in case of
Coulomb potential. 4

So, let us consider the Dirac Hamiltonian for arbitrary central
potential, ¥ (r)

H=G p+pm+V(r). )
In this form ¥/(r) is a fourth component of a Lorentz 4-vector. We
mention this fact here because the pure Lorentz-scalar potential is also
often considered [8].

Let us introduce the so-called Dirac operator [9]

K:p(2-7+1), @

where [is the angular momentum vector, @ and f are the usual
Dirac matrices and Z is the electron spin matrix

298 (fo 0]
D= 2 3
€Y 0

[.H]=0 @)

It is easy to show that

for arbitrary central potential, () .

Therefore the spectrum of Dirac equation is degenerate with respect
to eigenvalues x of the K -operator. As a rule, this is a degeneracy
with regard to the signs of x, () [10].

We can find an operator 4, which could connect these two signs.
Naturally, such an operator should anticommute with X,

{4,K}=4K +KA=0. ©)
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If at the same time this operator commutes with Hamiltonian ‘7. it
will generate the symmetry of the Dirac equation.
Therefore, we are looking for an operator A with the following
propertics

[4.H]=0, ({K.,4}=0 ©)

After that we will be able to construct supercharges as follows [3-6]

4K
Q =4, Q=i @)
[
Then itis obvious that

{01.2,)=0 ®)

and we can construct Witten’s superalgebra, where O =03 =h isa
Witten’s Hamiltonian.

Now our goal is a construction of the 4 operator. For this purpose
at first we generalize one theorem [1,11], known from Pauli equation
to the case of Dirac equation. For the Dirac case this theorem may be
formulated as follows:

Theorem:

Suppose V. be a vector with respect to the angular momentum
Iie

BARLEE
or. equivalently, in the vector product form one has

TxV+VxI =2iV.
Suppose also that this vector is perpendicular to I



(7-7)=(7-1)=0.
Then K- anticommutes with operator (£-V), which is scalar with

2 A
respect 0 the total J momentum, i.e. it commutes with J =T+ 3.

The proof of this theorem is almost trivial - it is sufficient to
consider the product (£-7)(£-7) in this and in reversed orders and
make use of definition of K . Then it follows that

{k.3-7)=kE-7)+E Pk =0. O

It is cvident that the class of operators anticommuting with K (so-
called, K-odd operators) is not restricted by these operators only. Any
operator of the form O(E:7), where O commutes with K, but
otherwise arbitrary, also is a K -odd.

Let us remark for the further application, that the following useful
relation holds in the framework of conditions of the above theorem

kE-7)=

Now one can proceed: to the second stage of our problem - we
wish to construct the K-odd operator 4, that commutes with H . It is
clear that there remains large freedom according to the above
mentioned remark about O -operator — one can take O into account
or ignore it. 3

We have the following physically interesting vectors at hand
which obey the requirements of our theorem. They are:

F - unit radius vector and p - linear momentum vector.

Both of them are perpendicular to 7 . Constraints of this theorem are
also satisfied by Laplace-Runge-Lenz vector 4 =$-2;x
ma

1/1[)3-%[17x7—ix17]). (10)
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[ pxI-Tx p] but this vector is associated to the Coulomb
potential. Hence, we abstain from its consideration for now. We can
remark that Z- 4 is not an independent structure. It is expressible by
two other structures, e.g. £-A=Z-7 +Z PK(Z-p). Therefore, we
choose the following K -odd terms:

57 and K(2-p). an

As it tuns out inclusion of K into the second term in (11) is
necessary for obtaining our final result.

Let us remark that both operators in (11) are diagonal matrices,
while the jan (1) is non-diagonal. Therefore, in
of (11) with H non-diagonal terms appear as well. For instance,

[5-7.8]=Z pxre. )
r
Therefore, we probe the following operator
A=x(3:7) 1K (2 B) + xsKy* £ (r). 13)

Here the coefficients ¥;

1,2,3) are chosen in such a way, that
A is Hermitian operator for arbitrary real numbers %, and £ (r) is an
arbitrary scalar function to be determined later.

The commutator of 4 with H is calculated straightforwardly and
the result is

' [4H] =52 pKr® + 5K (5-F)V(r)~

K (2:7)£()~ixs2mpKy* 1)

S

S




Equating the above expression to zero, i.e. requiring commutativity of
our operator with the Dirac Hamiltonian, we find

= f)[%tf(r)—nf ]+2w<r[ mx;f(r)} 0. (4

Here terms are grouped in a way that we have a diagonal matrix in the
first row, while the anti-diagonal matrix is in the second row.
Therefore, the two equations follow:

BV =xaf(r), as)
xlm/(r):':—‘. _as)

Integrating Eq.(15) with the requirement, that functions f(r) and
¥ (r) tend to zero when r —>w, yiclds

XV (r)=x/(r), an
while the cquation (16) gives

(18)

Substituting Eq.(18) into'Eq.(17) results in the following potential

10 51

(19)

X, mr

Hence, in the very general framework we have shown that the only.
central potential for which the Dirac Hamiltonian would have an
additional symmetry (in. the above mentioned sense) is a Coulomb
potential.
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Meanwhile, the relative signs of coefficients x and ¥, may be

arbitrary, Therefore we have a symmetry both for attraction and
repulsion.
If we take the Coulomb potential in the usual form

v.(r)=-2, 0)
v
where a=Ze? = Za , it follows

1
X=X, - @

In this case our symmetry operator (13) becomes
= 2 i = i
A=x{E-7)-—KE-p)+—Kr’ 22
e Lxgolir) @

Number x, as an unessential common factor may be omitted
Moreover, if we make transition to the usual Dirac @ matrices
according to the relation £=7°, then operator A can be reduced to
the form

A:y‘{d‘?—#Ky’(H—ﬁm)}, @)

‘which coincides precisely with the Johnson-Lippmann operator [7].

‘We mention here that if the potential in the Dirac Hamiltonian was
a Lorentz-scalar (which means the change ¥ — V) then, while K
still commutes with H , operator A does not commute anymore with
H even for Coulomb potential.

‘Thus, we are convinced that in this problem of supersymmetry, the
Coulomb potential (as a fourth component of 4-vector, i.e. minimal



gauge invariant switching) takes exceptional role - the supercharges
and Witten algebra can be constructed only for this potential.

What real physical picture is standing behind this?
Remark that taking into account the Eq.(10) for 7 = 5, one can recast
our operator for the Coulomb potential in the following form

A=i[ﬁ-#ﬂ[j;x7—ixp])+i1<y‘. @4
2ma mr

One can see that in the non-relativistic limit, i.e. 41 and 7°—0,
our operator reduces to

Ag =6 (r—mlﬁxf—ixp]] (25)

Note the Laplace-Runge-Lenz vector in the parenthesis of Eq.(25).
Therefore, relativistic supercharge reduces to the projection of the
Laplace-Runge-Lenz vector on the clectron spin direction. Precisely
this operator, Eq.(25) was used in the case of Pauli electron [1].

crefore, we see that there is a deep relation between
supersymmetry of the Dirac Hamiltonian and the symmetry related to
the Laplace-Runge-Lenz vector, which appeared already in classical
mechanics and provides the closeness of celestial orbits.

We can conclude that the hidden symmetry associated to the
Laplace-Runge-Lenz vector governs very wide range of physical
phenomena from planctary motion to fine and hyperfine structure of
atomic spectra. As for the Lamb shift, which is pure quantum field
theory effect, its Hamiltonian, derived by radiative corrections of a
photon propagator and photon-electron vertex function, does not
commute with A operator and therefore spoils the above mentioned
symmetry (supersymmetry). In other words, symmetry of the A
operator controls the absence of the Lamb shift in the Dirac theory.

In conclusion, one must also remember that the form of obtained

symmetry operator is not unique. One can always replace 4 — 04 &
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where [0,;1]:0 and [é,l(]:o, One can take, for example,

0= f(K) - arbitrary regular matrix function of K . Moreover, SUSY
in specific and mostly exotic modcls of Dirac equation (such as 2 + 1

agnetic moment
coupling [13], squared cquation [14 15], etc.) are not excluded by our
above consideration.
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ABSTRACT. The <ng(s)>=<n(s)> dependence on energy of
the average mltiplicity of charged secondary hadrons produced
in b iproton) and proton-
nucleus collsions is analysed ‘on the basis of following models:
Statistical model, Field-Feynman model, Cluster model and Lund
model and parton-hadrons local duality model or Perturbative
quantum chromodynamics.

LINTRODUCTION

Characteristics of secondaries in /h-hadron-hadron, A4, -hadron-

nucleus and e*e™ -electron-positron collisions are studied for many
decades in cosmic rays and at the accelerators as well. For the analysis
of experimental data up to 60-ies of the XX century (prequark epoch)
different theoretical models have been developed (classical and
quantum). These models described the main experimental regularities
of soft processes — weak growth of the interaction cross section and
multiplicity with increasing energy, restriction of the transverse
‘momenta of secondaries, etc.

These models can be divided conventionally into two groups:
statistical and multiperipheral. The first group starts from the notions
of classical physics, taking into account some quantum effects — it is
assumed initial hadrons form an exited, so called compound-system,
‘which decays according to the laws of statistics [1,2].

The second group of models is based on quantum field theory. The
production process is considered as a result of creation of many exited
centers (resonances, clusters). One of the representatives of this group
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is a multiperipheral model, and its development is connected with the
parton description of multiparticle processes. The existence of
different approaches shows that at present we are far from the
construction of the unique picture of soft processes. But the
description of some significant regularities of inclusive processes in
terms of thesé models allows (is some sense) to construct fragments of
this picture. The successes of these models should be taken into
account in the development of the quark-parton interaction picture.

The experimental observation of quarks and gluons stimulated the
creation of new model for hadronic interactions-quark model have
been developed intensively, which have been applied for the
xplanation of some physical regularities [3,4,5]. In these studies two
different areas of the application of quark-parton models are
distinguished: a) the soft collision region-small momentum transfer
(less than 1GeV/c, large distances, ~ 1F), in which the model is of the
phenomenological nature, ) hard collisions region — large momentum
transfer (>1GeV/c) and small distances (less than 0.1 F), where the
perturbative QCD can be applied. QCD successfully describes the
interaction of colored partons (quarks and gluons) at small distances
due to the remarkable property of this theory (asymptotic freedom). At
large distances for the description of the hadronization of quarks
phenomenological models are used. On the other hand, it is clear that
physics of hard and soft processes is unique and it is necessary to
consider them together for the construction of the strong interaction
theory. It should be noted that in all quark parton models the main
problem is the quark (parton, cluster) hadronization.

In the present paper the <n,,(s)=<n(s)> dependence on energy
of the average multiplicity of charged sccondary hadrons pmdul:ed in

co\hsmns is analyscd on, ﬂ\c basis of following models SM(1) -
Statistical model, FFM(2) - Field-Feynman model, CLM and LM(3) -
Cluster model and Lund model and parton-hadrons local duality
model or PQCD(4) - Perturbative quantum chromo dynamics (4)
1.2

The above mentioned models give for '.he<n=,,(s)—<n(s)>
dependence the following relations:
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as? sm, ()

a+blns FFM, @
<0 () >=<n(s) >—>

a+blns+c(in’s) CLM(LM), ®)

a+bexp(c\ins ) POCD, @

where s is the square of the total energy in the ¢. m. 5., @, 4 b. ¢ arc
free parameters, which are extracted from the experiment; parameter
¢, is calculated according to the formula [1,2]:

a2 ) ®
'"\33-2n3g)

where N, is the number of quark flavours, ¢, can be considered as a
free parameter as well.

The problem of quark (parton, cluster) hadronization is treated in
different ways in different models. The model description of quarks is
given either by PQCD or by the phenomenological approach.

In CLM(3) - cluster models hadronization is described without
introduction of fragmentation function, and restriction of parton
transverse momenta. The first stage of the hard process-production of
parton shower, is considered in the framework of the QCD. Duc to the
long distance colour forces the quarks and antiquarks form colorless
clusters and after words hadronization of clusters is realized.

Hadronization of quarks in the FFM(2) in similar to the
production of hadrons in the parton model. Hadrons are produced
through the consequentive and independent decays:

9a 9 +M, - ©
where initial quark (g, ) is fragmented into the meson M and the new.

quark (g,), then g, decays again according to the scheme (6). In the
LM(3)-Lund model, the evolution of quark-antiquark systems is
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considered taking into account the character of colour forces between
uarks
(e M) i o sols 5 tac o i (A Sna e
energy and quantum numbers. In this sense LM(3) is more adequate,
than the FFM(2). .
In the PQCD the parameter c; is given by the relation (5) and
takes the values:

163 N,=3
¢=1{170 N =4 @
177 N,=5

2. ANALYSIS OF EXPERIMENTAL DATA

The <n(s) > dependence on encrgy of the average multiplicity of

charged secondary hadrons in e*e”, pp” and pA,collisions is
analysed on the basis of above mentioned models (See expressions
0. ), 6), @).

pTa interaction is analysed to study the role of the heavy target
nucleus. The results of the analysis are compared to each othet in the
same energy intervals, if possible. The experimental data are taken
from the current literature [1-10].

The SM(1) describes rather well the data for e*e” collisions,
especially for high energy intervals ((14-130), (14-91), (10-130), (10 -
200) GeV) (see Tables 1 and 7).

The value of the parameter f is located in the narrow interval
(0.20 £ 0.01 + 0.28 + 0.01). In high energy intervals the parameter
is slightly decreased to the value 0.20 + 0.01. The inclusion of low
encrgy data (low average multiplicities) causes the increase of the
parameter 4 to the value 0.28 + 0.01 (Table 9). So the role of neutral
particles in <n(s)> is increased with increasing energy. (We will
return to this point later).

* Inthe following we use the notation pp for both pp and proton-antiproton-
collisions.
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The description of <n(s)> dependence by the SM(1) for* '~
collisions is worse, than in e*e” collisions. However the qualitative
picture is the same. Namely, in low energy intervals (2 <
GeV the tendency of increasing of 4 (0.32 + 0.1, Table 9) is
observed. The inclusion of high cnergy data causes the decreasing of B
to the value 0.22 + 0.01 (Table 1. (10< /5 <200) GeV).

The fact, that the multiplicity in e*e” interactions is always
more than in pp-collisions (of course at fixed energy) can be explaincd
by the baryon number conscrvation and by leading particles, which
take the significant part of the initial energy.

Table 1.

The values of the parameters a, b, 3, c and c; in the approximation
of the <n(s)> dependence by the expressions (1),(2), (3), (4)

e*e” ~ollisions (1.5< /5 <200)GeV

Formula a 10 c 2N
SM(1) 2.5620.07_| 0.2340.01 75/48
FFM(2) -1.7740.14 | 2.39+0.03 540/48

CLM(ILM)(3) [2.8140.25 |-0.07+0.11 | 0.23+0.01 | 18/48
PQCD(4) 1.240.19 [0.37+0.04 [1.31+0.03 |[30/48

e*e™ ~collisions (10<5 <200)GeV

[SM@MD _ .[3312029 [020001 [ [1oB1__|




pp ~collisions (10 <5 <200) GeV

LSM(I) Tz0620.11 [0.22+0.01 | [2811 |
[ FFM(@2) 5174042 | 2174007 | [ 36/11 |

PQCD() | -1.15£0.87 | 0.64+0.19 | 1.072008 [19/11 |

The experimental fact of the significant difference of average
multiplicity in e*¢™ and pp-collisions is reflected in the incquality of
parameters a: a.. =331 £0.29; ap=2.06£0.11 (Table 1).

The cluster model and the Lund model - CLM(LM) describe well
data for pp and especially for e*e -collisions. Simplest quark-parton
models predict the logarithmic dependence of <n(s)>, i. e.
<n(s)> ~Ins. However, the analysis of data shows, that <n(s)>
increases faster than Ins and the term In?s is decisive. For instance,
in ¢*e” ~collisions in the intervals including low energy data (Tables
2,3, 4, 6) the value of coefficient ¢ (before In”s) is equal to 0.23
+0.01. High energy data give for ¢ the value 0.34 +0.02 (Table 7).

In pp-collisions the value of the coefficient c is always less than in
¢*¢™- collisions and cquals to 0.14 +0.01. On the other hand, it is
known, that the average multiplicity of hadrons in jets is increased ~
In’s ?

On can conclude, that in ¢*e” ~collisions the jet structure is more
pronounced, than in pp- and.in pA, - proton-nucleus collisions. This is
confirmed also from different points of view and experiments [1].

It is interesting to note, that in e*e” ~collisions the coefficients b
and ¢ have different signs (5 < 0), but in pp-collisions they have the
same sign.
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Table 2.

The values of parameters a, b, 3, ¢, ; in the approximation of
the <n(s)> dependence by formulae (1), (2), (3), (4)

(3<5£200) GeV, e*e”

Formula a 10 ) ey
SM(1) 2.60£0.08 | 0.23+0.01 69/45
FEM(2) -3.8510.18 | 2.69+0.04 250/45
CLMILM)@) |2.72+0.49 |-0.04+0.19 | 0.23+0.01 | 17/45
PQCD(4) 0.2840.24 | 0.54+0.05 [ 1.21+0.03 [21/45
(3<3f5 200) GeV, pp
SM(1) 1.5240.02 [ 0.2740.01 174/22
FEM(2) -1.20£0.06 | 1.48+0.02 270/22
CLM(ILM)@3) | 1.17+0.15 [ 0.28+0.07 | 0.14+0.01 | 30/22
PQCD(4) 0.024+0.087 [ 0.41+0.02 | 1.20+0.02 [ 30/22

(353<30)GeV, ¢'e”

SM(1) 2.0610.31 | 027001 1317
FEM(2) -1.12£0.30 [ 1.9330.08 3217
CLMICLM)@) [3.10+0.80 |-0.24+0.46 |0.25+0.02 1017
PQCD(4) 1.50+0.35 [ 0.24+0.07 | 1.48+0.0.09 | 12/17

(355<30)GeV, pp

[sM@ 1.38+0.02 | 0.29+0.01 50/16
FEM(2) -0.99+0.07 | 1.42:40.02 146/16
CLMIM)3) [ 1.18£0.15 |0.2740.02 | 0.14+0.01 | 17/16
[PQCD@) 022008 [0.3320.02 [ 1.28+0.02 | 18/16
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Table 3.

The values of parameters a, b, 3, ¢, ¢;in the approximation of
the <n(s)> dependence by formulac (1), (2), 3), (4)

<130) GeV, e*e” ~collisions

Formula a b(B) o(cp) 2N,
SM(1) 2.3240.09 | 0.2540.01 28/30
FFM(2) -2.75+0.20 | 2.41+0.03 110/30

CLM(LM)(3) [2.91+0.62 [ -0.13+0.27 | 0.23+0.02 | 14/30
PQCD(4) 0.88+0.47_| 0.39+0.10 | 1.31+0.08 [ 15/30

(355 <130) GeV, pp

SM(1) 1.48+0.01 | 0.2740.01 143/21
FFM(2) -1.1340.06 | 1.460.02 190/21
CLM(LM)(3) [ 1.0240.17 [0.36+0.08 | 0.130.01 |24/21
PQCD(4) -0.19+0.09 [ 0.46+0.03 | 1.16+0.02 | 28/21

In c*e -collisions (in high energy intervals, Table 7) together
with the growth of the influence of In?s - term, the role at the Ins -
term also increases. The parameter b reaches the value ~ 2 (with
minus sign). Thus, in e*e” -collisions the growth of the influence of
the In?s-term causes the growth of the influence of the logarithmic
term, as well.

In pp-collisions the situation is opposite: weak growth of the
influence of the In® s -term (small growth of the parameter c) causes
the significant decrease of the logarithmic term (significant decrease
of the coefficient b) (Table 5). And vice versa: some decreases of the
value the parameter c, causes the significant growth of the parameter b
(Tables 2, 3).

105



The PQCD describes well the <n(s)> dependence for e'e”-
collisions and for pp-collisions as well. However, values of the
parameter ¢, extracted from the approximation do not correspond to
values obtained from the formula (7), for instance the maximal value
of the parameter ¢, =1.540.07 (Table 6, ¢*e™, (1.5 < /s <30) GeV)

If proceed from table values (7) and do not consider c; as a free
parameter, the good description is obtained only for e*e” ~collisions,
when ¢, = 1.77 (N, = 5), (14 /5 <200) GeV. (Table 8)

We studied also the <n(s)>- dependence for pTa-collisions and
results were compared with the results for e*e”and pp-collisions in
the interval (2< /5 <22) GeV, (Table 9).

In e*e"and pp-collisions <n(s) > dependence (according to SM
(1)) increased equally fast (4 =~ 0.30).

In pTa-collisions more rapid growth is observed (8 0.45). In the
beginning (up to /5 <5 GeV) a most rapid growth is observed and
further the growth is significantly slower, 4 is approximately the same
asin e*e” and pp - collisions (Fig.1).

Table 4.

Values of parameters , b, f, ¢, c; in the approximation of the
<n(s)> dependence by formulae (1), (2), (3), (4)

(15<+/s <91) GeV, e*e” ~collisions

Formula a 7)) () 72 N,
SM(1) 2.2840.08 | 0.25+0.01 25/31
FFM(2) =0.73+0.15 | 2.05+0.03 24031

CLM(ILM)(3) [2.83£028 | -0.09+0.14 [ 0.23+0.01 [13/31
PQCD(4) 1.72£022 [0.2530.04 [ 1.4540.05 [ 1931
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And

T T

Fig.1. <n(s) > dependence for pp(+), e*e™ (¢) and pTa(e)-
collisions. Solid line - approximation by CLM(LM)
(formula (3))

(1555 <130) GeV, e*e”

SM(1) 2.31+0.07 | 0.25+0.01 28/33
FEM(2) -0.70£0.15 | 2603+0.30 25033
CLM(LM)(3) [2.89+0.27 | -0.08+0.14 | 022+0.01 | 14/33
PQCD@) | 1.65+0.21 |0.26+0.04 |[1.43+0.05 |15/33
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Table 5.

Values of parameters a, b, 5, ¢, c; in the approximation of the
<n(s)> dependence by formulae (1), (2), (3), (4)

(3<+/5 £900) GeV, pp

Formula a 117) c(cp) II/N,,
SM(1) 1.70+0.03 | 0.24+0.01 43723
FEM(2) 2.57£0.16 | 1.96+0.03 22723
CLM(LM)(3) | 1.85+0.33 | -0.09+0.14 | 0.17+0.01 | 10/23
PQCD(@) - [0.06+0.32 [0.4120.07 | 1.19+0.05 [ 9/23

Table 6.

Values of parameters a, b, 3, ¢, ¢; in the approximation of the
<n(s) > dependence by formulae (1), (2), (3), (4)

3<+5 <60) GeV, e*e”

Formula a 110)) c(e;) ZZ/N
SM(1) 22120.09 | 0.260.01 17725
FFM(2) 2324022 | 2.29+0.05 71725
CLMIM)(3) | 2.91+0.64 |-0.13+025 | 0.2440.02 | 12/25
PQCD(4) 1.16£026 [ 0.32+0.05 [137+0.05 [14/25

(355 <60) GeV, pp
SM(1) 1.44£0.02 [ 027£0.01 93720
FFM(2) 1.0940.06 | 1.4540.02 141/20
CLM(LM)(3) [ 1.07+0.17 [ 0.33+0.08 | 0.1340.01 |23/20
PQCD(4) 0.018+0.085 [ 0.410.02 [1.20+0.02 [25/20
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(1.5<+5 £30)" GeV, e'e

SM(T) 221+0.08 [0.2620.01 17723
[ FFM(2) -0.090.16 | 1.8140.04 149723
CLM(LM)(3) | 2.8420.30 | -0.09£0.17 [02320.02 | 12723
PQCD(4) 1.93+0.28 | 0.2040.04 | 1.5440.0.06 | 16/23

Table 7.

Values of parameters a, b, f, ¢, c; in the approximation of the
<n(s) > dependence by formulae (1), (2), (3), (4)

(14<+/5<91) GeV, e*e”

Formula a %) <) | 2N
SM(1) 2943044 [ 0224002 3/14
FEM(2) -7.28+1.06 [ 3.0140.14 o/1a
CLM(LM)(3) | 7.9241.15 [ -1.40£028 [ 0312002 [2/14
PQCG(4) 1.00£0.91 | 0.4520.11 | 1.26+0.07 [3/14

(14<V5<130) GeV, e*e”

SM(1) 2.9440.43 [ 0.22+0.02 3/16
FFM(2) 833£0.97 | 3.16:0.13 16/16
CLM(ILM)(3) [9.46+1.12 | -1.86+0.28 |0.34+0.02 | 3/16
PQCD(4) 2.01£0.90 [0.30+0.15 [ 1.38+0.16 | 3/16

* In the interval (JSJ;S 50) GeV the same results are obtained as in the
interval (3 +60) GeV.
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(10< 5 <130) GeV, e*e™

SM()  © |2974045 |0.2240.02 318
FFM(2) -6.38+0.72 | 2.9130.07 26/18
CLM(LM)(3) |9.20+0.99 |-1.80+0.28 |0.34+0.02 | 3/18
PQCD(4) 295061 |02130.04 [14740.06 [3/18 |

The reason of the rapid growth of the multiplicity in the beginuing
(up to/s =5 GeV) seems to be in the significant absorption of slow
secondaries in the heavy target nucleus Ta [5). In higher interval the
intranuclear scattering (cascading) is more significant, than
absorption.

Table 8.

Values of aand b in the G of the
<n(s)> dependence by formula (4) (PQCD) for,

e*e” -collisions (fixed values of ¢; (formula (5)

Energy
a b 1 pix range | ,2/y
(5)GeV
2.7330.11 0.132:+0.001 1.63+(N=3) | 1.5+200 85/48
3.2840.14 0.10240.001 | 1.70(Ng=4) | 4200 93/43
5.8940.24 0.07040.001 | 1.77(Ng=5) | 14+200 16/31

At more higher energies (>10 GeV) the role of neutral particles in
the total mnluphclty increases and one observes a less rapid growth of
the of charged by

data) [11].

It is interesting to be mentioned, that in contrast to pp and
especially to-e*e™ - collision, in the analysis of <n(s)> - dependence
in pTa-collisions in the framework of CLM (LM) (3) the logarithmic
term dominates and the. parameter ¢ is practically cqual to zero. The
Teason seems to be in following: in this energy range in pTa-collision



the jet structure is less pronounced, than in e*e” and pp-collisions.
(Table 9, Fig. 1).

Table 9.

Values of coefficients in the approximation of the <n(s) >
dependence by formula SM(1), CLM, LM(@3). e*e” and pTa-
collisions. Energy range (2 < V5 < 22) GeV

e*e” ~collisions

Formula a 55 < 2N
SM(1) 1.97+0.12 | 0.2820.01 10/16
CLM(LM)(3) [3.33£0.55 [ -0.4540.08 | 0.29+0.02 | 9/16

pp~collisions

['sM(1) [ lzl+oo7{032+ool [3n4 |

[
CLM(LM)(3) | 1.06£0.06 | 0.33%0.02 | 0.13£0.03 | 8/14 |

pTa~ collisions

[[sM(@) [1.65£0.08 [ 0.45+0.02 ] [43t6_|
[CLMETM)() | -4.78+1.13 [ 4072060 0.06240.0124 [3/6 |

CONCLUSIONS

L The <n(s)>dependence on encrgy of the average

multiplicity of charged secondary hadrons in e*e” - collisions
is in principal well described by the statistical mode SM(1).
The best description is obtained for high energy intervals
((10-200), (14-130), (10-130), (14-91)) GeV), when in each
event more than six particles are produced (multiparticle
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events). The description of the <n(s)> dependence in’ the
framework of the same model of pp-collisions is significantly
worse. It is seen most well if the results in the same cnergy
intervals are compared.

The Cluster (Lund) model and PQCD(4) describe date rather
well but Cluster (Lund) model is more preferable

In the description of pp- collisions by formula (3) (CLM(LM))
as a nule the logarithmic term is more preferable, than in
e*e” ~collisions (in the same energy intervals) (Tables 2, 3, 6)
This may be the reflection of the fact, that in pp-collisions the
most part of secondaries is produced outside of jets.

In e*e” - collisions the influence of the In® s term (cocfficient
¢) is more pronounced, than in pp and pTa — collisions. This
may be the reflection of the fact, that the jet structure in ¢*e” -
collisions is more pronounced, than in pp- and pZa-collisions
The fast growth of the average multiplicity in pTa-collisions is
caused by the absorption of slow sccondaries. Slower growth
of the multiplicity above 10 GeV seems to be caused by the
growth of the role of neutral particles in the total multiplicity.
The Field-Feynman model describes well the data for e*e” -
collisions only in high energy intervals.
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ABSTRACT. In the present work it was studied the single-
pulse echo properties in the multipulse excitation mode in a
number of magnets. ll was dlscussed the rnle of dxﬂerent SPE
formation with the i
obtained experimental results It was studied the decays of smgle—
pulse and two-pulse echoes intensities on the duration of
radiofrequency pulses and the time-interval between them
correspondingly.

It was discussed the role of reversal transverse relaxation
processes for the interpretation of unusually short single-pulse
echo transverse relaxation times observed in lithium ferrite.

The single-pulse echo (SPE) is a resonance response of spin-
system on the application of solitary exciting radiofrequency (RF)
pulse arising at a time approximately equal to the pulse duration after
its termination. Though SPE was discovered by Bloom yet in 1955
soon after Hahn’s discovery of the famous two-pulse echo (TPE)
phenomena, the mechanism of its formation appeared to be far more
complicated, as compared with the TPE one, and continues to attract
the attention of researchers [1].

SPE formation mechanisms could be conditionally classified on so-
called edge-type ones when RF pulse edges act like two RF pulses in
the Hahn method — such as the nonresonant mechanism [2] and the
distortion mechanism [3], and also internal mechanisms due to the
presence in the spin-system dynamics particular nonlinearities, as
example, connected with a strong dynamic frequency shift of the NMR
frequency or with a nonlinear dynamics of nuclear spins due to the
simultaneous presence of large Larmor and Rabi inhomogeneous
broadenings of the NMR line [1].
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In this work we consider in more details the so-called multipuise
mechanism of SPE formation, presented in work [1], for systems with
both types of frequency inhomogeneities of NMR lines. An important
example of such system is multidomain magnets, for example, lithium
ferrite. Earlier in work [4] it was investigated by us the peculiarities of
SPE formation in this magnets. It was established that its properties
sharply differ from SPE properties in cobalt where it was formed by
the distortion mechanism. Therefore, the conclusion was made on the
possible effectiveness of new internal mechanism of the SPE formation
in lithium ferrite. But in work [4] the SPE formation mechanism in
lithium ferrite was not finally established what was made in works
[5,6] where it was shown that SPE and its secondary signals properties
in lithium ferrite were well described by the multipulse mechanism of
formation [1].

Shakhmuratova et al. [1] used the formalism of statistical tensors to
perform a theoretical investigation of the formation of SPE and its
secondary signals in the presence of large Larmor and Rabi
inhomogeneous broadenings of the NMR line, which, e.g. takes place
in multidomain ferromagnets, when the repetition period of RF pulse T
satisfies the following inequality for the characteristic relaxation
parameters:

T3<<T,<T<T,, (1)

where T, is the spin-lattice relaxation time, T, is the transverse
irreversible relaxation time, T characterizes the transverse reversible
relaxation time (T3~ /0, where o is the halfwidth at halfmaximum
of the inhomogeneously broadened line ).

Under these conditions, the RF cycles are applied to a
nonequilibrium spin system, and in the end of each period T we should
take into account only the longitudinal component of the nuclear
magnetization as the initial condition for the consideration of the
dynamics of the spin system.

It was shown that the dephasing of the spin system, which is
accumulated in the course of n-fold repetition of the pulsed excitation,
is recovered during a time interval following the (n+1)th “read-out”
pulse in the multipulse sequence, which leads to the formation of an
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SPE and its secondary signals at time moments multiple of the duration
of the RF pulse < after the termination of the “read-out” pulse.

In work (6] it was shown that obtained in [1] by the statistical
tensors method expressions for the transverse components of nuclear
magnetizations could be obtained in the framework of the usual
classical-approach by solving the system of Bloch equations from [2],
where it was allowed for both types of inhomogeneous broadenings of
NMR lines and condition (1). But the approach of work [7] using the
Mims transformation matrix method [8], appeared to be more visual.

Let us consider the case when a local static magnetic field H, is
directed along Z axis and RF field is along X axis of the rotating
coordinate system (RCS) when an effective magnetic field modulus in
RCS is given by the expression:

where angle y; between

Hep=—(4 oz +0y) @)

(where the Zand § are unit vectors in RCS) and Z axis is defined by
the relation:

sin y; = /A] ; cos y; = Ao; /Awj, and Awj = (Ao +o

is the angular velocity of the precession of the j-th isochromate around
Hey, Aoj=0nyr —@gr is the detuning for the j-th isochromate,
®; =y,nH, is the pulse amplitude in frequency units, 7 is the gain of
the RF field, v, is the nuclear gyromagnetic ratio.

Time t characterizes time interval after a pulse termination and is
counted from the back front of RF pulse.

The transformation matrix (R)describing the rotation of the
magnetization vector m = (m,; my; m,)around Hepis [8]:
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Sy>+CyCo -CySy S,Cy(1-Co)
®)= CySo Co -SySo
Cy(1-C) 'SySy Cy2#5,°Cy

where C,,S,,Cy and S, stand for cosy, siny, cos0, sin and

w=tg™!| 2L | is an angle between the effective field Hopand Z
Ao efl
j

axis. © is the angle by which the magnetization turns about
Hqr during the pulse time ©: 0= yH.qt, where Hqr is given by (2).
Let us consider firstly the case of single-pulse excitation. Let

Xj=myg/m; Y =my;/m;Z;=my;/m and p=(X;;Y}; Z;)

where m is the magnetization modulus. If before the excitation by a RF
pulse the nuclear spin system was at the equilibrium conditions
50;1), then the result of RF pulse action is presented by

Beg =
B=R)Req-

After the termination of RF pulse isochromates precess freely
around the Z axis what is described by the matrix:

foheteta0)
@)= € 0lb
O O i

where ¢ =Aajt is the angle of rotation of an isochromate around the

Z axis, and t is the time elapsing from the trailing edge of pulse.
Therefore, we have finally:
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C,8yCy(1-Co)+5,5,S
o) (R)Heq =| S48,Cy(1=Co)=CoSySo
PR,
for the izati in p; coincide with
ones obtained in [1] and [2] for the case of single-pulse excitation.

Let us find now the effect of n-fold repetition of the pulsed
excitation in the frameworks of model [1] when before the next RF
pulse of a train only the longitudinal component of nuclear
m'|gnct|7allon remains. It is not diffi cult to prove by successwe ‘matrix

that the exp for nuclear
magnetization p, before the final “read-out” n +1 th pulse is:

10=(G,2+5,7Co) ey
Then the result of excitation by the “read-out” pulse and following free

precession of magnetization is described directly for the new initial
conditions:

C,84Cy(1-Ca)+S,5So
2 2, o
oot =(Ro)(R)1, =(Cy2 +5,7Co )| 8,8,Cy(1-Co)=C, S, o
G, +8,2Cy

These expressions coincide with the ones obtained in [1] using the
formalism of statistical tensors. The n-th degree multiple has a simple
physical meaning of a longitudinal nuclear magnetization created by
the n elementary pulses of a multipulse train reflecting the spin system
memory to the excitation. The expressions for the SPE and its
secondary echo signals using similar expressions for nuclear
magnetization components were obtained in [1].

It is easy to carry out this approach also for the case of periodic
two-pulse excitation which is of interest for describing the secondary
echo signals of two-pulse echo (TPE) in the investigated systems.

One could see that the expression for p. in the case of smgle-
pulse periodic excitation could be presented as:

119



CpX=S,Y
B =Z°-[S,X + C,Y . @)
z
Where X, Y, Z are the components of nuclear magnetization
immediately after the single-pulse excitation. Similarly to this for the
periodic two-pulse train allowing for condition (1) one could easily
obtain components of nuclear magnetizations after (n+1)th “read-out™
pair of RF pulses in the form of (3) where this time X,Y,Z are
of nuclear ization i i after the solitary
two-pulse excitation which could be readily obtained from relation:
1 =RR Rytq and

X =(S, +CyS0)-[C,S,Cy (1-C) +5,5,Sp]—
=Cy 35,5, Cy (1-Car)=CSyS01+ 8,y (1=Co)- (C,
Y =CySq [C,8,C,(1-Cq)+8,8,S0]+
+Cy-[S,84Cy (1= Co) —CyS,S] -8ySo - (Cy 2 +5,°C)
Z=5,Cy(1-Cy) -[C,8,Cy(1-Cq) +8,8,S01+
+5,89[S, - SyCy (1= Co) = C,8,Sg1 +[C, > +8, Co T’ -

2,
Sy Co)

Here, as in the case of single-pulse excitation, the presence of a n-th
degree multiplier reflects the memory of spin system on its excitation
by the train of double RF pulses what results similarly to [1] in the
formation of TPE secondary signals.

Let us present the main experimental results obtained in this work.
Measurements were carried out by the NMR spectrometer using
diamagnetically diluted lithium ferrite LiosFe35Zng sOs, Co and
Co,MnSi samples described in work [3,5].

Let us firstly present results of comparative analysis of SPE and
TPE amplitudes and their secondary signals in the function of
repetition period T of exciting RF pulses.

In Fig.1 it is presented the oscillograms of SPE and its secondary.
signals at the optimal value of repetition period T of RF pulses, and
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Fig.2 indicate the oscillograms of TPE and its secondary signals at the
optimal value of repetition period T of RF pulses and Fig.3 and 4 show
dependences of their intensities on T in lithium ferrite.

The particular attention was paid to the investigations of SPE at
large T when the condition of single-pulse excitation T >>T, obeyed
what was made using storage oscilloscopes.

Oscillograms in Fig.5 show the process of complete disappearance
of SPE signal in lithium ferrite in the limit of single-pulse excitation
(Osc.3 in Fig.5) and the absence of any contribution in the SPE
intensity due to the distortion mechanism. From all magnets studied by
us only in lithium ferrite it was not found such contribution. As it is.
known [3], the intensive SPE signals at single-pulse excitation were
observed in ferrometallic hexagonal cobalt and in intermetallic
Co,MnSb. A similar sufficiently intensive SPE signal was observed in
halfmetallic NiMnSb and a weaker signal was found in such “bad”
metal as manganite. For example, let us present the SPE and TPE
dependences for Co and CoMnSi on T in Fig6é and 7,
correspondingly. In these materials the main formation SPE
mechanism is the distortion mechanism [3]. The effectivity of this
mechanism in these materials was confirmed by us by the effect of
SPE enhancement at pulsed frequency distortion of the exciting RF
pulse trailing edge introduced similarly to work [10]. Similar excitation
in the case of lithium ferrite resulted only in the suppression of SPE
signal in this material.

From the obtained results it could be noted the correlation of the
physical properties of studied by us magnets with intensities of
observed SPE signals in them, formed by the distortion mechanism.
Beginning from the most intensive signal in ferrometal Co down to
weak one in “bad” ferrometal manganite and its full disappearance in
magnetic dielectric lithium ferrite. This problem could present some
interest from the point of view of the practical applications of SPE for
the aims of magnetic materials science.

The other interesting problem is the investigation of influence of
reversible and irreversible transverse relaxations on the SPE amplitude.

In work [2] it was shown that with a help of SPE signal one could
define the transverse relaxation time T, in magnets of MnFe,O; type.
The transverse relaxation time T, measured by this method does not
coincide with the value measured by the TPE method [2]. As it was
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turned out the SPE signal dependence on the duration 7 of the exciting
RF pulse is defined not only by the irreversible relaxation but also by
other mechanisms related with the SPE formation, for instance, by the
inhomogeneous broadening of the NMR line [10].

Lithium ferrite is the interesting object to study the relaxation
processes at the SPE formation because of the absence of the
contribution of distortion mechanism in it, and the SPE formation
process is only described by the multipulse mechanism the physical
nature of which was above discussed.

In Fig8 it is presented the experimental dependences of SPE main
and secondary signals intensities (1;',];*) and in Fig.9 the corresponding
dependences for TPE main and secondary signals in lithium ferrite. As
it is known, in the case of the effectivity of the distortion mechanism
the SPE and TPE signals are change similarly at the variation of their
excitation conditions [3] and in this case usually holds the following
relation between transverse relaxation times of TPE (T;) and SPE (‘Ta):

*T,=(0.5-0.8) T,

what is not the case for lithium ferrite where *T; is about 30 times
shorter as compared with T, as example, a fywr = 73.4 MHz, T, =
1200 psand T, =40 ps.

So, the results of experimental investigations of SPE transverse
relaxation time in lithium ferrite speak in the favor of the essential
influence of reversible transverse relaxation transverse on the SPE
relaxation time in lithium ferrite in correspondence with works (2,10].

In conclusion, let us note that in the present work it was studied the
SPE properties in the multipulse excitation mode in a number of
magnets. It was discussed the role of different SPE formation

it in ion with the it ion of the obtained
experimental results. It was studied the decay of SPE and TPE
intensities on the duration of RF pulses and the time interval between
them, correspondingly. It was discussed the role of reversal transverse
relaxation for the interpretation of the observed unusually short
transverse relaxation times of the SPE signals in lithium ferrite.

This work was supported by the STCU Grant Ge-051 (J).
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1. Oscillograms of the SPE and its secondary signals from *’Fe

auclei in lithium ferrite. The lower beam indicates the
position and duration of the RF pulses (T =77 K, fuvw =71,
6 MHz, 7= 10ps, T=300p).

Fig.2. Oscillograms of the TPE and its secondary signals in lithium
ferrite. The lower beam shows the position and duration of
the RF pulses (T = 77 K, fyur=71.6 MHz, 7, = 1.8 15,
©=22ps, 1,=5us, T=300ps).

123



1 rel. units

19

100 200 3@ T.ms

Fig:3. The intensity of the SPE signal (1) and its secondary
signal (2) as functions of the repetition period of RF pulses
T in lithium ferrite.

500 1000
T, ms

Fig.4. The intensity of TPE (1) and its secondary signals (2), (3) as

functions of the period of repetition of the RF pulses T in
lithium ferrite.
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Fig.5. SPE signal (1-3) in lithium ferrite at the influence of RE
pulse repetition period T showing the process of complete
disappearance of the SPE signal when T becomes more than
~1sec(3).
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Fig.6. The intensity of SPE (1) and TPE (2) as functions of the
period of repetition of the RF pulses T in the intermetallic
compound Co;MnSi. (T =77 K, fyvg=71.6MHz, t = 10 ps,
T=300ps).
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Fig.7. The intensity of SPE (1) and TPE (2) as functions of the
period of repetition of the RF pulses T in hexagonal cobalt.
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Fig8. Intensities of SPE main and secondary signals as functions
of the duration of RF pulse t in lithium ferrite at
fiwm = 74MHz.
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Fig.9. Intensities of TPE main and secondary signals as functions
of the interval between RF pulses i, in lithium ferrite at
favr= 74 MHz.
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ZERO-POINT VIBRATION ENERGY WITHIN QUASI-
CLASSICAL APPROXIMATION: BORON NITRIDES
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ABSTRACT. The method of calculation of the substance
constituent atoms zero-point vibration energy within the initial
is By this way the

ground state vibration energy values for boron nitride molecule,
isolated sheet, hexagonal, cubic and wartzite-like crystals are
found as 0.178, 0.242, 0.266, 0.330 and 0.323 eV/mole, respectively.

1. INTRODUCTION

Boron nitride phases form the class of materials of special
scientific and technological interest for their superior bonding,
electronic and optical properties. Boron nitride with the general
chemical formula BN can exist as one- (dlatomlc molecule), two-
(tubular and full like surfaces) and th (layere:
hexagonal A-BN and rhombohedral 7-BN, relatively dense cubic ¢-BN
and wurtzite-like w-BN crystals, turbostratic and amorphous films)
structures. The development of theoretical approaches that do not
require considerable computational effort but provide a reasonable
accuracy in the prediction of main physical characteristics is
particularly important for the study of such kind of substance with
wide variation of the structure types. A number of structural and
electron energy spectrum parameters of boron nitrides were obtained
[1-9] by the ‘new effective computing method based on the quasi-
classical approximation (summarization of the physical theory is given
in [10], the key mathematical aspects see in [11-12]). In the present
work the same approach is applied to estimate the energics of zero-
point vibrations in boron nitride modifications. In next section we
justify method for this task. Then results of calculations are given in
comparison with available data.
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2. STANCE OF ZERO-POINT VIBRATION ENERGY WITHIN
THE INITIAL QUASICLASSICAL APPROXIMATION

Under the term of ‘substance’ it is implied atoms and polyatomic
structures at the ground state, i.e. molecules and crystals, which can be
considered as.an interacting electron system affected by the stationary
external electrical field of nuclei fixed at the sites in given structure.
And so, its physical properties are mainly determined by the electron
energy spectrum. The quasi-classical expression for bounded state
energies obtained by Maslov [13] yields [14] that for substance inner

ol field) potential the precise and quasiclassical
clectronic spectra are close to one another. On this basis the scheme of
quasi-classical ~representation of charge density and potential
distributions in substance has been elaborated [10] which is useful to
estimate cnergy of atoms. vibrating near the equilibrium sites in
structure,

The quasi-classical limit means the truncation of electron states
wave functions exponentially decaying tails in the classically
forbidden regions. In such approximation partial charge densities of
the space-averaged atomic orbitals equal zero outside the classical
turning points and a nonzero constants within the range between them.
Consequently, full charge densities in constituent atoms are expressed
by the step-like radial functions. Using the Poisson equation the radial
dependencies of the atomic potentials also can be represented as step-
like functions if substituted by the space-averaged values inside each
of the uniform charge density regions.

Let us assume that dj;, are the basis vectors of the unit cell of a

,..,N . In this case, the point dy)+7
corresponds to the equilibrium position of the center of (i)-type atom
belonging to the unit cell with translational vector 7 . Therefore, the
total density of the nuclear and electronic charges in the atom and the
potential of the field induced by these charges at the point 7 can be
represented by the functions (7 ~dgy ~7) and @qy(F =gy =) . If
the affecting atoms are fixed at their sites (this is equivalent to the
time averaging of their vibrations), the potential energy of the (i)th
atom of the central unit cell (i.e. with 7 =0) displaced by the vector
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F from the equilibrium position is defined as
U@ = Zr [ (oo F' = Ay =Py 7' =y =D +
+00F = dy =Dy (F = dgy =F))/2

The prime on the summation sign indicates that the term with 7 =0
and (k)= (i) corresponding to the self-action is omitted (besidcs, the
formula is symmetrized with respect to the contributions of interacting
charges, because the approximations not related by the Poisson
equation were used upon quasi-classical parameterization of the
charge density and potential).

The 1-field .

for the atoms permits
us to represent this potential energy as the sum of the contributions
that depend only on the squares of the distances from the point
7 +djy tothe point digy +7 :

Ry e
Uy (P = 4 Z8t Uyt (e = 2y )+ %)

where Ty =dge) +7 —dg denotes the radius vector of the (k)th
atom with respect to the (i)th atom. In order to estimate the energy of
small-amplitude lattice vibrations, we expand each contribution into a
power series of the variable parts of the arguments and retain only
constant and linear terms. The terms responsible for the vibrations are
as follows:

[ k=N
Uypisration ") = Xt Dy 2dU oz (i) 2y -

In quasi-classical scheme, the pair potential energies Uy (fyr) are
linear combinations of the functions V(e ey- ey Which

determine the volumes of the intersection of the layers with uniform
charge density and potential in the interacting atoms:
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Vi 1 Gy ) =V ey ayts Ty ) +V (1 T2 o) =

V(T 1> Toey=15 Tatye ) =V oy =10 T Tyt ) -

Here r;,, are the outer radii of the atomic layers, j =1,..,qqy (4q) is
the total number of uniform layers in (7)th atom), and V/(R,Ry,D);)
is the continuously differentiable piecewise analytical algebraic
function determining the volume of the intersection of two spheres
with radii R, and R, whose centers are spaced at Dy, (this universal
geometrical function was derived in an explicit form in [15] when
formulating the problem regarding the quasi-classical calculation of-
the band structure of a crystal). Consequently, by introducing the
charge density ), and the potential @), values in the atomic
layers the molar energy of zero-point vibrations in the crystal can be
written in the form

Eyibration =
%3, J 3 “F"'%”'!qf’ PPt PP
=320
a2\ T = e

Ry
OV iy 1 ey ) Oy =

= 0 (1 e ey ) Oy + OV iy s Py ) o =

(G JER(C]

=0 (g Meyt=1: ey ) Oty = OV (-1 Kot ey M ey -

M denotes the mass of the (i)th atom, and the frequencies of lattice

vibrations  are  expressed through the partial derivative
OV(R;,Ry,Dy5)/ 0Dy, which is the continuous piecewise analytncal
algebraic function:
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OV (R, Ry, D)/ 3Dy, =0 Dy <R -R
=0 D, <R-R,
=-7((R +Ry)* ~D)(Dh - (R~ Ry)*Y/ 4D,
|R ~Ry IS Dy SR +Ry
=0 R +R, <Dy,

These: relations obtained for infinite crystalline structure can be
reduced for case of molecule fixing translational vector at 7 =0.

3. QUASI-CLASSICAL ZERO-POINT VIBRATION
ENERGIES IN BORON NITRIDES

The quasi-classical parameters of charge density and potential
distributions in constituent atoms B and N (necessary for calculations)
were determined within the scheme of Coulomb-like potentials by
fitting quasi-classical electron energy levels to the ab initio, namely,
Hartree-Fock [16]) ones for isolated atoms (as it is known, need for
the large programming resources makes such kind of calculations
unrealizable in case of crystals). The obtained values are listed in
Table 1. Then using these parameters the molar ground state vibration
energies have been calculated for following boron nitride structures
(see Table 2):

— diatomic molecule, i.c. isolated B-N bond, what is important

object being the building ‘block” for any boron nitride solid phase;

—  hypothetic two-dimensional hexagonal crystal which also is of

special interest because the three-dimensional layered modifications

are formed by similar boron nitride sheets and, moreover, fullerene
and nano-tube aggregates are bounded by flat or curved fragments of
such a sheet;

— hexagonal crystal with two-layer stacking sequence (value found
for rhombohedral one with three-layer stacking sequence is
almost the same due to substantially weakness of the inter-layer
bonding in comparison with intra-layer interactions);
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Table 1.

Quasi-classical parameters of the charge density and

potentral distributions in B and N atoms (in atomic units)

o® | Pwy wey ||y | Py | any
2105468 | 56865.14 | 0.027585 | T | 0.000446 | 1982589 | 878.4581
8882329 | -3.61095 | 0.509802 | 2 0357724 | - |2022523
3652920 | -0.00734 | 0744122 | 3 | 0549803 | 10.4497 | 8.464698
0206072 | -0.01028 | 4.021346 | 4 |2.909074 | - | 0509668
0.000614 | -0.00294 | 4337060 | 5 | 3.204489 | 0.01939 | 0.003993
004127
0.02188
Table 2. Quasi-classically calculated zero-point vibration energies

of boron nitride structural modifications (in eV/mole)

Modification B
molecule BN 0.178
sheet BN 0.242
h-BN 0.266
c-BN 0330
w-BN 0.323

~  cubic crystal;
~ wurtzite-like crystal for:which the ratio of lattice constants a and
¢ and internal parameter u were fixed at the ‘ideal’ values:
(ale)t =u=3/8.

The quasi-classically calculated B-N inter-atomic vibration-energy,
0.178 eV/mole, is in good agreement (with a deviations ~5%.) with the
values experimentally found for neutral BN molecule 0.187 eV/mole
[17] and 0.188 eV/mole -[18]. According to the -original (self-
consistent-field-type) theoretical method of [19] ground state vibration
energy in molecular boron nitride estimated as 0.179 eV/mole which is
almost our duasi-classical result. In [20] it was suggested higher
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theoretical value 0.217 ¢V/mole what is close with 0.216 cV/mole
measured in ionized molecule BN [21]

The present calculations of vibration energy are the first for boron
nitride crystalline modifications. Earlier these values werc only
estimated according to the semi-empirical models and/or theorctical
phonon spectra.

It is natural that the molar vibration energies quasi-classically
found for sheet and hexagonal boron nitrides, 0.242 eV/mole and 0.266
eV/mole, are close one to another. When comparing these energies, it
should be taken into account that inter-layer bonds in layered boron
nitride structure are substantially weaker than intra-layer bonds and.
consequently, inter-layer interaction may be ignored. On the other
hand, the atoms of the isolated layer which is a two-dimensional
system, nevertheless, can exccute vibrations in three independent
directions in the physical space. Thus, it is expedient to analyze these
predictions jointly (especially because there is no experimental studies
for boron nitride sheet being the hypothetic structure). Both of them
agree well with semi-empirical value of 0.225 eV/mole for the cneray
of zero-point vibrations in real h-BN crystal found within the model of
a classical force field potential [22] and coincide in order of magnitude
with the estimate 0.350 eV/mole made from the theoretical phonon
spectrum [23].

It is also natural that determined vibration energies of c-BN and w-
BN crystals, 0.330 eV/mole and 0.323 eV/mole, are almost the same.
Boron and nitrogen atoms are tetrahedrally surrounded in both of
densely packed forms of boron nitride and in considered ‘ideal” case,
that mimics the real stable wurtzite-like lattices, the w-BN structure
differs from the c-BN structure only in the stacking sequence of the B
and N atoms. Correspondingly, the nearest-neighbor —atomic
environments and bonding types in both crystals are sufficiently close
and it may be taken for guarantee that their ground state parameters
are also similar (the lower symmetry and small deviations of bond
lengths in the w-BN structure can result only in some unique features
of its properties). It urges on analysis of ¢-BN and w-BN vibration
energies together (especially as w-BN bonding parameters have not
been measured). Aforementioned quasi-classical values coincide
only in order of magnitude with the semi-empirical estimates bascd
on the model of a classical force field potential: 0.130 eV/mole and
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0210 eV/mole, respectively [22]. However, there is excellent
agreement with cqual values of 0.320 eV/mole found from the
theoretical phonon spectrum [23] and early semi-cmpirical Debye
model [24] for c-BN.

Summarizing the obtained results we can conclude that quasi-
classical calculation would be useful for determination of lattice zero-
point vibration energy which is important ground state parameter
hardly lended itself to measurement in crystals.
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ABSTRACT. The new method to study long-term trends in
the ionosphere is worked out. Existing absolute and relative
methods do not describe real aspect of trends. Data of Moscow,
Tbilisi and Vanimo are used to analyze revealing long-term trends
by our method, but this is not observed in these data. It is shown
that Solar activity in the ionosphere increases with decrease of the
Sun’s zenith angle and reaches its maximum at noon. The analysis
of data on the radio wave absorption in the D region, f,E and f,F2
indicate that the role of solar activity decreases with decreasing
altitude from the F-region down to D-region, that agrees with
opinion of several investigators. In addition the role of solar
activity at constant zenith angle (cosy =0.2) increases with
decreasing latitude. It is necessary to analysis data of another
latitude and longitude to reveal long term trend (if it exists), which
is not caused by solar activity.

1. INTRODUCTION

Man’s expanding activities reached the level at which their effect
is global in nature. The natural systems, i.e. the atmosphere, land and
sea as well s life on this planet, are being disturbed. It is well-known
that some natural trace gases in the atmosphere, such as carbon
dioxide (CO), nitrous oxide (N0), methane (CH,) and tropospheric
ozone (Os), have been increasing during the last century. In addition,
other gases are being emitted that are not naturally part of the global

osystem, notably bons. These trace gases absorb
and emit radiation and are thus able to influence the Earth’s climate.
They will be referred to as greenhouse gases.

The reason for concern about climatic effects is the so-called

“greenhouse effect” of CO;.
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While CO; is transparent to incoming short wave radiation from the
Sun, it absorbs outgoing long wave radiation and re-emits this energy
in all directions. Therefore, an increase of the atmospheric CO;
concentration leads to a warming of the Earth’s surface and lower
atmosphere. In addition, it is becoming increasingly clear that a
number of other greenhouse gases in the atmosphere similarly affect
the radiation budget. Their concentrations are also changing as a result
of natural and human causes. Since increased concentrations of CO,,
as well as of those other greenhouse gases, all lead to a warming of the
Earth’s surface and lower atmosphere, the estimated climatic effects
and further impacts (e.g. on sea level and agriculture) must be
considered as a result of combined effect of these potential origins of
the warming [1].
The longterm continuous increase of greenhouse gas
ion in the and other ic influences
represent serious threat for human  civilization. Therefore, it is
necessary to determine the long-term trends and changes in the
atmosphere—ionosphere system. The observed long-term trends in the
20" century might be, however, influenced by contribution of the
Sun’s origin, and the process of determination of anthropogenic trends
from observational data may be “spoilt” by the 11-year solar cycle.
As for the possible solar and geomagnetic activity responsibility for
part of the observed long-term trends, the two main conclusions are as
follows: 1. The role of solar and geomagnetic activity in the observed
long-term trends decreases with decreasing altitude from the F-region
fonosphere down to the troposphere; 2. In the 20" century the role of
solar and geomagnetic activity in the observed long-term
trends/changes was decreasing from its beginning towards its end [2].
More pronounced trends have been observed in the middle and
upper atmosphere and ionosphere. There is a tendency to attribute
these trends solely to the increasing concentration of greenhouse gases
in the atmosphere. However, the observed long:-term trends in the
jonosphere and atmosphere cannot be explained solely by the
effect. The consi increase of ic activity
in the 20" century and the increase of solar activity in its first half
contribute to trends observed in the 20" century. The existence of the
strong 11-year solar cycle can result in the incorrect determination of
trends from shorter data series.
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The calculation of trends and estimates of long-term changes of
anthropogenic origin may be affected by solar and geomagnetic
activity basically in two ways: 1. Inappropriate selection of data
and/or missing measures to correct for medium-term
solar/geomagnetic activity variations, which makes the calculation of
trends vulnerable to a substantial effect of the 11-year solar cycle. 2.
Long-term changes of solar and geomagnetic activity, Which
contribute to long-term trends.

Long-term changes of solar activity and/or geomagnetic activity
may play an important role in the observed long-term trends,
particularly in the ionized component of the atmosphere, in the
ionosphere [2].

The data on the radio wave absorption in the D region indicate to
some systematic trends which may be considered as a manifestation of
a temperature decrease around the mesopause. Analysis of rocket

of the electron ion in the D region reveals
strong enough positive trend in the upper D region. Several groups
claimed positive trends of the E-layer critical frequency, f,E. Also
negative trends of the ratio of two principal ions in the E region
(INO'J/[O,']) were found. These trends of three independently
registered parameters may be interpreted as an indication to the
existence of pronounced trends of dynamical processes at altitudes of
the D and E regions. In many publications trends of the F2-layer
parameters have been considered. Trends in both, the critical
frequency f,F2 and maximum height hmF2, were found. It was also
found that the f,F2 trends depend strongly on geomagnetic latitude
and geomagnetic activity. This fact makes it possible to assume that
the trends are not a consequence of the «greenhouse” cooling of the
upper phere (as has been but manifest
secular changes of geomagnetic activity, which influences F2-layer
parameters though ionospheric storms. Trends in ionospheric storm
number and intensity have also been claimed. However, even if trends
of a geomagnetic origin input considerably into the observed long-
term changes of f,F2 and hmF2, there still may be a
«nongeomagnetic? component in these changes manifesting
«greenhouse” (or other anthropogenic) trends. The question is still
open [3].
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As follows from review, it is necessary to exclusion the influcnce
of solar and geomagnetic activity from experimental data for find out
of long-term trends, ie. it is necessary to consideration long-term
changes of parameter at constant activity.

Studies of the long-term changes (trends) in the parameters of the
upper atmosphere and ionosphere became very popular during the
recent years [2,4].

There are two different approaches (absolute and relative) to the
search of long-term trends. It must be said, that neither absolute nor
relative can give real nature of trends. For example, if Bremer [5] had
used the formula AX = Xy - Xep in place of AX = Xaq - Xu, he
would have obtained opposite nature: in place of positive trend he
would have received negative one and vice versa. Furthermore there
takes place a big error when average X obtains yearly valuc; therefore
it is necessary to point out a root-mean-square-error (o) at figure,
Probably, long-term changes get within error; therefore there is no
point in spicing about trends. Some advantages of this method were
noted by Danilov [4]. In the same place must be noted that Ruiping
Ma [6] does not select the best method for revealing semiannual
variations, when averages f,F2 during 8"-19" LT period. For this
period average cos  changes very considerably within a scasons (for
Chung-Li average cos is twice more in summer than in winter). It
will be better, if Ruiping Ma take out f,F2(cos = const).

Critical frequency of layers E and F2 depends on the sun’s zenith
angle and activity, and so it is necessary to calculate the parameter at
constant zenith angle (for example cos 7 =0.2) and the same activity.

The calculation £,E at constant zenith angle is possible by well-
known formula £,E = (£,E), cos” ¥ . It is necessary to point out, that as
the Earth is spherical cos z must be changed by Chapman’s function
at sunrise and sunset (7 75°). The experiment shows that diurnal
variation of £,E will be better described by second degree polynomial
£E = k + bt + at? (t = LT), from which it is easy to calculate
£,E(cos z= const) (if we have before calculated t (cosy = const))
and time of relaxation — shift of noon maximum of fE to evening
hours [7). The f,E(cos x = const) has seasonal variations of so-called
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winter anomaly [8], therefore it is necessary to compute ¢ when
calculating average yearly value.

It is possible to calculate f,F2(cosz= const) by method of
Tukhashvili [9] (see appendix).

2. EXPERIMENTAL RESULTS

The data necessary for these investigations were extracted from
World Data Center (WDCI, Chilton, UK), specifically, f,E and f,F2
(uliusruh, ¢=54.6° N and Tbilisi ¢=41.7° N) and data of
radiowave’s absorption (Neustrelitz, ¢=53.5° N, method A3 (G.
Entzian, private communication) and Tbilisi, method A1) were used.

Behavior of coefficient B in equation y = A + B*F10.7 (1) ( where
y = £,E or f,F2) are investigated. As seems from (1) B defines rate of
Critical frequency/electron concentration change with increasing of
sun’s activity. It is found that B increases with decrease of the sun’s
zenith angle and reaches its peak in the noon.

Fig.l shows that the role of solar activity decreases with
decreasing altitude from the F-region down to the D-region:
decreases from F-region to the E region from 0.034 to 0.006 (Tblhsl)
and from 0.018 to 0.0065 (Juliusruh). Correlation coefficient R
between line and experimental points decreases from 0.96 (F region)
to0 0.79 (D region) by data of Tbilisi and 0.92 (F region) to 0.39 (D
region) by data Juliusruh and Neustrelitz.

Thilisi, June, 12"
964 - 86

o

R=0.96 i foF2

a
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@
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84 1958 -
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4
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5 .6+0.0065F10.7
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Neustrelitz, June, 12"
50,7 1966 -76

R=0.39

L [Db]

F10.7

Fig.1 Dependence noon values of critical frequencies of E and F2
layers and radio wave absorption (L) at activity of the Sun
by data of Tbilisi and Juliusruh for June

Parameters of ionosphere depend on the sun’s zenith angle as well
as on the activity, therefore it is necessary make use of parameters at
constant zenith angle and activity for calculation of trends.

Fig2 shows the results obtained by analysis of data of the
following points: Moscow (@ = 55.5° A=37.30°), Thilisi (¢ = 42.5% A
= 44.8% and Vanimo (¢ =-2.7 A = 141.3°). Y = A + B*F10.7 (1) is
equation, from which model values of parameters were obtained; Y =
£,E(E,F2) and F10.7 is solar 10.7 cm radio flux. In Table 1 values of
coefficients A and B are given. Experimental points coincide with
model one within error and so the long-term trend is not observed by
those data.
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Tablel

Values of coefficients A and B in equation (1

Station A 2

A B A B
Moscow 1.96 0.0032 262 0.034
Thilisi 1.88 0.0042 2.74 0.036
Vanimo 4.50 0.041

The analysis of data indicates that the role of solar activity
decreases with decreasing altitude from F-region down to E-region (B
in (1) decreases from 0.034 to 0.0032 by data of Moscow and from
0.036 to 0.0042 by Tbilisi; see Table 1). This agrees with the opinion
of several investigators [2]. On the other hand B increases with
decreasing latitude from 0.034 (Moscow) to 0.041 (Vanimo) by £,F2
and from 0.0032 (Moscow) to 0.0042 (Tbilisi) by f.E (FE data of
‘Vanimo was not enough).

It is possible to reveal f,E and £,F2 long-term trends, which are not
caused by solar activity (if it exists) by analyzing data for another
latitude and longitude.

Moscow

 foF2(cosy=02)
S b

> @ o

1960 1970 1980 1990
Years
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=02)

foE(cosy:

foF2(cosy=02)

foE(cosy=02)

1960 1970 1980 1990
Year

Fig.2. Long-term changes of model values (black points) and
experimental ones (white area of circle) of f,E and f,F2 at
c0s x = 0.2. Long-term trends are not observed these data —
experimental points coincide with model ones within error.
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APPENDIX
About calculation of model value: f,E, Table 2.

A and B coefficients in formula (1) had been calculated for every
hour. R — i i i oints and
line (1). By A and B f,E was calculated for different activities:
F10.7=70; 150; 250. For every activity there are given equations,
obtained by the second degree polynomial fit f,E = k + bt + at* (2) (t
= LT), with suitable R. t and t, are times when cos z=0.2 morning
and evening accordingly. f,E(cos 7= 0.2) calculated by equation (2)
are given in the end of the Table 2.

A and B coefficients were calculated for yearly average values of
f.E(cos =0.2). It is possible to calculate model values of
f,E(cos z=0.2) by formula (1) by determined A and B.

Experimental values of f,E(cos7=0.2) were calculated by
formula (2) for every month for given year and then yearly average
value with suitable ¢ was calculated.

Table 3 was made analogically to Table 2. t = 5.67 i.e. 5'< tu<6".
Let us assume that f,F2 changes linearly during 5" - 6" interval. Using
the formula of dividing segment line into given ratio, it follows:
£oF2(tm)=F1(tm)=(F1(S"YHn*F1(6")/(1+]ln) when f,F2(cos x=0.2)=
£F2(tn)= F1(tm) and In=( tm-INT(tn))/(INT(tn+1)- tw). Evening value
£,F2(cos z=0.2) = F2(t.) was calculated analogically.
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Table 2. Values of A, B, R in equation (2) and f,E(LT; F10.7)
Thilisi, June
F10 7
tm te LT A B 250
'.,EgLT F10 7)
57 18 7 226.74 047 091 260 298 345
8 250.11 052 094 28 328 379
9 26780 056 092 3.07 351 4.07
10 28123 058 088 322 368 426
1" 28953 059 0.86 331 378 438
12 29229 060 085 334 382 443
13 29023 060 085 332 380 440
14 28286 059 0.87 324 371 4.30
16 27013 057 090 3.10 355 4.12
16 25302 054 093 291 333 387
17 23043 050 094 265 3.05 355
f.E=k+bt+atr2 R
f.E(70) =-85.46434+69.43147" t-2.87063" t*2 0.9999
foE(150) =-91.03963+78.19231*t-3.2296"t2 0.9999
,E(250) =-104.39767+90.23147*t-3.71911"t*2 0.9999

-85
91
-104

-85
-91
-104

b
69.431
78.192
90.231

69.431
78.192
90.231

a
-2.9
=32
-37

2.9

-3.7

F10.7

150
250

70
150
250

f.E(cosx =0.2)
average
(E1+E2)12

morn.

E1

217
2.50
289

even.

E2
224
2.58
3.01

220
2.54
2.95
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OSCILLATION SHAPE OF THE HOPPING DOMAIN
CURRENT DEPENDING ON THE BIAS VOLTAGE

D. Aladashvili, Z. Adamia, A. Adamia
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ABSTRACT. The dependence of the shape of current
oscillations observed in the hopping conductivity region in a
weakly compensated p-Si on the supply voltage applied to the
sample is established. With increasing bias voltage the current
pulse shape to form a hopping domain changes significantly. The
change in the shape is ascribed to voltage redistribution in
corresponding regions in the bulk of the crystal.

In [1] the observation of a new type of current instability in the
hopping  conductivity region was reported. The phenomenon
manifested itself in a periodic current increase and decrease observed
in the external electric circuit. The current oscillations were observed
in samples with a sublinear current-voltage characteristic in the
portion with a negative differential resistance. A slight decrease in the
conductivity with increasing field was obtained experimentally in p-
Ge [2). Earlier in (3] a possibility of exponential decrease in the
hopping conductivity with increasing field had been predicted. In the
work a formation of dead ends in the infinite cluster (IC) of acceptors
responsible both for electron trapping in high electric fields and for
hopping transport was considered. The length of these ends-traps was
cqual to that of the characteristic grid period. A statistical current-
voltage characteristic with decreasing current was computer-modeled
[4] in assumption of an ideally homogeneous sample. In this case
typical traps captured electrons in any part of the sample with equal
probability. And the real sample always has an inhomogeneity of one
kind or another. Further experimental investigations showed that
current oscillations observed in the semiconductor were due to
formation and motion of a hopping domain in the bulk of the sample
[5]. A crystal “predisposed” to negative differential resistance passes
into this state in the portion where its resistance is somewhat higher.
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Precisely from this portion (cathode) the formation and motion -of a
volume charge similar to Gunn diode takes place [6].

Let us consider the obtained experimental data. Current
oscillations were observed in p-Si samples with the intrinsic impurity
concentration of (5-7.5)-10'® cm™ and compensation degree of (5:10°-
4.10%). The generation took place at a certain critical bias voltage U, .
A voltage generator was switched to the sample in the pulse mode,
which is necessary for synchronization of the oscillograph’s work.
The voltage pulse width could be controlled in the broad range. The
current meter was a specially designed differential amplifier. Part of
the signal was applied to the protective screen of triaxial cable from
the amplifier output due to the feedback. Here capacitance leakages
were neutralized thus increasing the frequency properties of the
current meter. The form of the varying current signal was observed on
the oscillograph and recorded on the photographic film. The process
of domain formation depends on many conditions. In particular, on the
type of contacts and on the conditions imposed by the external circuit.

1 1(8)
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Fig.1. Current pulse shape versus bias voltage U, near the
threshold voltage U, of hopping domain formation.
(@) - Trigger mode, U, =31.1V, (b) - U, =38.4V,
(¢)- U, =39V, (d) - U, =40V. Scanning time ¢ (horizontal
scale) for (a,b,c) - £ = 50 ms/part, for (d) - £= 100 ms/part.
Current I (vertical scale) for (a) -1 nA, for (b,¢d) - 0.5 nA

Let us consider the change in the current pulse shape in the sample:
with N, = 7.310'%cm® and K = 2'10* at the bias voltage Uy close to
the threshold of high field region formation. In this case the pulse
width was 3-4 of the transit time 7. The investigations were carried
out at temperature 10K. In Fig.1, b, ¢, d a time dependence of the
current shape is given for three fixed bias voltages within 38.4-41V. In
this region the time-averaged current increases with increasing
voltage. Here on the cathode there occurs a triangle-shaped domain
moving towards the anode [7]. The formation of the next domain is
preceded by a certain expectation time decreasing with the bias
increase. At the bias voltage equal to the domain formation threshold
the differential mobility 4, = dv/dE = 0 (here v is the carrier drift
velocity). In our case the Kroemer criterion is fulfilled [8]. Therefore
when the bias field even slightly exceeds the threshold one, i.. at a
low | 4y| the domain can be formed. And the higher is | 4], the
quicker it is formed. At weak circuit screening the domain was formed
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due to various kind of interference; in this case the pulse repetition
period depended on the pulse value and the accidental character of
interference occurrence. In Fig.1 (curve a) a pulse shape of the
current taken at voltages Uj, <U, in the trigger mode is also given.
For this purpose a bias voltage of 31.1V was applied to the sample,
which was much lower than the domain formation threshold. A short
current pulse of about 40V formed a weak domain which disappeared
quickly on the inhomogeneity without reaching the anode. Comparing
the a, s, ¢, d curves it can be noticed that with an increase in bias the
domain_transit time rises from 150 ms (for a trigger mode) to 320
ms. It can be explained as follows.

A
TN |
Ui/ M N
Ay
(@ ®
14 | ] I A
VTP VNIVl AINAl
4 ¥
© (@

Fig.2. Current pulse curve at high bias voltages. (a) - Uy =45V,
(B)- U, =47V, (¢)- U, =49V, (d) - U,=SOV. The
scanning time (horizontal scale) — 100 ms/part. Current I
(vertical scale) - 0.5 nA.
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It is clear from Fig.l that the time dependence of the current
reproduces the conductivity profile in a certain scale in the region of
inhomogeneities. With increasing bias the domain velocity does not
change  significantly. One should also take into account that the
observed inhomogeneity (the relief of the lower part of the current
pulse) in the sample is due to a monotonous rise in the conductivity in
the portion of approaching the anode. Therefore with increasing bias a
stronger domain passes a longer distance to the anode. The best-
developed is the domain shown in Fig.1 (d). Knowing its velocity 7,
~0.25 cm™ and the size d ~150 pum, a characteristic time of its travel
to the anode can be estimated 7,= 60 ms. It should be mentioned that
this process is actually much more complex. For example, the action
of the Poole-Frenkel hopping effect accompanying the domain motion
should probably be taken into account [9].

With a further increase in the bias voltage in the sample a new.
domain may appear on the cathode simultaneously with the motion of
the domain to the anode. Here the constant voltage applied to the
sample is redistributed between the domain moving towards the anode
and the domains being formed. At the same time the maximum value
of the generating current remains unchanged. During the motion of the
high field region towards the anode the voltage excess on the cathode
increases for the time longer than that of a space charge formation.
Therefore this voltage will form one domain in the sample. Here,
taking into i ion the tendency in of the current
pulse shape, one can assume that at a high bias voltage the domain
becomes wider and takes a trapezoidal shape. In our case the complex
relicf of the current pulse can be explained by inhomogeneities in the
short path of the domain as well as by the mutual effect of the domain
moving to the anode and those being formed.

Voltage pulses with the width equal to the domain transit time
were also applied to the sample. The front pulse rise of the bias
voltage took place for the time much shorter that the Maxwell time
Ty =&/ 4mptgng of formation of a volume charge (where & is the
substance permittivity, ¢ is the charge, 4, is the differential mobility,

ny is the carrier concentration). In this case the current pulse shape
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observed was different from that of current oscillations taken at-a
constant voltage, source.

In conclusion the following can be said: At the sample voltage
close to the threshold of formation of current oscillations there occurs
a situation when the first domain is formed. In this case conditions are
created for main diode transit regimes — the quenching regime and the
lagging regime similar to the transit regime of a Gunn diode. With
sufficiently high bias voltage the conditions of voltage redistribution
between the domain moving towards the anode and the next domain
being formed on the cathode are realized. The formation of adjustable
inhomogeneities in the sample makes it possible to control the current
with time, which presents a practical interest in terms of creation of
analogous devices working at low temperatures.
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ABSTRACT. A new method of investigation of long-term
trends in the ionosphere is introduced. Using of ionosphere
parameters at constant zenith angle and same activity makes the
long-term trends independent of the solar activity and zenith
angle. This method opposes a statement about long-term trends of
f,E and f,F2 -parameters observed by data of Moscow and Tbili
The analysis of data by this method for several latitudes and
longitudes asserts or disclaims (that is more probable) existence of
the long-term trends not caused by the solar activity in the
ionosphere.

1. INTRODUCTION

Studies of long-term trends of the parameters of upper atmosphere
and ionosphere became very popular during recent years [1,2]. There
are two different approaches (absolute and relative) to investigation of
long-term trends. Absolute values of ;F2 and hmF2 trends are looked
for in the absolute method. The principal formulae are given in 3],
The theoretical (model) value of the parameter X (it may be fiF2,
hmF2, £;F1 etc.) is obtained as a result of the data regression in terms
of a solar activity index [3]:

X(th)=4 + BR
or

X(h)=A +BR+CR.
The author tried also to include into the regression the magnetic

activity index

P

X(th)=4 +BR + CAp



but found no significant effect in the trends.
Then the difference between the observed X(exp) and modeled
X(th) values is found:

AX = X(exp) - X(th)
The AX values were then presented versus the years considered:
AX=a+bY,

where Y is a year, and the slope b was taken as an absolute trend (in
MHz per year for f;F2 and in km per year for smF2)

Having analyzed the data of 31 ionospheric stations in the
European region, there were obtained f;F2 trends of various signs and
values [4]. It was detected no dependence of the trends on latitude, but
some longitudinal effect, the trends to the west from A = 30 E being
mostly negative and the trends to the west from A = 30 E being mostly
positive.

Unfortunately, the absolute method of trend determination applied
by [4] has some disadvantages which may cause negative results on
the £,F2 and hmF2 trends finally obtained [1]

[5.6] proposed a method of long-term trend determination
different from that used by other authors.

The principal formula is:

8X = [X(obs) - X (mod))/X(mod),

where X stands for ;F2 or hmF2 and the third-degree polynomial in
terms of the sunspot number R is used as a model.

It must be mentioned that neither of them allow finding the real
character of trends. Furthermore, error of estimation of yearly average
of X i rather considerable. Therefore, it is necessary to display every
point of the plot with its root-mean-square-error (o). If long-term
changes of the parameters fall within the error limits, revealing of
trends is not possible. It should be also pointed out that selection of
the method in work [7] in order to reveal semiannual variations of
average of f,F2 within 08:00-19:00 LT was not quite accurate.
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Average of cos for this period of day changes very considerably by
scasons (within those hours average of cos 7. is twice as much during

summer than during winter in Chung-Li). It would be better, if
Ruiping Ma used F2(cos z = const).

2. EXPERIMENTAL RESULTS

The data necessary for these investigations were extracted from
‘World Data Center WDCI, Chilton, UK. Data of different latitudes
are used.

Critical frequencies of E and F2 (f.E and £F2) layers depend on
the zenith angle and activity of the sun. So, it is necessary to calculate
the parameters at constant zenith angle (for example cosz = 0.2) and
for the same activity. .

The calculation of f,E at constant zenith angle is possible by
means of a well-known formula

£E = (EE).cos” 7 (©)

It is necessary to point out that as the Earth is spherical,
cos z must be replaced by Chapman’s function at sunrise and sunset

(7 <75"). Experiments show that second degree polynomial
fB=k+ bt +at? @

(¢ = LT) describes diurnal variation of £,E better than (1). It is easy to
calculate £,E(cos z = const) (if we have calculated ¢ (cos z = const) in
advance) and relaxation time — shift of noon maximum of £.E towards
evening hours [8]. The £,E(cos = const) is characterized by seasonal
variations — so-called winter anomaly [9,10]. Therefore, it is necessary
to compute o when calculating average yearly value of X. In Table 1,
1,y and t, are points, when cos 7= 0.2 in the moming and in
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Table 1.

Values of A, B, R in equation (2) and LE(LT; F10.7)
Th

ilisi June
F10.7
fw le LT A B R 70 150 250
fE(LT; F10.7)
BB 22674 047 091 260 298 345
8 25011 052 094 286 328 379
9 26780 056 092 307 351 407
10 281.23 0.58 0.88 322 3.68 4.26
11 289.53 0.59 0.86 331 3.78 438
2 20229 060 085 334 382 443
13 29023 060 085 332 380 440
it 28286 059 087 324 371 430
15 27013 057 090 310 355 412
16 253.02 0.54 0.93 2.91 333 387
17 23043 050 094 265 305 355
fE=k+bt+ar R
F,E(70) = - 85.46434 + 69.43147-t -2.87063-C* 0.9999
T,E(150) = - 91.03963 +78.19231-¢ - 3.2296-£* 0.9999
f,EQS0) = - 10439767 + 90.23147-t - 371911 0.9999
1,E(cos 7 =0.2)
morning average
E1 E1+E2)2
k b a  F107
85 69431 29 10 217 220
91 78.192 32 150 250 254
104 90231 37 250 289 295
evening
E2
85 69431 29 10 224
91 78.192 32, 150, 258
104 90231 37250 301
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the evening correspondingly. Data of Tbilisi (June 1964-86) are used
Hourly data from 7 " till 17 " were interpreted by formula
y=A+BF10.7 @)
(7= £E, F10.7 is the solar radio flux at 10.7 cm in units 107 W-m' 5)
and 4 and B were calculated. There are given correlation coefficient R
between line (3) and experimental points in the Table. fE(LT)
calculated by coefficients A and B for several F10.7 (F10.7=70; 150
and 250) are given in the last three columns. Diurnal variations of f,E
are described by d-d jal (2) and
equation with correlation coefficient R between curve (2) and
experimental points are also given in Table. Substitution of 1, ‘and 7,
for ¢ gives aftermoon values (E1) and forenoon values (E2) of
£E(cosy= 0.2) correspondingly. There are given the values of
£E(cos 7= 0.2) = (E1 + E2)/2 for June at each activity in the Table
It will be calculated for the rest of the months analogically. After that,
early mean Value of f,E(cosy= 0.2) for several activitics will be
calculated and the line fE(cosz= 0.2) = 4, + B, F10.7 will be
drawn through the points corresponding the calculated early mean
values of £;E(cosz= 0.2). Definite 4; and By, enable to calculate
model values of £,E(cos 7= 0.2) for any activity.

Experimental values of f,E(cos z = 0.2) of every month for given
year were calculated by formula (2) and then its yearly average with
corresponding o was evaluated.

Calculation of f;F2(cosy = const) is. possible by method of [11]
(see Table 2). As in the previous case, Tbilisi data of June 1964-86
are used here. It is drawn a line according (3) through the points that
correspond to hourly data of June for every year and calculated 4 and
B coefficients with correlation coefficients R given in the Table 3.
Values of £,F2(LT) calculated by 4 and B (formula (3)) for several
F10.7 are given in Table t0o. t,and f, are points, when cosy = 0.2
in the morning and in the evening correspondingly. 1, = 5.67 follows
$<,,< 6; Assumption, that £,F2 changes linearly within 5" 6"

164



Table2.
i

5 o
o
wn
. s ae2zzEzg
0 e
=0 e o
= i 2B e ]
A oo e o s
i 6 Bt bg Vs
R it s o "
2 oo B ol O s
B e 5
5 e 5 s
e "
o B on uwis @ el 15

91




&

Table2 (To be cont)

T dua
won ruon
o OB OO R R

A B R gROmF0)
5 6 7
13 03 0% @ M & % % 105 1D 8
3 03 09 6 T % & 9 107 12
1533 0% 0% s 6 S & 9% 19 12
1 31 036 095 6 & 7 8 % 106 12
15 31 03 097 s 6 75 B 9 o 1S
6 2 03 05 2 @ M B B s I
17 31 03 0% 2 6

n
o
7
7

2 40209 H e B T o8N 9
®
&




interval gives negligible orror. Using the formula of dividing segment
line into given ratio, gives:

£,F2(t) = F1 = (F1(5") + In* F1(6M)/(1 + Ir),

where Iy = ( £ -INT(t))/(INT (¢ +1)- £,). Evening value f,F2(cos z =
0.2) = F2 was calculated analogically.

Values of f,F2(cos x = 0.2) = (F1 + F2)/2 will be defined for every
month and then yearly average values for several activities will be
calculated. It is possible to describe this data by line £,F2(cos z = 0.2)
= Ay, + B+ F10.7 and calculate 4, and By, , that enables to calculate
model values of £,F2(cos x = 0.2 for any activity.

Experimental values of f;F2(cosz = 0.2) will be found for each
month every year by using f,, and , as it was described above. Then
yearly average value will be evaluated with corresponding .

Fig.1 shows the results obtained by analysis of the following data:
Moscow (¢ = 55.5% % = 37.30° 1958- 1990), Thilisi (g = 42. o n=
4.5, 1964-1986) and Vanimo (¢ = - 2.7° 1. 141 3° 1967-1990).

Moscow o o

02)

foE(cosy=02)
now
[

foF2(cosy:

o!
1960 1970 1980 1390
Vear

Welolvl#irH+3/5,
\@0313: .4136# [
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S2s
524
22

mn ‘”'Nm 9%

(cosy=0.
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Vanimo
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foF2(cosy=02)
@
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i Bl Bl S
1970 1980 1990
Years

Long-term changes of model values (black circles) and
experimental ones (white circles) of f,E and £,F2 at cosz =
0.2. Long-term trends arc not revealed by this data -
estimation errors of the experimental points cover the model
ones

Model values of both f.F2(cosy= 0.2) and f,E(cos = 0.2) are
calculated for the activity, which corresponds to their experimental
values. Fig.1 shows, that the parameters depend on the sun’s activity -
they reach their maximum in the period of an active sun and the
minimum — in the period of a quiet sun. Experimental values are given
with corresponding o. As it is obvious from Fig.1, experimental points
fall within the error limits of the model points and so the long-term
trends were not observed by these data. Fig.2 shows more clearly that
the long-term trends are not observed by these data. Dependence
between theoretical (model) and experimental values of parameters
(£E or £,F2 at cos = 0.2) are described by equation: ¥ = 4 + BX'
where X is the model value and ¥ — the experimental one. 4 = Q and B
= 1 in the ideal case, when the model value is equal to the
experimental one. As it is seen from Fig.2, difference between ideal
and experimental values of 4 and B is negligible —4 = 0 and B = 1
within the error limits. Correlation coefficients are high (R > 0.97)
too, It follows that conclusion by [4] about long-term trends being
observed by data of Moscow and Tbilisi is erroneous. Values of 4 and
B coefficients in (3) are given in Table 3.
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Table3.

Values of coefficients 4 and B in equation (2

Station foF2.
B A B
Moscow 1.96 0.0032 262 0.034
Thbilisi 1.88 0.0042 274 0.036
Vanimo 4.50 0.041

The data analysis indicates that the role of solar activity decreases
with decrease of an altitude from the F- down to the E-region (B
decreases from 0.034 (F-region) to 0.0032 (E-region) by data of
Moscow and from 0.036 to 0.0042 by those of Tbilisi). This agrecs
with the opinion of several investigators [2]. On the other hand, B
increases with decrease of latitude from 0.034 (Moscow) to 0. [Ml
(Vanimo) (F-region) and 0.0032 (Moscow) to 0.0042 (Tbilisi,
region). (£,E data of Vanimo were not enough).

Revealing of £, and £,F2 long-term trends (if those exist), which
are not caused by activity of the sun, is possible by analyzing data for
several latitudes and longitudes.

CONCLUSIONS

1. A new method of mvesugauon of long-term trends in the
is d. Using of i
at constant zenith angle and same activity makes the long-
term trends independent of the solar activity.
2. The role of solar activity decreases with decrease of an
altitude from F- down to E-region
3. The role of solar activity at constant zenith angle (cos 7 =
0.2) increases with decrease of latitude.
Result, obtained by this method, opposes a statement
about the long-term trends of £E and £F2 parameters
being observed by data of Moscow and Thilisi [4]. The
analysis of data by this method for several latitudes and
longitudes asserts or disclaims (that is more probable)
existence of the long-term trends in the ionosphere.

=
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POSITRON ANNIHILATION ENERGY AND LIFETIME
SPECTROSCOPY STUDIES ON STAINLESS STEEL 316L
AND STEEL 9CRIMO

L.Chelidze’, D.P. Wells™
Accepted for publication April, 2006

ABSTRACT. Studies of Positron Annihilation Energy and
Lifetime Spectroscopies (PAES and PALS, respectively) on
radiation-damaged specimens of stainless steel 316L and steel
9CriMo have been performed. Results for S, W, and T

of the Doppler 511keV annihilation line as
well as the positron lifetime and trapping intensities have been
obtained. Dependence of the characteristic T parameter, positron
lifetime and trapping intensity on the dose delivered to specimens
was in agreement with what was expected.

INTRODUCTION

The interaction of positrons with matter is widely used to study
material properties. It was developed in the early 50s and has matured
quickly since then [1]. The reason is that positrons can provide
exclusive information about the configuration and properties of
materials at the atomic level.

The properties of inhomogeneities (or defects) within material are
different from that in the rest of material. Defects are central to any

ion of material istics. They determine various
material properties. PAES and PALS, which are non-destructive
material testing techniques, can be used to verify both the density and
size of defects in the material. Therefore these techniques can be used
for obtaining essential information about the materials of industrial
interest and not only about them [2].

Conservative methods exploit different types of positron sources
such as *Na, or positrons from pair-production. External positron
sources are used when studying thin specimens, however, pair-
production is the only way to study thick samples [3,4]. Another
method is to create a positron source within the material of interest via
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nuclear reactions. This was the case in our experiments. The
specimens of investigation all contained *’Na positron source via the
nuclear separation reaction during the irradiation.

METHODS

The specimens of investigation were irradiated at Los Alamos
National Laboratory with 700MeV protons. Doses delivered to them
were from 1.02dpa to 10.3dpa. Here dpa stands for displacements per
atom and indicates how many times in average has an individual atom
displaced from its original position.

The samples of interest were stainless steel 316L and stecl
9CrIMo. Table 1 shows the chemical composition of the steels
mentioned.

Table 1. Chemical composition of stainless steel 316L and steel
9CriMo

‘Stainless Steel 316L Steel 9CrIMo
Chemical Element comp. | Chemical Element | % comp.
n (Fe) alance | Iron (Fe) Balance
Chromium (Cr) 618 _| Chromium (Cr)
kel 2-14 Mo)
<2 anganese (Mn) <05
<1 Carbon (C) <012
Carbon (C) <002 ]

We exploited a typical PAES and PALS experimental setups in
the research conducted using high energy resolution germanium
detector in the energy spectroscopy and fast scintillator detectors in
the lifetime spectroscopy.

Figure 1 represents a simplified scheme of the experimental setup
used in PAES. The term source-sample indicates that the sample of
interest had a positron source in it. The source-sample was set in front
of the High Purity Germanium Detector, which has an excellent
energy resolution. The detector measured the energy. of the gammas
emitted by the source. The signal from the detector was amplified
using the Preamplifier and Spectroscapy Amplifier. Then it was sent
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to an Analog to Digital Converter (ADC). We took two signals,
unipolar and bipolar from the spectroscopy amplifier, since one of

Fig.1. Experimental Setup for PAES

them gives better resolution. When analysing data, we used spectra
from the bipolar signal, since it had slightly better resolution
compared to the other one. The final spectra were taken and partially
analyzed by the Multi-Parameter Data Acquisition’ System. The 511
keV line seen in spectra was the line of interest for us. Not
surprisingly it was always wider than the resolution of the detector.

The typical resolution obtained in all PAES experiments was 1.1-
1.2keV at 356keV. The full width at half max of the 511 keV lines in
the samples analyzed varied from 2.8 keV to 3.4 keV. The background
to signal ratio in these experiments was ~1.5%. Typical counting rates
were =2 kHz.

Final analysis of data wos performed using the program
STW_PPandACT 2005, which gives the values of S, W and T
parameters of the Doppler broadened 511keV annihilation lines.

Figure 2 shows an experimental setup we used for PALS. We had
two BaF; detectors coupled with photomultiplier tubes. The signals
from PMT-s were sent to Constant Fraction Discriminators (CED).
Then, one of the signals was delayed, using the Delay electronic
module. Then they entered in the Time to Analog Converter (TAC).
TAC starts operation when it gets signal and stops when it gets the
second signal. An output signal from TAC is proportional to operation
time. In our experiments we have manually gated the Analog to
Digital Converter (ADC) that receives the TAC signal using the
Timing Single Channel Analyzers, Delay Amplifiers, Gate and Delay
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Generators and Fast Coincidence Module. We have gated the ADC in
such a way that it counted mostly signals of interest. That means that
we have been using an energy window around 1274 keV as a start
signal for the TAC and an energy window around 511 keV as a stop
signal for TAC. This experimental setup gives us a clean spectrum on
top of a small background.

The typical count rate obtained was from 0.2 Hz to 0.5 Hz. The
resolution curve was taken with “Co source, which emits two
different energy gammas almost simultaneously. Timing resolution of
the system was 280ps.

Spectra taken from PALS were analyzed by the software called
Kansy Lifetime9. This software is specifically written for PALS
analysis and is accepted internationally. The program looks at the
central part of the lifetime spectrum and fits it with the Gaussian
function. Therefore it estimates the FWHM of the central part of the
peak, which is the timing resolution of the experimental setup used.
Then it fits the tail of the spectrum with the convoluted function of
Gaussian and one or several exponential decays with different
lifetimes. The software finds the best combination of parameters that
suit the spectrum and gives the results for the lifetimes of the decay
lines. The program also estimates the background to signal ratio in the
spectrum [5].

RESULTS

PEAS and PALS on radiation-damaged specimens of stainless
steel 316L and steel 9Cr1Mo showed the following results.

In our energy spectroscopy measurements, we measured T = W/S,
where W is the sum of counts in the “tails” and “wings” of the
S11keV peak, and S is the sum of counts in the center of the same
peak. T-parameter should decline as defects are introduced into a
specimen. As experiments showed the T parameter decreased with
dose in case of stainless steel 316L. At the same time the trapping
intensity of positrons in defects generated increased. This means that
when increasing dose, we generate more and bigger defects in the
material as expected.

However, in case of steel 9CrIMo positron trapping intensities
increased, thus more defects were generated, but the T parameter
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showed incensement. The dependence of the T parameter on dose is
shown in Figure 3. Such a behaviour of the T parameter means that
the molybdenum decoration of defects is observed [6]. Steel 9CrIMo
contains 1% Molybdenum which is high Z (Z=42) material positron
annihilations with its valence electrons is the reason of the growth of
T with dose.

ose0
o ]
- ]
1
o
§osw
&
=

Fig.3. The dependence of the T parameter of the annihilation
511 keV line on dose

Positron lifetimes in stainless steel 316L didn’t change in the
doses delivered, while in steel 9Cr1Mo the positron lifetime in defects
decreased with dose from 1.02 dpa to 2.46 dpa. This implies that the
electron density at the annihilation sites, defects in this case,
increased. This is due to the helium or other gases inside the defects,
the concentration of which increased when applying more dose [7,8].
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CONCLUSIONS

Radiation-damaged specimens of stainless steel 316L and steel
9CrIMo have been investigated in this research using the PAES and
PALS. All specimens of interest contained several radioactive sources,
which were introduced in them during irradiation. One of such sources
was radioactive 2Na positron source which we used during PAES and
PALS experiments. Doses delivered to samples of interest during the
activation were from 1.02dpa to 10.3dpa.

As the results show investigation of lower dose samples over a
range of doses with PAES and PALS techniques would be significant.
A detailed study of specimens of interest at lower doses would enable
one to uncover the relationship between radiation damage and
PAES/PALS signals.
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USE OF LASER RAMAN SPECTROSCOPY FOR STUDY
OF SURFACE PROPERTIES OF SOME
SEMICONDUCTORS OF A’B° TYPE

S. Gotoshia’, L. Gotoshia™
Accepted for publication April, 2006

ABSTRACT. Laser Raman spectroscopy is used to study
optical properties of surface thin layers of semiconductors. Use of
various wavelengths of exciting laser enabled us to alter at request
the skin values of penetration of laser radiation in films under
observation. Through proper_selection of film _thicknesses,
we achieved absolute
exclusion of interfering LO and TO phonons of substrate from
Raman spectra of various films of GaAl,.P under observation.

That enabled us to fix LO,, LO,, TO, vibrations of optical
phonon branches for GaP- and AlP-like sublattices to a high
accuracy and plot more accurate graphs characterizing two-mode
crystal. On the basis of this technique we were able to estimate
thicknesses of films and the first to study resonance Raman
scattering in system Ga,Al,.P. With the aid of laser Raman
spectroscopy surface thin layers modified by P and Al ion
implantation of substrates of GaAs and GaP, respectively, has
been studied. Varying itions of ion i
we obtained amorphous ternary thin films a-GaAsP, a-GaAlIP of
substrate.

Their identification for various depths has been done with
Iaser Raman spectroscopy.

As is well known, the main tendency of modern semiconductor
microelectronic instrument-making industry is miniaturization of
devices. This, on its part, is based on use of semiconductor material’s
surfaces rather than bulk crystals. An obvious example of this is
epitaxial films’ use for that purpose. These films may be received both
by usual chemical (liquid-phase, molecular, orgas tallic epitaxy
and their different modifications) methods, and various physical
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extremal methods (ion implantation, radiation-laser, electron beam
and etc.). Utilization of those methods implies both thin surfaces’
reception and. preliminary modification of existing substrates’
properties for goal achicvement. Dimension of such layers may be
changed from nanosizes to microsizes. Naturally, the problem of
testing such thin layers and objects of small sizes arises. Most likely,
there are mainly two problems to be taken into consideration. The first
one, physical, consists in the following: in a perfect three-dimensional
crystal the region over which the spatial correlation function of the
phonon extends is infinite. This leads to the fact that phonons’
Propagation is expressed by plane waves and in the first order Raman
scattering the g = 0 selection rule is observed. In direct space the
phonons_of microcrystalline materials are confined within spheres
with diameter L. Description of such phonons is carried out in
reciprocal space with wave packet with wave vector k in interval Al
L. Just when studying a microcrystalline semiconductor Si, Richter
introduced the so-called “phonon confinement” conception, according
to which shift of phonons’ frequencies and asymmetric broadening of
halfwidths take place in microcrystalline materials.
Here a concrete example is given for Raman scattering on
phonons but zhe fact d|al almost all properties of spatial crystal differ
om ph 1 properties of and thin layers, is
already admxtted generally. This first basic physical difference gives
rise to the second, “geometrical” problem, as we call it - testing
methods for small dimension materials are to be selected in such a
way that they correspond to experimental fixing of their different
properties and manifestation of peculiarities. For example, by usual
spectroscopic methods it-is difficult or impossible to carry out
univocal measurements for thin films, micro or nano materials, and
out-of-the-way places. There is no theoretical possibility of this
sometimes, because it is impossible for incoherent and great classical
radiation source emission to be focused on micro or less sizes, and it is
almost impossible to direct this radiation concentrically. Multicolored
directions of laser spectroscopy based on various physical principles
are irreplaceable for this objective. In the present article the
possibilities of only one of the basic directions of laser spectroscopy-
laser Raman spectroscopy will be discussed. Naturally, the universally
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recognized physical methods, as various analytical methods based on
ion, X-Ray and electronic beam sondes will not be touched.

In 1976 first in Georgia we constructed several laser Raman
spectrometers of various types, carried out investigations in different
directions, and thus most likely grounded development of laser Raman
spectroscopy direction in Georgia. The analogues of the laser Raman
systems we have constructed are very expensive at international
markets. Perhaps, that is why this very important scientific direction
has not found corresponding propagation in Georgia as yet. It is a pity,
because this direction’s potential is very high and practical almost in
all spheres of science from fundamental as well as applied, analytical,
industrial points of view.

One of the aims of the work presented here is just the
popularization of the mentioned direction among scientists from the
point of its wide utilization. We shall try to realize this purpose on the
basis of the experiments we have made. This time, all these

i show itoring of i surfaces by laser
Raman spectroscopy.

When studying surfaces by laser methods, peculiarity and
advantage in comparison with classic, ordinary optic spectroscopy
mainly consists in use laser as a radiation source. Laser’s advantage is
expressed with its radiation coherence, radiation unidirectionality,
narrowness of its radiation spectral band; it has property of summing
its radiation with the aid of lenses in focal point of very small size (of
nano dimensions). A lot of types of lasers of the day enable to change
discreetly their radiation from ultraviolet of optical spectrum to near
infrared area; according to spectral task, if necessary, this area may be
overlapped continuously (with the aid of dye lasers, semiconductor
heterolasers, nonlinear laser optics and other lather techniques).
Geometric mobility of laser beam is of great importance, also - it may
penetrate out of the way places and analyze and interact with matter
even from the aggressive medium (from separating surface of
heterosurfaces, the phase buried in crystal matrix, various inclusions
in minerals, active zone of reactor, high temperature and acid volumes
and many others).

We are presenting our experimental material and discussing two
different themes concerning semiconductor surfaces we have studied
by laser Raman spectroscopy.
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1. RESONANCE RAMAN-SPECTROSCOPY OF MIXED
SEMICONDUCTORS GAxALxP AND ESTIMATION OF
FILMS’ THICKNESS

The mixed Ga,Al,.,P crystal is an interesting material though less
studied for semiconductor electronics. Particular interest in this
material is caused by the fact that because of its wide band-gap it
could be used for making light-emitting devices in visible region of
spectrum. For example,
were made on its ground [1]. Optical properties of lh|s compound
have been less studied while Crystal lattice vibrational dynamics is
discussed in works [2-5].

With Raman-spectroscopy we routinely study semiconductors
modified by ion implantation, especially complex semiconductors

by ion we receive standards
for i i ion of ion i films and their
qu&mmmve estimation as the result of Raman scattering studies of the
same semiconductors synthesized by ordinary chemical methods, for
example, by liquid phase epitaxy.

The above-mentioned work serves just the purpose. On the other
hand, identification of phonons in Ga,Al,.P and studies of mode
structure of this compound is needed for interpretation of Raman-
spectra of quaternary (AlGaj..)osIno sP, a necessary semiconductor at
present. This is connected to the fact that this compound consists of
components Ga,Al;P and Ga,In;.,P. The above mentioned quaternary
semiconductor grown epitaxially on GaAs substrate is widely used
nowadays in the visible region of spectrum for producing light-
emitting microelectronic devices, as it has wide forbidden zone.

In the present work Raman scattering has been studied in a lot of
- and p-type Ga,Al,P epitaxial films. We studied undoped films as
well. The mentioned films were grown by liquid-phase epitaxy on
GaP substrates with (001) orientation. The film thickness was in the
range of 5-18 mmk.

The Raman-spectra were recorded on the home-made laser
Raman-spectrometer  constructed on  the base of double
monochromator DFC-24. Argon laser emission of 514.5, 488.0, 457.9
nm and excitation source helium-cadmium laser emission of 441.6 nm
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wavelengths respectively served as excitation source. The Raman
system experimental equipment is described in details in [6].

Fig.1 shows R pectra for GaosAlo P ition when
exciting by various wavelengths of laser. It is clear from the picture
that when we use short waves to get spectrum, the intensity of LO
phonon of GaP substrate at 402 cm™ diminishes gradually and when
carrying out excitation with helium-cadmium laser radiation with
441.6 nm wavelength, the peak characterizing LO phonon vanishes at
all. Simultaneously increases the intensity of LO phonon at 487 cm™!,
which characterizes vibration of a sublattice similar to AIP in
GagsAl;P system. Thus, with shortening the exciting laser’s
wavelength, manifestation of interfering spectrum of substrate
gradually decreases, and in boundary conditions we are absolutely free
from it.

457.9 nm 441.6 nm

488.0 nm 51450m

500 450 400 350 500 450 400 350
em’

Fig.1.Raman spectra for GagsAly;P excited with various
wavelengths of the laser.
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Fig.2 shows the dependence of ratio of LO phonons intensities'at
487 om™ and 402 cmr! frequencies respectively upon energy of
exciting photons.

Lig7 /o2

0 1 Ll
26 32
Ey(eV)

Fig 2. Dependence of ratio of intensity of LO phonon at frequency
487 cm to intensity of LO phonon 402 cm!

The direct band-gap Eq of system Gag3Al,P is 3.5 eV [7]. Fig.2
shows that when the exciting quantum energy approaches to the
amount of direct band of Gag3Aly;P, weak resonance is observed. The
mentioned does not give completely the picture of resonance Raman-
scattering because exciting quanta energies are sufficiently far from
direct band width. We shall have the complete picture if we are able to
use laser shorter wavelengths for excitation. Besides it would be more
correct if we take the ratio of LOsg to phonon vibration intensity of
standard crystal CaF;.

186



The fact that we study the system-GaP substrate with Gay
film-by various wavelength of laser emission, gives us the possi
to estimate epitaxial layers' rough thickness by Raman-spectroscopy.

According to [8] Raman-scattering intensity

1= (ILR2a)(1-exp2ad), ()

where Iy is intensity of impinged radiation, Ro - scattering cross-
section, a - absorption coefficient, d - film thickness.

If we assume that the film Ga,Al,P is grown on GaP substrate
with steep front, then it is possible to assume, that the scattering
intensity equals to substrate and film Raman scattering intensities sum.

Trotat =1y + Loubss XP(-20/d) @
Iy =UoRy 120, )[1 - exp(-2a,d)] 10)
Lsubse = UoRsupsir | 20upsrr ) exP(=20 ) @

If we take the ratio of intensities, it would be possible to calculate
the film thickness.

Lsubstr/L 1 = (Reussur@ /R 1 Gsupy Nexp(-2ad)/[1 - exp(-2a;d)] - (5)

By above mentioned method we estimated the thickness of
Gag:Alg;P composition film thickness and got d = 12.5 mmk. The
same film thickness measured by ordinary microscopic method gives
d =12 mmk. In this case comparatively thick epitaxial film has been
estimated. In a same manner may be estimated much thinner films, for
instance, nano dimensional films formed by ion implantation, only if
corresponding conditions are selected.

Scanning of focal point on the surface of the film under
investigation was carried out after sharp focusing of laser beam.
Raman spectra were fixed from all points, afterwards there were
compared spectral lines intensities, halfwidths. This enabled to
estimate films’ quality along the surface, their homogeneity.
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Fig3 shows graphs plotted after recording Raman spectra of
epitaxial films of different composition. They show dependence of
vibration frequency of LO phonons of GaP- and AlIP-like sublattices
upon films’ compositions. According to these graphs the system
Gay_,Al,Pis attributed to two-mode behavior crystals. By means of
these calibration curves the itions of imensional films
GayALP synthesized by us with two different doses (2.8:10' and
2.5-10"7 ion/em?) of ion implantation, have been defined. It turned out
that x, = 0.12 when implanting with 2.8-10'Al ion/em’ and the
concentration of synthesized ternary compound x, = 0.24 at dosage of
2.5-10"7 Al fon/em?®.
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Fig.3. Dependence of the frequency of LO phonons on the
ccomposition..



2. MONITORING OF SEMICONDUCTORS GaAs AND GaP
MODIFIED BY ION IMPLANTATION

Accelerated ions’ penctration depth in substrates at ion
implantation is determined by their cnergics, masses, charge values
and substrate parameters. Implantation of substrates GaAs and AlP
was carried out by means of charged ions of Ar, B, N, O, As, P, AL
These ions’ energies varied in various cases and substrates formed by
ions with 40, 60, 70, 100, 110 keV energies were mainly investigated.
We had also substrates doped with so-called “distributed dose”. In this
case in the same substrate the implantation of the same ion with
certain dose occurred, energies being changed in the great range. In
these cases ion distribution function in substrates sharply differs from
distribution function formed at implantation by energy with the same
value. As a rule, in this case the layer buried in substrate is thicker,
near surface and spreads at comparatively longer distance. It should be
noted, that this is not a rule, but depends on choice of energy
distribution function. It should be added, that ion implantation
technique in semiconductor microelectronics is attractive just because,
unlike chemical technologies, it is possible to vary strictly at request
and control fo a high accuracy all the parameters of substrate
modification. Thus, it is possible to obtain layers of certain thickness
and expansion with implantation encrgy change. On conducting our
experiments implantation was carried out at substrate temperatures
being about room temperatures, 400° and 450° C.

With the aid of laser spectroscopy one can carry out sounding of
the modified substrate in the depth as well as in any surface direction.
Such spatial dispersion is possible only in case of being at
experimenter’s disposal exciting lasers with a wide variety of
wavelengths. In lhal case subslmtc skin-layer of laser radiation is

to of the substrate and to
modified-layer; if skin-layer is equal to or smaller than the modified-
layer, only then occurs sounding of the modified layer and the
experimental results show only the layer characteristics. Another
approach is also possible: to alter ion implantation energies at fixed
Raman spectra exciting wavelengths to obtain modified layers of
various thicknesses. The both means are at our disposal; only the
second variant will be discussed in the present work.
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To receive amorphous films we were dealing with ion
implantation of monocrystalline GaP and GaAs targets by Ar, B, N,
P, Al, As ions. The target surfaces were of two kinds: (111) and
(001) orientations. lon cnergies varied from 40 to 110 keV and
because of this we dealt with amorphous films of various
thickness in different depths from the crystalline surface.
Implantation was fulfilled with different doses at room tremperature
as well as at high 400° and 450° C temperatures. For Raman-spectra
recording de R on the
basis of double monochromator DFS-12 was used. Argon' laser
emission wavelengths 514.5 nm, 448.0 nm, 457.9 nm and Helium-
Cadmiumn laser emission wavelength 441.6 nm were used for spectra
exciting, The mentioned emission wavelengths were chosen so that we
should be able to conduct probing in different depths of target
surfaces implanted with various energics.

As is known at Raman scattering in crystal compounds optical
phonon is absorbed or illuminated at about k = 0. When crystal
structure is crushed and because of disappearing far order, the
periodicity is lost, then k = 0 selection rule loses its sense and in the
first order Raman scattering phonons with big k are participating. Such
state is originated in amorphous semiconductors, when all vibrational
modes are allowed and take part in Raman scattering process. Thus,
we conclude that in amorphous semiconductors the first order Raman
spectra reflect the general form of distribution of one-phonon density
vibrational state. Vibrational state density of amorphous compounds
in the first approximation seems to express the extended variant of the
proper crystal lattice vibrational state density and A’B’- group
semiconductor Raman spectra as well as IV group have the whole
spectrum characteristic structure rather than the narrow bands, which
correspond to the zero wave vector phonons which are active in
Raman scattering.

Crystalline GaP and GaAs are of cubic symmetry with point group
symmetry 7. Therefore, on the basis of the group theory analyses
according to the selection rules, when exciting (001) surface by laser
emission, in Raman spectrum only LO phonon is observed, as for the
(111) surface, here both LO and TO phonons are observed. For GaP
L0=402 cm’, TO = 365 cm; for GaAs LO =290 cm?, TO=268 cm.
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Fig.4 shows Raman-spectrum, which reflects the picture created
by phosphorous ion implantation in GaAs. The implantation occured
at the room temperature the implantation dosage being 10'7 ion/cm’.
Two wide bands at about 275 cm™ and 375 cm™ proximity are
distinctly seen in the Raman-spectrum. These bands are sharply
shifted from o-GaAs and &-GaP characteristic spectra. Their ion
syntheses and identification by Raman has been done in our work [9].
Thus the R pectra in Figd izes a new a-
GaPAs, where the band at about 275 cm™ corresponds to Ga-As pair
vibration; the band at about 375 cm™ shows Ga-P pair vibration.
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Fig.4. Raman-spectra of a-GaAsP ized by ion i

at room temperature.

During the high temperature (400°C) synthesis, amorphous
ternary compound a-GaPAs is obtained; however because of its
characteristic spectral bands being slightly narrower and more
intensive, we can conclude that in this case radiation defects are
probably smaller. That is shown in Fig.5.

When implanting GaP with 70 keV. energetic arsenicum ion
with 107 jon/em? dose, identification of ternary compound GaPAs
had not been managed, neither terary compound GaPN had
been identified when implanting nytrogen ion in GaP with 10"
ion/cm?* dose. That can be explained by energetically adverse
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ditions for these to be ized according the
mentioned scheme. Though in the latest period, works, in which
ternary compounds GaPN and GaAsN has been synthesized by
nitrogen ion implantation in GaP and GaAs and identified, appear
[10,11]
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Fig.5. Raman-spectra of a-GaAsP synthesized by ion
implantation at 400° C.

To synthesize GaPAIl in (001) and (111) oriented GaP we
introduced aluminum ions by ion implantation with doses
2.810'%, 2.5-10” ion/em® with 100 and 110 keV energies
respectively. Implantation was carried out at 400° C. Ion implantation
was carried out also by 60 keV. energy aluminum ions with 8.7:10'¢
ion/em’ dose at 450°C.

In all three cases at the GaP surface single-phase ternary
compound GaAlP is formed in the amorphous state. The mentioned
are proved by two wide spectral bands in RS: one in the 450 cm
region which corresponds to Al-P pair vibration and the second, which
is in the 400350 cm™ region and reflects the Ga-P' pair vibration.
That is shown in Fig.6 and Fig.7 respectively.

Fig.6 shows Raman spectra of ai-AIGaP, when it is synthesized by
bombardment GaP substrate with comparatively high-energy, 100
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KeV, aluminum ions. Fig.7 shows the characteristic spectrum of ‘o~
AIGaP; it was fixed when bombarding GaP substrate with low-energy,
60 KeV, aluminum ions. The spectra presented in Figs.4, 5, 6, 7 have
been recorded with the same wavelength 514.5 nm excitation. When
implanting GaAs with phosphorus, the ion path with its correction
does not exceed 100 nm. That is, the synthesized amorphous a-GaAsP
is of the same order. At wavelength of 514.5 nm the skin-layer of
GaAs, calculated by absorption coefficient is about 100 nm, whereas
for synthesized amorphous layer the absorption coefficient increases
still more. So, in that case only nanodimensional amorphous layer is
being studied with 514.4nm excitation; therefore only the
characteristic layer of amorphous layer without substrate spectrum is
manifested in Raman spectrum. The same situation is in Fig.5 and 6.
In this case too the picture of monitoring shows only conditions of
synthesized layers. It is interesting to analyze the spectra presented in
Fig.6 and 7, showing amorphous layers formed by implanting with
100 and 60 KeV aluminum ions in GaP respectively. At implantation
with 100 KeV aluminum ions in GaP ion path is about 500 nm, and at
implantation with 60 KeV, about 300 nm. At 514.5 nm wavelength
absorption coefficient is lower for GaP and the skin-layer for this
wavelength is almost 20 mmk. Synthesizing of -AlGaP causes sharp
increase of absorption coefficient. At implantation with aluminum
ions of 100 KeV the production of absorption coefficient, a, by
thickness of amorphous layer d, that is, ad, is of such a size that
radiation of 514.5 nm is being entirely absorbed in amorphous layer.
Because of this the Raman spectrum is only characteristic of layer as
is shown in Fig.6. At implantation with 60 KeV aluminum ad is not of
such magnitude to absorb radiation 514.5 nm entirely; it passes
through the substrate and stimulates its excitation. As a result, in
Raman spectrum both, two wide bands, characteristics of a-AlGaP
and a narrow band of LO phonon of substrare GaP, are fixed
simultaneously. These are shown in Fig.7. In this case the narrow
band of LO phonon is a very good reference point for measuring
precisely the frequency shift as well as for estimating thickness of
amorphous layer.

In that way, resonance Raman scattering of ternary mixed crystal
AIGaP synthesized by liquid-phase epitaxy has been studied. That
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enables to study fundamental physical properties of thin layers and
estimate their thickness. Besides, laser Raman-assisted qualitative and
quantitative analyses of imensional layers of GaAs and GaP
monocrystal substrates modified by ion implantation have been made.
It has been found, that the mentioned nanolayers correspond to
amorphous ternary compounds GaAsP and AlGaP.
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Fig.6. Raman spectra of o-AlGaP synthesized by ion implantation
at 400° C and at energy of implantation, E = 100 KeV.
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Fig,7. Raman spectra of -AlGaP synthesized by ion implantation at
450° C and at energy of implantation, E = 60 KeV.
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LASER RAMAN SPECTROSCOPY STUDIES OF FREE
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SPECTRUM IN GAP
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ABSTRACT. In the present work free carriers’ interaction
with phonons both with volume and surface excitation has been
investigated. Having studied the regularity of plasmon-phonon
interaction in GaP, effect of electric field, induced by surface
space charge, on phonon spectrum has been revealed. At volume
excitation LO phonon’s halfwidth is being widen in GaP
according to a certain rule as a result of increase of free carriers
and the mentioned widening is far distinctly expressed in p-GaP.
After surface excitation it was found that on shortening of
wavelength of exciting laser LO phonon halfwidth sharply
decreases with increase of free carrier’s concentration. Such an
effect was fixed from (001) surface of GaP. In the process of
investigation of (110) surface it has been found that at small
concentration of electrons forbidden LO phonon is still observed
from (110) surface with sufficient intensity. With increase of
electron concentration LO phonon intensity increases
pronouncedly and its intensity prevails over intensity of TO
phonon. After covering surface (110) of GaP with semitransparent
metal film of aluminum intensity of LO phonon increases still
more. The observed experimental results we have explained in
terms of formation of electron depletion surface layer due to
electric field induced by space charge.

When impurities in GaP are in abundance to form free carriers,
then interaction between longitudinal optical LO phonons and electric
field generated by charge density fluctuation of free carriers takes
place. As a result of this interaction a bound state of two elemental
excited particles, LO phonon and plasmon, is formed.
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Free carriers in semiconductors display plasma properties with
characteristic plasma frequency:

4zNe’ W

£om’

Where N is charge carriers’ concentration, e-electron charge, &,,-
dielectric permittivity of high-frequency and m” - charge carriers’
effective mass. Plasma vibration is a longitudinal wave of charge
density. Perturbation caused by this wave, forms electric field
interacting with electric field of polar vibrations of crystal lattice in
polar semiconductors. Thus, as a result of interaction of longitudinal
optical mode LO with plasma vibration, the bound plasmon-phonon
vibrations are produced (which include common ion and electron
motions) with a new, different frequency.

If damping of plasma vibration is ignored, the solution of equation
for plasmon-phonon modes” frequencies will be as follows:

(@0 = 12(0" + o) 2 A0’ + 7)) - dor'my]” Q)

Experimentally observed plasmon frequencies @, and @ (@, >
@9, @ < 0rp) are in good agreement with theoretical expression

When studying plasmons and polar phonons interaction both
conductivity type (n or p) and energy-band structure should be taken
into consideration.

On recording and study of characteristic sspec!mm of plasmon-
phonon interaction of other semicoductors of A’B’ type, for instance,
GaAs, the spectrum shows frequency peaks of LO and TO phonons
and simultaneously frequency peaks, v, and v_, respectively, of
plasmon-phonon interaction of high and low frequency branches, four
peaks altogether.

Plasmon-phonon mode frequency v, is closely approximated to
LO phonon frequency, vy, over the range of possible doping by
impurities of GaP (~ 1016:10° electron cm?). In such a case only
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three peaks of v_, vro, v, are seen in Raman scattering spectrum:
With doping order increase (free carriers’ number increases) plasmon-
phonon peaks’ frequencies arc displaced towards high frequencies and
broadened. For finite value v, >0 (undoped gallium phosphide),

v, v, and spectral band half-width of high frequency branch of
plasmon-phonon mode approximates to the half-width of optical
phonon band, T, T ,. Spectral bands corresponding to low
frequency branch has not been detected yet in GaP, probably, because
of their too low intensity or due to other physical difficulties.

Plasmon-phonon interaction in GaP has been studied in some
papers [1-4]. In all of these papers free carriers interaction with polar
phonons has been studied by 632.8 nm wavelength excitation of
helium-neon laser. This is equivalent to volume excitation of GaP,
when surface and resonant effects do not affect plasmon-phonon
interaction.

The purpose of the present paper is to study plasmon-phonon
interaction in n- and p-type GaP by 632.8 nm volume excitation as
well as plasmon-phonon interaction from near-to-surface layers.
Toward this end besides 632.8 nm wavelength of helium-neon laser
the following wavelengths of argon, krypton and helium-cadmium
lasers nave been used to excite Raman spectra: 5682; 514.5; 488.0;
47655; 457.9; 4416 nm. The spectra had been analyzed on lab-type
laser Raman spectrometer constructed on basis of double
monochromator DFS-24 described in [5].

Gallium-phosphide with electron ion as well as with hole
conduction has been studied. At the same time Raman spectra of high-
resistance semi-insulating GaP have been recorded too. One category
of n-GaP monocrystals was doped with sulphur, electron
concentration being 2:10' cm?, the second one was doped with
tellurium, electron concentration being 2.2:10'® cm?, the third
category of monocrystals was undoped specially, it was of n-type with
electron concentration in it not exceeding 10'® cm™. A monocrystal of
p-GaP was doped with Zn, the hole concentration being 5:10'* cm™. A
compensated monocrystal of GaP, semiinsulating, with conductivity
10'-10" ohmxem and electron concentration not exceeding 10'‘cm™
has been also studied. The monocrystal’s surfaces were of (001) and
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(111) orientations. All the measurements were made at room
temperature.

As is well known, GaP is an indirect band gap semiconductor with
zinc blend structure. The value of its minimum indirect band gap is
2.26 ¢V and that of the first direct band gap is 2.79 eV at room

the skin-layer i to the
abovementioned exciting wavelengths has different values. Therefore,
for wavelengths 632.8 and 568.2 nm GaP is transparent and volume
excitation takes place. Through other wavelengths surface layers’
(having different thicknesses) monitoring takes place. Besides, for the
shortest waves resonance Raman scattering (RRS) takes place as we
have shown in

Fig.1 shows anan spectra of GaP for two different quantities of
free carriers. The first crystal is compensated with chromium, semi-
insulating, with electron concentration not exceeding 10 '* cm™. The
second is of hole conduction, doped with zinc impurities, with hole
concentration equal to 6.9-10 '* cm™. In both cases Raman scattering
spectra were excited by helium-neon gaseous laser emission 7, =
632.8 nm. Such an experimental situation enables one to carry out
analysis of scattered light from the whole volume rather than from
small surface skin-layer.

The spectra in Fig.1 show clearly that in p-type semiconductor
with the hole concentration increase, spectral band halfwidth
characterizing LO optical phonon increases distinctly becoming T, =
10.5 cm. At the same time this peak is shifted towards high
frequencies for about 3em’ (Fig.1b) from LO optical phonon
(characterizing a high-resistance crystal) peak frequency at 402 cm’'
(Fig.1a). The mentioned peak is identified, as mentioned in theoretical
part of the paper, as plasmon-phonon interaction peak of high-
frequency branch. In this case free heavy holes produce plasmon
vibrations.

Raman scattering spectra of n-GaP doped with donor-type
impurities, sulfur in the first case and tellurium in the second, recorded
for 4= 488.0 nm (2.54 €V) excitation of ion laser emission have
been studied. The electron concentration was 2:10'” cm™ in S-doped
samples and 2.2:10'* cm™ in Te-doped ones. For the purpose of

ison the spectrum of semi-insulating GaP has been also
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Fig.1. Raman spectra of high-resistance GaP (1a) and GaP with
691018 cm™ concentration of holes (Ib); excitation 632.8 nm.

recorded with electron concentration not exceeding 10" cm?. The
spectra show LO phonon halfiidth increase with electron

increase. Peak di also takes place though by
far less amount than in case of Zn-doping. Peak broadening also is far
less than in case of Zn-doping. In this case Raman scattering cannot be
considered as volume excitation. The skin-layer is about 15 mmk and
therefore it is more reasonable to speak of scattering characterizing
near-to-surface layer. Besides, as shown in [6], at excitation with the
energy mentioned above, RRS, occurring with direct band gap
mechanism, is started. Raman spectra for the same samples have
been recorded also in conditions of volume excitation with 632.8 nm
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(1.98 V) and 5682 nm (2.18 ¢V) wavelengths. In all threc cascs
plasmon-phonon interaction picture (small shift of LO phonon’s peak
frequency and halfiwidth’s broadening) is invariable; LO_phonon
halfwidth for semi-insulating GaP is 1.8 cm, whercas for n-GaP with
electron concentration 2.2-10"* o™ halfwidth is 3.8 cm”

Fig.2 shows Raman spectra of p-GaP excited by krypton laser
wavelength A, =568.2 nm (2.18 ¢V), argon laser emission 4, = 457.9
nm (2708 €V) and helium-cadmium lascr wavelength 4, = 441.6 nm
(2.808 eV). Spectra excited with other wavelengths are not shown in
the above figure.
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Fig.2. Raman spectra of Zn-doped (p=6.9-10'* cm®) GaP; excitation:
a-5682, b-4579, c-4416 nm.



The aforecited experimental spectra show that the halfwidth of
plasmon-phonon interaction peak of high frequency positive branch
has narrowed by shortening of exciting laser wavelength, i.c. by high
energy laser quanta excitation. We were the first to reveal the
mentioned effect in GaP [7).

Fig.3 shows a graph plotted on the ground of the above
experimental data. It shows clearly the cffect we, the first, have
revealed in GaP, namely, sharp decrease of halfwidth of LO phonon
permitted by Raman  scattering selection rule proportionally to
exciting laser wavelength shortening. This effect is expressed
especially distinctly in p-GaP being enhanced near the first forbidden
band E, at RRS. We think the mentioned effect to be bound up with
clectron depletion layer formed by surface clectric field induced by
surface space electric charge. To prove the consideration, peculiarities
of clectric field induced Raman scattering (EFIRS) in GaP have been
studied. Tt should be noted that surface electric fields’ effect on Raman
sc'\tlcrn\g has been widely studied almost for all semiconductors of

B’ type, especially for GaAs. Exception is only GaP; the reason of
u lics in surface peculiaritics of GaP.

o
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Fig.3. Dependence of LO phonon halfwidth upon exciting laser
wavelengths.
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Generally at a semiconductor crystal surface always exists intérnial
electric field, which is the result of space charge layer at the surface.
One can consider charge carrier depletion layer in the frame of
Schottky barrier model. In this approximation interrelation between
surface electric field E,, Schottky barrier’s height ®, and
concentration of current curriers N is determined by the formula

Eg=2.

2
27-®p N
(—s ] > ®

where & is static dielectric susceptibilty of semiconductor. In contrast
to a dielectric, when it is placed in external electric field, the electric
field in semiconductor depletion layer is not constant through the
overall width Z, of depletion layer, which is expressed as

/2
_?ﬂ] 2 @
N

sEg

Z4

and the surface charge is

Osc =

)

Potentials and electric fields in depletion layer in case of fixed
barrier height ®p and two different concentration carriers N has been
computed for GaAs. The electric field turned to be maximum at
surface and falls linearly in the depletion layer width Z,. Hence,
EFIRS study is actually for opaque semiconductors, ic. when light

lepth in is less than or equal
to depletion layer thickness.

In the next experiment we used monocrystal of #-GaP with (110)
orientation and two different electron concentrations 10'° and 5-10"";
we used 441.6 nm wavelength to excite Raman-spectra and recorded

pectra of these at room (Fig4).
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Fig4. Raman spectrum from (110) surface ofGaP at441.6 nm
excitation: a—n=10"cm™; b-5:10"7 cm?; ¢-4:10' om™

It is seen from the spectra that the forbidden LO phonon is of
wcak intensity at low concentration of electrons in semiconductor
(10") and is far less in comparison with TO phonon (Fig.4a). When
electron concemrauon mcrcascs in semiconductor (sample with
electron 0, its R P shows clearly that
the forbidden LO phonon intensity increases sharply (Fig.4b).

Thus, in resonance conditions, when exciting (110) electron-doped
surface of GaP, LO phonon forbidden by law of symmetry is observed
in Raman spectrum and its intensity increases with electron
concentration increase.

Quite different picture is observed when recording Raman-spectra
of a p-type GaP at 441.6 nm excitation. In this case, when hole
concentration is 4-10'® cm?, the forbidden LO phonon intensity in
Raman-spectra recorded from (110) surface is far weaker, than in case
of n-type GaP, when electron concentration is 10'® cm™. That is shown
in Fig.4c.
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Raman-spectra of metallized (110) surface look very interesting:
First we recorded RS-spectrum from that part of surface, which was
not covered with metal and served as a standard. Recording was made
in resonance condition. The forbidden LO phonon at 402cm™ and
permitted TO phonon at 367cm™ appeared in Raman-spectra with
ratio of intensities just registered in abovementioned exPerimcms,
when concentration of electrons in bulk crystal was 10'°cm™ (Fig.5a).
Then Raman-spectra from the second, metallized part of the (110)
surface clearly showed even greater increase of the forbidden LO
phonon intensity (Fig.5b).
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Fig.5. Raman spectrum from (110) surface of GaP at 441.6 nm
excitation and free carrier concentration 10 cm”: a-
without aluminum covering; b-with aluminum covering

Thus the experiments we first have carried out for GaP to study
surface field effect on the mentioned crystal Raman-spectra, give
experimental results as follows: Raman-spectra from (110) surface of
n-type GaP hardly show the forbidden LO phonon when electron
concentration is equal to 10'%em?; the intensity of the forbidden
phonon increases sharply when electron concentration in bulk crystal
increases and becomes 5-10'7cm™; This intensity increases more when
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we cover this surface with semitransparent aluminum layer; in case of
a p-type GaP when hole concentration is 4-10'%, the intensity of
forbidden LO phonon is very small. In all cases the intensity of TO
phonon permitted by selection rules is constant; the mentioned effects
become apparent clearly only at resonance Raman scattering.

In doped semiconductors the concentration of current carriers at
surface generally differs sharply from a bulk concentration, which is
caused by existence of surface space charge layers. The structure of
these layers is determined by the Fermy level state at surface, while
the Fermy level itself depends upon density and character of surface
states. In that way, the natural layer of space charge expresses
properties of surface. For example, in case of surface of GaAs
polished in air, Fermi level is pinned in the middle of forbidden gap.
Because of this the surface of GaAs both n-type and p-type is
depleted. At the same time it is proved that there are no eigen surface
states on (110) surface of very pure GaAs, polished or cleaved in high
vacuum, which will be arranged in bulk forbidden gap. Band bending
is not formed on such surfaces and accordingly there is no pinning of
Fermi level at all.

Among A’B® group semiconductors GaP is the only one, surface
levels of which may be exist in conditions of high vacuum. Therefore
it is rather difficult to interpret EFIRS theoretically for the mentioned
semiconductor, but it is necessary to accumulate certain experimental
data.

Skin-layer is about 500 nm for 441.6 nm wavelength in GaP.
Schottky barrier width in A’B® semiconductors changes from about
2000A to 150A when current carriers concentration changes from 10
to 510" accordingly. So, during all of our experiments light
penetration distance is much more than depletion layer thickness. The
fact has not been found in any EFIRS experiments yet. Our
measurements for indirect gap GaP were made in resonance
conditions at direct E; gap. In such conditions absorption factor a at
441.6 nm is 2000 cm™ and skin-layer accordingly is large. Le. in fact
we are registering resonance Raman-spectra from two layers, one of
which is wide, about 500 nm, but LO phonon is forbidden from this
layer and there will be no signal. As to the second layer, the width of
which is defined from (4) and is various according to carrier
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concemrallon but not exceeds a few huudred Angstroems, resonance

are constantly forbidden LO phonons of
gteat intensity. Therefore, on the base of abovementioned
experimental facts we connect this phonon induction mainly with
surface electric field. Sharp increase of forbidden LO phonon intensity
from GaP (110) surface covered with aluminum layer speaks in favor
of this mechanism.

So, in conditions of Resonance Raman scattering the peculiarities
of plasmon-phonon interaction have been studied in GaP. Absolutely
new two experimental facts have been fixed for GaP after studying
free carriers’ influence on GaP phonon spectrum with surface
excitation, especially in conditions of resonance Raman scattering: a)
above mentioned is manifestation of allowed LO phonon of Raman
scattering, non-interacting with free carriers from depletion layer of
(001) surface of p-GaP; b) discovering of forbidden LO phonon of
Raman scattering in resonance conditions from (110) surface of n-GaP
induced by surface electric field of surface space charge.
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ABSTRACT. In accordance with the solution of Schridinger
equation for three-particle system with inverse square distance
dependent pair potential the bound state is not realized at all i.e.
the ground state emergy equals to -co, which is physicaly
meaningless. The reason of this fact is that the potential is
critically singular.

The article studies how to solve Schridinger equation for three
particle system of inverse square distance dependent pair
potential by modified hyphersperical runmnn method (MHFM)
that gives cor linger equation
and at the same time includes the similar lo the Coulomb potential
and critically singular potential. The solution of the Schrédinger
equation, which includes this kind potential with corresponding
boundary conditions is given in any quantum mechanical book.
This solution has been given exact physical results and shown
that, in the first approximation binding energy of the system
changes monotonically by global quantum number.

However, as we remarked above, in this case similar to the
Coulomb potential appeared in Schridinger equation. So the
result does not correspond to the initially studied system (only to
the inverse square distance dependent pair potential for three
particle system).

1 INTRODUCTION

A number of physical phenomena can be described by singular
potentials [1-9], and especially interesting among them is the inverse
square distance dependent pair potential (critical singular potential),
because it can be used as independently as with the other power
singular potentials [10-14] in different areas of physics.
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Schrédinger equation for two particle system with such potential
has been studied in ref. [15,16].

Solution of Schrodinger equation with critically singular potential
can be achieved by renumbering method, which initially had been
formed by Wilson [17], when he carried out calculation by the
quantum field theory and the renumbering the inverse square potential
has become the parameter cutoff. This parameter cutoff used to
inverse square potential has got not only physical result [16,18] but
also possibility to explain the break of quantum anomaly and its
experimental results [19] (where was observed interaction between
dipole and electron.). In spite of that the inverse square potential
system was limited: 1) by two particle systems in ND space, when N >
1; 2) by three and multi-particle systems in 1D space.

So the igation of three icl as
critical singular potential and with its other power singular potentials
in 2D and 3D spaces will extend knowledge and it will be more
precise definition about this potential and also will extend the sphere
of use of this potential.

2 FORMULATION OF THE PROBLEM

We considered the potential of inverse square distance dependence
(critical singular potential):

V()=a-r?. 1)

‘The radial parts of Schrédinger equation with two-particle system
(1) is as following:

R4ZR+ZR4IPR=0, ©
i s

where R s a radial part of a wave function:
1-22_qe)
3



and if V(r) ~1/r was in whole space, then bound state was not
realized in case of - 2<V/4 at all. And when A>V4, a particle “falls
into the center” (ground state energy equals to <o) and so it is
physically meaningless (15,16].

In ref. [20,21] three particle system has been studied with pair of
interaction of the same expression (1) between particles.
Hypersperical function method has been used [22]. However, after
using this method we obtained system of the coupled differential
cquations. Let us consider one equation from this system for the
hyperradial wave function in 2D [20] and it is expressed as follows:

& 30 K(K+2) 2p
|22 1,2, 2EXD ()= Te2k(0)s G
o ]:1 0 2 ( 7 Xk (P) )

where K - s the particles hypermoment.

2u
E
hl

if define 2 as follows:

2u
=K (K +2)=27 I

(3) and (2) are analogous. If V(r) ~1/* is in the whole space then
bound state is not realized in case of A<l atall. And when A>1 then
a particle “falls into the center” (ground state energy equals ) and so
it is physically meaningless.

From [21] paper it is clear that after using this method only in the
first approximation from infinitely continued equation system for the
hyperradial wave function in 3D is as follows:

P58 K(K +4) 2
[37 pg{l”—p,— x0)= 12T @), @)




if we define A as follows:

=K (K +4)- “JK

(4) and (2) are analogous. But if V() ~ 1/ was in the whole space
then bound state was not realized in case of A<4 at all. And when %>
4 then a particle “falls into the center” (ground state energy equal to -
) and so it is physically meaningless.
So despite existence of solutions of (3) and (4) equations
t

the solution of Schrd equation o
two-particle systems we have got for them an unbound system or
physically meaningless results.

So the problem solution by Schrodinger equation for three-particle
system which contains (1) potential where the non-model approach
can be used must be very interesting.

It has been investigated three particle system with the same
potential using of modified hypersperical function method [4-6] (sce
chapter 3) that gives Schrodinger equation with corresponding
Hamiltonian including the same Coulomb potential. So as a result of
using MHFM on three-particle system in 2D space with first
approximation the following equation was obtained:

2 r
6_1+[3_,,,;]3+M+
o* \p op P

+(x? +W') 2"——’“’( st )t Jw(p) 0 ()

(all quantity is given in chapter 3).

From (5) it is clearly seen that it includes the same Coulomb
potential (the third component in the bracket).

Analogyically MHFM on three particle system in 3D space was
used and as a result we have got:
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P» P

+(x? +W)_%‘ﬂ’%wl]w(p)=o ®)

(all quantities in cquation have been explained in chapter 3).
Iso from (6), it is clearly seen that it includes the same Coulomb
potential (the third component in the bracket).

Corresponding to boundary conditions solution of Schrédinger
cquation with Coulomb potential is given in any quantum mechanical
book. Solutions of (5) and (6) equations are given in [20.21].

The solution had taken into account asymptote behavior of
solution. In particular, when p — 0 the solution has been found with.
S S

12
2 +l:(K +2)? -%‘J,,] in 3D space; @
g

e
c=-1+[(1<+1)"h—‘:10] in 2D space. ®

Here and later on (for (18) and (19) the same expressions are being
obtained) it should be taken into account that interaction constants in
three particle system is negative when a; < 0, (calculation of Jo in 2D
and 3D spaces given in [20,21]). As seen from appendix, Jo was
negative for any negative value of a; Though in (7) and (8) equations
the expression under root will be positive for any negative values of
a, The expressions of bound state energy of system was as following:
in 2D space

2 [ (12w + 4wy —wi3+20-20) ) -

and in 3D space
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:7I‘17|:(I2W4 4 W,(Zo—+5—3N)) w +4wg] o
& 20+5-N

The solution obtained from (9) and (10) by Schrodinger cquation,
in first approximation, has shown that binding enrgy of the system
changes monotonically according to global quantum number.

Although bound state energies of threc-particle system obtaincd
using MHFM are finite and not meaningless, the question is how real
they are.

3 PROBLEM SOLUTION

The main idea of the modified hypersperical function method
(MHFM) [4-6] is that the wave function is ‘¥ presented as the product
of two functions, where the first is the main hyperspherical function
and the second is the “correlation function” - ¢ =exp(f) that defincd
by singularity and clustering properties of the wave function and it is
equal to: &

f==2n, an

where 7, is a distance between the particles and 7, is determined

according to physical considerations. Considering relation between the
three different sets of the given in [22] Jacob’s coordinates, (1) could
be rewriten as following:

5
117 =p(G 05+ G; sina), )

Gy =11 +72¢05(bz3 +$31) =73 05315

Gy =1, 5in($53 +¢51) ~ 13 5in s - a3
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23, &3~ angles were defined by [22]. Taking into account the above
and simple we obtained Schrédinger equation in 2D
space (5). where

2146 .

Wi=(G1=Ga) =5 We =GL+G2

w; =w; +21J6(0,25G, +G,) (14)

and in 3D space (6), where

Wz':(GrGI)-%; We =G2+G2;
4 3 @
=G| 2-2E|-22G,. 15
‘(15 s) 105 2 (L)

As we alrcady have denoted, application of hyperspherical
function modified method for three particle-system carried out with
(1) type pair interaction (as it is given in previous chapter for 2D and
3D spaces) gives Schrodinger equations that are similar with effective
Hamilton potentials including the potential similar to Coulomb’s
potential

[23] was regards in 3D space with pair interaction:

(%J]. )

A

‘This equation can be exactly solved by Schrodinger cquation without
MHEM.

Without MHFM, bound energy in 2D and 3D space is obtained
analytically: -

AR

= 1
2m (ZN + ZL) < 17
where
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x:%h [(K+17+# ;  (n2D space);

A=2e K27+, (03D space)

N = (A+WI(2x); V. and W are the values of the calculating results the
similar of the Coulomb potential and the square inverse potential
related with an angular (arc) integral.

Using MHFM for (16) potential the Schrodinger equation of three
particles_system with pair interaction between particles has been
obtained in 2D space

Sl

(x +W

)2pK(K+Zz)+Jn]W(p) .

and in 3D space [23]
2 e
L ok
o \p % P
N\ 20 K(K +1)+J;
+(o +7¢) - “&]\v(p) , (19
’

where the marks explained in (14) and (15) and ¥ p —5+1; Behavior
of (18) and (19) were still defined by (7) and (3), wherc the expression
under root was did not depend on b, because b depends only on J.

Ji — is the value of the calculation result of an angular (arc) integral
related to the second component of expression (16):

T 0 =[O as @)l +bust + o570 @2
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iin the first approximation.

In solution of (18) and (19) account has been taken of an
asymptote behavior of the solution, in particular when p —> 0. Then
solution has been found with ¥ ~ p° where o in 2D and 3D spaces
expressed by (7) and (8) relationships. From (7) and (8) it is clearly
seen that the expression under root does not depend on constant {b;).

Solution of (18) and (19) equations gives same of the bound
expressions in 2D space:

? HIZW,’+4W3'~—4VC—W2’(3+2572N)]

m 3+20-2N ’ZMM] 20)

in 3D space

12| (4303 + W ~V,) - W32 +5-3N)
8 26+5-N

2
] —W21+4Wg}(21)

Bound energy calculated from (17), (20) and (18), (21) [21] related on
global quantum number is shown in Table (see Table).

In result it was assumed that all particles’ masses equal.to the
mass of electron. Parameter of correlation - y;= 0.01 (i = 1,2,3), the
constants of interaction are the same, so a; <0 and b12= 513< 0, b5 >
0, and various from 1 to 0.001 does not give qualitatively new results.

The results entered in table are true for a; in (-1, -0.001)

interval. Pair’ potential of the inverse square of the distance with
repulsion interaction constants between particles (when a; >0) was

not considered in this paper and needs research in future. As regards to
by calculation had been made in case when they change according
with modules in (1; 0.001) interval and satisfy the conditions: b12= b1z
< 0, by > 0. For other values are not studied and needs research in
future too.



Dependence of the bound state energy of three particle system
on N - global quantum number for (14) pair potential

3D space

2D space c
“E(compar.unit) | -E (compar.unit) | -E(compar.unit) | -E(compar.unit)

formula (17) | _formula (20) formula (17) formula (21)
47093248 3156439 304168
23509785 1264723 123532
413575 067679 066523
| 09403576 |  0.042062 041494

| 06703626 |  0.0286507 028331 ‘

| 05019224 |  0.0207633 020566 |
03898247 0157354 015605
(7] 3114802 | 00123351 012244
[ [ 0256518 2545822 | 00099287 009863

Results obtained by calculation let us think that Schrédinger
equation with (16) potential does not change its character by using
MFHM. However, it can be used for the Schrodinger equation of thee
particle system for (16) pair interaction and not for (1) interaction. So
we can give the answer to the equation in chapter two: 1) yes, only for
(16) potential when a; is changing in (-1; -0.001) interval and satisfied
by2= b3< 0, by3> 0 condition; 2) no, for (1) potential. So the valucs of
bound state energy of three particle system when we used MFHM is
real and has physical meaning only for (16) potentials.

4 CONCLUSIONS

The solution of three particles system of Schrdinger equation has
given the following results:

1) Similar to (16) expression the pair interaction between the
particles with MHFM and without MHFM (in first approximation)
show that the binding energy of system dependence on the global
quantum number in both cascs are equal with grant precision
(therefore MHFM does not change quality of Schrodinger equation)
when a; coefficients change interval is (-I; -0001) and b; coefficients
change interval is (1; 0.001) with condition b12= b13< 0, 53>0;

2) In order to obtain physically meaningful solution MFHM is
applied for only two types of pair potentials: I. Critically singular

20



potential; Il The sum of critically singular and Coulomb like
potentials

We have obtained that the calculated binding energy
‘monotonously depends on the global quantum number.

3) By similar to (16) pair interaction between particles studied
using MFHM in 2D and 3D spaces it was shown that with application
of MFHM the solution of Schrédinger equation containing
corresponding Hamiltonian to obtain the solution with physical
meaning is possible.

4) By similar to (1) pair interaction between particles studied by
MFHM in 2D and 3D spaces it was shown that solution of
Schrédinger equation containing Hamiltonian is possible, but during
solution there appears a component similar to Coulomb potential
Hence, we should not think that the obtained results correspond to the
initially given investigated system (only to inverse square distance
dependent pair potential three-particle system).

5. APPENDIX

Jo included in conditions (7) and (8) (similar to those obtained for
(18) and (19)) represents the following cxpression:

2 5
Jo =5 (@) + sy + ) @)
As for Jiz, (the analogous form have the others) it equals to:

Jip = [ @) (O (Q)(cosx) 2dQ, (d2)

where
du ©@-=
&% cos! asin® o PITY22 (c05201) ¥y, (Y, (0)B (d3)

PJ- #42# (cos 2a) ~Jacob polynomial; ¥;,, (x) ~spherical function;
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12
i [2n!(K+2)(n+I,+lz+l)‘.] ' 1(-/2,-11

T\ Toi+h +3/2)0(n+1, +312)

putting (d3) in (d2), and taking into account that the work considers

only the first approximation (K = K'= 0, ; = I'y = Iy = I'; = 0), some
transformations give:

_(__20021 rery  rer) T

“"\F@/2rE/2) )| TOTG/2) TOrG/2)
2 1 0G/2)T(1/2)
Pfomer =t @)
2V (@)

(d4) shows that, J;; >0(J;;and Jy,are analogous). It follows from
the (d1) J, sign depends on the sign of constants of interaction
between panicles. In the paper only the case, when constant of
interaction a; < 0 is considered, which notes that the work consideres
the case Jo<0.
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