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Abstract—A one-dimensional ensemble comprising alarge number of interacting bistable elements was stud-
ied analytically. Formulas for a noiseless and a noise-driven response to a signal were derived for the steady-
state case. Contrasting them with each other testifies to the enhancement of the response if noiseis present in
the ensembl e. The response of the ensembleisfound to exceed that of asingle element by a quantity that expo-
nentially rises with the coupling constant. It was inferred that the interaction of bistable elements makes sto-
chastic resonance more pronounced. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

There is currently great interest in a phenomenon
known as stochastic resonance (SR). Predicted in [1],
SR wasfirst observed in bistable optical systems|[2, 3].
The bistability of a nonlinear dynamical system is
favorable to the amplification of aweak periodic signal
through its interaction with noise. SR has also become
asubject of studiesin solid-state physics (in the context
of tunnel diodes [4] or Josephson junctions[5]), chem-
ical physics[6], and biology (models of stimulated neu-
rons[7]). Since SR has proven to be awidespread phe-
nomenon, it islikely to be discovered in other fields of
science.

In this connection, it should be pointed out that SR
has been adequately explored only in isolated bistable
systems [8-10]. It is therefore interesting to look at the
case of coupled bistable systems. Numerical analysis
suggests that interaction promotes SR [11]. SR mani-
festsitself in anomal ous enhancement of either system
sengitivity, the signal-to-noise ratio, or the Fourier
image of the autocorrelation function as the noise
intensity increases in a certain frequency range. How-
ever, the essential feature of SR is an enhanced
response of a hoisy system to a signal in comparison
with the response of its noiseless version.

This paper presents analytic formulas for a steady-
state response from a one-dimensional ensemble of
interacting bistable elementsto aweak external field in
the presence and absence of noise action. The two
responses are contrasted with each other. The equations
concerned are identical to aone-dimensional finite-dif-
ference Ginzburg—Landau equation. It will be demon-
strated that the noise-driven response exceeds the
noiseless response by a term that exponentially grows
with the coupling constant. Thus, interaction between
bistable elements may significantly amplify the signal-
to-noiseratio.

NOISELESS RESPONSE

Consider a one-dimensional ensemble (chain) of N
interacting bistable elements. The underlying system of
equationsis

ddntn = —Up+9(Nns1—2N, + Nyoy) + Feos(at), (1)

where

a b
U, = —§ﬂ§+zﬂ§

is the potential of an element; a is the height of the
potential barrier for the element; g is afactor represent-
ing the interaction between neighboring elements (cou-
pling constant); F and w are the amplitude and the fre-
guency of an external field, respectively; t istime; and
n=1,2,...,N.

We place cyclic conditions on the chain boundaries
asfollows:

Nn+1 = N1, Nn = No- 2

They mean that the first element interacts with the last

and also the second element. It is convenient to intro-

duce the dimensionless quantities x, = n,~/b/a. Then
(1) becomes

dx, _ W

e —a—xn+hcos(wt),
N

W = Z (Vn—anXn+1), (3)
n=1

V, = _a-29.2 axa

2 n 4n!
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where W is the potential function of the chain h =

FJ/b/a. The quantities z, will be called order parame-
ters.

The chainisstablein thevicinity of points z,, where
W is minimum. Such points can be found from

= a(Z,—2) + O(Zns1— 220+ Z,_1) = 0. (4)

We will consider bistable systems with small cou-
pling constants: g << a. In this caseg, it possible to solve
(4) viaapower seriesing. If g=0, thenz, = o, = £1.
In afirst approximation with respect to g,

2, = Oy + 5-A0, 5)

where AG,, = 0,1 —

It can be shown that the second differential d?W is
positive near the points z, and W does have local min-
imathere. Starting from itsinitial state, the chain relax-
atesto the points of stable equilibrium, z,. If an external
field with a strength h < a is applied to the chain, the
motion is also confined to the neighborhood of z,. Con-
sequently, the chain responseto the field isasolution of
(3) intheform

20-n *+On_1.

Xn = 0ﬂ+yﬂ7 |y| < 1'

Small deviationsy,, can be found from the linearized
version of (3):

dy, _
ot —2ay, + 9(Yn+1+ (=2Yn) * Yn-1) ©)

+ gAao, + hcos(wt).
Any solution of (6) isthe sum of the general solution
to the related homogeneous equation and a particular

solution to the inhomogeneous equation. The genera
solutionis

Yo = P e exp(Hat)- (7)

Here, C, are constants determined by initial conditions,

and e(“) and |, arethe eigenvectors and the eigennum-

bers of the relaxation matrix R, respectively:

(@) _ (G)
Z ane - U(x n

R = _2(a+g): Rn,n—l = Rn,ﬂ+1 =g

We will show that p, < 0, so that solution (7) tends
to zero with time. Let e, be normed to 1 (the index o

(8)
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will henceforth be omitted). Then (8) in view of (2)
yields

N
2
M= Z (Run€n + Ry no1€080-1+ Ryt 1808041)
n=1
N
2
= —2a—gz (en_en+l) .
n=1

Therefore, |, islarger than or close to 2a in magni-

tude. The quantity (2a) determines the characteristic
time of dynamic relaxation from an unstable to a stable
state of the chain.

Physical considerations clearly suggest that the
order parameters behave in the same fashion for each of
the chain elements under the steady-state action of the
external field. Consequently, a particular solution to (6)
isindependent of n. It can easily be seen that

H _ 9 h
Yn Aoy + ———
"~ 2a /4a2 ol
is a particular solution to (6), provided that tan(¢) =
w/(2a) and Ag,, is determined by (5).

Formulas (7) and (9) describe the chain response to
atime-dependent external field without taking account
of noise action. A steady-state responseis

[z + %cos(wt - ¢)}
a“+w

=7+
=z, + 2acos(mt)

cos(wt—¢) 9

x, = o,+y"" =

w<2a

(10)

fort> (2a)™.

NOISE-DRIVEN RESPONSE

Now consider the response of the chain if both an
external field and noise are applied. The latter is mod-
eled by adding a random force &(t) to the right-hand
side of (3). This force may represent, for example, the
action of athermostat. Specifically, the moments are

|:‘En(t)D: O’ E{n(t)am(t‘)mz 2d6nm5(t_tl)1

where d isthe noise intensity.

Thethus-obtained system of the Langevin equations
is equivalent to the kinetic equation

1 D
0G _ 5 9 Bw _heos(wt)]G+d2CH 1)
ot Xn0 0X n[]
fom
for the distribution function G(xy, X,, ..., X\, t) subject
to the boundary conditions
0GQ _
§N6+daxqﬂ+w 0. (12)
TECHNICAL PHYSICS Vol. 45 No.3 2000
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Let usfind the average value of the order parameter
for the nth element:

X, 0= Iandxldxz...de.

As in the noisdless case, the field amplitude is
assumed to be small (h < d), which alows us to seek
the distribution function G as afirst-order sumin terms
of h:

G = G2 +nhc®. (13)

Insert (13) into (11) and equate the terms having the
same powers of h. Then,

OG(O) _ (0) G()
I ZaxaNG

0GP & 0 e 060
ot _ﬁZENnG t0ox T

(0)

N
G
— cos(wt)
nZl 9%,

The boundary conditions for G©@ and G are similar to
(12).

Consider asteady state of the chain under the action
of the field. If t is larger than the characteristic relax-
ationtimet > 1, GO isvirtually an equilibrium function
and hastheform

Cexp \LV

0 _
G Oald

W (14)
c*'= J' exp E—E%jxldxz. . dxy.

The response can be found by solving a steady-state
equation for GO, Due to the boundary conditions, this
equationis

@
aaci = cos(oot)G(o)
n

Let G be expressed as

w.G" +d

0o Wno

D _ 4
G =¢ eXdeD

Then,

N
0P = o0+ (a:cos(wt) Z X;.
i=1

Since (14) isan even function, it makes no contribu-
tion to the average value of the order parameter.
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Consequently,

x,0= Cicos(cot)ln,

N (15)
= ZJ'xixnexp E—%‘V%jxldxz---dxw
=1

Formula (15) describes a steady-state response to a
sgnaifw<tl<a

The statistical integrals involved in (15) can be cal-
culated by the saddle-point method if (d < a). First, let
us calculate the normalization constant C, appearing in
(14). Separate integrations over each x,, yield

cl=c)z
(16)
Z= zz ZGXp[k(0102+0203 .. +0\0p)],
where
_ i, A0
C0 - D—\D eXpD—lD

a
A= k= g,cn=ﬂ.

The expression for Z isidentical to that for the sta-
tistical sum in the one-dimensional Ising model for a
ferromagnet; therefore, Z can be calculated according
to well-known rules (see, e.g., [12]). Specificaly,

—k
z=sp(P"), P=75° ¢
-

[ |
[ |

e
e
Sincethe trace of amatrix isinvariant under unitary

transformations, it is easy to find a transformation S
that diagonalizes P:

O O _ OJ O

s=pl-lg gt=1g11

0110 20110

N O « O

p=s'ps=He*e 0 O

0 40

o O e —-e [

Hence

z=9P) = (+e9" + (=M. an
Now, let us calculate the statistical integral | .. Sepa-
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rate integrations over each x,, yield

NDZ
o "

S= ZZZ 2000

i=10, o0,

x exp[k(0,0,+ 0,05+

I =C

(18)

.. +oyo,)].

The cyclic conditionsimply that al of the chain ele-
ments are equivalent; therefore, |, and S, are indepen-
dent of n. That iswhy the subscript nisomitted in (18).
Also notice that the first term in the right-hand side of
(18) results from the integration over X,:

[

[ XiexplA (6, L

o) ]dx = 0 + = >
In order to calculate the sum S, consider separately
itstermswithi=n,i=nz*1,i =nz 2, etc. The term
withi =nisidentica to already found Z. The neighboring
chain elements are tackled with the obvious equality

ZZ zc On:168Xp[k(0,0,+ ... + O\0))]
_10_2_ K, N=1 k&
_Nak_(e+e) (e e)

+(e =™ e+ e™).

Straightforward calculation proves the generaliza-
tion

53 3 o0nneplkot

=(+e") e -eM "+ (e - e+ e

Noticethat (19) coincideswith Zin thelimiting case
m = N. Thisis obvious since N is the chain period,

o,, and 0 = 1. Finally, from (19),

S= 353 Toons

m=0 o0, O,

. +0oN0,)] = 5+,

.+ 0y0,)]
(19

o-n+N

x exp[k(0,0, +

_N_l k, ok _ —kNl al
sl—mzo(e+e) (e -e) = (e e ) T

N-1
S =5 (""" +e"" = as,
mZO

wherea = tanh(k) .
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DISCUSSION

Let the number N of chain elements be very large.
Since a < 1, the value of aN is negligible as compared
with 1. We thus arrive at the formula for the average
noise-driven response to a periodic signal if w < 1™

.[O= [zha " gexp(Zk)} cos(ct). (20)

At higher frequencies, a non-steady-state equation
for GO hasto be dealt with.

Now, contrast noise-driven response (20) with
noiseless response (10). First, it should be pointed out
that (20) does not include the time-independent term,
which gives the minimum of the potential W. This
stems from the fact that noise induces transitions over
the potential barriers of the elements, the probability of
the transition to the left-hand potential well being
exactly equal to that for the right-hand well. With zero
noise, the motion is confined to apotential well, asindi-
cated by the time-independent term z, in (10). Second,
itishardly surprising that both (20) and (10) includethe
same time-varying (dynamic) term with the coefficient
h/2a. Third, (20) contains yet another time-varying
term: it results from noise-signal interaction. Note that
this noise-response term includes an exponential func-
tion of the coupling constant g. Although g and d are
assumed to be small as against a, the ratio k = g/d may
be considerably higher than 1, so that the noise-
response term may exceed the noisel ess-response term
in (20) by an order of magnitude or more. If the ele-
ments are uncoupled (g = 0), they are statistically inde-
pendent of each other and formula (20) gives the
response of a single bistable element [9].

To sum up, this study has revealed that, under cer-
tain conditions, the interaction of bistable elements
materialy amplifies (due to noise) the response of the
chain to a signal. It is therefore reasonable to expect
that SR will be more pronounced in an ensemble
than in a single element. The additional energy for the
response is supplied by the thermostat, which is
simulated by the random force &(t) in the right-hand
sideof (3).

Also note that the chain studied is a continuous ana-
log of a one-dimensional 1sing model for ferromagnets
[12]. Thisfact explainswhy the expression for the clas-
sical statistical integral turned out to be identical with
the quantum statistical sum with an accuracy to the fac-
tor. Consequently, it seemsvery likely that SR will also
be observed in ferromagnets.

The augmentation of SR by the interaction of
bistable elements occurs, e.g., in radiophysical devices.
Consider an element comprising a tunnel diode con-
nected in parallel to a capacitance C and in seriesto a
resistance R. The element has also a voltage source
generating a harmonic signal, a dc component, and
noise. Such element is known to be bistable [4]. Its
order parameter is U — Uy, where U is the voltage

TECHNICAL PHYSICS Vol 45
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across C and U, is the middle point in the negative-
resistance portion of the diode characteristic. The mag-
nitude |R;| of the negative resistance is ~1 kQ. For the
potential U of the element, it has been found that a =
108 stand b =3 x 10° st V-2 if C ~ 1 nF. Interaction
between the elements is implemented by connecting
them in series. Then, the coupling constant g = (RC)™.
It can be shown that a and b tend to certain limitsas R
increases. Therefore, the necessary (theoretical) condi-
tiong < aismet if R> |R;|. Also, the frequency w of
the harmonic signal must be much smaller than a.
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Abstract—A model of thermoelectrically induced formation of surface periodic structures allowing for vortex
motion of the melt is proposed. An analytical solution for surface profile dynamics involving two-dimensional
transport is obtained. It is shown that structure formation can occur only when the melt viscosity is sufficiently

low. © 2000 MAIK “ Nauka/Interperiodica” .

Laser light incident on condensed media frequently
induces the formation of coherent surface profiles,
which are generally preserved after the exposure to
laser action. According to[1, 2], the formation of asur-
face periodic structure (SPS) includes the following
stages.

Theincident plane wave is diffracted by the nonuni-
formities of a real surface. When the wave vectors of
the diffracted light and the surface electromagnetic
wave (SEW) are equal, the latter is amplified through a
resonance mechanism. The interference of the incident
light with the SEW gives rise to a spatially periodic
heat source in the surface layer. The spatialy nonuni-
form heating of the material leadsto surface profile for-
mation involving various phenomena (oxidation, melt-
ing, evaporation, etc.), closing up afeedback loop.

Despite two decades of intensive studies of the con-
ditions that lead to SPS formation, current understand-
ing of profile formation scenarios is far from complete.
We continue the systematic analysis of the effect of
electric-field pressure on a melt started in [3, 4]. This
effect is associated, in particular, with the thermal emf
induced by nonuniform laser heating of a surface. The
action of alaser pulse on a material surface generally
changes the state of the surface layer. In this paper, we
analyze the formation of structure on the surface of a
thin film of a semiconductor melt that has transformed
into metal. Here, a key factor is the small thickness of
the conducting film. In the case of bulk metal, one
should take into account the shunting effect of deep-
lying layers, which substantially reduces the contribu-
tion of thermal emf to SPS formation.

Thermoelectrically induced structure formation was
previously analyzed only in the one-dimensional case
[4]. However, since the thermoelectrical pressure field
is essentially solenoidal, a self-consistent model must
include the Navier—Stokes equations supplemented
with appropriate boundary conditions.

Consider a semiconductor that occupies the half-
space

z>¢&(x, 1)

and is exposed to laser light (see Fig. 1).

The metal melt layer formed by heating is bounded
by the surfaces

z=¢(xt) and z = H,.

Assuming that the surface disturbance height € is
much smaller than the spatial period of the incident
light, we restrict our analysis to the surface harmonic
that is resonant with the surface electromagnetic wave
[1, 2]. Then,

&(x,t) = h(t)cosgx + hy(t)singx,
&(x, 0) = hycosgx.

The mathematica model is constructed so as to
alow for slower variation of the average temperature T,
as compared to the harmonic component T,, where

T,>T,. (D)

Thetotal temperature is expressed as
T(X z1t) = To+T(zt) + Tyo(X zt), 2
To(X,z,t) = 6,(z t)cosgx + O,(z t)singx, (3)

where T, is the ambient temperature (see Fig. 2).

The heat equations for T, and T, are written as fol-
lows:
@' = a__ZTl + gge_az

i (4)

1063-7842/00/4503-0290$20.00 © 2000 MAIK “Nauka/Interperiodica’
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+2u%%e_az{ hccos(g)(+¢) + hssin(gX+¢)} (5)

oT
v, 52 (D) - H(z-Ho)l.

They should be supplemented by the initial and
boundary conditions

oT,| =0T = 6)
aZ z=0 aZ z=0
T,(X,zt=0) = T,(x,zt=0) = 0, @)
Ti(X,z=00,t) = Ty(X,Zz=00,t) = 0. (8)

The thermoelectrically induced electric field E is
related to temperature as follows:

E = y(T)gradT, 9
v(T) = QT. (10)

Here, Q is a constant factor. Fluid dynamics are
described by the Navier—Stokes and continuity equa-
tions (for incompressible flows):

ov _ _Vp_ EdvE
ot Ve p ¥ 4mp
divv = 0. (12

The Navier—Stokes equations are used in linearized
form in (11) because the amplitude of hydrodynamic
wavesis small. The velocity v is expressed in terms of
scalar and vector potentials as

: (11)

v = gradW¥ +rotA, (13)
_OW 9A 9w _0A
xTox "0z 1T 57 ax (14)

The boundary conditions on the free surface z= 0
are written as

0g _
at - V21 (15)
2
oW _ 9‘_9_5_2\,‘?_‘{_2, (16)
ot Py’ 0z
ov, dv, _
oz "ox - ° (17)
On the solid-state phase boundary, we have
v, =0, (18)
v, = 0. (29)
TECHNICAL PHYSICS Vol. 45 No.3 2000
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Fig. 1. Schematic of the problem: (1) laser light; (2) air;
(3) metal (semiconductor melt); and (4) semiconductor.

T, °C -

t

Fig. 2. Typical curves of temperature and its components as
functions of heating time t: (a) average temperature Ty,
(b) amplitude of the cosine component 8., and (c) total sur-
face temperature T, + 6.

Since we seek harmonic components, we can write

Y = Y (z t)cosgx + W (z t)singx, (20)

A = A.(z t)cosgx + Az t)Singx. (21)

In equations (1)—(21), g isthe spatia frequency, ais
the thermal diffusivity of the melt, q is the absorbed
radiant flux, a is the absorption coefficient, ¢ is heat
capacity, p isdensity, 1 isthe efficiency of light conver-
sion into a SEW, ¢ is the phase shift of the heat source
with respect to the surface harmonic, # is the Heavi-
side step function, ~ denotes a harmonic component, y
isthe coefficient of thermal emf, E isthe strength of the
thermally induced electric field, W isthe scalar velocity
potential, A isthe vector velocity potential, v isviscos
ity, p is pressure, and o is surface tension. Equations
(D)—(21) are solved as follows. First, the average tem-
perature T,(z, t) is found. The result is substituted into
the heat equation for T,(x, z, t) and the Navier—Stokes
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equations (11) in the limit T, — oo, In particular, the
following expr on isused:

(z @) = J(e-1),

where A is the heat conductivity.

The harmonic component of the product EdivE in
the Navier—Stokes equations is then determined. The
convective term in the heat equation is assumed to be
much smaller than the light-to-SEW conversion term
and is dropped. This assumption is validated in the
analysis below.

Next, the Laplace transform with respect to thetime
variable (t — w) is performed in all equations. Then,
0.(z, w) and 64z, w) are calcul ated as functions of hy(w)
and hy(w), and the results are substituted into the
Navier—Stokes equations. Let us consider the cases of
low and high viscosity.

Since we seek a solution describing an exponen-
tially growing surface disturbance, velocity must also
be an exponentially growing function. Therefore, we
can neglect the effect of friction on fluid dynamics and
consider the time-dependent problem, i.e.,

vl s V|Av|.
ot

(22)

(23)

Applying the operator rot to both sides of the
Navier—Stokes equation, we eliminate the term

Vpo
EV"FD

Theresulting equation can be solved. Since we seek
h.(w) and hy(w) only, we use boundary conditions (15)
and (17). The desired result is

h(t) = Rh(D), hy(t) = J(v), (24)

-%iEE @

h(t) = hoexp(—agzt)i f.(W)/ fo(w),  (26)

fa(w) = wi(w, — o) exp(wt)erfe(-w,/t), (27)
fa(w) = Zow(w’ -ao’)(w-ag")’

—B[Jév iy +vD g¥§w +vJéa} (28)

xexp(—icb)aW:Wk,
[b%ﬁjs . zm, n=01234 (29

LIBENSON, SHIRYAEV

[20ygq_,0O
1= VA g o0
(30)
42VFd 2 ,300yg
* ZQ)TD;\ y OTA’

Here, the numerous increments and decrements
reflect the chosen form of the heat source and the fact
that the solution for surface profile dynamics in the
low-viscosity approximation is determined by a ther-
moelectrically induced solenoidal pressure source. Itis
understood that the velocity field, which is not sought
here, would depend on the entire set of boundary con-
ditions.

An analysis of the expressions obtained shows that
at least one of the rootsw;_; ensures exponential growth
of a surface disturbance irrespective of the electrody-
namic delay ¢, because the solution describes the case
of astrong inducing field.

To check the validity of the assumptions made
above, we set o = 10° cm?, g = 10* cm™, q =
102 ergcm? s, A = 107 erg(scm? K) %, p=5g cm3,
u=10"cm?, Hy=10°cm, a= 102 cn? st, y =
104V K, oy/ot =108V K2, andv =5 x 104 cm? s,
In addition, we can assume that

Aav] Og*v, (31)
v O ‘% , (32)
E| |12

‘5{‘ OjwZe|. (33)

Using these realistic numerical values of the param-
eters and estimates (31)—(33), one can show that the
low-viscosity approximation isvalid and the convective
terms can be neglected. In the quasi-steady case of high
viscosity,

V|Av| >

a" (34)

the solution is not expected to contain any exponen-
tialy growing surface disturbance or velocity. This
conjecture is confirmed by straightforward calcula-
tions.

The solution obtained suggests that surface profile
dynamics are completely determined by the solenoidal
electric field in the bulk of the melt. Indeed, when an
additional electricfield (say, generated by thermal elec-
tron emission) is considered on the melt surface, it is
taken into account only in boundary condition (16),
which isnot used in calculating h, and hy. However, the
velocity field depends on surface charge as well.
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ATOMS, SPECTRA, AND RADIATION

| onization of Hydrogen Atom Induced
by Relativistic Particles Collisions Accompanied
by Low Momentum Transfer
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Abstract—Ionization of ahydrogen atom in soft collisionswith arelativistic charged particleis considered for
thecases(a) Z~v, vp<< v<cand(b) Z< v, vy<< v<c.Here, Zand v are, respectively, the charge and vel ocity
of theincident particle, v, isthetypical electron velocity in the ground state of the hydrogen atom, and cisthe
velocity of light. Analytical expressions for the differential cross sections for the ionization of hydrogen atom
are analyzed. The asymmetry in the angular distribution of the emitted electrons is shown to result from the
following two effects: the atomic absorption of virtual quanta of the field related to relativistic particle and the
final-state interaction. © 2000 MAIK “ Nauka/Interperiodica” .

lonization of atoms in collisions with fast charged
particles (v > v,, where v isthe velocity of the incident
particle and v, is the typical electron velocity in the
atom) is a fundamental physical problem. It is well
known that collisions accompanied by low momentum
transfer to atomic el ectrons (soft collisions) make domi-
nant contribution to the cross section for the single ion-
ization of an atom by afast charged particle. In such col-
lisions, the eectron velocity v, (in the rest frame of the
target atom) in the final state of the continuous spectrum
only dightly exceedsthetypica velocity v, of eectrons
intheinitial bound state, i.e., v, < v, Simpleestimations
demondtrate (see also below) that the relative contribu-
tion of soft collisions to the cross section must increase
considerably as an atom is being ionized by relativistic
and, especialy, by ultrarelativistic charged particles.

The ionization of hydrogen atoms in collision with
nonrelativistic highly charged ions (HCIs) was studied
in [1], where analytical formulas for the cross section
for the ionization accompanied by the emission of slow
electrons were derived in the S matrix formalism. In
this study, we extend the results obtained in [1] to the
case of relativistic collision velocities. Omitting the
details of calculation in thisbrief paper (the calculation
for nonrelativistic collisions was described in detail in
[1]), we represent the final expression for the double
differential (with respect to the emission angle and to
the electron energy E = k?/2) cross section for ioniza-
tion in the form®

exp 0 4arctan /267

do _ pZ'_ 1 U peE U
dEdQ vZ(1+2E)° [ 0 .2nQg
l-exp——

DAEED}

1 We use atomic units.

0, . _
x 0sin’@Inn —0.5sin°® + y *cos’®
0

8./2E veo. 2
+—cos@[ ———sn"0(lnn-0.5)

D
+0.25y4(3c05° @ — 1)} + ZTZZCOS@
vy

0 .
x Oin’n + 21'5TrE1’2[s n‘@lnn + cos20
0

2 a0
—0.5sn°0 + vi_ cosz(%} 00
¢t o0

Here, y= 1/J1—(v/c)?, © (0 < © < 1) is the angle
between the electron momentum k and the particle
velocity v, dQ = 2nsin®@de, and

_ _1123vy _ vy
N =5 (E+05 P37 Evos

where b, is the lower limit of the region of impact
parameters under consideration.

Expression (1) has a clear physical meaning. The
term proportional to Z%/v? reflects the atom ionization
owing to eectric dipole transitions in the first order of
the perturbation theory. This term of the cross section
can be obtained by using the Weizacker—Williams
method, which treats the interaction of a relativistic
particle with an atom as the absorption of a virtua
guantum, which has some energy but does not transfer
any momentum, by an atomic electron (see, for exam-

vo1
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ple, [2]). The second term proportional to Z%/v? appears
in the case when the momentum of the virtual photonis
taken into account. The third term proportiona to
Z3(v4?) corresponds to the final-state interaction.
Under the replacement © — 11— ©, the dipole part
does not change, whereas the second and the third
terms reverse their signs and, therefore, describe the
asymmetry in the angular distribution of slow elec-
trons. As follows from expression (1), ultrarelativistic
collisions lead to weak asymmetry that is primarily
related to the absorption of the momentum of a virtual
photon. In the approximation under consideration, both
terms in (1) providing the angular asymmetry do not
make a contribution to the energy differential cross sec-
tion and to the total cross section for the ionization.

Energy distribution of slow electronsis proportional
to the differential cross section for ionization as

do _ d’c
dE ~ I 4 3Ew
eXpD_4arctanJﬁED
_ 211]_[2_2 1 0 ﬁ 0 @
3 v¥(1+2E)° [1_expm_ﬂm}
] ﬁm
2 2
xgln[ 2.25v°y :|_V_2E
0 LZ(1+2E)] 2¢%H

As follows from expression (2), the probability of
ionization decreases rapidly with the energy of the
emitted electron and the magjority of electrons have
energy that only dlightly exceeds the value of E; = 0.5.

To derive the angular distribution of slow electrons,
it is necessary to integrate cross section (1) over the
electron energies. Since the probability of electron
emission decreases rapidly with the energy E, the upper
integration limit can be taken to be infinity. We then
find

do _ .. o _ z?
OI—Q—J’dEdEdQ—3><O.283><V2
0

0, . _
x Osin’@Inn, —0.5sin°® + y*cos’®
0

8 x 0.6
v

1 viL 2
+ cos@[%L—Ec—zEﬁn ©(lnn,-0.5)
- ©)
+0.25y%(3c0s5’ @ — 1)} +==co0s0
vy

X [Inzr]l + 2n0.61%>in2®|nr]2 + €c0s20
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where

0. O
) dkk’a (k) Inwr]
% O
Ny2 = 1;2‘/ V’ W, = exp =0.71,

e 0 mdkkz o 0
u a 4
g Jacatd 5

|

) ° (4)
. dkk30((k)lnoo%

W, = expLE= 0.88, w = 1+K
E J’dkk3a(k) % ?
0J O

Asfar asweknow, there are no experimental dataon
theionization of hydrogen atomsin soft collisionswith
fast high-charged ions. Figures 1 and 2 show, respec-
tively, the double differential and differential, with
respect to the angle of electron emission, cross sections
calculated in our approach as compared to those calcu-
lated in the first Born approximation. As seen from
these figures, there are two basic differences between
the results of calculations in these approximations.
First, the cross section values calculated in the first
Born approximation are, in general, considerably larger
than the results calculated by formulas (1) and (3). Sec-
ond, calculation by expressions (1) and (3) predicts
more pronounced angular asymmetry in the spectra of
slow electrons than follows from the calculation in the
first Born approximation. Both these differencestend to
increase with increasing charge of HCls under fixed
collision velocity. These differences are caused by the
following reasons. First, it iswell known that the prob-
ability of the ionization calculated in the first Born
approximation becomes large at small impact parame-
ters and can even exceed unity at large charge values of
the incident particle because this approximation is not
unitary. In our approach, this problem is solved by
properly choosing the parameter b, [3]. Second, our
approach, in contrast to the first Born approximation,
takes into account the final-state interaction, which
results in an additional assymetry in the angular distri-
bution of emited electrons. With an increase of theinci-
dent particle energy per amu, the contribution from that
region of impact parameter increases, where the proba-
bility of the ionization is small and, therefore, the first
Born approximation is applicable [4]. In addition, the
contribution of the final-state interaction decreases in
this case. For thisreason, the difference between results
calculated in our approach and in thefirst Born approx-
imation decreases with increasing energy of the inci-
dent particle under afixed value of their charge.
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Fig. 1. Doubly differential cross section for the ionization
calculated by formula (1) (solid lines) and in the first Born
approximation (dashed lines) as functions of the angle of
electron emission at the energy E = 0.18 (5 eV).

The angular asymmetry in the electron emission can
be specified by the asymmetry parameter

dG)smG) dosnede
DI I cioly
M= . (5)
do
J’dG)smG)dQ

It follows from expressions (3)—(5) that

2
183 157, 16v’yQ

IR S A ©

The angular asymmetry in the spectra of electrons
emitted in the collisions with fast charged particleswas
discussed recently in depth (see, for example, [5, 6]).
This asymmetry istreated, as arule, only as aresult of
the final-state interaction when electrons emitted from
the atom are attracted by a fast charged particle. If the
final-state interaction were always the main reason for
angular asymmetry in the fast collisions, it would be
expected that the “sign” of this asymmetry must be
reversed in the case when the incident particle chargeis
negative. Actually, according to the classical-trajectory
Monte Carlo calculations [5], it would be expected that
electrons must predominantly be emitted in directions
opposite to the velocity of the incident fast negative
HCls. Unfortunately, these predictions cannot be veri-
fied experimentally. However, we note that such predic-
tions are in contradiction to experimental data on the
helium ionization by fast antiprotons, where weak
“positive” angular asymmetry is observed—that is, the
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Fig. 2. Angular differential cross section for ionization cal-
culated by formula (3) (solid lines) and in the first Born
approximation (dashed lines).

majority of electrons were emitted in the direction of
the fast particle mation [7].
Expression (4) yields the contribution Ac; of soft

collisionsto the total cross section for the ionization of
hydrogen atom in the form

Ao, = 810283 [I adk6vyD_ v } 7

Oz O 5

Only the numerical factor in the logarithm argument
distinguishes this expression from the following
expression for the total cross section o; obtained in [4]
for collision parameters satisfying the conditions v ~
Z<vy l<v<c

o = 8m0.283% [ln@" yo_ v } )
v oz o 2¢?

The relation Ao; ~ g; takes place for nonrelativistic
collisions, i.e., the collisions accompanied by the emis-
sion of slow electrons almost completely determine the
value of the total cross section for ionization.

It should be noted that the obtained energy distribu-
tion and total cross section coincide, under neglect of
nondipole corrections and the final-state interaction,
with the respective results obtained in the well-known
Weizécker—Williams approximation of equivalent pho-
tons.

Expressions (1)—3) and (7) describe three basic rel-
ativistic effects in an explicit form. In the limity > 1,
with increasing y, the number of emitted slow electrons
increases as Iny, the effect of the final-state interaction
decreases asy2, and the emission of electronsincreases
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along the direction © = 172 transverse to the beam
velocity and decreases along the directions © = 0 and
O=T1

Expressions for the cross sections obtained above
can be employed also to the hypothetical case of colli-
sionswith fast anti-HCl's, when the charge Z is negative
but large in magnitude, and to the case of collisions
with ions having comparatively small charge values
when |Z| < v. To describe the collisions with fast anti-
HCIs, only the replacement Z — |Z| is needed in the
logarithm argument in expressions (1)—(3), (6)—(8). To
estimate the cross sections in the collisions a |Z| < v,
it is necessary to put b, = 1 in these expressions.

The qualitative effects discussed above for the ion-
ization of hydrogen atoms must obviously occur aso
for the ionization in the soft collisions with other light
atomic targets, enabling us to predict some genera
properties of the angular asymmetry in the single ion-
ization. According to the above analysis, the angular
asymmetry is described by two terms proportional to
Z?/v3 and Z?/(v*?) in the expressions for the cross sec-
tions. Therefore, in the rdativistic (ultrarelativistic)
collisions when |Z|/vy? < 1 and also in fast collisions
with particles having a relatively small charge value
(IZ] < v), slow electrons must be predominantly emit-
ted in the direction of the motion of the fast particle
independently of its charge sign because the asymme-
try, in this case, is primarily related to the effect of the
absorption of a virtual photon whose value and direc-
tion are independent of the value and sign of the fast
particle charge. This fundamental conclusion agrees
with experimental data [7] on the ionization of helium
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by fast antiprotons (Z = -1, v = 6.35) for which
|Z[/v <1

In conclusion, we note that the approach applied
hereto the analysis of theionization of hydrogen atoms
in soft collisions with relativistic charged particles is
actually asymptatic and provides logarithmic accuracy.
This accuracy increases with increasing dimensions of
theregion of impact parameters|Z|/v <b<yv (for |Z| ~
v)and 1<b<yv (for [Z] < v). The approach proposed
allows one to obtain analytical expressions for the ion-
ization cross sections of hydrogen atoms and provides
gualitative interpretation of basic physical effectsin the
single ionization of light atomic targets in soft colli-
sions with fast charged particles.
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Quasihard-Sphere Model in Simulation of the Processes
of Particle Scattering

V. A.Vol'pyasand E. K. Gol’man

K. Petersburg Sate University of Electrical Engineering, S. Petersburg, 197376 Russia
Received October 12, 1998

Abstract—A model of interatomic potentials of interaction is suggested for static simulation of the processes
of elastic scattering of atomic particles by atoms of gas, plasma, and solid. In the developed model, the atomic
particleradii, whose magnitude depends on the energy of their relative motion, areinternal parameters. The sug-
gested quasi hard-sphere model enables one to simulate elastic processes of scattering of atomic particles, using
different interatomic potentials of interaction with relatively high rates of statistical simulation characteristic of
simulation within the hard-sphere model. The Born—Mayer potential is selected as the interatomic potential of
interaction and modified for awide class of partnersin atomic collisions. It is demonstrated that the suggested
mathematical model of quasihard spheres describes fairly correctly the processes of elastic scattering of atoms
in a gas medium and of displaced atoms in a solid with an almost constant rate of static simulation. © 2000

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

In order to perform numerical simulation of the pro-
cesses of interaction of atomic particlesin agasandin
asolid by the Monte Carlo method, one must determine
a number of basic stochastic variables which describe
adequately the processes of particle scattering. In
describing the processes of €lastic interaction of atomic
particles, the main characteristic is provided by the
scattering angle which defines the energy loss and the
subsequent behavior of their motion. The scattering
angle relates to each other the impact parameter b, the
interatomic potential of interaction U(r), and the energy
of relative motion of particles E.. Given a spherically
symmetric potential of interaction, the scattering angle
© in a center-of-mass-system is described by the
expression [1]

2
©=mn-2bf dr/r (1)

2, 2,12’
rmin[1—U(r)/EC—b Ir7]
where r is the interatomic distance; E. is the kinetic
energy of relative motion of atomic particlesin the cen-
ter-of-mass system for r — oo; and r;, is the shortest
distance within which the particles come closer
together, whichistheroot of the radicand in the denom-
inator.

Expression (1) in the analytical form may be inte-
grated only for the hard-sphere potential and for anum-
ber of power potentials and their linear combinations.
In describing the processes of elastic scattering of
atomic particles for more real interatomic potentials of
interaction, one restricts oneself to the use of various
approximate methods within both classical and quan-
tum-mechanical description [2, 3].

The complexity of the computational procedure
during numerical simulation of the processes of particle
scattering by the Monte Carlo method islargely defined
by the choice of the interatomic potential of interaction.
In so doing, one must make a sound compromise
between the real physical description of the interaction
processes and relative simplicity of the computational
procedure during their mathematical simulation. The
use of the interatomic potential of hard spheres results
in a significant simplification of the calculation proce-
dure, first of all, during statistical simulation of the pro-
cess of elastic scattering of atomic particlesinagasand
in a solid. However, an important disadvantage of this
interaction potential is the absence of correlation
between the interaction cross section and the energy of
relative motion of colliding particles.

In the case of particleinteractionin agas mediumin
the range of low energy values which do not exceed the
respective ionization potentials, the elastic-scattering
cross section is of the order of gas-kinetic and little
depends on the energy of colliding particles. In this
case, the classical hard-sphere scattering is a good
approximation; in this energy range, the particle scat-
tering (except for the case of small values of scattering
angles) is assumed to be spherically symmetric, and the
interaction between colliding particles is defined by
their outer electron shells and must be determined for
each pair of colliding particles. When the energy of rel-
ative motion of colliding particlesincreases, significant
scattering occurs under conditions of considerable
overlapping of their electron shells, and the interaction
potentia islargely defined by theinner electronswhose
velacities are much higher than the collision rates of
atomic particles. The excitation of outer electrons
occurring in the process causes little variation in the
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scattering potential the effective range of whaose action
corresponds to smaller interatomic distances.

In describing the interaction of atomic particlesina
solid, an empirical rule exists according to which the
collisions leading to an appreciable scatter occur at dis-
tances of the order of half the equilibrium distance
between neighboring atoms. In the case of such small
distances, one can ignore the long-range attractive
forces which define the bonding forcesin solids. By the
order of magnitude, this range of distances corresponds
to the sizes of colliding atomic particles. Based on the
same principle is the method of determining, to a first
approximation, ionic and atomic radii [4]. Therefore, in
afairly wide range of energies of colliding atomic par-
ticles, the classical hard-sphere scattering is a good
approximation from the practical standpoint.

In the hard-sphere model, the shortest distance
within which two colliding particles come closer
together, r ., for any values of the impact parameter b
is aways equal to the sum of radii of atomic particles
and does not depend on the energy of their relative
motion. Thisresultsin aconsiderable limitation, within
the hard-sphere model, of the possibility of static sim-
ulation in awide range of energy of colliding particles.
Attempts were made previously [5—7] at describing the
process of elastic scattering of atomic particles using
the procedure of fitting the approximate potential of
interaction to the real one for some distance between
the atomic particles which makes the most contribution
to the particle scattering. However, amost all of the
derived approximate potentials of interaction are little
valid for high impact parameters which lead to overes-
timated values of transmitted energy under conditions
of elastic collision of atomic particles. The procedure
of simulation of the processes of dastic scattering of
atomic particles, suggested by us, restricts the range of
high impact parameters at thermal energies of atomic
particles by their gas-kinetic sizes. For high values of
the energy of collision of atomic particles, the range of
high impact parameters corresponds only to very small
values of scattering angles and transmitted energy and
plays no important part.

APPROXIMATION OF INTERATOMIC
INTERACTION POTENTIAL

A combination of the ssimplicity of computational
procedure in using the hard-sphere potential with the
correctness of physical description of the processes of
interaction of atomic particles may be accomplished by
using the interatomic potential of quasihard spheres
(QHS). We will treat in more detail the form and proce-
dure of using the interatomic potential of interaction of
QHS. A number of test potentials applicable to atoms
of various elements and containing fitting parameters
may be used as real interatomic potentials of interac-
tion. Most convenient from the standpoint of mathe-
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matical application is the Born—-Mayer interatomic
potentia [8]

Ug_m(r) = AB—M(ZlZZ)3/4eXp[_r/bB—M]v ()
where Z, and Z, are ordinal (atomic) numbers of collid-
ing atomic particles, and Ag_y, and by _, are constants
determined for each pair of colliding atomic particles.

This purely exponentia interatomic potential of inter-
action enables one to analytically express the shortest
distance r;,, within which two colliding atomic parti-
cles come closer together from the equation

UB—M(rmin) = Ec’ (3)

where E_ is the energy of relative motion in the center-
of-mass system of two colliding atomic particles; the
solution of this latter equation has the form

E,
As_w(Z,2)*

and, in the case of central collision (b = 0), defines the
minimum distance between two atomic particles at the
point of stopping during infinite motion of the incident
particle. The use of other, more complex rea inter-
atomic potentials, whose solution relative to r,,, does
not permit an analytical solution for different values of
the collision energy, is possible; however, it compli-
cates the computational procedure of simulation and
rendersit less flexible as regards the adaptation to vari-
ations of conditions of real physical experiment.

If the value of the shortest distancer,;, within which
the atomic particles come closer together is identified
with the sum of the radii of hard spheres at the point of
contact (Fig. 1), one can use the hard-sphere model to
determine the microscopic cross section for elastic
scattering and the free path. In so doing, the sum of the
hard-sphere radii is a variable quantity and varies as a
function of the energy of relative motion of colliding
atomic particles; from this standpoint, colliding atomic
particles may be regarded as quasihard spheres.

The interatomic potentia of quasihard spheres may
be determined in the form

rmin(E(:) = _bB—MIn (4)

U (r) = (po for r<ris = ryn(Ee)
" Ep for r>rhs = rmin(Ec)v

where r,n(E) is the solution of equation (3) and, for
the Born—-Mayer interatomic potential (2), is defined by
expression (4).

The criterion of validity of interatomic potentia of
interaction of quasihard spheres U(r) may be formu-
lated as follows:

Ar = rI;s_rhs<rhs = Irmin(Ec)a (6)

()

where r is the coordinate of intersection of the tan-
gent (derivative of the rea interatomic potentia of
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Fig. 1. Quasihard-sphere approximation for the potential
Ug _m(r) (central collision, b = 0).

interaction) drawn from the point U,(r) = E; with the
axis of interatomic distancer (Fig. 1).

The use of the interatomic potential of interaction of
quasihard spheres U((r) will be correct in case condi-

tions(6) isvalid or the equivalent relation depending on
the collision energy E,,

ro_ r|dU(r)/dr| _ dInu(n)

Ar T U@ dr

>1. (7)

r=rps

If this criterion is generalized to the region of off-
center (b # 0) collisions, it will take the form

T rIdU(r)/drl
Ar u(r)

If this criterion of interatomic potential of interac-
tion of quasihard spheres (7) is applied to the real
Born—Mayer interaction potential (2), we will derive
the range of validity of the respective of quasihard-
sphere interaction potential,

r(E,) >bg_y=0.219 E. )

One can see from condition (9) that the potential of
interaction of quasihard spheres with the Born—-Mayer
interatomic potential iswell valid in the range of great
interatomic distances to which correspond both low
values of the collision energy and high values of the
impact parameter in a wide range of the collision
energy of atomic particles. For the exponential Born—
Mayer interaction potential (2), this is associated with
the fact that, as the interatomic distance r increases

(Fig. 1), the quantity Ar = ryg — s increases slower
than the quantity r.s = ryin(E.), and their correlation

ever better satisfies the criterion of validity (6) of the
guasi hard-sphere interaction potential.

>1-b/r? (8)

VOL’PYAS, GOL’"MAN

In order to use the Born—-Mayer interatomic poten-
tial in the quasihard-sphere model, we modified it using
the results of Abrahamson [9] for awide class of colli-
sion partners with the ordinal numbersZ; ,=2...80. In
so doing, the constants Ag_y, and bg_,, in the Born—
Mayer interatomic potential (2) were represented asthe
functions Ag_ (24, Z,) and bg _ (24, Z,) and approxi-
mated using the results of [9, 10] with the power func-
tions by the method of least squares. The approxima
tion results are given in Fig. 2. The obtained coeffi-
cients of the modified Born—Mayer interatomic
potential (2) have the form

A (21, Z,) = 95.863(Z,2,)°"%, eV,

ba” w(Zy, Zo) = 0122(Z;" +2;°), A

The maximum relative error of approximation of the
coefficients A5”y (Z1, Zy) and bg”, (Z1, Zy), corre-
sponding to the collision of the lightest atomic parti-
cles, does not exceed 8% and, in the case of heavy
atomic particles, decreasesto 3%. In so doing, the mod-
ified Born-Mayer interatomic potential of interaction
of atomic particles with the ordinal numbers Z; and Z,
assumes the form

(10)

0.7383

Ug_m = 95.863(Z,Z,)

r
<o }
0'122(2:](—).0387 + Zg.0387)

(11)

where Ug_y andr arein eV and A, respectively.

The solution of equation (3) for this modified Born—
Mayer interatomic potential (11) has the form

Fmin(Ec) = —0.122(Z; ™ + 2,°*)
= (12)
xIn 0.7383 —*
95.863(Z,Z,)

The criterion of validity (7) of the potential of inter-
action of quasihard spheres with the derived modified
Born-Mayer potential (11) takesthe form
r(E.) >0.122(Z; % )E. (13)

Within the obtained quasihard-sphere model, the
microscopic cross section for elastic interaction of
atomic particles depends on the energy E. of their rel-
ative motion,

0.0387

+Z,

i 2in(Ec) (14)

and, accordingly, the free path A, of atomic particles
inagasmediumor inasolidis

1
NTIr 20 (Ec)

ths =

A ghs = (15)
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where N is the concentration of atomic particles in a
scattering medium.

If, in statistical simulation, the ratio between b? and

the quantity rrznin (E) isequated to arandom number &,

the expression for the scattering angle ¢ in the labora-
tory coordinate system assumes the form

2[E(1-9)1"

9 = arctanzz_1+ M /M,

(16)

In determining the impact parameter b in the form
b = rmin(Ec)Ellzf

we take into account the increase in the probability of
high (in absolute magnitude) values of the impact
parameter b, which is due to the fact that an incident
atomic particle arrives by chance at different points of
the area of the microscopic cross section for scattering.

Givenin Fig. 3 by way of example are the results of
calculations of free path (15) of Cu atoms under condi-
tions of elastic scattering from Ar atoms, obtained
within the quasihard-sphere model with the modified
Born-Mayer interatomic potential (11) and normalized
to the respective value of free path in the hard-sphere
model, as a function of the energy of their relative
motion.

The calculation resultsindicate that the microscopic
cross section of elastic scattering of atomic particles
Oghs ~ LA gs iNcreases, as the energy of their relative
motion decreases, to reach the value of gas-kinetic
cross section at thermal collision energies. Asthe colli-
sion energy increases, the elastic scattering cross sec-
tion decreases to a value restricted by the criterion of
validity (7) of the quasihard-sphere model. The maxi-
mum collision energy corresponding to the limit of the
criterion of validity of the quasihard-sphere model (13)
using the modified Born—Mayer interatomic potential
(12), under conditions of elastic scattering of Cu atoms
fromAr atomsisrestricted to ~5 keV. Thisenergy range
of interaction of atomic particlesis of interest from the
standpoint of numerous applied problems of the phys-
ics of plasma, gas discharge, and solid.

(17

DISCUSSION

Previous attempts have been made [11-14] to intro-
duce into the hard-sphere model the dependence of the
interaction cross section on the energy of colliding par-
ticles. However, asis seen in Fig. 3 (curve 3), the most
rigorous energy dependence of the elastic-scattering
cross section, proposed in [13], which includes the
Maxwellian velocity distribution of gas atoms, is little
valid in the entire range of energy of colliding particles
and reaches the value of gas-kinetic interaction cross
section at high energies of colliding particles, which is
incorrect.
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Fig. 3. The free path of Cu atoms upon elastic scattering
from Ar atoms as a function of the energy of their relative
motion: (1) ghs, (2) hs, (3) [13].

The application of more real interatomic potentias
of interaction results in the necessity of using mathe-
matical procedures which introduce some determinism
into the random process of scattering. For example, the
use in [14] of the scattering “6-12" Lennard—-Jones
potential by the procedure of linearization of the scat-
tering angle @ in the center-of-mass from the impact
parameter b enabled one to estimate the maximum
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interaction cross section from the condition © = 0 at
b = b,,,,. However, thelinear approximationin this case
implies that the scattering angle © is estimated with
inadequate accuracy with the value of the impact
parameter b closeto maximum. Thisresultsin aconsid-
erable underestimation of the contribution of scattering
in the case of glancing collision and, accordingly, the
value of the interaction cross section.

In order to check the degree of the fit of the quasi-
hard-sphere model to the description of processes of
elastic scattering of atomic particles involving the use
of real interatomic potentials, the results of simulation
of processes of transport of atomic particles in a gas
were compared to thosein asolid. Thereal interatomic
potential of interaction was provided by the modified
Firsov potential [15],

212282 |:|

_ ro
U(r) - r qJD_a_fD

(18)

where g; = 0.8853a0/(Zf >+ Zf 2 )23 isFirsov’s screen-
ing parameter (a, is the Bohr radius) with Nikulin's
screening function [16] obtained by approximate solu-
tion of the Thomas—Fermi equation using the variation
principle,

Wo(r) = [aexp(=a/ar) + bexp(B/a;r)]®,  (19)
where a = 0.7111, b = 0.2889, a = 0.175, and B =

1.6625.

In order to perform numerical integration in expres-
sion (1) when determining the scattering angle © with
interaction potential (18), we developed a mathemati-
cal procedure according to which the integration inter-
va [rmin, ] in expression (1) is divided into three
regions.

In the first region r,, < r < (rm, + 6), the integrand
inthe denominator of expression (1) f(r) = 1 - U(r)/E. —
b%/r? is expanded by its Taylor series expansion,

f(r) = 1:(rmin) + fl(rmin)(r _rmin)
i) (=) 12 ..
= (r - rmin)( fl(rmin) + f"(rmin)(r - rmin)/2)-

The relative error of these transformations is esti-
mated at

(20)

m 2
A = f (rmin) _(r_rmin) .
f‘(rmin) 6

Atd=0.01(r =r, +0.01), the value of A does not
exceed ~104.

The upper limit Q of the second region (r,, + 8) <
r < Q. Thisisthe value of r at which the second term
U(r)/E, of the function f(r) becomes small and, in what
follows, may be ignored. We took U(r)/E. < 10 asthe
smallness criterion.

VOL’PYAS, GOL’"MAN

Inthethird region Q <r < oo, the integral in expres-
sion (1) has an anaytical solution in the form

00

dr/r?

J’ = lar(:sinEED
2 [1-U()/E.~bIr] "

=z 50

It is almost impossible to perform numerical inte-
gration in expression (1) directly in the process of sim-
ulation, because this extends considerably the time of
static simulation. Therefore, the values of scattering
angles O(b, E,) werefirst calculated for awide range of
values of the energy E, of relative mation of colliding
atomic particles, with the range of values of the impact
parameter b from O to b, corresponding to each one
of those energy values. The value of the maximum
impact parameter by, for each value of the collision
energy E. was determined from the condition O(b =
bma) = 0. The calculation results were used to compile
a two-dimensiona array of values of the scattering
angles O(b, E,), between the elements of which aspline
approximation was performed. This two-dimensional
array ©(b, E,), calculated for concrete collision part-
ners, was used in static simulation to determine the
value of the scattering angle © in each collision event.

In order to compare the results of statistical smula-
tionsinvolving the interatomic quasi hard-sphere poten-
tia (5), the modified Born—Mayer interaction potential
(11), and the real potential of interaction (18), the pro-
cesses of transport of Cu, Y, and Baatomsin amedium
of Ar and O, were calculated.

An analysis of results of datistica simulation
revealsthat both models agree in the low-energy region
and differ dightly when the collision energy increases.
This may be due to the fact that modified Firsov's
potential (18) with Nikulin’s screening function (19) in
the case of in the case of large internuclear distances
decreases slower than the true interaction potential.
Moreover, the modified Born—Mayer interaction poten-
tial (11), employed by us in the quasihard-sphere
model, is more valid in the case of large internuclear
distances which are characterized by interactions
between the outer electron shells of colliding atomic
particles. The quasihard-sphere model with modified
Born—Mayer interaction potential adaptsitself better to
various combinations of collision partners, because it
contains parameters characteristic of concrete pairs of
colliding atomic particles.

It is amost impossible to derive the universal inter-
atomic potential of interaction in an analytica form,
which could be used in application to a wide class of
problems in statistical simulation: even in describing
the processes of scattering of particlesin agas medium
dueto the differencesin the electron structure of collid-
ing atoms the real interatomic potential of interactionis
not monotonic, and oscillations due to the shell struc-
ture of colliding atoms must show up in el astic-scatter-
ing cross sections. In addition, the assumptions madein

(21)
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deriving amost all of the known interatomic potentials
of interaction used to describe the processes of scatter-
ing of particles in a solid were obtained within the sta-
tistical theory of scattering and based on the principles
of binarity and independence of collisions characteris-
tic of agas medium, which isincorrect.

Within the obtained quasihard-sphere model (5)
using the modified Born—Mayer interatomic potential
(11), calculations were performed of the transport coef-
ficients of atomsin agas medium at different values of
gas pressure up to pressures at which the diffusion
motion of atoms being scattered is predominating. Also
calculated were the values of ion sputtering in describ-
ing the processes of displacement of atoms in a solid
and their motion toward the surface. The calculation
results obtained for a wide class of collision partners
have demonstrated that the suggested model of quasi-
hard-sphere model using the modified Born—-Mayer
interatomic potential enables one to fairly correctly
simulate the processes of elastic scattering of atomic
particles at high rates of statistical simulation.
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Abstract—An investigation is performed on the electric strength of accelerating gaps of plasma sources of
electrons and ions in the presence of beam plasma behind the accelerating electrode. For the bipolar mode,
when the gas ionization in the accelerating gas may be ignored, the conditions of bridging the gap of plasma
discharge of a source with beam plasma and of disruption of emission current are found. © 2000 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

Electron and ion beams generated from plasma
sources are transported in a residual gas medium. The
leakage of gasinto the accelerating gap and drift space
of the beam occurs from the source proper. In the case
of formation of high-current beams of charged particles
in focusing devices with magnetooptics and of trans-
port through long distances, use is made of forced
bleeding-in of gasfor the purpose of reducing the effect
of space charge on the dynamics of fast particles. Under
these conditions, a plasma is formed behind the accel-
erating electrode as a result of ionization by a beam of
gas atoms, this plasma compensating for the space
charge of accelerated particles. The plasma density
may exceed considerably that of the beam particles.
Charged particles of the sign opposite to that of the
beam from the plasma source are extracted from the
beam plasma into the accelerating gap.

The electric breakdown of accelerating gap restricts
the extreme conditions of operation of plasma sources.
The breakdown conditions are defined by the properties
of plasma in the source and behind the accelerating
electrode, as well as by the characteristics of the gap
proper. In its turn, the gap length depends on the prop-
erties of the beam plasma and plasma of the source.

The ignition of a semi-self-maintained discharge in
the accelerating gap of an electron source with a glow-
ing cathodeistreated in [1-3]. The conditions of break-
down of the gap have been found which take into
account the gas ionization by electron beam and partial
compensation of a space charge of the beam by ions
from the plasma behind the accelerating electrode.

The major difference in plasma emitters from ther-
mionic guns consistsin that no restriction of current by
the space charge is possible during extraction of elec-
trons or ions from the plasma. The current flowing in
the accelerating gap is a saturation current and is
defined by the density and temperature of the source
plasma. A variation of these parameters under condi-

tions of constant accelerating voltage leads to a dis-
placement of the emitting plasma surface resulting in
the recovery of zero intensity of electric field on this
surface. Kreindel’ and Nikitinskit [4] investigated the
condition of electric breakdown of the accel erating gap
during extraction of electrons from the plasma surface,
when their space charge was partly compensated as a
result of gasionization in the gap. However, the derived
equation describing the condition of discharge ignition
has no solution for the case of the emissivity of the
source plasma exceeding the transmissivity of the gap.
Note that no referencesto the results of thislatter study
are made in the later monograph [5].

The inverse electron current coming from a beam
plasma exceeds considerably the current from an ion
source and causes an increases release of power on the
plasma electrode. Therefore, first the accelerating and
then the decelerating electrodes are used to shape an
ion beam; in so doing, the electrons from the beam
plasma cannot get into the source. The inverse electron
current from the beam plasma to the source may be
reduced with the aid of transverse magnetic field in the
accelerating gap. In anion source [6] with closed elec-
tron drift, when the Larmor electron radius is equal to
the gap length, the compensation of space charge and a
considerable increase of the ion beam current are pro-
vided. However, the transverse magnetic field distorts
thetrajectories of accelerated ions. In shaping precision
ion beams, the need arises for compensating their space
charge with the aid of inverse electron current in the
absence of external magnetic field. This helps reduce
the effect of space charge on the dynamics of the ion
beam and minimize the nonlinear distortions of its
phase characteristics.

This paper deals with the investigation of the elec-
tric strength of the accelerating gap of plasma sources
of electrons and ions with a high emissivity in the pres-
ence of beam plasma behind the accelerating el ectrode
and at alow gas pressure, when the motion of charged

1063-7842/00/4503-0304%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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particles in the gap occurs under conditions of free
flight. We will demonstrate that, with this formulation
of the problem, it is the extent of the space charge layer
between the source plasma and beam plasma, which is
the determining criterion of strength rather than the
ionization process.

PLASMA SOURCE OF ELECTRONS

We will treat a junction-type plasma diode consist-
ing of an electron-emitting plasma surface, an acceler-
ating gap of length x, between the emitting surface and
electrode at potential ¢,, and a beam plasma surface
coinciding or not coinciding with the electrode surface.
An electron current of density j, and an inverse electron
current of density j; flow in the space charge layer
between two plasma surfaces.

We will assume that the electrons and ions in the
layer move in the free flight mode, and the gas ioniza-
tion is performed by primary electrons alone. In this
case, Poisson’s equation has the form [3]

L &
PR (a1 mdi}
2,2 -y(@)]

wherey = /¢, ¢ istheelectric field potential, z= x/X,,
x isthe coordinate along the direction of electron emis-

sion, e = (/) (M/MYY2, Ner = NyeXaOo(M/MY %, oF =
ao(l1d )L =1/ aY), 0, isthe maximum cross section of
electronicionization of gas, | istheionization potential,
Ngc isthe gasdensity in the layer, &(2) = zat z[1 [z(1/),
1] and &2 = ZI/9) a z O [0, z(/)], jo =
eng(KT.s/21m,) Y2 isthe density of thermal current from
the plasma source, and ny, and T.g respectively denote
the electron density and temperature.

The electron current flowing in the accelerati ng gap

is a saturation current, j, = (26/my)Y2(¢ 2 /915 ), and
the parameter x, defines the extent of the layer of space
charge between the steady-state plasma boundary of
the source with coordinate x = 0 and the accelerating
electrode in the absence of gasionization and ion cur-
rent from the beam plasma.

We will find the distribution of the electric field in
the layer by integrating (1) in view of nonzero bound-
ary condition on the plasma emitter, (dy/dz),-, =0,

d_ 4DJGDU 12 12
2= 3HE 0l -mt. @
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The distribution of the éectric field as a function of the
parameter y: (1) 0= 0.5, (2) 1, (3) 2, (4) 4.

Equation (2) is derived ignoring the electron-beam
ionization of gas,

4o Mt oled” ()
3xa0,HmO O G0 -

Here, useis made of the estimation of integralsin equa
tion (1), made in [1], max®(y = ¢/l) < 1, and the
replacement of variable by y = ¢/¢ 5, as well as of the
first approximation for the field dy/dz =
(43)(je/i c0)Y2y¥* in the region of the main contribution
totheintegra (y < 1) at a, < (pa/1)Y2.

The coefficient o, is defined by the conditions of the
generation of plasmaby abeam behind the accelerating
electrode. In view of the fact that athermal ion current
isdelivered from this plasmainto the layer, we have the
following expression for a,:

= 04 ’:E(e;:dj (4

where ng, is the density of beam electrons behind the
accelerating electrode, T, is the electron temperature,
and n;, isthe density of beam plasmaions.

We assume that all ions of beam plasma moving
towards the boundary go into the layer, i.e., the current
is always a saturation current. In order to determine the
degree of excess of the density of plasma over that of
el ectron beam, we use the results of [7],

[?eq)ADUZU (¢A)ngArbV|O| RA
- Om, O 4v? My’

Nge <

)

neA

where o (¢,,) is the absolute value of the cross section
of electronicionization of gasat ¢ = ¢, Ny isthe den-
sity of gas behind the electrode, r,, is the beam radius,
R, isthe casing radius, v, = (KT.»/m)Y?istheion sound
velocity with which the ions move from the plasma to
the chamber wall, T, is the ion temperature, v,y =
(320/3Y2)Nga(KT;a/m) 2 is the collision frequency of
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plasmaions with gas atoms during resonance exchange
of charge [8], and g, is the cross section of resonance
exchange of charge.

In deriving expression (5), it was assumed that the
plasmaformed by the beam moved in aradial direction
in the mode of ambipolar diffusion and was lost on the
casing walls. If the beam drift length L > R,, the ambi-
polar electric field and the inhomogeneity of plasma
along the beam may be ignored.

An anaysis of the electric field distribution (2) asa
function of the variable y reveals (see figure) that, at a
low gas pressure (0, < 1), the field at the boundary of
accelerating electrode is other than zero, and the beam
plasma boundary shifts behind the electrode. Asthe gas
pressure increases, at o, = 1, the plasmaboundary coin-
cides with the electrode surface and, at o, > 1, the field
goesto zero inside the accelerating gap at the point ;. =

40(2/(1 + 0(5). In the latter case, a potentia well

emerges for ions leaving the beam plasma. Thiswell is
filled until it goesto zero accurate within thefield in the
plasma. As aresult, the region betweeny,candy = 1is
filled with plasma. The motion of the beam plasma
boundary deep into the accelerating gap with an
increase of the gas pressure was observed experimen-
tally [9].

The potential distribution over the charged layer
length is determined by integrating (2),

igjeomuj'{y”2+0(e[(l Y~ 11} dy + 2, (6)

where z, is the coordinate of the source plasma bound-
ary.

The integral F(y) appearing on (6) is reduced to an
elliptic integral [5] by change of variables, i.e, itisa
tabulated function, or is calculated numerically.

The position of the emitting surface in the sourceis
related to the emissivity of plasma proper. An increase
in the emissivity of the source plasma occurs owing to
the ion current coming to the plasma from the acceler-
ating gap. The ions entering the plasma cause a local
increase in the positive charge density; this leads, on
conditions of continued quasineutrality of the plasma,
to arespectiveincreasein the electron density and, con-
sequently, to an increase of the electron emission cur-
rent. In the absence of inverse ion current, the source
plasma boundary takes the initial position (z, = 0 at
y = 0). Under conditions of ahigh emission current, the
source plasma boundary shifts deeper into the acceler-
ating gap. Thisinferencewasverified experimentally in
[5, 10]. The charged layer length in this case, according
to (6), is defined by the expression

eoD”

2 — F(yle) DJ ) (7)
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where z, is the coordinate of the beam plasma bound-
ary, yi.isthe potential at this boundary, and theintegral
F(yso) isdefined in (6).

We will determine the emissivity of the source
plasma analogously [5]. The charge exchange is the
main process of interaction between ions and the
source plasma at a high gas pressure. A significant part
of ions are subjected to resonance exchange of charge
on neutral gas atomsin the vicinity of the boundary of
current takeoff of electrons and, due to diffusion, leave
this region. The ion beam introduces substantial longi-
tudinal nonuniformity compared with radial nonunifor-
mity in the case of ambipolar diffusion of plasma
across the beam. The equation of one-dimensional dif-
fusion of ions after charge exchangein view of the bal-
ance equation for ion beam particles has the form

d’n, i(2)

dz’ e
where z< 0, Da(dn/d2) =0atz=0,n,=npat j =0,
D4 = 2Ts/mv;, the frequency of resonance exchange
of charge v,, is defined in (5), and the cross section of
resonance exchange of charge o, may be assumed con-
stant and the same for primary and secondary ions until
the energy of 30 keV. Double integration of equation

(8) gives the increment of the electron density on the
plasma boundary (z= 0) at n,(2) = n«(2) and n,y = n,.

The electron density of emission current from the
source plasma may be represented as

Da

Gex gSeXp(oexngSZ)

jeo = Qeot Yelis 9)

where y, = (KTes/2y)¥2(Dang0e) ™ =
(16K/ /3TT)(T.gm /2T.gm) Y2 is the coefficient of ion-
electron emission of plasma; Tsis the ion temperature
in the source, Tes > Tig ji = ado(m/m)Y?; jo, isthe
vacuum component of the current density in the accel-
erating gap of length z, prior to variation of the position
of the source plasma boundary. The total current in the
charged layer is made up of the vacuum component and
the current associated with the compensation of the
space charge of the electron beam. Assuming that the
behavior of potential distribution in the layer in the
presence of inverse ion current does not vary [4], the
vacuum component of the current density may be rep-
resented as

i5 = Jeol(z—2)%, (10)

where g isthe vacuum density in agap of lengthz=1.

A simultaneous solution of equations (7), (9), and
(10) gives the condition

jeo = JeolZ2,

A
oy P = B2 @
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at which the bridging of the gap of plasma discharge of
a source with beam plasma occurs (z; = z,), aswell as
the disruption of electron current in the accelerating
gap. Note that the condition of breakdown of the gap
(11) isassociated both with the critical density of gasin
the gap and with the density of gasin the source and in
the channel of free drift of the electron beam behind the
accelerating gap. The gas pressure in the source may
differ from that in the accelerating gap by two or more
orders of magnitudes.

PLASMA SOURCE OF IONS

When the potential ¢, acrossthe accelerating gap is
replaced by —¢ ,, a plasma source of electrons becomes
an ion source. We will treat ion sources in which no
provision is made for the restriction of the inverse elec-
tron current of high density j./j; > (m/m,)¥? delivered
from the beam plasma behind the accelerating elec-
trode.

Poisson’s equation for space charge in the accel erat-
ing gap of an ion source in view of electron emission
from the surface of beam plasma has a form analogous
to that of (1),

2y 41,

al
a7 9J'°{y”2 (1-y)”*
1 e
_n92 Gi (y')/o-O ﬂzdzl:|,
PANGEYCI)
wherea; = (j/j))(Me/m)Y3 N = nchACfo(me/m)”Z: Jio=
0.4eno(2KT/m)¥2 = (2e/m)YX(px /9mxs); of =
Oo(1/0) (Y1 —Y) {1~ 1/Dalyz —¥) ™, andyy = 4o’ /(1 +
2
a; )

The electric field distribution in the layer is defined
by an expression analogous to (2). The condition of
ignoring the electron-beam ionization of gas in this
case assumes the form

(12)

a” i ad?F(ya)
4x,0,tm 0 U1 U z -z

Here, use is made of the same approximation as in
deriving inequality (3); in so doing, in the region of
maximum ionization of gasat y = y;; — 1/¢ 5, the electric
field is of the order of dy/dz = (2/3)a¥2(j/jio)Y(yy —
y)1/2.

The main contribution to the integral entering (12)
ismade by theregion p = 1/¢ 5, wherep =y,;;—yisanew
variable. Ininequality (3), expression (7) isused for the
gain of electron current density. A similar expression
for the gain of ion current density enters (13).

Ngc < (13
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For transporting an accelerated ion beam without
substantial loss of particles, one must select the opti-
mum drift length and gas density behind the accelerat-
ing electrode Loy < 1, where L is the transporting
length. Under conditions of reduced gas pressure, the
plasma behind the accelerating electrode is generated
only as aresult of fast-ion ionization of neutral atoms.
The coefficient a; isdetermined analogoudly to (4): a; =
(KT a/4TED A)V2B;, Where B; is the ratio of the ion beam
density at the outlet from the accelerating gap to the
electron density in the beam plasma. The quantity 3; is
defined by an expression similar to (5), in which the

electron ionization cross section o; (¢p,) must be
replaced by the respective cross section for ions

csii (¢,), and m, must be replaced by m. The cross sec-
tion of ionization by singly charged ions in a first
approximation is the same as in the case of electrons
with the same velocity of particles. In electron and ion
plasma sources with the same accelerating potential,

a. = a, because of /0] = (m,/m)*2,

A local increase of the plasmadensity in the vicinity
of the emitting surface of an ion source is due to the
ionization of gasin the source chamber by inverse elec-
tron current. Theion density of current from the plasma
source will be defined by the expression jio =jio + Vi je
where y; is the coefficient of electron-ion emission of
plasma. We use the derivation of expression (5) to

derivey; = [OF (NG5 Vio/4V 2 ]IN(Rg/ry), where Rgis
the radius of the source chamber.

The conditions of bridging the gap of plasma dis-
charge in an ion source with beam plasma (z; = z,) may
be written analogously to (11),

a B Fo0 = 3-2 a9

CONCLUSION

The ignition of a discharge as a result of ionization
of gas in the accelerating gap of a diode occurs if the
gas density exceeds the critical value[1, 3],

2 H“eDUZBPA
xo.tmo Ojo FO=1).

In case conditions (3) and (13) are valid, aswell as
the condition of the mode of passing ions and of the
absence of their charge exchange in gas nyc < (XaOed ™,
the processes of formation of secondary particlesin the
accelerating gap may be ignored. A comparison of (3)
and (13) demonstrates that the condition of ignoring
ionization in the gap in the case of a plasma source of
ionsislessrigid than in the case of an electron source.

As the gas pressure decreases, the electric strength
of the gap must increase. However, in the bipolar mode

Nyc 2
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as well, when the gas ionization may be ignored, the
electric strength of the accelerating gap remains low
because of the possibility of bridging the gap of plasma
discharge of a source with beam plasma behind the
accelerating gap. A comparison of formulas (11) and
(14) revedls that, as the pressure in the gas-discharge
chamber increases (at y; > y.m./m), such a breakdown
in the case of an ion source occurs at a lower pressure
of gasin the accel erating gap than in the case of an elec-
tron source.

Note an important fact distinguishing the operation
of a plasma emitter from that of a thermal emitter. In
plasma sources of charged particles with an increased
emissivity, when the gas pressure in the accelerating
gap increases, the bridging of the gap of plasma dis-
charge of a source with beam plasma may occur before
the discharge ignition as a result of ionization of gas.
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Abstract—A 15-30% enhancement of steel resource upon low-cycle fatigue tests is achieved by steel treat-
ment with power electric current pulses at the instant when a sharp decrease in the ultrasound velocity occurs.
Possible mechanisms of the effect are discussed. © 2000 MAIK “ Nauka/Interperiodica” .

The most common type of loading structures, mech-
anisms, and machines during their exploitationiscyclic
(alternating or more complex) loading in which fatigue
phenomenaare developed. Thistype of loading is char-
acteristic of aviation and rocket engineering, various
types of engines, transport, and other engineering
branches. A sudden (in most cases) occurrence of the
final stage of fatigue failure may lead to hardly pre-
dicted severe (catastrophic) consequences.

The problem of the fatigue failure of metals and
dloys, in spite of its long history, remains topical.
A vast body of experimental material accumulated to
date emphasizes its complex nature rather than indi-
cates ways to solve it. Numerous unclarities exist in
both the explanation of the nature of damage upon
fatigue loading and the diagnostics of fatigue. Recent
works indicate the complex nature of the fatigue phe-
nomenon related to self-organization, accumulation,
and interaction of |attice defects during fatigue loading
[1,2].

In thiswork, the following purposes were set: based
on asimple and reliable method (applicablefor individ-
ual articles) of determining the stage at which low-
cycle fatigue fracture is developed [3, 4], to suggest a
technique of restoring article's resource with the help
of a special-type treatment and apply it to awide class
of important structural materials; for enhancing under-
standing of the results obtained, to perform a metallo-
graphic examination of the problem of fatigue loading
and reveal factors that ensure restoration of article’s
resource upon such treatment.

Low-cycle tests were performed by zero-to-bend-
stress cycling on samples made of structural steels 40
and 40Kh, rail steel M76 (70KhGSA), stainless steel
Kh18N10T, and a weld-joined composite consisting of
high-speed steel R6M5 and steel 40K h. In parallel with
fatigue tests, the ultrasound velocity (USV) was mea-
sured using an ISP-12 structural transformation meter
to an accuracy of 10 The device works on a carrier
frequency of 2.5 MHz and generates surface (Raleigh)
elastic waves propagating at a velocity of Vi.

Experiments performed showed that the USV con-
tinuously decreases during fatigue tests and the depen-
dence of the USV on the number of loading cycles has
athree-stage nature.

Metallographic investigations of the material struc-
ture at various stages of the AV/Vg(N) curve revealed
the following: (1) at the first and second stages of the
decrease in the USV upon fatigue tests, no marked
changes discernible in an optical microscope are
revealed in the material structure; (2) at the beginning
of the final stage, fatigue cracks are formed, which
reach 0.015 mm in length and later serve as fracture
sites; and (3) aone-to-one link exists between the crack
initiation and the beginning of the falloff of the USV.

Thus, we may think that the sharp fall off of the USV
during fatigue tests is related to the appearance of
fatigue cracks and indicates the approach of the final
stage of the process, i.e., the transition to brittle rupture
and the failure of the sample or the article. Thissignis
informative for an individual sample and cautions
against the beginning of failure to a certain degree of
accuracy. Theresults obtained may be considered asthe
suggestion and substantiation of anew informative sign
of fatigue failure of steels[5, 6].

Since measurements of the USV permit us to rather
accurately predict the approach of a critical stage of
failure, it is possible to prevent failure by timely using
some restoring action on the material loaded. As a suit-
able action of this kind, treatment with electric current
unipolar pulses of amplitude to 250 MA/m? and dura-
tion 100 ms can be used. It is known from numerous
previous investigations (see, e.g., [7]) that such treat-
ment leads to a marked plasticization of steels and
aloys.

The experimental scheme was as follows. Samples
after the transition to the final stage of a fatigue test
were subjected to a series of electric pulses, after which
the fatigue testing and USV measurements were con-
tinued. Asaresult of such treatment, the USV increased
to the initial value and the number of cycles to failure
increased as the tests were continued.

1063-7842/00/4503-0309%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Table 1. Enhancement of steel resource by electrostimulation

Stee! grace enencement, %
40 35.7
40K h (heat-treated) 20.1-20.9
M76 (7TOKhGSA) 26.3-29.3
Kh18N10T 22.9-24.3
Weld-joined 40Kh + R6M5 composite 13.4-15.2

Table 2. Variation of characteristics of the structura state of
grade 40 steel after electrical treatment

State prior to State after
treatment treatment
Cyclesto failure N 2800 3800
(2000 + 800) | (2000 + 1800)
01, MPa (body stresses) 296 235
011, MPa(body stresses) 506 253
D, nm 333 196

Note: D isthe size of coherent domains.

After reaching the critical state, the untreated sam-
ples withstood, as a rule, no more than 1000 cycles
before they failed; after treating with electric pulses,
they were able to withstand 2500-3000 cycles. Thus,
an essential increase in the resource of the samplesis
observed (Table 1).

Microscopic investigations show that after treat-
ment with current pulses dramatic changes occur in the
structure of metal. Greatest changes are observed inthe
state of fatigue microcracksthat had arisen at the begin-
ning of the final stage of the process. A new structural
component appears in these cracks, whose microstruc-
ture cannot be resolved by optical or scanning electron
microscopy. Asarule, thiscomponent islocated on that
side of the crack that faces the plus sign of the pulse
generator. However, cases were observed where the
entire volume of the crack was filled by this structural
component. This component representsa“white layer,”
whose appearance was repeatedly noted previously in
cases where the concentrated supply of external energy
was used, e.g., upon friction or laser or plasma treat-
ment. The development of the “white layer” was traced
on specialy “labeled” (using microindentation) fatigue
cracks. In addition, a series of model experimentswere
performed using surface quenching cracks that arose
upon water quenching of M76 rail steel samples. Inthis
case, the microcracks of the length to 0.15 mm aso
werefilled with “white layer” after treatment with elec-
tric current pulses [5]. Microhardness data (3000 MPa
for the grade 40 steel and 10000 MPafor the M 76 steel)
suggest that the white layer consists of finely dispersed
products of martensite decomposition. Electron micro-
probe analysis of grade 40 steel samples performed on

ZUEV et al.

a scanning electron microscope with a JSM-T200
microanalyzer (JEOL) indicates an enhanced content
of some aloying elements (Mn, Si) in the white layer
as compared to the matrix. The development of the
white layer is thought to occur as follows. It is known
that electric field lines are concentrated near the crack
tips; this increases heat liberation, which can result in
local melting in those sites during each current pulse.
After the current is stopped, cooling of these regions
occurs because of the rapid heat exchange with the
solid material that surrounds the molten zone. The
solidification front moving toward the microcrack
rejectsimpurities that lower the melting temperature of
iron toward the crack; as a result, the volumes to be
solidified last, which lead to the formation of the white
layer, prove to be enriched in these impurities. Upon
further cooling, disperse products of austenite transfor-
mation with the above hardness appear. This effect
leadsto the lowering of thelevel of stress concentration
near crack tips and, thus, retards the development of
failure. In general, there occurs alowering in the level
of internal stresses of the first and second kinds (body
and textural stresses) in the steel matrix deformed in
fatigue tests, as well as in a decrease in the size of
coherent domain revealed by X-ray diffraction scatter-
ing (Table 2).

Note a very large decrease in the textural stresses
and the coherent domain size. Both these characteris-
ticsarerelated to the properties of the dislocation struc-
ture, and their behavior after current pulse treatment
indicatesthe leveling off of the dislocation density over
the bulk of metal, which, naturally, decreases the prob-
ability for cracksto nucleate. All these dataindicate the
facilitation of the course of relaxation processes during
treatment with electric pulses [5-7].

The above regularities permitted us to suggest a
method for restoring the fatigue resource applicable to
critical steel details of machines and mechanisms. Such
treatment can be performed, e.g., during technical ser-
vicing or repairing of equipment. To this end, data on
theinitial USV should be introduced preliminarily into
the article certificate.

We traced the rel ation between the three-stage curve
of the dependence of the USV on the number of loading
cycles and the U-shaped curve of theintensity of break-
downs well-known in the theory of reliability [8]. We
revealed that the three stages of the falloff of the USV
correspond to the occurrence of three types of failure:
premature failure due to bedding-in (first stage), ran-
dom breakdowns (second stage), and wear-out failure
(third stage). This explains the fundamental difference
between the traditional methods of determining steel
resource, based on a statistical analysis of testing data
obtained on many samples, and the method suggested
above, which permits one to determine the approach of
acritical stage onindividual samplesor articles. Thisis
important for the case of costly details of critical facil-
ities, for which the accumulation of statistical data
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obtained in special tests is difficult. The transition to
measuring and analyzing fatigue characteristics of indi-
vidual items can result in an essential cheapening of
control procedures and the enhancement of the reliabil-
ity of engineering and technology [8].
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Abstract—Some properties of the aqueous solutions of polymer—fullerene complexeswere studied. The exper-
imental data suggest that fullerenes are capable of strong intermolecular interactions. © 2000 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

The properties and functionality of fullerenes have
been studied in sufficient detail, and now there is
increasing interest in the biological activity of fullerene
(Cqo) and its derivatives [1-5]. Unfortunately, the bio-
logical applicationsof fullerene are hindered by the fact
that this compound is insoluble in water. A possible
waly to solving this problem is related to the formation
of complexes between hydrophilic polymers and
fullerene, which allows aqueous solutions of Cg, to be
obtained where the structure of fullerene molecules
remains intact. However, Cq, covaently bonded to a
water-soluble polymer (starlike configuration) exhibits
a dignificant decrease in biological activity [6-8].
Another necessary prerequisite for biological applica-
tions of fullerene—polymer complexes is the establish-
ing of criteria for monitoring the composition and sta-
bility of these complexes. Thistask isinseparable from
the general fundamental problem of determining the
structure of fullerene-containing polymers in agueous
solutions. No clear notions of this structure has been
yet formulated.

Below we report on the results of investigation into
the properties of dilute agueous solutions of poly(vinyl
pyrrolidone)-fullerene (PVP-Cg,) complexes and the
base polymer (PV P) by methods of Rayleigh light scat-
tering, trandational diffusion, viscometry, and UV
spectroscopy.

EXPERIMENTAL

The PVP-Cg, complexes were prepared from PVP
with M = 35000 + 10% using a modification of the
method described in [9]. In particular, we used a ben-
zene solution of Cg, (instead of the toluene solution)
which allowed the complex to be purified under com-
paratively mild conditions. We have synthesized the
PVP-Cg, complexes with various relative contents of
fullerene (0.31-0.81%). The content of Cg, in a com-

plex was determined spectrophotometrically: the opti-
cal densities of fullerene- containing solutions with a
Ceo concentration from 0.31 to 0.81% obey the Lam-
bert—Beer law. We failed to obtain the PVP-Cg, com-
plexes with a Cg, content exceeding 0.81%.

In order to elucidate the structure of the fullerene-
containing polymer in aqueous solution, we have com-
pared solutions of the base polymer (PVP with M =
10* £ 10%) and a PVP—Cg, complex with the compo-
nent ratio 99.2:0.8. When the initial concentration
of this complex in solution is~3 x 10-3 g/cm?, the con-
tent of Cq, in the same solution does not exceed ~3 x

10-° g/cm?.

RESULTS AND DISCUSSION

Figure 1 (curve 1) shows the plot of (cH/I)g, versus
PV P concentration ¢ (H is the optical constant and | is
the light scattering intensity increment). As seen, the
cH/I ratio monotonically increases with the PVP con-
centration. Extrapolated value of the molecular mass
M, = 1.1 x 10* agrees with the value obtained from
analysis of the sedimentation-diffusion data (Mg =
1.0 x 10%).

The concentration dependence of the inverse inten-
Sity of scattering for solutions of the PV P-Cg, complex
(Fig. 1, curve 2) exhibits an anomal ous character com-
prising two different parts. In the region of ¢ > ¢c* =
1.4 x 102 g/cm?, the | value does not virtually change
with dilution. We may suggest that the light is scattered
from certain continuum (the extrapolation to c — 0
yields M — ). The second region correspondsto ¢ <
c*, where the extrapolation to ¢ — 0 yields a finite
value of M,, = 5 x 106 (nevertheless exceeding the M,,
of PVP by 2.5 orders of magnitude).

We may suggest that the complex concentrations

exceeding c* give rise to anomaloudly strong intermo-
lecular interactions hindering the fluctuational motions
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Fig. 1. Theplotsof (cH/I)gq versus concentration c for aque-
ous solutions of (1) PVP and (2) a PVP—Cg complex.

of molecules in solution. Apparently, the regions with
retarded fluctuational mobility may form aready at a
concentration of the order of 10 g/cm®. The value of
M,, = 5 x 10° probably corresponds to these very frag-
ments of continuum, whereas the molecular mass
determined by an alternative absolute method, the sed-
imentation-diffusion data analysis, coincides, to within
the experimental error, with the molecular mass of
PVP.

It should be noted that a change in the degree of
solution structurization with dilution is thermodynami-
caly unfavorable: the second virial coefficient of the
solution in thisrange of A, = 0.4 x 10~ mol cm3®/g?. We
believe that the probability of association in dilute solu-
tions of the PVP-Cy, complexes is extremely small,
which is confirmed by the asymmetry of scattering
characterizing the size (radius of gyration) of the asso-
ciates coincides with the asymmetry of scattering
observed in pure PVP solutions.

The appearance of along-range order in dilute poly-
mer solutions was reported [10] for the solutions of
polyamic acids and polyimides in amide solvents.
However, the ordering in these systems was fully
destroyed at a solution concentration of 4.0-5.0 x
1073 g/lcm®, which corresponds to a distance of about

300 A (i.e., amonolayer of solvent molecules) between
the centers of interacting macromolecules. In the solu-
tions of PVP-Cg, complexes studied, the continuum
already appears at a concentration of 1.4 x 10~3 g/cmd.
This corresponds to a fullerene concentration of 1.4 x
105 g/cm? and a distance of about 2000 A between the
Cgo molecules. Moreover, the continuum is not fully
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Fig. 2. Theplotsof 62 = 2Dt versustime for (1) the self-diif-
fusion in a PV P—-Cgg solution and for (2, 3) the diffusion of
PEO (M =1000) in (2) PVPand (3) PVP—-Cgy complex solu-
tions.

destroyed with decreasing concentration. We suggest
that the interaction of fullerene molecules is mediated
by structurized solvent.

The presence of the regions of hindered fluctua-
tiona mobility in PVP-Cg, complex solutionswas con-
firmed by data on the temperature variation of the light
scattering intensity. The measurements were performed
at a complex concentration of 2.5 x 10~ g/lcmd. It was
found that the plot of scattering intensity |4, versustems-

Nyle. dig
0.16
0.12 /WW
0.08 -
0.04 -
0 0.5 1.0 1.5 2.0 2.5
¢, 102 g/(:m3

Fig. 3. Theplot of reduced viscosity ng,/c versus concentra-
tion for (o) PVP and (+) PVP-Cgy complex solutions.
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Fig. 4. Theplotsof (cH/1)gg versus concentration ¢ for aqueous
solutions of PVP-Cgy complexes with various fullerene con-
tent (%): (1) 0.31; (2) 0.48; (3) 0.64; (4) 0.67; and (5) 0.81.

peratureislinear in theinterval from 19 to 45°C, where
the 1o value dropsfrom 25.0 x 10°t0 20.4 x 103, This
change may be related to a partial disturbance of struc-
turization in the PVP-Cg, complex solution as a result
of increasing kinetic energy of the Brownian motion of
both solvent and solute molecules. Note that the asym-
metry of scattering in the complex solutionsisindepen-
dent of the temperature. This fact indicates that the
decreasein lg, on heating cannot be related to the decay
of molecular associates.

Strong intermolecular interactions in the system
studied were also revealed by experiments on the trans-
lational diffusion of PVP- Cg, complexes at very small
values of the chemical potential gradient. The plot of
thediffusion curve dispersion versustime (Fig. 2, curve 1)
islinear in the initial stage and deviates from linearity
when the chemica potential gradient decreases. A
decrease in the diffusion coefficient with decreasing
chemical potential gradient can be related to the
appearance of domains with hindered fluctuational
mobility of molecules in solution, which diffuse as a
whole. The assumption concerning the presence of
solution domains featuring an ordered, rather than
polydisperse, structure of complexes, is confirmed by
data on the diffusion of poly(ethylene oxide) (PEO)
molecules with M = 1000 in the solutions of PVP—Cg,
complexes and pure PVP (Fig. 2, curves 2, 3). As seen
from these data, the diffusion of PEO moleculesin the
complex solution (curve 3) is strongly retarded as com-
pared to the processin a PV P solution of the same con-
centration (curve 2). Indeed, the diffusion coefficient of
PEO in the former solution initially amounts to
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Fig. 5. The plot of Mgy, for the continuum fragments in
agueous solutions versus fullerene content X of PVP-Cgq
complexes.

1.85 x 10¢ cm?/s and drops with decreasing driving
force of the process, whereas the diffusion coefficient
in the PVP solution is retained on a constant level of
2.1 x 108 cm?/s.

Application of an additional gradient of the order of
700 s led to complete breakage of the order in PVP—
Ceo complex solutions. Thisisillustrated by compara-
tive viscometric data for the PVP-C4, complex and
pure PVP solutions presented in Fig. 3. As seen from
this plot, the complex and base polymer solutions with
equal concentrations exhibit exactly the same values of
reduced viscosity. The value of M, = 1.0 x 10* calcu-
lated from the corresponding value of the intrinsic vis-
cosity using the Mark—Kuhn—Houwink formula [11]
coincides with M.

Study of the agueous solutions of PVP-Cg, com-

plexeswith the polymer massM = 3.5 x 10* and various
Ceo contents by the method of Rayleigh light scattering
showed that the plots of inverse scattering intensity ver-
sus concentration are similar to that presented in Fig. 1
(curve 2). The molecular mass of continuum fragments
exhibited a monotonic increase with the content of
fullerene in the complex (Figs. 4, 5). The critical con-
centration c* somewhat decreased with increasing
fullerene content in the complex (Fig. 4). Thisimplies
that the continuum is not fully destroyed even at rather
small complex concentrations and breaks into separate
coarse fragments with further dilution. Note that the
values of the apparent molecular mass M, coincide (to
within an experimental error of ~10%) for all pairs of
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solutions of the same complex prepared by two differ-
ent methods (Fig. 5).

CONCLUSION

The solutions of fullerene-containing polymers pos-
sess an ordered concentration-dependent structure.
This is probably related to the ability of fullerene to
form strong intermol ecul ar contacts due to the presence
of alarge number of conjugated bonds in the Cyz, mole-
cules. The values of molecular mass obtained from the
light scattering data or the ordered domains in highly
dilute solutions of fullerene-containing polymers may
serve as a parameter for monitoring the content of
fullerene in various compositions.
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Abstract—The core size of complex structural units (CSUs) in paraffin crude oil was found by small-angle
X-ray scattering. A variation of the core size with the energy and the number of millisecond pulses from aruby
laser was investigated. © 2000 MAIK * Nauka/lInterperiodica” .

INTRODUCTION

Investigations into the effects of physical actions on
the structure and properties of crude oil are vital for
devel oping technologies of fine oil refining and viscos-
ity breaking, which makes easier oil production and
transportation. As of now, ultrasonic methods are
applied to prevent the deposition of salts and paraffins
in boreholes and pipelines [1]. Also, oil properties are
expected to change when oil is exposed to laser pulses,
widely used for the modifying the structure of different
materials [2-4]. Laser radiation stimulates chemical
reactions|[5, 6] and, in view of severe conditions, inher-
ent in pulse irradiation, may result in a change in the
CSU sizein disperse il systems.

QOil represents adisperse colloidal system consisting
of CSUs. Each involves a core surrounded by a solva-
tion shell. The core is formed of high-molecular
alkanes, polyarene carbons, and resin asphaltens, while
the solvation shell includes compounds less susceptible
to intermolecular interaction [7].

Physical actions may change the CSU size [7],
which is estimated with small-angle X-ray scattering
by disperse systems [8]. The knowledge of the CSU
sizeisnecessary for oil fractionation upon refining, vit-
rification, and so on.

To improve the accuracy of the small-angle mea-
surements, atriple-crystal X-ray diffractometer can be
used [9-12]. This setup provides highly monochro-
matic radiation (after three-fold reflection, Ka; radia
tion alone comes out of a dlit monochromator). The
radiation is collimated in the horizontal plane (after
three-fold reflection, the angular divergence of the out-
put beam is below 9 seconds of arc).

The aim of this paper is to investigate a change in
the size of oil CSUs exposed to millisecond pulses of a
ruby laser. Measurements were performed by small-
angle X-ray scattering with the use of a triple-crysta
X-ray diffractometer.

EXPERIMENTAL

High-paraffin crude oil (the paraffin content was
32.1 wt %) was studied. A 1-mm-thick oil film was
placed on ametal ring of inner diameter 3 cm. Thefilm
was exposed to the radiation of a free-running ruby
laser. The pulse width was 0.5 ms; the energy density
W= 11, 14, and 18 Jcm?; the number of irradiations
was 1-3; and the diameter of the laser beam on the film
plane was 1 cm. The laser beam was incident on the
film surface at aright angle.

The CSU size was measured with a triple-crystal
X-ray diffractometer using CuKa, radiation. An oil
film was placed behind the monochromator normally to
the X-ray beam. The angular distribution of scattered
intensity was recorded with acrystal analyzer, followed
by a wide-dlit detector. A silicon single crystal with
three-fold (111) reflections was used as a dlit mono-
chromator. Silicon served also asacrystal analyzer, but
here only one (111) reflection was used.

RESULTS AND DISCUSSION

The intensity of X-rays scattered from a disperse
system is given by the Guinier formula

1(s) = lpexp(-s’re/3),

where |, is the scattered intensity at © = 0, s =
(41YA\)sin(©/2), A is the wavelength, © is a scattering
angle, and ry istheradius of gyration of a particle about
the center of mass of the disperse system.

Theradius of gyration isrelated to the characteristic
sizer of particles. For scattering by spherical particles,

thisrelation hasthe form r; = 3r?/5[9].

The dependence of Inl(s) on §* (Guinier's plot) is
presented in the figure. For nonirradiated oil, data
points fall on two straight lines with slopes of 176.24
and 13.51. After exposure to aradiation with an energy
density of 11 Jcm?, thelogarithm of theintensity drops
to the background and level is represented by a straight

1063-7842/00/4503-0316%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Guinier plotsfor small-angle scattering of X-raysby thedis-
perse oil system: (1), (2) nonirradiated; (3) after a single
irradiation at W= 11 J/cmz; (4) after two-fold irradiation;
and (5) background level.

line with aslope of 246.38. The second irradiation with
the same energy resultsin afaster decline in the inten-
sity (with aslope of 416.77). After the third irradiation,
data points practically agree with those after the second
one.

In the case of the sample irradiated with the specific
energy of 14 Jcn?, the scattered intensity showsthe same
behavior. When the energy density risesto 18 Jcm?, data
points even after thefirst irradiation coincide with those
after the second irradiation at W = 11 Jcm?.

The size of scattering particles can be found from
the slopes of the curves with an accuracy of 5%. From
the formulas above, r = (5tana )¥2 for spherica parti-
cles. Small-angle X-ray scattering makes it possible to
determinethe size of the ordered CSU region that is, its
core [7]. Hence, the CSU cores in as-produced oil are
30 and 8 A across. The presence of the cores greatly
differing in sizes meansthat crude oil representsapoly-
disperse system consisting of primary CSUs of two
sizes. Polydispersity is characteristic of produced
oils[7].

During laser irradiation at W = 11 Jcm?, oil passes
to the monodisperse state, and secondary CSUs with

TECHNICAL PHYSICS Vol. 45 No. 3 2000
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the cores 35 A across are formed. The cores grow
through coalescing primary CSUs. This conclusion is
supported by the investigation of thermal, mechanical,
electromagnetic, and other effects on the structure of
disperse oil systems[§].

Repest irradiation with the same energy results in
further growth of the specific coresizeto 46 A, suggest-
ing that secondary CSUs have merged together. Subse-
quent irradiations |eave the size CSU cores unchanged.

A similar change in the core size was observed at
W =14 Jcm?. After thefirst irradiation at W= 18 Jcm?,
the core size becomes equal to the one after two-fold
irradiation at W= 11 or 14 Jcm?. After the second irra-
diation at W= 18 JJcm?, the core size remains the same.
This means that this parameter is limited from above.

To conclude, small-angle X-ray scattering with the
use of a triple-crystal X-ray diffractometer makes it
possible to determine the size of CSU coresin disperse
oil systems. Millisecond pulses from a ruby laser con-
vert polydisperse high-paraffin systems into monodis-
perse, and the size of CSU cores grows. As the number
of irradiations and pulse energy increase, so does the
core size but to acertain limit.
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Abstract—The solution to the problem on limiting (thermodynamically permissible) efficiency n,, of direct
conversion of energy of quasi-monochromatic radiation into work known from the literature leads to physically
unacceptable results (n,, < 0) in the range of small frequenciesv and temperatures T,, of converted radiation. It
is shown that the noted feature is a consequence of the approximate character of the mentioned solution
obtained without taking into account background heat radiation: the exact solution obtained for n,,is valid for
al v and T, = 0 and turnsinto the solution known earlier for T, > T and hv = KT (where T is the temperature
of the surroundings). © 2000 MAIK “ Nauka/lInterperiodica” .

In[1], thefollowing result for the limiting efficiency
of “direct” conversion of energy of quasi-monochro-
matic radiation into work in the case of total absorption
of incident radiation by a “working medium” was
obtained:

N
M@ = 1ol +(a-1)ina-1)&,
I-lrS TV hV (1)
hv/kT,
= e .

Here, N, is the maximum (thermodynamically permis-

sible) value of the converter output power, I'I:r; isthe
flux, v isthe frequency, T, is the temperature of radia-
tion incident to a converter, T isthe temperature of both
the surroundings and converter, and k and h are Boltz-
mann’s and Planck’s constants, respectively.t

In limiting cases of small and large frequencies, for-
mula (1) gives[1]

_ T KT

TV m, hv > kTV

Nm = ()
T kT\D
1—T—V%1+ Int=H, hv <KT,.

Obviously, the smaller the ratio hv/KT,, the more
accurate the latter formula of (2) (in comparison with
theinitial formula(1)). However, the paradox liesin the
fact that this formula implies physically unacceptable

1 Thefactor o in the second addend of the given expression is miss-
ing in cited formula (12) in [1] due to an obvious misprint.

result n,, < 0 at sufficiently small values of the men-
tioned ratio, with n,,, — —c0 asv — 0. If the temper-
ature of converted radiation is decreasing at a given
value of v, the “high-frequency” (upper) formulaof (2)
leads to the same resullt.

As a rule, a “paradox” similar to the noted ones
occurs when an approximate formula considered to be
exact is used beyond its validity region. In this paper, it
is shown that the example under consideration is not an
exception; consequently, expression (1) obtained with-
out taking account of background heat radiation is of
approximate character and valid when the two follow-
ing conditions are met simultaneoudly: T, > T and
hv = KT. It is easy to see that formula (1) leadsto phys-
ically meaningless values of n,,, when just these condi-
tions are violated.?

1. Thermodynamics requirements imply the follow-
ing upper bound on the output power N of an arbitrary
device performing work on external bodies under con-
ditions of stationary energy exchange with both ther-
mostat (“the surroundings’) and radiation field [2]:

N<M,-TZ, = N, (3)
Herell, and %, are the net fluxes of energy and entropy

2\tis appropriate to mention here that the appearance of this paper
was provoked to a certain extent by papers [3], whose author,
using formula (1) beyond its validity region, obtains a number of
interesting results, among which are “one more thermodynamic
method for deriving the law of thermal radiation” or, e.g., a con-
clusion (of fundamental importance) on the existence of “princi-
pal thermodynamic restriction on endoergic reactions’ (radiation
energy with such afrequency and radiance that n,,< 0 “canin no
way be converted into the free energy of matter.”

1063-7842/00/4503-0318%20.00 © 2000 MAIK “Nauka/Interperiodica’
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of radiation absorbed by the device (*converter”)
through its surface:

M, = —fdv(do dQ,nokK,, (4)
r I I nu;[.zo '

>, = —[dv[do dQ,nolL,, (5)
r I I nwLO '

where K, = (K, (r, ®)) isthe spectral energy radiance of
radiation with frequency v propagating in an el ement of
solid angle dQ,, in the direction of a unit vector & and
crossing an element do of the converter surface (with
an external normal n) at a point r; L, is the spectral
entropy radiance of radiation, which (if radiation is not
polarized) is uniquely defined by the quantities v and
Ky [4]

2kv?
2
c

Lv: LV(KV): [(1+nv)|n(1+nv)_nv|nnv]’(6)

where c is the speed of light, n, is the average number
of quanta at afield oscillator,

n, = ¢’K,/2hv°. ©)

2. The spectral radiance of radiation on the con-
verter surface, which solely determines the limiting
converter power N, asis seen from the formulas cited
above, is represented as the sum

KM +K!, no<0
Kv=0 . - )
(K, +K,, no>0.

The radiance of incident radiation from an externa
source is denoted here by K.'; K™ refers to nonequi-

librium radiation emitted from the converter surface;

and K\T denotes the radiance of background heat radi-

ation in which the considered system (together with the
surroundings) is necessarily immersed and which
should apparently be considered as the black light of
temperature T

T 2h° 1
Ky = 2 [exp(hv/kT) 1]’ ©)

Assume that the converter absorbs the incident radi-
ation completely and does not luminesce; i.e., we take

out

K, = 0. In this case, taking into account (6)—9),
expressions (4) and (5) take the form
n, = —J'dvj'do I dQ noK" =N, @)

no<0

TECHNICAL PHYSICS Vol. 45 No.3 2000
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Dependences of the limiting efficiency on the temperature
and frequency of converted radiation determined by formu-
las (1) and (11), respectively.

=—dvfdo [ dQune[L,(K/+KJ) - L(K))].(5)

now<0

Furthermore, we assume that the incident radiation
isisotropic within the solid angle of its propagation (as
it generaly occursin practice).3 Itiseasy to verify that
integration with respect to do and dQ,, in formulas (4),
(5) is performed independently of integration with

3 Formally, this assumption means that K\i,n (r, ) can be presented

in the form K\i,n =a(r, ®)K(V), wherea(r, ) = 1if (r, ®) O G

and a=0if r and ® do not belong to a certain region G of afive-
dimensional space.
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respect to dv, and, consequently,

nt=r J’de‘V“, (4"

(59

where the factor I signifies the “geometric quotient.”
After substituting (4") and (5") into (3) and dividing

the obtained expression for N,,, by the power M, of the

incident radiation (formula (4")), we find that the limit-
ing efficiency in the case of quasi-monochromatic radi-
ation is determined by the equation

T = rJ‘dv[Lv(KL”+ Ky) =LK1,

Nm = 1-TIL(KY +K) — L(K)I/K,,  (10)
or, taking into account (6), (7), and (9),
N 1—%,E1[f(ni”+n5)—f(n5)], (11)
where
f(€) = (1+&)In(1+&)—&Ing, (12)
ny = 1/[exp(hv/KT) —1], (13)

and the temperature T, of converted radiation is intro-
duced in the ordinary way,
in

n' = c’K[2hv® = 1/[exp(hv/kT,)-1]. (14)

Expression (11) isthe aim of preceding calculations
and the paper as a whole. A simple, but cumbersome,
analysis shows that formula (11), in contrast to (1),
does not contain any singularity and leads to val ues
Nm= 0 (notethat n,< 1) a arbitrary T, T,, and v = 0.4

Thefigure serves as an illustration of this statement.
Besides that, it is seen from the figure that, at suffi-
ciently large values of T, and v, results (1) and (11)
coincide. The validity conditions of approximation (1)
are discussed in more detail in the Appendix.

APPENDIX

Suppose T, < T. Then, asisseen from (13) and (14),
n'sn (15)

for any given frequency value (in particular,
n'/n, — T,/Tforv —= 0). Note that the quantity
nJ itself is not necessarily small in comparison with

unity. On the contrary, depending on frequency, n

may essentially exceed unity attaining arbitrary large
values for v — 0. Nevertheless, we will show that,
due to the monotonically increasing and “ smooth” type

4In particular, Ny, — 1 — (T/T,)In(1 + T,/T) for v — 0, and
Nm —> Owhen T, — 0, asit should be.

GUDKOV

of the function f(€) at arbitrary value nj , the following
approximation isvalid:

f(ny+ny) = f(n)). (16)

The accuracy 9 of the formulais of the order of nvT / n\i,n ;
i.e., 0 << 1if assumption (15) isvalid. Indeed, according
to the Lagrange theorem on finite increment, for arbi-

i T
trary n, and n, , we have

Tdf

foV+n) = fD)+ng|

where0<0< 1.
Thisimpliesthe following estimate for the accuracy
of substitution (16):
My adf
f(ny) ° d&
Sincedf/dg = In(1 + 1/€), the estimation peaksat the
minimum possible value of &, i.e,, at®=0if £ = n" +

en\, . Thus,

5<5, =

T
n\)
n

5, = —
f(ny)

1n
'”%“n—mm
\Y

or

T
n,

In(1+B/n,),
PR n(1+p/n,)

8y, =

17

T in
where3=n, /n, .
Elementary analysis of function (17) shows that
<PB

a any an = 0, which was to be proved.
Thus,
1 KT in
Nm = 1- oy —[f(n) = f(n))] (18)
forT,>T.

Further simplification of formula (18) is reduced to
substitution:

f(ny)—f(ny) = F(n,). (19)

On the face of it, validity of this substitution under
condition (15) is obvious if one takes into account the
monotonically increasing type of the function f().

However, for sufficiently large nj (and, hence, for nivn
also essentially exceeding unity according to (15)), the
TECHNICAL PHYSICS Vol 45
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rate of increase of the function f(&) issmall and, hence,
the error 9, arising from substitution (19) may become

large for nJ > 1.

Indeed, dependence 8, on nJ isgiven by the expres-
sion
f(n)) _ _f(ny)
() f(/B)

Taking into account the explicit form of f(§), it can
be easily shown that, at n] =< 1 (i.e., at hv = KT),

61|hv2kTS B|TV>T <1,

o, =

(20)

whereas, in the case of nvT > 1, the error §; ~ 1 and,
hence, the substitution (19) isincorrect.
Equations (18)—(20) imply that, at T, > Tand hv =

TECHNICAL PHYSICS Vol. 45 No. 3 2000
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KT, the following approximation is valid:

_ 1kT in
Mm = l_h_\i}nmf(n\’)’
which agrees with formula (1) if evident algebraic
transformations are made.
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Abstract—Variations in the spectral composition of ion oscillations within several stability regions of a qua-
drupole mass filter were studied. The frequency spectrum was shown to consist of two line systems. Side lines
W, = Nuy = Buy/2 were observed in the oscillation spectrum near harmonics nwy (N =0, 1, 2,...), where wy is
the circular frequency of an RFfield and 3 isthe stability parameter. Near the boundaries of the stability regions,
the oscillations took the form of beatings. For even values of the stability parameter, f = 2k (k =1, 2,...), the
beat frequency coincides with the fundamental frequency wy and, for 3 = 2k — 1, the main besat frequencies are
Wp/2 and 3wy/2. © 2000 MAIK * Nauka/Interperiodica” .

INTRODUCTION

Anion trap and a quadrupole mass filter are based
on dynamic trapping and confinement of charged parti-
cles in an aternating quadrupole electric field [1, 2].
These processes are described by the theory of para-
metric resonance. The theory is based on Mathieu and
Hill equations, which describe the motion of charged
particlesin an alternating quadrupolefield. The general
features of the ion oscillation spectrum and its fre-
guency composition are well known [3]. However, to
analyze nonlinear oscillations of ions in multipole
fields [4], investigate the process of resonance extrac-
tion of ions from the confinement region using a small
external harmonic signal [5], and compare the ion
motion characteristics in a number of stability regions
of the Mathieu equation [6], the oscillation spectrum
should be studied in more detail.

The goal of thiswork wasto devel op effective meth-
ods for calculating spectral characteristics of ion
motion in alternating quadrupole fields with alowance
for viscous friction, study the composition and struc-
ture of oscillations, and perform acomparative analysis
of oscillationsin a number of stability regions.

GENERAL SOLUTION TO MOTION
EQUATIONS

A quadrupole electric field is defined as an electric
field in which potential isaquadratic function of coor-
dinates. In amassfilter, this condition is satisfied only
for two coordinates, and, in an ion trap, for the three
coordinates. The law of motion of a charged particle
in an RF quadrupole field is described by the Hill

equation [1]
2
d—)2(+2yd—x+se—u(;)x =0, (D)
dt dt =yl

where x is the particle coordinate, &m is the specific
charge, roisthefield radius, U(t) isthe periodic source
voltage with the period T, and € is the parameter
depending on coordinates and the type of a device (for
amassfilter, €, = 1 and g, = -1, for athree-dimensional
iontrap, &,—&,=1and e, =-2). Thedamping term with
the coefficient y allows for the viscosity of a medium.
In some cases, oscillation damping is of fundamental
importance for the device operation. For example, the
use of alight buffer gas in the Finigan MAT ion trap
significantly improves the device characteristics [4].
Frequent collisions of massive charged particles with
light molecules of the buffer gas can be interpreted as
oscillation damping. Therefore, the motion of trapped
particles can be described by equation (1).

Since the coefficients of equation (1) are periodic
with the period T, it is sufficient to consider the solu-
tions to equation (1) over one period. Let us suppose
that two characteristic solutions, y;(t) and y,(t), satisfy-

ing theinitial conditionsy;(0) =1, y,(0) =0, y, (0) = 1,
and Yy, (0) = 0 are determined (usually, by numerical

integration) within the interval O <t < T. We introduce
the vector of generalized coordinates X(t) and the
matrix of characteristic solutions Y(t),

L(t) ya(t) ya(t)

Since equation (1) is linear, its solution can be
expressed through the initial condition X(0) as X(t) =

1063-7842/00/4503-0322%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Y(t)X(0). The periodicity of the coefficients of equation
(1) yields X(nT) = Y(T)X[(n—1)T] = Y(T)X(0). Hence,
fort=nT + 1 (Where0< 1 <T), thegeneral solution can
be written in the form

X(nT +1) = Y(1)L"X(0), (3)

where L = Y(T) isthe one-period transformation matrix.

Therefore, to find the coordinates, it is necessary to
calculate the powers of the matrix L. This can be easily
done if the eigenvectors and eigenvalues A, of the
matrix L are known:

L"X(0) = Z C Ml (4)
k

where ¢, are the coefficients of the expansion of the
vector X(0) in terms of the eigenvectors of the one-
period transformation matrix. Equations (3) and (4)
allow usto determine the time dependences of the solu-
tionsto an arbitrary equation with periodic coefficients.
Here, we use them to solve the Hill equation with the
damping term. In this case, the one-period transforma-
tion matrix isa 2 x 2 matrix. Its eigenvalues are deter-
mined from the quadratic characteristic equation

A% =\ Spur(L) + Det(L) = 0, (5)

where Spur(L) isthe trace of matrix L and Det(L) isthe
matrix determinant. If the eigenvalues are complex
conjugate and do not exceed unity in magnitude, the
particle motion is limited and its trgjectory is referred
to as stable. One or both eigenvalues exceed unity in
magnitude; therefore, the particle enters the region of
parametric resonance and the coordinate and velocity
of the particleincrease without bound; such atrgjectory
isreferred to as unstable.

Further analysis of the solutions to equation (1) can
be carried out based on expressions (3) and (4). In order
to determine the motion of a charged particle in a peri-
odic quadrupole field, we should find the eigenvalues
and eigenvectors of the one-period transformation
matrix. By direct substitution, one can ascertain that, if
y,(t) and y,(t) are solutions to equation (1), then Det(Y)
satisfies the equation

d -

HEDEt(Y) +2yDet(Y) = 0 ©)
or DetY(t) = DetY(0)exp(-2vyt).

Therefore, Det(L) = Det(Y(T)) = exp(-2yT). For

convenience, we introduce the matrix M defined by the
equation

L = exp(—yT) {mﬂ mﬂ} = Mexp(—yT)  (7)
My; My,
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so that Det(M) = 1. The eigenvalues of the matrix L are
A = pexp(-yT), where u are the eigenvalues of the
matrix M, which can be found from the equation

W' —Spur(M)p+1 = 0. ®
An analysis of the solutions to equation (8) shows
that, if |Spur(M)| < 2, the eigenvalues are complex con-
jugate, 4, = 5 =exp(imP). Inthiscase, theion motion,
described by (4), has the form of finite nonperiodic
oscillations that are characterized by number 3, which
is the fundamental parameter of the Hill equation. In
the opposite case, when |Spur(M)| > 2, we have Y, =
1y, = exp(k); i.e, in the absence of damping, the
motion is unstable. In the presence of damping, the
motion remains unstableif [A| <1 or In(y,) < yT. Thus,
the damping broadens the stability regions [7].

For stable oscillatory trajectories, the eigenvalues
are\; = N5 = exp(-yT + intf) and the eigenvectors of
the one-period transformation matrix are

Oo1la0
m = m o= HoAq (©)
0B 0O

where A and B are the parameters of the trapping
elipses[1]

_ My — My, _ M
sin(TR) _ +:“("B) (10)
cos(mP) = ——2=2.

2

Note that the eigenvectors for matrices L and M
coincide.

To find the general solution to equation (1), we con-
sider its particular solution satisfying the initial condi-
tionsu(0) =1 and u'(0) = (i —A)/B. In this case, the vec-
tor of the initial coordinates X(0) = m; coincides with
the eigenvector of the one-period transformation
matrix. According to equation (3), at the instant t =
nT + T, this solution takes the form

u(t) = i)+ Z2yamFexpl (-yT + ing)n)

= @(t)exp[(iA-y)t],

where A = 13T and (t) is the periodic function with the
period T,

o) = B0 + =Py Fel(y-ia)].  (12)

The Floguet theorem [8] statesthat the Hill equation
(1) hasthe solution of theform (11) if y= 0. Hence, we
will refer to the function @(t) asthe Floquet function. In
(12), the Floguet function is expressed via two charac-
teristic solutions to equation (1). Solution (11) can be

(11)
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used for constructing the general solution to the Hill
equation. If the complex function u(t) is the solution to
areal eguation, then the complex conjugate function
u* () is the second linearly independent solution to the
same eguation. Thus, the general solution can be writ-
ten as

X(t) = Cu(t) + C*u*(t) = [Co(t)exp(iAt)

+ C*g* (t) exp(—iAt) ] exp(-yt).

The constant C is determined from theinitial condi-
tions x(0) = %, and x(0) = v,. Using equation (13) and
the initial conditions for the Floquet solution (11), the
constant C isfound to be

Xo_ | (AXO + BVO)
5 .

The general solution to the Hill equation (1) with
damping is given by equations (12)—(14). To determine
the general solution, two characteristic solutions y,(T)
and y,(1) should be calculated over one period, 0<T<T.

(13)

C =

(14)

CALCULATION OF THE FOURIER
SPECTRUM

The Fourier spectrum of oscillations of a charged
particle trapped in a periodic quadrupole field can be
calculated using the general solution (13). We expand
the periodic Flogquet function ¢(t) into the Fourier series

o(t) = z brexp(ikot),

Kk = —o0

where wy, = 21T and

(15

T

o = % [ e (-ikagt)ct.
0

Substituting this expansion into (13) yields the solu-
tion to equation (1),

(D) = 5 Eohelilhon+ A)] +Co;
‘ (16)

x exp[i (ke + A)t] @exp(—vt).

To find the final expression, we should eliminate the
factor exp(—yt). The spectrum of signal (16) can be cal-
culated by using the integral Fourier transformation,

00

x(w) = %TI x(t)e “dt,
~ 17

[

x(t) = J'x(oo)eiwtdw.

SUDAKOV

When applying these formulas, we must define the
function x(t) at t < 0. In the context of our study, the spe-
cific form of this function is of no importance. There-
fore, for t < 0O, the solution (16) can be redefined by
replacing the factor exp(—yt) with exp(-yf|) without
loss of generality. Thus, for the oscillation spectrum
X(w), we obtain

LY RO }
T(w+kwy+A)% +y’

Equation (18) reveals the structure of the spectrum
of parametric oscillations of a charged particle trapped
in an RF quadrupole field. The spectrum consists of
lines of the same width y shifted by A to the “red” and

“blue” sides from the harmonics nwy: W, = Nwy, + A,

W, =(n+wy,—A, wheren=0, 1, 2, .... For undamped
oscillations (y — 0), the spectrum becomes discrete

x(@) = % [Cod(w—kwp—2)

k = —0

(19)
+C* oy O(w + kwy + A)].

Expressions (18) and (19) resolve the problem of
analysis of the parametric oscillation spectrum. The
inverse (synthesis) problem can be solved using equa
tion (17). For undamped oscillations, taking into
account the features of spectrum (19), we obtain

X(1) = 2RerC T dexplitkap+ )T (20)
U O

To calculate the spectrum, it is necessary to deter-
mine the complex amplitudes ¢, of the harmonics. For
this purpose, two characteristic solutions y;(t) and y,(t)
of the Hill equation should be determined for one
period T. From (12) and (15), we find the amplitudes of
the harmonics

¢ = P(kay +4), (21)

where

(@) = 7[00+ F0 [ ep(-iwnde
0

According to (10), the ellipse parameters A and B
and the frequency shift A = TIfT are expressed through
the values of the same solutions at the end of the period,

My = Y4(T), My, = yo(T), and my, =y, (T). The expres-
sions obtained are used below to calculate the ion oscil -
TECHNICAL PHYSICS Vol. 45
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lation spectrum in the cases most important from the
practical standpoint.

STABILITY CONDITIONS
AND THE SPECTRUM OF THE MATHIEU
EQUATION

The obtained expressions for the spectrum of para-
metric oscillations of acharged particle in aquadrupole
field are valid for the periodic source voltage of any
shape. The amplitudes and phases of the harmonics
depend on the shape of the source voltage U(t). In case
of harmonic voltage, U(t) = U + Vcos(uwt), which is
most frequently used in mass spectrometry, equation
(1) reduces to the Mathieu eguation. In this case, the
motion of ions of given mass is determined by two
dimensionless Mathieu parameters related to the
amplitudes of the alternating and direct voltage compo-
nents by

8eU
mRwq.

4eV
MR,

a=c¢ (22)

Inthe plane of parameters(a, q), we can separate out
the stability regions, where the parameter 3 is real-val-
ued, and theinstability regions, i.e., theregions of para-
metric resonance. The boundaries of the regions are
determined by the condition cos(ttf) = +1. The param-
eter 3 of the Hill equation is determined accurate to
unity. Therefore, it isimpossible to determine uniquely
from the value of the parameter 3 in which stability
region the motion occurs. That is why, for the higher
order stability regions, wetaken—1 < 3 < n, wheren
is the stability region number [6]. Note that, although
the choice of one or another range of the parameter 3
variation affects the particle motion only dightly, it can
change the meaning of the expressions. In the case
under consideration, the parameter 3 enters in the
expressions for the frequencies and amplitudes ¢, of
the harmonics through the frequency shift A. In thefirst
stability region, we have 0 < 3 < 1; therefore, the lowest
oscillation frequency (which corresponds to the ampli-
tude of ¢g) is equal to Pwy/2. In the second stability
region, we have 1 < 3 < 2; therefore, the lowest oscilla-
tion frequency in this region is (1 — 3/2)wy, (the corre-
sponding amplitude is ¢_,).

An uncertainty in determining the parameter 3 does
not allow us to establish a qualitatively difference
between the stability regions. Such a difference can be
reveal ed through the analysis of the angular parameters
of the Hill equation (1) [9]. These parameters are
defined by analogy with the angular parameters of the
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harmonic oscillator equation
e
K, = —U(t)dt,
ol -

e
K, = —u(tydt.
U(f])’<0 mRO

The expression under the radical signin (23) isthe
instantaneous oscillation frequency squared. Thus, the
angular parameter K, has the meaning of the oscillation
phase incursion in the time interval during which the
voltage is positive. In the negative- voltage intervals,
the oscillation frequency is imaginary and, conse-
guently, the motion in these intervals is not oscillating
in character. As shown in [9], for harmonic and pulsed
voltages, the nth stability region lies within the range
(n—1)mt< K, < n1t Thus, the stability regions differ by
the phase incursion during the period T. In the positive-
voltage intervals, anion in the first region does not exe-
cute more than one-half oscillation, whereas an ion in
the second region executes almost complete oscillation,
etc. In turn, the numbers of zeros and maximum values
in the dependence of the trapping ellipse parameters A,
B, I onthefield phase [6] vary according to the number
of ion oscillations during the positive-voltage interval.
That is why we defined the higher order stability
regionsasn—1< 3 <n. Inthiscase, the parameter 3/2
has the meaning of the number of ion oscillations dur-
ing the period T.

Obviously, the change in the parameter (3 affectsthe
spectral characteristics of motion. In the expression
after formula(21), thereisapair of solutionsto the Hill
equation under theradical sign. The greater the number
n of the stability region, the larger the number of oscil-
lations executed by the particle during the period T.
Thus, the width of the spectral function ®(w) is propor-
tional to the stability region number; i.e., the oscillation
spectrum broadens. As will be shown below, this con-
clusionis supported by the results of calculations of the
spectra in several important points in the stability
regions.

Real ions move in the three-dimensional space. In a
mass filter, the ions are separated along two directions,
provided that a, = —a,, and, in an ion trap, they are sep-
arated along the three directions, provided that a, = a, =
—a,/2. Therefore, combined stability diagrams are con-
structed in the plane of the Mathieu parameters (a, q),
in which the regions where the ion motion is stable in
all directions are separated. As an example, such adia-
gram for a mass filter is shown in Fig. 1. The parame-
ters (a, g) of ions of different masses lie on the same
straight (working) line passing through the origin of
coordinates. The inclination of the working line is
tana = 2U/V. To provide separation of ions of different
masses, the source voltage parameters are selected so
astheworking lineto intersect the stability regions near
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Fig. 1. Diagram of the stability of a quadrupole mass filter.
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Fig. 2. Oscillations and their spectrum (seeinsert) at thever-
tex of the first stability region: (a) oscillations along the y-
axis (B, = 0.015185) and (b) oscillations along the x-axis
(Bx = 0.99046). The working point (a = 0.2368 and ¢ =
0.706) lies on the straight line corresponding to the resolu-
tion R = 1000.

its vertex. Thus, the ions moving outside the stability
regions enter the region of parametric resonance along
one of the coordinates and deposit on the electrodes of
the system. That is why particular attention was given
to the study of the spectral characteristics of motion at
the vertices of the stability regions.

SUDAKOV

OSCILLATION SPECTRUM AT THE VERTICES
OF THE STABILITY REGIONS

The dimensionless parameter & = wyt/2 is used to
analyze the Mathieu equation. In dimensionless units,
the source voltage period T is equal to 1T and the fre-
guency wy is equa to 2. If the initial phase is taken to
be zero, the periodic voltage U(§) = a + 2qcos(2g)
involved in the Mathieu equation is symmetric. As a
result, the ellipse parameter A is zero, and the ampli-
tudes ¢, of the harmonics are purely real. In this case,
according to (20), the characteristic solution y,; can be
written as

y,(t) = 2 z ¢ cos(kw, + A)t

k= —c0

= Z C,cos(kwy + A)t,

k = —o0

(24)

1
by = ECZK'

This eguation allows us to find the relation between
the amplitudes ¢, and the coefficients C,, convention-
aly used in the literature [3].

The upper vertex of theregion 1 x 1isformed by the
intersection of the lines 3, = 1 and B, = 0. Oscillations
along the x-axis and y-axis are dissimilar. For the oscil-
lations along the y-axis, we obtain that B, = 0, the har-
monic with the frequency 4, = Bywy,/2 has the maxi-
mum amplitude @, the harmonics with the frequencies
uy + A, and wy, — A, have approximately equal ampli-
tudes ¢, and ¢_;, and the amplitudes of the other har-
monics are small. In this case, the particle executes
oscillations at alow frequency A, accompanied by beat-
ings at the carrier frequency wy, (Fig. 2a8). The beat
period is T/B,; it is half as much as the low-frequency
oscillation period. For the oscillations along the x-axis,
we obtain that 3, = 1 and the harmonics with the fre-
guencies 3,uy/2 and wy — B,wy,/2 have the maximum
amplitudes approximately equal to each other. The
motion along the x-axis (Fig. 2b) has the form of beat-
ings at the frequency w,/2 accompanied by beatings at
the frequency 3w,/2 (they are formed by the harmonics
Wy + Byy/2 and 20y, — Bwy/2). Both beatings have the
same period T/(1 - ).

Theresults of calculating the oscillation spectrum at
the vertex of the region 1 x 1 and other regions are
given in the table. The parameters (a, g) lie on the
working lines corresponding to the resolution R = 1000.
It is seen from the table how the spectrum varies with
increasing the region number. The upper boundary of
the region 2 x 1 is formed by the intersection of the
lines 3, = 2 and B, = 0. In both cases, the low-frequency
oscillations 3,t,/2 and (1 — B,/2)wy, and the beatings at
the frequency w, are present. However, the beating
No. 3

TECHNICAL PHYSICS Vol. 45 2000



SPECTRUM OF CHARGED PARTICLE OSCILLATIONS 327

amplitudein thefirst stability region (oscillations along
the y-axis) is less than the low-frequency oscillation
amplitude, whereas in the second stability region
(oscillations along the x-axis), the low-frequency oscil-
lation amplitude is significantly less than the beating
amplitude. The lower boundary of the region 2 x 1 is
formed by the intersection of the boundaries 3 = 1 of
the first (oscillations along the y-axis) and second
(oscillations along the x-axis) regions. In both cases,
oscillations consist of beatings at the frequency /2
(¢, and ¢_; harmonics) accompanied by the beatings at
the frequency 3wy,/2 (¢, and ¢_, harmonics). Inthefirst
region (oscillations along the y-axis), the amplitude of
the beatings at the frequency wy/2 is significantly
greater than the amplitude of the beatings at the fre-
guency 3wy,/2, whereas in the second region (oscilla-
tions along the x-axis), the two amplitudes are approx-
imately equal to each other. However, the amplitude of
the beatings at the frequency 3wy,/2 in the second region
(seetable, thetop of theregion 2 x 2, oscillations along
the y-axis) can exceed the amplitude of the beatings at
the frequency wy,/2 in the same region.

Dependences of the amplitudes of spectral compo-
nents on the parameter g are shownin Figs. 3and 4. The
dependence of the amplitudes of spectral components
on the parameter q at the vertex of the first stability
region (i.e., near the boundary 3, = 0) for the motion
along the y-axis is shown in Fig. 3a It is seen that the
amplitudes of spectral components varies only slightly
with varying the parameter g. The same dependence at
the vertex of the 2 x 1 region (i.e., also near the B, = 0
boundary, but at higher values of the parameter q) is
more pronounced and nonlinear (Fig. 4a). In both
cases, the amplitudes of spectral components attain cer-

Spectral componentsin various stability regions

0 0.0264 0.0383 0.0473 0.0520 B,

2.0

15| <o @

~

& LOF
0.5+ -C,~C
0 ! ! ! !
0.700 0.702 0.704 0.706 0.708 ¢
.2258 0.9370 0.9506 0.9698 1.0000 B,
Co

_/ (b)
x 04F C—Z

O

0
0.

0.2r

CZ C,4
0 T
0.700 0.702

0.704 0.706 0.708 ¢

Fig. 3. Dependence of the amplitudes of spectral compo-
nents on the parameter q at the upper vertex of the region
1 x 1 dong theline corresponding to the theoretically deter-
mined resolution R = 100: (a) oscillations along the y-axis
and (b) oscillations along the x-axis.

tainfinite values at the boundary 3, = 0. The amplitudes
of spectral components of oscillations along the x-axis
as functions of the parameter g show a similar behavior
near the boundary 3, = 1 (Fig. 3b). However, the same
dependences in the second stability region near the
boundary B, = 2 are fundamentally different: at the
boundaries of the region, the amplitudes of spectral
components tend to infinity (Fig. 4b). An unbounded

Parameter Top of theregion 1 x 1 | Top of theregion 2 x 1 |Bottom of theregion 2 x 1| Top of the region 2 x 2
0.236813 3.16329 2.52194 0.026175
0.706000 3.23408 2.8153 7.54728
By 0.988491 1.978873 1.025012 1.847750
$o.x (Cy/2) 0.467997 63.86192 59.89509 173.7649
d_1 «(C/2) 0.455282 —-1.867393 -58.16327 —22.37399
d1 4 (C2) 0.038039 16.72962 26.86175 100.3778
b5 «(C_4/2) 0.036524 —62.03566 —27.43166 —173.7560
d2 x (C4/2) 0.001089 —1.669366 3.3522398 22.79408
By 0.0151852 0.102606 0.9194426 1.1550037
b0,y (Co/2) 1.4736736 5.749320 30.18155 3.308715
d_1,y(C/2) —0.250983 —-3.006374 —28.19290 2.628310
$1,y(C2) —-0.243811 —2.635821 —7.906595 —3.224624
by (C_4/2) 0.0110046 0.537883 6.766214 —3.566485
b,y (Ci2) 0.0105312 0.431949 0.837913 0.9554039
TECHNICAL PHYSICS Vol. 45 No.3 2000
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0.042 0.222 0.318 0.400 B, value of 3, — 1 decreases. Therefore, the required selec-
8 ' ' ' ' tivity can be achieved at lower valuesof B,—1, i.e., dur-
/M ing asmaller number of periods of ion oscillationsin a
6F (a) quadrupole field and at a smaller total length of the

- —-C, rods.

S 4r ,
2F C C4 CONCLUSION
S N

ol—"— - - . The spectrum of parametric oscillation described by
3.21 3.22 3.23 324 ¢ the Hill equation (1) has been studied. In the general
case, the spectrum (18) consists of two systemsof lines.
50 1853 1881 1913 1.969 B, Each of the harmonics nwy, of the fundamental fre-

321 3.22 3.23 324 ¢

Fig. 4. Same as in Fig. 3 at the upper vertex of the region
2x1.

1.144 1.329 1.433 1.529 1.630 1.748 B,
200 T T T T T T 1

150

© 100F

50r

0 : |
7.51 7.52 7.53 7.54 7.55 7.56 157 ¢

Fig. 5. Dependence of the amplitudes of spectra compo-
nents of oscillations on the parameter g within the region
2x2dongthelinea=0.

increase in the amplitudes of spectral components
when approaching the boundaries of the stability region
is characteristic of the second stability region. Varia
tions in the amplitudes of spectral components in the
second stability region along the a = 0 line between the
boundaries B, = 1 and B, = 2 are shown in Fig. 5. It is
seen that, at the boundaries of the stability region, the
amplitudes of spectral components tend to infinity.

Presumably, this fact explains why higher order sta-
bility regions are preferable as compared to thefirst sta-
bility region. The amplitude of oscillations of stable
ions increases sharply near the boundary 3, = 1 as the

guency wy, is accompanied by satellites shifted to the
“red” and “blue” sides by A — Bwy,/2. In the presence of
linear damping, all the lines have the same half-width
Y, whereas in the absence of damping, the spectrum is
discrete. The dependence on the initial conditions
enters the expressions obtained through the factor C
(14), and the spectral composition is determined by the
time profile of the source voltage. The amplitudes of
the spectral components can be calculated using the
spectral function ®(w), which is determined by a pair
of characteristic solutions to the Hill equation over one
period (21). Equation (21) can be efficiently applied to
calculating the amplitudes of spectral components.

The character of oscillations depends substantially
on the fundamental parameter (3. In the first stability
region, where 0 < 3 < 1, the low-frequency harmonic
Buy/2 has the maximum amplitude. Consequently,
oscillations near the boundary B = 0 are close to har-
monic. Near the boundary 3 = 1, the amplitudes and
frequencies of the harmonics Bwy,/2 and (2 —B)w,/2 are
almost equal, which resultsin beatings at the frequency
Wy/2. In the higher order stability regions, the oscilla-
tion spectrum broadens, but oscillations aways have
the form of beatings. For example, in the second region
near the boundary 3 = 1, the beatings at the frequency
wy/2 are accompanied by the beatings at the frequency
3wy,/2 generated by the harmonics (4 — B)w,/2 and (2 +
B)wy/2. Both beatings have the same frequency (B —
1wy. Thus, the oscillations have the form of compli-
cated beatings at the frequency (B — 1)w,. To avoid con-
fusion, it should be noted that the beat frequency, which
determines the shape of oscillations, is absent in the
oscillation spectrum. Oscillations near the boundary
B = 2 are the sum of beatings at the carrier frequencies
Wy, 30y, ... All of the beatings have the same fre-
guency (2 — B)wy, equal to the frequency of the low-fre-
guency harmonic ¢_,, whichis present in the oscillation
spectrum. However, near the boundary 3 = 2, the ampli-
tude of the harmonic ¢_, is substantially smaller than
the amplitudes of harmonics generating the beatings.
lon traectories dways have the form of beatings,
which is due to the periodicity of the solutions to the
Mathieu equation in cases when 3 = nVn is a proper
fraction [8].
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The amplitudes of spectral components do not
depend on the phase of the source voltage. Like the B,
and B, parameters, they are determined by the position
of theworking point (a, g) on the stahility diagram. The
study of variations of the amplitudes of spectral com-
ponent within the stability regions provides much
more information than the study of the trajectories of
motion in time and on the phase plane. It is shown
that, in the first stability region, the amplitudes of
spectral components tend to certain finite values when
approaching the boundary of the region. In the second
stability region, the amplitudes tend to infinity when
approaching the boundary of the region. In my opin-
ion, this explains the well-known fact [6] that, in the
devices operating in the higher order stability regions,
the required selectivity is attained at a smaller total
length of the rods of the field-generating system, i.e.,
during asmaller number of periods of ion oscillations
in a quadrupole field.
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Application of Donkin’s Formulain the Theory
of Energy Analyzers: Part 1.
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Abstract—Studies of conic-type electric-field structures are continued. The electric field is investigated, and
its potential is described by the following analytical expression.

*(xy,2) =
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Expression (1) is derived on the basis of Donkin's formula. Properties of these electric fields are described in

Part | [1]. © 2000 MAIK “ Nauka/Interperiodica” .

We consider thoroughly the dynamics of a charged-
particle flux in the electric field with potential (1). To
obtain such an electric field in a certain spatial region,
we make the limiting electrodes of a charged-particle
energy analyzer in the form of equipotential surfaces.
To do this, we ground the lower electrode and apply to
the other electrode a deflecting voltage. For the lower
electrode, we choose an equipotential surface with a
number ® = 1. The upper electrode will be determined
later, because its choice depends on the maximum
height of particle trgjectoriesin the electric field.

The actual motion of particlesin the electric field is
determined by the particle electric charge and mass, the
electric-field distribution, the initial conditions, and the
system linear size. The system isomorphic mathemati-
cal model contains a lesser number of independent
parameters determining the structure of the particle
motion, because some of them, by choice of specia
units of measurement are integrated into a single com-
plicated nondimensional parameter. This simplifies
mathematical expressions by excluding from them
insignificant coefficients but preserving the clear phys-
ical meaning of all the values. It is the nondimensional
mathematical model [2] that will be used in this paper.

The equations of particle motion (we imply elec-
tronsin this case) in the electric field can be written out
in the form

22+y2+ [X2+y2+22

X :
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Since analytically solving the set of simultaneous
equations (2) is impossible, we have used numerical
methods (for example, the fourth-order Runge—-Kutta
method).

A comprehensive computer code was developed in
the framework of investigating all the electron-optical
properties of the electric field. This made it possible to
calculate and plot the entire set of trajectories by vary-
ing initial conditions including the energy of particles,
their coordinates, and the angle of entry. Thus, the lin-
ear dispersion and coefficients of sgueezing as func-
tions of theinitial particle energy were obtained. Since
the results preliminary here are previous and have an
evaluating character, we restrict ourselves by consider-
ing only the “boundary—boundary” focusing condi-
tions.

POINT SOURCE

A point source is assumed to be located at a point
with coordinates (x = 1, y = 0, z= 0) laying on the sur-
face ® = 1. Theinitial nondimensional energy was var-
ied within the range from 0 up to 1.4, the of angle entry
into the field, i.e., the angle between the vel ocity parti-
cle vector and the x-axis, was chosen within the range
0° to 45°. A dlightly divergent charged-particle beam
directed along the x-axis towards asingular point of the
field, which islocated at the origin of coordinates, was
been studied. The central trajectory of thisbeam liesin
the plane y = 0. The beam is confined within a small
angle of 1° in both directions with respect to this plane.

Figure 1 shows the particle angles of entry and exit
asfunctions of theinitial energy in the case of thefirst-

1063-7842/00/4503-0330$20.00 © 2000 MAIK “Nauka/Interperiodica’



APPLICATION OF DONKIN'S FORMULA IN THE THEORY OF ENERGY

order focusing at the electric-field boundary. Asis seen
from Fig. 1, the conditions of “boundary-boundary”
focusing correspond to low values of the energy virtu-
ally inthe same manner asin the case of aplane mirror,
0.4 = 6,4 = 45°. The angle of entry 6, decreases and the
angle of exit 8, increases with raising the particle
energy. In this case, the function 6,(W) increases more
rapidly compared to the decrease of the function 6,(W).
Thisis explained by the fact that the effect of the elec-
tric field is the most strong at the second part of a par-
ticle tragjectory, because just in this region, the equipo-
tential surfaces are deformed more strongly compared
to the case of a plane capacitor. We note as a compari-
son that for a particlewith the energy W= 0.5 theangles
of entry and exit are 38° and 62°, respectively, whereas
the corresponding values for a particle with the energy
W=1are8; =27° and 8, =90°, respectively.

There exists a “telescopic” effect in conic-shape
electric fields: an arbitrary parallel beam of particles
with finite thickness and width, which propagates
toward a singular point located at the origin of coordi-
nates is subjected to sgueezing. At the some time, the
beam of particles propagating in the opposite direction
diverges. The electric fields under study are not an
exclusion; therefore in the regime consideration, the
beam of charged particles with a finite initial size
becomes narrower.

Figure 2 illustrates the effect of squeezing. The
squeezing coefficients M and N represent the variation
of the beam width along the x- and y-axes, respectively:
M = Ax/AX,, N = Ay,/Ay,. For conic-shape electric
fields the coefficient of squeezing along an arbitrary
direction can be written out as aratio of the initial and
final beam coordinates:

N =2
X3 2

As is seen from Fig. 2, the particle beam experi-
ences the maximum squeezing along the direction of its
propagation, whereas, in the transverse direction, the
coefficient of squeezing does not exceed the value of 6
for awide range of energies under study. For example,
the coefficients of squeezing for a beam of particles
with the energy W= 1 areM = 23 and N = 6 along the
x- and y-axes respectively, while the same coefficient
related to the beam areaisM x N = 138.

The energy dispersion defined by the formula

©)

_ Ax
D= AWW (@]

is one of the principal electron-optical parameters for
an energy analyzer.

Linear energy dispersion in the plane of propagation
of the beam has a maximum within the energy range
0.45 and 0.55 (in conditional units), see Fig. 3.

Besides the aforesaid parameters, the quality of the
energy analyzer is also defined by itsresolution R: R =
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Fig. 1. Angleof entry (8,) and angle of exit (6,) for particles
propagating in electric field (1) as afunction of their initial
energy in theregime of “boundary-boundary” focusing. The
source coordinates are (1, 0, 0); slightly divergent beam of
particles propagating to the origin has the angular spread of
2° with respect to the central trgjectory lying in the plane
y=0.
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Fig. 2. CoefficientsM and N of squeezing for awide particle
beam in electric field (1) along the x- and y-axes respec-
tively. These coefficients are calculated for the regime of the
first-order “boundary-boundary” focusing.

W,/AW, because the error of the analysisis determined,
first of al, by the size of the non-resolved energy range
AW. The value of R depends both on the linear energy
dispersion and on the dimensions of the output dia-
phragm. The latter is much smaller than the input one
owing to the “telescopic effect” in the conic electric
fields. The dimensions of the output diaphragm can be
estimated as a product of the width of the input one and
the coefficient of sgueezing. Therefore, in devices of
this type, it is more reasonable to use, instead of the
usual dispersion D in the expression for the resolution
R, the value of effective dispersion D is reduced to the
input diaphragm: D*: D* =D x M.

Figure 4 shows the variation of D* asa function of
the initial particle energy. As is seen from Fig. 4, the
value of D* increases according to the exponential law
with increasing the particle energy. For comparison, the
dashed line represents the similar dependence calcu-
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Fig. 3. Linear energy dispersion (D) in the electric-field

structure under study.
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Fig. 4. Effective energy dispersion (D*) reduced to theinput
as afunction of theinitia particle energy in the case of the
first-order “ boundary-boundary” focusing. Dashed line rep-
resentsthe same curvefor the electric field of aplane capac-
itor.

lated under the same initial conditions for a plane
capacitor. The effectivedispersion D* =5.5and 1inthe
case of the electric field (1) and the plane capacitor,
respectively, for particles with the energy W= 1.

A CASE OF FINITE-SIZE SOURCE

We now consider the transformation by thefield (1)
of the particle flux emitted from a certain area with a
finite size. We choose the following working condi-
tions: the initial energy of particles W = 1; the angle of
entry for the beam is 8, = 27°. The particles are emitted
from an area of the lower electrode (P = 1), which has
thesizex =1+ 0.05, y = 0+ 0.05, the point with coor-
dinates (1, 0, 0) being the central point of this area.
Using the computer code developed, we have plotted
the set of trajectories passing through the area chosen,
each of them being lain in one of the planesy = const.
Theresults of the calculations have shown that the par-
ticlesare collected in to a spot whose shapeis distorted
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with respect to the prescribed quadratic one, the size of
the spot being decreased.

The following conclusion can be made on the basis
of the analysis performed. Let the basic dimensions of
the charged-particle energy analyzer be about 100 mm.
The area of 10 x 10 mm? is used as a particle source.
The beam of particlesisinjected into thefield region at
an angle of 27° through the lower electrode that hasthe
shape of an equipotential surface with the number ®© = 1.
In this case, the beam exits the electric field practically
at the right angle. The cross section of the beam in the
x-y plane will decrease more than by a factor of 130,
the beam being conserved the form of parallelepiped.
In this operating regime, the effective dispersion D*
attains 5.5, and the relative energy resolution r is
approximately equal to 0.08%.

Such an energy-anayzing system can be used for
monochromatizing beams of charged particles with
their further transportation and application of the
monochromatized beams in the charged-particle
energy analyzers. The monochromators of such a kind
have a clear advantage compared to conventional ana
lyzers used in electron spectroscopy. Exploiting the
telescopic effect, we can inject through a wide input
diaphragm in to the electric field, an el ectron beam with
the intensity by the order an magnitude higher with
respect to that in usual systems. For the narrow input
diaphragm, we can obtain the monochromatized elec-
tron beam with the absol ute resol ution comparable with
that of a conventional device but of much higher inten-
sity. Thus, as calculations show, we can increase the
intensity of a monochromatized electron beam at least
by the factor of three, the absolute resolution being the
same as that attained in the well-known modern mono-
chromators. (We imply systems with the following
parameters. maximum electric current is |, = 10° A
and energy resolution is AE = 10 meV.

Another application could be formation of wide-
aperture weak particle beams, in experiments, e.g., with
cosmic rays. Such a system close to those described in
this paper and exhibiting high electron-optical proper-
ties could be used in the field of electron and ion spec-
troscopy as an efficient charged-particle energy ana-
lyzer.

IMPLEMENTATION OF THE SYSTEM

An advantage of implementing the system
described above is, without doubt, its technological
simplicity. An electrode corresponding to the equipo-
tential surface @ = 1 can be manufactured by the fol-
lowing method. As was mentioned above, the equipo-
tential surfaces studied relate to the class of conic struc-
tures. Therefore, for any equipotential surface, there
exist its direct components, i.e., rays issued from the
origin of coordinates and the plane of symmetry y = 0.
The section of the equipotential surface by the planes
X = const are parabolas with their shapes being trans-
2000
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formed with the x-coordinate: the parabola branches
approach the planey = 0 as the x-coordinate approaches
the point x = 0. Two metal mountings manufactured in
the form of parabolas can be fixed firmly with respect
to each other by threads pulled along the rays men-
tioned above. Such a structure is quite acceptable for
manufacturing the lower electrode, becauseit isusualy
grounded or the voltage of a power sourceis applied to
it. For the upper electrode, an amost plane plate
mounted at the proper position can be used.

CONCLUSION

Thus, the simplest electric-field structures formed
by conic equipotential surfaces, which had been calcu-
lated on the basis of Donkin’sformula, were considered
in Part | of this paper. In spite of the simplicity of ana-
lytical expressions for potentials of electric fields, such
systems are promising from the should point of further
studies and results expected. The effect of “telescopic”
deformation of charged-particle fluxes attracts the
attention researchers. A concept has been suggested for
constructing conic electric fields including well-known
structures, and it opens wide horizons for finding new
configurations of electric fields for further studies and
usein charged-particle energy analyzers. The boundary
value problem has been solved for the “conic” electric
fields having asymmetry plane. Thisleads, inturn, to a
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possibility of solving a variety of inverse problemsin
electron optics.

The results of calculations of electron-optical
parameters for one of the simplest representations for
the electric potential, which was derived on the basis of
Donkin'sformulaare presented in Part |1. These results
demonstrate a possible application in practice of
“conic”-type electric fields for monochromatizing or
squeezing broad fluxes of charged particles. The input
cross section of charged-particle source image is
reduced more than by a factor of 100 after particles
have passed through such a system. The energy disper-
sion in (reduced to the input) the plane of motion
exceeds by several times the similar value for a plane
capacitor. The conic nature of the field under consider-
ation makes it possibleto apply asimple and an el egant
method of constructing equipotential surfaces and, cor-
respondingly, to develop charged-particle energy ana
lyzers.
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Abstract—Inhomogeneous two-phase conducting films whose structure is intermediate between three- and
two-dimensional configurations are discussed. The longitudinal film size exceeds the correlation length, and its
thicknessis|essthan the correlation length. In the case of weak nonlinearity, we found dependences of the film
resistivity on the concentration and size of conducting particles, as well as on the film thickness, in the frame-
work of apercolation approach. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Film structures are widely used in modern micro-
electronics. Thick-film resistors (TFRsS) are an example
(see [1, 2] and references therein). Cubic nonlinearity
in metal-ceramic and polymer-based TFRs, which is
discussed below, was observed, for example, in [3, 4]
(Fig. 1).

Typical dimensions of TFRs are L = 1-5 mm
(length) and H = 2025 um (thickness). The particle
size is about 0.1-1 um for the conducting phase and
~0.7-7 um for the glass. The conducting particles are
spaced 1-2 nm apart (Fig. 2). If the genera current
flows over the substrate, local currentswill have acom-
ponent normal to the substrate, as follows from the
aforesaid. Therefore, a TFR is not a two-dimensional
(2D) structure with respect to the current flow. Neither
isita3D structurein general. In order for aTFR be 3D,
it should satisfy the condition H > &, where & isthe cor-
relation length. Thus, the problem of determining the
TFR conductivity can be classified as intermediate
between the 2D and 3D problems. For brevity, we shall
refer to this problem as 2.5D.

Analysis of experimental data for TFRs and other
composite systems is often based on the conventional
two-phase percolation model. This model implies a
universal dependence of the effective resistivity p, on
the content p of the conducting phase with aresistivity
p;. For example, a p > p. (p. isthe percolation thresh-
old), pe ~ p1(P—po), wheret isthe unique critical con-
ductivity exponent (t; = 2 for a 3D system). In many
cases, such a percolation description agrees well with
experiment. For example, the values of t ranging from
1.7 + 0.2 to 2.3 + 0.4 were reported [5, 6]. In these
films, the resistance per square varied by afactor of 10°.
At the sametime, the critical exponents calculated from
data in [7] equa 2.65, 2.87, and even 2.99. Similar t
values (between 2.26 and 2.87) were obtained for poly-

mer thick-film resistors containing high-structure car-
bon black [8]. However, t values reported in [9] are as
high as 20, which contradi ctsthe hypothesisfor the uni-
versatility of the critical exponents. In our opinion, the
percolation theory for two-phase systems is not appli-
cable to al TFRs (not to conditions, preparation tech-
niques, etc.). Nevertheless, the percolation approach is
in many cases adequate, not only giving an idea of the
critical behavior of the conductivity but also fitting
experimental data on 1/f noise and third harmonics
generation (see, for example, [10-13]).

Linear conductivity in 2.5D TFRs was discussed in
[14-18]. The basic concept in the theoretical descrip-
tion of the conductivity of an inhomogeneous film
(Fig. 2) with H < &3 and L > &5 (& is the correlation
length of a 3D system) isthat the film is represented as

AR/Ry
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Fig. 1. Resistance of TU-10K-5 polymer thick-film resistors
versus voltage. The drying temperatures are (H) 150,
(@) 190, (A) 230, and (+) 270°C. R=R(U) =Ry = 1v-
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aset of H x H x H cubes. In the simplest approxima-
tion, the film has a fractal configuration due to local
structure fluctuations. Some of the cubesinclude acon-
ducting cluster, while others do not; accordingly, these
cubes are of high and low conductivity, respectively.
A TFR appears as a 2D two-phase system consisting of
high- and low-conductivity H x H x H elements. Within
this approximation, we can apply the conventional 2D
description of TFRs. For example, the resistance of an
ag-thick film above the percolation threshold (p > p,)

can be written as R = r,((p — pcz)/pcz)_t2 , Wherer, =

pla{,/ag , Py is the resistivity of the conductive phase
(p1 <€ py), and g, isthe characteristic minimum size (in
lattice problems, the link length).

CALCULATION OF NONLINEAR FILM
RESISTANCE

When modeling a 2.5D system, we should replace
(as with the 2D case) r; by r,(H), that is, by the resis-
tance of an H x H x H cube including the percolation
structure. Then, we have for the 2.5D film

— ~t,
Rys = ry(H) 2 (1)

where Py, isthe concentration of H x H x H cubes with
the resistance r;(H).

Thus, to calculate the film resistance under 2.5D
conditions, one should know an r,(H) dependence and
the probability of a conductive configuration. To find
them, we will take advantage of the approach formu-
lated in [19], which is easily extended to the nonlinear
case. According to [19], r(H) in the fractal range
(H <€) is determined from the percolation scheme in
the smear region [20, 13]. Here, the width of the smear

regionisgivenby 1, = (H/ao)_llv3 , Where v, isthe crit-
ical exponent for the correlation length.

In the smear region, according to the percolation
scheme, we can find with a probability P a structure
related to the percolation above the percolation thresh-
old (that is, a bridge with a length N,/a;) and, with a
probability 1 — Py, aspacer (N, poorly conductive links
connected in parallel). Theresistances of the bridge and
the spacer are R, = r;N; and R, = r,/N,, respectively.

Here, N, = JAl"; A isthe smear width; a; = t—v(d—2)
and a, =g+ v(d—2); and t and q are the critical expo-
nents above and below the percolation threshold,
respectively.

Replacing A by, for example, T in the expressions
for R, and R, yields

(t3=Vv3)/vg

ri(H) = pa(H/a) lag )
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Fig. 2. Typical geometry of thick-film resistors: ag ~ 0.1-1,
by ~ 0.7-7, and H ~ 20-25 pm; (1) thick-film resistor,
(2) highly conducting inclusions, and (3) nonconducting
substrate.

for the highly conductive realization [21] and

—(d3+V3)/vy
r(H) = pa(Hlag) " lay ©)

for the poorly conductive realization,

In (2) and (3), we neglect shunting of the second
phase and the voltage drop across the first phase. The
probabilities of finding the realizations with r,(H) and
r,(H) are, respectively [19],

TH+T3 TH_Tg
P,=+— 1-p,=-H_2 4
H 2TH ’ H 2TH ()

Thus, the closeness of the film to the percolation
threshold is characterized by the parameter

— PH_pCZ _ I§
Tos = Pey = . (5)

where we take into account that p,, = 1/2 and the sub-

script 2.5 indicates that we are dealing with the concen-
tration of H x H x H cubesin the 2.5D system.

In what follows, we will consider a “highly fractal
regime,” where 1, > |13] (for details, see [19]). From
(5), [to5] < 1inthis case; that is, we can assume that a
2.5D system is close to the percolation threshold and
can be described in terms of the percolation theory.
Substituting (2) and (5) into (1), we find for the 2.5D
film

t3—t,—Vv3
V3 -t
Rys = pi(H/ay) 13 /a,. (6)

Let us now consider the case of weakly nonlinear
conductivity. With an accuracy to cubic terms,

E=p()i=pij+wi’,

| ) 7
] = gE+XE'E,
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where |, and ¥; are the nonlinear parts of the resistivity
and conductivity, respectively. It is assumed that ;2 <
p; and X,E? < ;. Interms of resistance, we can write

r(li 3) = ri(ap) + m(ag)l?,
ri(ag) = pilag, mi(ay) = pilag,

wherer;(l;, ay) isthe nonlinear resistance of an a, x a, x
a, element in the ith phase and [; is the total current
through this element.

In the nonlinear case [see (8)], the resistance of the
bridge is determined as above: R; = ry(l;, ag)N;. The
resistance of the spacer is conveniently found from the
conductance g,(A9)N, of the a;, x a5 x a, element,
where A¢ is the voltage difference across this element.
Then the conductance of the spacer is G, = g,(AP)N,,
and its resistance R, = 1/G,. With an accuracy to cubic
terms of the current, we find

(8)

R (I, H) = ri(H) + M;(H)I?, 9)

where the total current | through the H x H x H cube,
as well asr,(H) and r,(H), have, of course, the same
formasin (2) and (3). The nonlinear parts can be writ-
ten as

—~(t3—V3) -5

Mi(H) = pyty 9 ,

3(gg+vs) 5

My(H) = Moty

Apply the well-known expressions [22] for a two-
dimensional film in the case of weak nonlinearity:

(10)

2 _k2
0u(p) = 01T%, Xe = XiT & P>Pe  (10)

» 3
0(p) = Olrl™”, Xe = XU S P<Pe  (12)

wherek, and k, arethe critical exponentsfor 1/f noise.

Note that, in [22], the nonlinear relationship
between the current density and the field was chosen in
the form j = oE + XE’E. However, it is easy to see that
1 = —xo* with an accuracy to cubic terms. If k, and k;
areexpressed throught, g, and v [23],i.e., k, = 2v, —t,,
k, =2v,—q,, then we canwrite R, (1) in the following
forminstead of (1):

Ros(1) = ri(H)Toe + My(H),21°, p>pe (13)

2 3 2
Rys(1) = I'2(H)|T2.5|q + My(H) |14 ‘ |2, P < pc2.(14)

Consider now the case of very strong inhomogene-
ity. We neglect the current through the poorly conduc-
tive phase above the percolation threshold and the volt-
age across the highly conductive phase under the
threshold. Substituting (10) and (5) into (13) and (14),

DZIEDZIC et al.

one finds
Ros(1) = r5s(H) + M3s(H)I7, (15)
where
e - (t3—ty—Vv3)/vs_—t,
r5s(H) = ag ps(H/ap) R
e ! (t3—t,—vg)/vs —t,
M3s(H) = ag 1y(H/ay) T
above the percolation threshold and
e — (9, =093 —V3)/vs 2
r3s(H) = a5 pa(Hiag) © = 7 oty ™, -

3(g,—d3 —V3)/V3|T | 3a,

M3s(H) = a5 Ha(H/a,)
below the threshold.

If we neglect the threshold shift then the linear film
resistance found in [17] will coincide with our expres-
sions. Notethat, in[17], r5s wasfound with quiteadif-

ferent approach, the so-called “percolative renormal-
ization group” technique.

3]

CALCULATIONS OF RESISTANCE
FOR NONLINEAR FILMS TAKING
INTO ACCOUNT THE SHIFT OF PERCOLATION
THRESHOLD

Up till now, we have not taken into account the shift
of the percolation threshold for cubes with a size
H < &. According to [23, 24], the percolation threshold
averaged over possible realizations [p.,00s shifted with
respect to p by avalue proportional to 1,,:

l:chE| = Pest ATH1
where A is a constant.

With such a definition of the shift [py,Llit is neces-
sary to take into account the numerical factor (denoted
B in [24, 25]) in the root-mean-squared fluctuation of
the percolation threshold; instead of (4), we thus have

Py = p—Ppes+ (B—A)T,/2BT,,. (19

Relationship (19) coincides with (4) at A = 0 and
ps/B = 1. The closeness to the film percolation thresh-
old with regard for refined concentration (19) can be
written as

(18)

T
Tos = (pc3.[_: —A)/B. (20)

At 1; — 0, the closeness to the percolation thresh-
old becomes equal to A/B and not zero, in contrast to
(5). Depending on 13, T, 5 takes the following val ues:

T
I 1,5 = pcggi a 0<T,<T3 T, = ATy/pes, (21)

A
II T2_5 = _E at 0<T3<TC, (22)
TECHNICAL PHYSICS Vol. 45 No. 3 2000
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T
1 Tos = —Pesg @ [T > T, (23)

T
IV 1,5 = (pcgr—:—A)/Bzo a T3=T,. (24)

In cases | and I, the film resistance coincides with
(16) and (17), respectively, with an accuracy to the con-
stant B. In case 11, the film resistance is given by

(A3 +V3)/vs

r2s(H) = Cyaq py(H/a) ,

! 3(dg+V3)/vs

M3s(H) = Caag Ma(H/20) :

where the factors C; are the product of A and B to cer-
tain powers.

In case IV, the film is in the smear region with a
W|dth A2'5 — (pl/pz)]j(t2+q2) (H/ao)(t3+Q3)/V3(tz+q2) _ For
[t,5] < A, 5, its resistance is given by (13) or (14). At
T,5= A, 5, we have

(25

303+ 13
. B -~
ras(H) = ag pan/h(Hiag) , 26
30, _3(1+3Q3+t3)
e — L+, 2V,
Mss(H) = ag uh” “(Hla)

Here, we took into account that t, = g,.

CONCLUSION

To qualitatively illustrate the behavior of the film
resistance, it is convenient to substitute the numerical
values of the critical exponents into the expressions
derived above. From [26],t;=2.0,t, =, =1.3,0; =
0.73, and v; = 0.88. Using these values without taking
into account the shift of the percolation threshold [see
(16)], we find

-0.8, ,-0.2 -4.8, ,-02

ros(H)Opiay H 5, Mys(H) Opia, H - (27)
above the percolation threshold and
r e H) O —-0.65 H —0.35’
25(H) 0 p2ag (29)

-5.95, ,-1.06

MS.S(H) U3, H
below it [see (17)].

If the shift of the percolation threshold is taken into
account, we obtain [see (25)]

0.83, ,-1.83

r§_5(H) Op.a, H

for case Il (22) and
ros(H) O A/?FJZH_%B,

MSs(H) O po(p/p,) ¥ad ™ H™o

incase |V [see (26)].

0.49

, Mas(H) O ppa0 H™* (29)

(30)
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Note that r5 (H) and M5 (H) depend on H and a,
in adifferent way. Therefore, a simultaneous change in

H and a, by the same factor does not leave r (H) and

M35 (H) unchanged. As a result, a change in the

“coarseness’ (size) of highly conductive particles gives
riseto anontrivial variation of the TFR resistance.

A large number of influencing parameters (T, A,
r./ro, Ma/l,, H, etc.) giveriseto agreat variety of resis-
tance curves for 2.5D films. In experiments, however,
additiona “degrees of freedom” may be needed. For
example, alarge differencein particle sizesmay require
the application of the so-called Swiss Cheese model
[26] or theinclusion of tunneling processes. Thiswould
necessitate solving problems with an exponentialy
broad spectrum of resistances [25, 26], etc. The role of
these factors calls for separate discussion.

ACKNOWLEDGMENTS
This work was supported by grant KBN Z/7/2/97.

REFERENCES
1. A. Dziedzic, Microelectron. Reliab. 31, 549 (1991).
2. 1. A. Chaikovskii, Mikroélektronika 17, 291 (1988).

w

S. Kasukabe and M. Taketa, Electrocomponent Sci.
Technal. 8, 167 (1981).

4. A. Dziedzic, J. Kita, and P. Mach, Vacuum 50, 125
(1998).

5. P.F Carcia, A. Ferretti, and A. Suna, J. Appl. Phys. 53,
5282 (1982).

6. A. Kubovy, J. Phys. D: Appl. Phys. 19, 2171 (1986).

7. P F Carcia, A. Suna, and W. D. Childers, J. Appl. Phys.
54, 6002 (1983).

8. A. Dziedzic, K. Nitsch, and A. Kolek, in Proceedings of
11th European Microelectronics Conference (1997),
p. 622.

9. J. Kubat, R. Kuzel, I. Krivka, et al., Synth. Met. 54, 187
(1993).

10. M. B. Weissman and C. D. Dallinger, Appl. Phys. (Ber-
lin) 52, 3095 (1987).

11. M. A. Dubson, Y. C. Hui, M. B. Weissman, et al., Phys.
Rev. B: Condens. Matter 39, 6807 (1989).

12. Y. Yagil, G. Deutscher, and D.J. Bergman, Int. J. Mod.
Phys. B 7, 3353 (1993).

13. A.A. Snarskii, A. E. Morozovsky, A. Kolek, et al., Phys.
Rev. E 53, 5596 (1996).

14. J. P. Clerc, G. Giraud, S. Alexander, et al., Phys. Rev. B:
Condens. Matter 22, 2489 (1980).

15. M. Gadenne and P. Gadenne, PhysicaA 157, 344 (1989).

16. P. Gadenne, Y. Yagil, and G. Deutscher, PhysicaA 157,
279 (1989).

17. A.V. Neimark, Zh. Eksp. Teor. Fiz. 98, 611 (1990) [Sov.
Phys. JETP 71, 341 (1990)].



338 DZIEDZIC et al.

18. P. Gadenne, M. Gadenne, Y. Yagil, et al., PhysicaA 207,
228 (1994).

19. A. E. Morozovskii and A. A. Snarskii, Zh. Eksp. Teor.
Fiz. 109, 674 (1996) [JETP 82, 361 (1996)].

20. A. E. Morozovskif and A. A. Snarskii, Int. J. Electron.
78, 135 (1995).

21. A. L. Efros and B. |. Shklovskii, Phys. Status Solidi B
76, 475 (1976).

22. D. Stroud and P. M. Hui, Phys. Rev. B: Condens. Matter
37, 8719 (1988).

23.

24,

25.

26.

A. E. Morozovskii and A. A. Snarskii, Zh. Eksp. Teor.
Fiz. 95, 1844 (1989) [Sov. Phys. JETP 68, 1066 (1989)].

M. E. Levinshtein, B. I. Shklovskii, M. S. Shur, et al.,
Zh. Eksp. Teor. Fiz. 69, 386 (1975) [Sov. Phys. JETP 42,
197 (1975)].

B. I. Shklovskii and A. L. Efros, Electronic Properties of
Doped Semiconductors (Nauka, Moscow, 1979).

D. Stauffer and A. Aharony, Introduction to Percolation
Theory, 2nd ed. (Taylor and Francis, London, 1992).

Trandated by K. I. Kugel

TECHNICAL PHYSICS Vol. 45 No. 3 2000



Technical Physics, Vol. 45, No. 3, 2000, pp. 339-342. Translated from Zhurnal Tekhnicheskor Fiziki, Vol. 70, No. 3, 2000, pp. 52-55.

Original Russian Text Copyright © 2000 by Shikhaliev.

SURFACES, ELECTRON AND ION EMISSION

X-ray-lnduced Secondary Electron Emission
In Porous M aterials

P. M. Shikhaliev

| offe Physicotechnical Institute, Russian Academy of Sciences,
Politekhnicheskaya ul. 26, . Petersburg, 194021 Russia

Received April 15, 1998

Abstract—Electron emission induced by X-ray radiation in secondary-emission porous materials was investi-

gated. © 2000 MAIK “ Nauka/lInterperiodica” .

Secondary-emission porous materials are widely
used as a working substance in electromagnetic and
corpuscular radiation detectors [1-5]. The detection
process in this case is governed by the interaction
between primary radiation and a porous material, fast-
primary-electron and slow-secondary-electron emis-
sions, as well as by avalanche generation and transfer
of secondary electrons.

The use of secondary-emission materials in detect-
ing X-ray radiation poses certain difficulties. First, the
possibility of the X-quantum—porous medium interac-
tion may be low; and second, X-ray-induced emission
is ambiguously related to structure parameters (pore
size, porewall thickness, and pore shape), the chemical
composition of the material, and the quantum energy
[5-8]. Optimization of the detector performance (in
particular, sensitivity improvement) implies the elabo-
ration of a model for X-ray-induced electron emission
in porous materials.

In [6-8], electron emission in porous materials was
considered for the case of a microchannel plate (MCP)
to determineits sensitivity to X-ray radiation. However,
the authors used simplified models and failed to dis-
cover the effect of the material structure and composi-
tion, aswell as radiation energy, on the emission.

In thiswork, we suggest amodel of X-rays-induced
secondary emission in porous material swith both chan-
nel-like and closed pores. The study of closed-pore
materials seems to be topical in the context of the
development of porous insulator technology [2] and a
new type of secondary-emission material—micro-
spherical plates [9]. Our model takes into account al
structure and composition parameters of the material
and possible quantum energies.

The probability P of photon-induced electron emis-
sion in a porous body is given by
P = PP, D

where P, is the probability of quantum—body interac-
tion and P, is the praobability that a photogenerated or

Compton electron will escape from the wall of a pore
into the free space.

The probability P, is found from the exponential
expression [10]

P = 1-exp(-iL), )

where L is the sample thickness and 1 is the mean
attenuation coefficient of X-rays in the sample. With
regard for porosity,

H=H ©)

o Il

Here, p = p(1—V,/V) isthe mean density of the mate-
rial, p isthe density of the material, | isthe attenuation
coefficient of X-raysin the material, V, is the pore vol-
ume, and V isthe total volume of the sample.

It can be shown [11] that

Vo _ o
VT a+wad)" @

where n = 2 or 3 for channel-like and closed pores,
respectively; a is a pore-shape-dependent parameter;
and w and d are the mean thickness of the pore wall and
the mean pore size.

Inview of (3) and (4), we find from (2):

P = 1—exp[—uL%L— )

a D}

(L+w/ d)rD

The probability P, that a fast electron will escape
from the wall of a pore into the free space depends on
the mean distance from the point of electron generation
to the pore surface, electron energy, and chemical com-
position of the body. Let the mean path of electronsin
the wall be x,. To find the escape probability, consider
a layer of thickness x, where N, uniformly generated
monoenergetic primary electrons move isotropically.

1063-7842/00/4503-0339$20.00 © 2000 MAIK “Nauka/Interperiodica’
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One can show that the number of electrons leaving this
layer is[11]

Xo R
N = NOJ';X;de(l/r2+1/rR)dr. (6)
0 X

Here, R is the extrapolated range of electrons in the
material (it can be found from Tabata's semiempirical
equation [12]) and the probability that electrons will
pass through an r-thick layer is linearly approximated
as1-r/R[10]. From (6), we obtain the probability P,,
that a primary electron will leave the wall:

N(Xo)

Poi(Xo) = Ny
33Xy Xo. X
1-ZR*2R"R

R

4x,

a R>Xx,

a R<Xg.

If al primary electrons move normally to the sur-
face,

X
1-2 a R>Xx,
2R
Px(Xo) = R
E—O at R<X0

Primary photogenerated and Compton electrons
have known emission-angle distributions, and the true
probability P,(X,) of their emission lies between Py (X,)
and P,,(xp). It follows from this condition that the
dependence P,(X;) can be approximated by the expo-
nential function

P,(%o) = exp(—kxo)

more convenient for analysis. Here, k has the meaning
of absorption coefficient of electrons and obeys the
condition In2 < kR < In4.

The value of k can be found from the well-known
empirical expression [10]

k = 17E™%, @)

which was derived for the absorption coefficient of uni-
directional B-electrons with a continuous energy spec-
trum and a mean energy equal to the mean energy of
primary electrons.

The mean path of electrons in the wall depends on
the pore size, pore shape, and pore wall thickness. It
can be given by [11]

Xo = BA[(1+w/d)"~y], (8)

where 3 and y are parameters dependent on pore shape
and arrangement.

SHIKHALIEV

Thus, the probability P, that primary electrons will
escape from the wall into the free spaceis

P, = exp[-Bkd((1+w/d)"~y)]. 9)

Note that p and k in (5) and (9) depend on the
X-quantum energy and the composition of the porous
body according to known laws. Hence, the derived
expression for the probability P,P, of radiation-
induced emission of fast electrons in a porous body
takes into account all structure and composition param-
eters of the material and the X-quantum energy. From
(5) and (9), it is easy to see that P,P, plotted against w
and d exhibit maxima. The dependence of P;P, on
guantum energy also peaks if the empirical expression
for pu

H(E) = Cexp(—3.5E) [10]
isincludedin (5).

When fast primary electrons traverse the pores,
transmission and reflection secondary electron emis-
sions arise. The number of generated slow secondary
electrons is related to the secondary emission coeffi-
cient of the material [13] and the number of pores tra-
versed by aprimary electron. The latter is expressed as
N = R/xy, where R and X, are, as previously, the extrap-
olated range and the mean path of primary electronsin
the wall.

Among currently available porous materials, MCPs,
including those with channel-like pores, are of most
interest for applications. First, MCP parameters can be
optimized to abtain the maximum X-rays-induced elec-
tron emission and the maximum sensitivity of MCP
detectors. Second, the MCP measured sensitivity can
be compared with calculated values. In Figs. 1aand 1b,
calculated relative emissions in the MCP are plotted
against the structure parameters.

It is known that the efficiency of X-quantum detec-
tion by an MCP detector depends on the probability
that fast primary electrons will be generated and emit-
ted into MCP channels. Calculated (within the sug-
gested model) and experimental [6] efficiencies of the
MCP detector vs. X-quantum energy are depicted in
Fig. 2.

The MCP materia (lead glass) consists of Si, Pb,
and O to the extent of 95%. Their relative content may
vary within wide limits. These elements, however, enter
into the compoasition as compounds (SO, and PbO)
rather than as individua components. Therefore, the
weight fraction of one of them (say, lead) specifies
those of the other two. This makes it possible to set a
correlation between the photo-induced emission in an
MCP and the content of one constituent [14]. Figure 3
shows the fast electron emission vs. lead percentage in
the MCP material.

With expressions derived for photon-induced elec-
tron emission in porous materials, we estimated the
efficiency of MCP detectors studied in our previous

TECHNICAL PHYSICS Vol. 45
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2 4 6 8 10 12
w, hm

100 - (b)

Fig. 1. (a) Relative photon-induced emission of fast (solid
lines) and dlow (dotted lines) electronsinthe MCP vs. chan-
nel wall thickness w; channel diameter d = 15 pm: (1) 25,
(2) 40, (3) 60, (4) 122, (5) 150, (6) 250, and (7) 662 keV. (b)
Relative photon-induced emission in the MCP vs. channel
diameter d: w=(1) 0.1, (2) 0.5, (3) 1.5, and (4) 5.0 um; solid
line, 25 keV; dashed line, 40 keV. L =1 mm, MCPthickness;
Ne and Ng, the number of electrons and quanta, respectively.

work [3] and elsewhere [7, 8, 15]. Analytic valueswere
compared with experimental data (Fig. 4).

It was found that today’s MCP parameters used in
detecting X-rays are not optimum. Their optimization
with the suggested model may greatly improve MCP
sensitivity to X-ray radiation.

It should be noted that our procedure for photon-
induced electron emission characterization is aso
applicable to other porous materials, such as porous
insulators and microspherical plates. The latter are a
new secondary-emission substance [9], namely, a
~1-mm-thick plate with closely packed glass micro-
spheres of diameter ~40 um inside. The spheres are
covered by a specia film with a high secondary emis-
sion coefficient. Microspherical plates differ from

TECHNICAL PHYSICS Vol. 45 No. 3 2000
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Fig. 2. Anaytic (solid line) and experimental (dashed line)
dependences of the efficiency of the M CP X-ray detector vs.
X-quantum energy.
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Fig. 3. Relative photon-induced emission of fast electrons
against the lead percentage n in the MCP materials; d =
15 pm. Solid lines: L =1 mm, w = 3 um; dashed line: L =
3mm, w=3pum; dotted line: L =1 mm, w=1 pm.
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Fig. 4. Calculated (empty circles) and experimental values
of the efficiency F of the MCP X-ray detector for different
quantum energies E.
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MCPs in that avalanche generation of secondary elec-
trons takes place between the spheres.
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Abstract—Complex study of surface and bulk defects was performed by field ion and scanning tunnel micros-
copy. Specimens were irradiated by 20- to 50-keV He*, Ar*, and Bi* ions at room temperature. The irradiation
fluences were between 108 and 10%° ion m2. Calculated parameters of depletion zones and atomic displace-
ment cascades were compared with theoretical estimates. It was shown that controlled ion bombardment of
material surface is an effective tool for fabricating field-emission cathodes for vacuum microelectronics. ©

2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Although two advanced, extremely sensitive and
powerful methods for solid surface analysis—field ion
microscopy (FIM) [1] and scanning tunnel microscopy
(STM) [2]—differ essentially in severa facets, they are
often thought of as related techniques naturally com-
plementing each other. STM issues were included in
the agenda of the annual International Field Emission
Symposium (its 45th meeting was held in 1998),
together with FIM, field-emission microscopy, and
guantum mechanical processes under high electric
fields, immediately after STM discovery (see, for
example, [3, 4]). Moreover, several combined instru-
ments that implement both techniques have been pro-
duced to date [5].

FIM and STM have the following features in com-
mon: atomic resolution, the use of the field emission
phenomenon, and the application of tips to generate
fields of an appropriate strength. The fundamental dif-
ferenceisthat, in FIM, atip is essentially a specimen,
while in STM, it is a probe that scans the surface of a
flat specimen. Both techniques provide an atomic reso-
lution of surface images from conducting materias; in
the case of FIM, however, the use of field evaporation
makes it possible to take images from many (tens or
hundreds of) surface atomic layers, visualizing the bulk
of a material. This is impossible with STM. Finaly,
modern field-ion microscopes are equipped with an
attachment for probe mass-spectrometric chemical
analysis of surface particles [6]. In this respect, an
atomic-probe ion-field microscope is atrue cluster that
integrates two complementary techniques to study dif-
ferent properties of the same specimen. In the case of
an STM—FIM cluster, an ion-field microscope plays an
essential yet secondary role of aprobe-quality analyzer.

Thelist of similarities and differences between FIM
and STM can be extended. Considering the potentiali-
ties of both, we have come to the conclusion that they
do complement each other and, when used in tandem,
are appropriate in investigating radiation-induced
defects both on the surface and in the bulk of conduct-
ing materials. Note that such studies are routine for the
FIM technique[7, 8]; asto STM, relevant data are very
scarce (see, for example, [9, 10]).

This article opens a series of related publications
concerned with FIM and STM investigations that were
performed from December 1, 1997, to November 30,
1999.

SPECIMENS

Specimens were made of carbon (graphite) and sili-
con. Note that FIM and STM substantially differ by
specimen preparation and analytical procedures
involved. With thisin mind, we selected materials more
appropriate for STM analysis, since invoking this tech-
nique for the study of radiation-induced defects was
among the primary goals of this work.

FIM specimens were tips with amean radius of cur-
vature of about 100.0 nm. Silicon specimens and spec-
imens of MPG-6 high-strength reactor graphite [11]
were prepared by conventional electrochemical etching
of small bars with a cross section of 0.3 x 0.3 mm. The
bars were precut by an electric spark method.

STM specimens were thin plane-parallel one-side-
polished platelets measuring 10.0 x 10.0 x ~0.5 mm.
Silicon specimens were prepared from KDB-12
(boron-doped, resistivity 12 Q cm) Si(100) wafers.
Since the instrument operated in air, the specimens
were passivated in an HBF, solution [12] to prevent

1063-7842/00/4503-0343%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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their oxidation. After such atreatment, the silicon sur-
face remained clean for 30 h.

SPECIMEN IRRDIATION

Specimens preexamined in the microscope were
irradiated by 20- to 50-keV He*, Ar*, and Bi* ions out-
side the instruments. The fluences varied between 108
and 10%° m=. In the case of the tips, the bombarding
beam was perpendicular to their axis of symmetry. The
platesfor STM investigation were bombarded normally
to their surface.

FIM RESULTS

We noted above that carbon and silicon are difficult
to study with FIM. The major challenge here isthat the

SUVOROV et al.

evaporating fields are relatively low and that evapora
tion is an irregular process. Hence, the poor quality of
FIM images and the impossibility of identifying indi-
vidual point defects and their clusters of alow multi-
plicity. Yet, FIM images from these materials alow the
identification of small pores and sometimes depleted
zones (as a result of atomic displacement cascades
[13]), as well as the determination of their parameters,
such as size, volume, geometry, and approximate
vacancy concentration in them. Under favorable condi-
tions, defects like dislocations can be identified and
characterized.

In this work, experiments were preformed with a
vacuum ion-field microscope at the Institute of Theo-
retical and Experimental Physics. During examina
tions, specimens were kept at 78 K, and helium was
used as an imaging gas. In the experiments, we took

Fig. 1. FIM images from the (a) reference and (b) Ar*-irra-
diated (50 keV) specimens of MPG-6 high-strength reactor
graphite. Theirradiation fluenceis 1018 m=2.

Fig. 2. FIM imagesfrom the silicon specimensirradiated by
(a) 40-keV Ar* ionsand (b) 30-keV Bi* ions. Thefluenceis
>10%° m~2in both cases.

TECHNICAL PHYSICS Vol. 45 No. 3 2000
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. (b)

Fig. 3. STM imagzeﬁfrom the (a) reference and (b) Ar'*-irradiated (50 keV) specimens of MPG-6 reactor graphite. The irradiation

fluence ~ 1090 m™=.

advantage of methodological expedients used in our
previous work [14].

Typical FIM images from the surfaces of (a) refer-
ence and (b) Ar*-ion (50 keV) irradiated M PG-6 graph-
ite are depicted in Fig. 1. The irradiation fluence was
10'® m=2, The arrow in Fig. 1b indicates a depleted
zone. Presumably, it arises when a single atomic-dis-
placement cascade is developed in the crystal lattice.
FIM images of the silicon surfaces irradiated by Ar*
(40 keV) and Bi* (30 keV) ions are shown in Figs. 2a
and 2b, respectively. The relatively high fluences in
both cases (=10% ion/m?) imply that the observed
defect regions correlate to an overlap of many atomic
displacement cascades.

Note that, for individual cascades, the parameters of
depleted zones could be found only if the defect region
TECHNICAL PHYSICS Vol 45

No. 3 2000

could be “opened” and totally traversed during the suc-
cessive field evaporation of the irradiated specimens.

Tables 1 and 2 list parameters of the depleted zones
and cascade functions v for MPG-6 graphite and sili-
con, respectively. They were estimated from FIM
images. It should be realized that, while the depleted-
zone volume was determined fairly accurately (the
error is no more than 15%), the vacancy concentration
in them, which was estimated according to concepts put
forward in [15], is accurate to 50-60%. Accordingly,
the tabulated cascade functions v involve the same
error.

Comparing values givenin Tables 1 and 2 with those
obtained from the simple Khinchin—Pees formula or
within the Sneider—Noifeld modified theory [13], one
can draw the following conclusion. For carbon (graph-
ite), the experimentally found parameters of atomic dis-
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Fig. 4. STM images from the (a) reference and (b) Ar*-irradiated (50 keV) silicon specimens. Theirradiation fluence ~ 1020 m=2.

placement cascades are close to theoretical estimates.
For silicon, however, the discrepancy may be ashigh as
80 and even 120%. This can be explained by an error in
determining the vacancy concentration in the depleted
zones, but only to an extent, since FIM images for car-
bon and graphite are qualitatively similar. The ultimate
answer will be provided once much more experimental
data are obtained.

STM RESULTS

Surface roughness of the reference and irradiated
specimens was examined in an SMM-2000-T scanning
tunnel microscope (KPD, Russia) operating in air.
Flat graphite and silicon specimens were irradiated in
an ion injector under a high vacuum (at a pressure of
10 torr). Theions used and their energies are listed in
Tables 1 and 2. Since our work was also aimed at devel-

oping radiation technology for flat, large-area field-
emission cathodes [16], current—voltage characteristics
of field emission were taken from several specimens.

Figures 3b (MPG-6 graphite) and 4b (silicon) show
rather illustrative, if not quite typical, STM images of
the irradiated specimens (Figs. 3a and 4a demonstrate
the images of the references). In both cases, the speci-
mens were irradiated by Ar* ions (50 keV) at a fluence
of ~10%° m=2. Under these conditions, the cathode area
was the most developed and the current—voltage char-
acteristics (in the Fowler—Nordheim coordinates) were
close to those in our previous work [17]. The emission
current per cm? of the cathode was up to 100 A for
graphite and 10 A for silicon at an operating voltage of
about 5.0 kV and a flat anode—cathode distance of
1.0 cm (in adiode configuration).

TECHNICAL PHYSICS Vol. 45

No. 3 2000



FIELD ION AND SCANNING TUNNEL MICROSCOPY 347
Table 1 Table 2
Atomic | Approximate Atomic | Approximate
lons Erllgr\g/gy ' | volume | vacancy con- fglﬁ?ﬁi lons Erlltzr\%ly " | volume |vacancy con- fglﬁ?ﬁi

Qe centration, % Q. centration, %

He' 20.0 150 30 45 He' 20.0 15 100 15

30.0 180 30 54 30.0 20 100 20

50.0 540 20 108 50.0 70 30 21

Ar* 30.0 150 30 45 Ar* 30.0 150 30 45

40.0 350 30 105 40.0 150 30 45

50.0 350 30 105 50.0 240 30 72

Bi* 20.0 15 100 15 Bi* 20.0 10 100 10

30.0 15 100 15 30.0 15 100 15

Qualitatively, the surface roughness of theirradiated
specimens essentially depends on the sputtering coeffi-
cient and parameters of atomic displacement cascades.
It was found that, the greater the sputtering coefficient
and the larger the cascade regions, the more devel oped
the surface (i.e., the higher its roughness). On the other
hand, the roughness linearly depends on the fluence
within certain intervals. It was shown that there existsa
threshold fluence above which the surface roughness of
the materialsis reduced or at least remains constant.

Using known values of the sputtering coefficients
for silicon and carbon exposed to 50-keV Ar*ions[18],
we made an attempt to locate the initial surface of the
irradiated specimens from their STM images.

It was of interest whether the materia is merely
removed (sputtered) from the surface upon irradiation
or some sputtered (more precisely, displaced in atomic
collision cascades) surface atoms complete microsteps
being formed. It was found that sputtered (removed)
atoms amounted up to ~60 and 80-90% in the case of
carbon and silicon, respectively.

CONCLUSIONS

(1) A combination of two ultramicroscopic meth-
ods, FIM and STM, proves to be reasonable in investi-
gating the effect of radiation on the surface and bulk
structures of materials, since it provides additional
information.

(2) Scanning tunnel microscopy is an efficient tool
for studying radiation-induced surface defects and con-
trolling surface modifications.

(3) The parameters of atomic displacement cascades
occurring in MPG-6 high-strength reactor graphiteirra-
diated by moderate-energy ions are closeto the existing
theoretical estimates.

(4) The parameters of atomic displacement cascades
occurring in silicon irradiated by moderate-energy ions
greatly differ from the existing theoretical estimates;
the experimentaly found efficiency of stable atomic
displacement in cascades was found to be 80-120%
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lessthan the theoretical value. Thiscannot be explained
by the specifics of the used method alone.

(5) At relatively small energies of atomic displace-
ment cascades in graphite and silicon (the energies of
primary knocked-out atoms at alevel of 1.0-1.5 keV),
defect regions of single cascades are pores (depleted
zones with a vacancy concentration of 100%).

(6) Upon ion irradiation, the surface roughness
essentially depends on the sputtering coefficient and
also on the parameters of atomic displacement cas-
cades: the greater the coefficient and the larger the size
(the space of development) of the cascades, the higher
the roughness. An increase in the irradiation fluence
increases the roughness (the degree of surface devel op-
ment) to acertain limit only.

(7) Radiation-induced surface modification of con-
ducting materialsisapromising way for producing flat,
large-area field-emission cathodes needed in vacuum
microelectronics. Conditions for radiation treatment
can be optimized by varying the type of bombarding
ionsand their energy; angle of incidence; radiation den-
sity and fluence; and, possibly, the initial stress state
and the spectrum of preformed (e.g., by heat treatment)
crystal defects.
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Abstract—A way of simultaneously focusing acircular uniform beam of fine uncharged diamagnetic particles
in the longitudinal and transverse directionsis explored. Focusing is performed by a short magnetic lensand a
diaphragm providing a time-dependent electric field. The size of the particles is within the range of

10™-10"1 cm. © 2000 MAIK “ Nauka/ I nterperiodica’ .

As is known, transverse (normal) focusing of fine
uncharged particlesin avacuum can be performed by a
constant axially symmetric magnetic [1] or electric [2]
field. The size of the particles varies between 10~ and
107t cm. It has also been demonstrated [3] that a uni-
form beam of uncharged particles can be transformed
into a stream of clustersthat are compressed in the lon-
gitudinal direction under the action of an axially sym-
metric periodic electric field. The clusters are com-
pressed to a maximum degree after they havetraveled a
certain distance, which can be regarded asthefocal dis-
tance for longitudinal focusing.

This study addresses combined focusing of an
uncharged particle beam, i.e.,, focusing that is per-
formed in both directions. The approach is hampered
by the fact that a time-dependent electric field
employed for longitudinal focusing performs time-
varying transverse focusing as well. The additional
focusing in the transverse direction adversely affects
that provided by a constant axially symmetric magnetic
or eectric field. Although this drawback is inherent in
the technique, it is reduced to alarge extent if focusing
parameters are set appropriately.

Consider combined focusing of a uniform circular
beam of fine (1010 cm) uncharged diamagnetic
particles in a vacuum. The focusing system comprises
ashort magnetic lens ML for transverse focusing and a
planar diaphragm D having afine circular aperture of a
given radius R (see figure). The diaphragm generates a
time-dependent electric field, thus providing longitudi-
nal focusing. Let the particles move along the axis of
symmetry z and have the same initial velocity v,. The
magnetic field H = H(2) is confined to an interval z; <
z< 7,, and the electric field of the diaphragm next to
ML lies within an interval z; < z< z, in the vicinity of
the digphragm. The latter interval is comparable in sizeto
the diaphragm aperture. Outside the interval z; < z < z,
and the electric field is uniform: E;=0and E, = E =

const # 0 (in astatic mode). The electric-field potential
isdistributed as [4]

_ 104 4,0 1
P(2) = qJO_ﬁERDﬁ arctanﬁ + 19~ éEz,

where @, is the potential at the diaphragm center
(z=0).

Following [3], the electric field along the axis is
givenby ¢ =d(z 1), i.e,

d(z 1) = D(27)n(1),

wheren = n(t) isaperiodic function with a period T.

The diaphragm field forms clusters, which experi-

ence maximum longitudinal compression (at the longi-
tudinal focus) at adistancel (I > Tvy) if

n(t) = A,

where

g

[3(e-1) 2
41Tp(s+2)EI

p isthe particle density, and € istherelative permittivity
of the particles.

Let the effect of the diaphragm on the transverse
focusing be negligible (it is provided by ML alone).
Then the focal points F are the same for the magnetic

A =

D
ML
B F
77 777 B —e
)
——h —>< l
f
Figure.
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lens and the diaphragm if f =1 + h, wheref is the focal
distance of the magnetic lens and h is the distance
between the two elements. At this point, the clusters are
most compressed in both directions, so that combined
focusing is realized. According to [1],

_ 16TV a( + 2)p

2

f
9(l—p)IH'2dz

where H' = dH/0z and | is the relative permeability of

the particles. The condition for combined focusing
therefore becomes

16T[V(2)(p +2)p _ 8T[pvg(s +2) +h

= 3(e —1)AE’
9(1- u)IH' dz

5

Thus, combined focusing can be achieved regardless of
the particle size.

Sincewehave |z; — z,| < fand |z;—z| < |, the mag-
netic lens and the diaphragm can be placed so close to
each other that h < f, |, which allows one to assume
h = 0. Then combined focusing is feasible regardless of
the particle density aswell. However, it should be borne
in mind that the focal distance depends on the density
[I = 1(p)] rising with the latter.

The assumption that the effect of the diaphragm on
the transverse focusing is negligible is tantamount to
1| < 1_1

fo

where f, is the focal distance for transverse focusing
performed by the diaphragm.
Since[2]

fon

9(e—-1)
167(e + 2)pV5

1s
fo

SHTEPA

2

x J'q)"z(z, t)dz (at z=v,)

and
1_ 3(e-1HAFE’
I snp(e+2)vy
we have
Lol and $0d
o Vo Vo

This means that this inequality can be met by
decreasing the period T (since 0 <t < T) and the veloc-
ity vo.0 The effect of combined focusing is also
enhanced if E and R are selected optimally, since f, and
| are variously governed by the electric field distribu-
tion.

Finally, note that combined focusing of fine
uncharged particles by axially symmetric magnetic and
electric fieldsin avacuum is possible in afirst approx-
imation.
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Abstract—Slow variation (for 10-40 min) of the electrical conductivity of a water cell in weak permanent
magnetic fields was studied. Relaxation characteristics and the dependence of the resistivity on amagnetic field
ranging between 0.02 and 0.11 G were obtained. It was found that the cell response lags behind magnetic field
switching-on and switching-off. © 2000 MAIK “ Nauka/lnterperiodica” .

Extralow (comparable to geomagnetic) ac (0.01—
200 Hz) magnetic fields are known to influence physi-
cochemical properties of agueous solutions, water, and
ice [1-3]. The electrical conductivity, dielectric loss
tangent, refractivity index, and other properties vary
within several hours after magnetic treatment.

In this work, we show that bel ow-geomagnetic per-
manent magnetic fields may reversibly alter the electri-
cal properties of a water-filled cell through which a
direct current passes.

Experiments were performed against the magnetic
field of the Earth. The mean field strength, its vertical
and horizontal components, and the component normal
totheelectricfield of the cell were 0.59, 0.56, 0.17, and
0.58 G, respectively. Geomagnetic fluctuations were
not taken into account.

An additional magnetic field was generated by a
permanent magnet, a solenoid, or a straight conductor
4.5 cm distant from the center of the cell. In the last
case, the field generated at the center of the cell was
directed vertically and normally to the electric field of
the cell. Hereafter, magnetic field values in the text and
in the figures are those at the center of the cell.

The cell was a Teflon cylinder 20 mm in diameter
with planar electrodes spaced 5 mm apart. Stainless-
steel, titanium, and carbon electrodes were tested. The
electrodes were arranged vertically.

The cell was filled with distilled or twice-distilled
water (with a conductivity of 4 x 10° Q1 cm™). The
liquid was exposed to air. Prior to experiments, the
water-filled cell settled for a day. Then, the current was
passed through the cell for 1 or 2 h until the liquid was
completely polarized. The cell was placed in athermo-
stat made of foamed plastic. A magnetic field source
was outside the thermostat. The experiments were per-
formed at temperatures of 21-23°C and 1.3°C.
Figures1 and 2 refer to the cell with stainless-steel
electrodes at 21°C.

We used a dc measuring bridge where the cell was
one of the branches. The supply voltage of the bridge
was constant, 1.5V. The resulting signal was amplified
by a U5-10 differentia amplifier and then recorded
with an S9-27 digital oscilloscope. The time resolution
of the bridge was 0.15 s. The desired effect was
observed against a monotone current drift. The drift
was taken into account upon processing oscillograms.

Figure 1 shows a current oscillogram for the cell
with ditilled water when a magnetic field B =0.11 G
was generated by the straight conductor. The resistance
of the cell increases to a maximum value for atime lag
T, =1, + T, (T, and T, are the delay time and the time of
response to field switching-on) and then relaxes to its
initial value for atime 13 = 13 + 1, (T3 and 1, are the
delay time and time of response to field switching-off).
For acurrent through the cell of 0.83 pA/cm?, theresis-
tance increased by about 1% for 1, = 20 min. The delay
between field switching-on and the beginning of resis-
tance change was T, = 5 min. Once the magnetic field

Al %
4+

L T,

B ——
2+ 3Ty

L

1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 60 120 ¢, min

Fig. 1. Time variation of the relative change in the current
through the cell in the presence of the additional magnetic
field B=0.11 G of the conductor (switching-on and switch-
ing-off instants are indicated by arrows).
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Fig. 2. (a) Relative change in the cell resistance and (b) time t_ vs. additional magnetic field of the conductor at 21°C.

was switched off, the cell passed into its initial state
(with adelay 1;= 5 min) for atime g = 20 min. When
the cell wasfilled with twice-distilled water, therel ative
current change was the same for the same magnetic
field.

Similar effects are observed in the fields of the sole-
noid and the permanent magnet. When the field of the
solenoid, B = 0.15 G, was switched on, the current
change was 2.5% with 1, = 30 min for acell current of
1.5 pA/cm?. An increase in the resistance does not
depend on the field polarity. At 1.3°C, the current
behaved in asimilar way.

InFig. 2a, therelative change in theresistance of the
cell with distilled water is plotted against the applied
magnetic field for a cell current of 0.78 pA/cm?.
Figure 2b shows the dependence of the transition time
T, on the applied magnetic field. The effect also takes
place if the magnetic field is aligned with the electric
field of the cell and is again independent of the mag-
netic field direction.

Note that, when the magnetic field is switched off
within the time T,, an increase in the resistance grows
during the time of inertia T; < T, and, after attaining a
maximum, it returns to its initial value in both cases
(the magnetic field is parallel or normal to the electric
field of the cell).

Thus, by measuring the relative change in water
conductivity, we discovered the effect of initiating slow
physicochemical processesin an eectrolytic cell when
extralow magnetic fields are applied. It was found that

the cell response lags behind magnetic field switching-
on and switching-off.

The effect can be attributed to achangein the degree
of impurity-ion (primarily dissolved carbon dioxide)
hydration in the bulk of water, probably because of the
modified water structure [4]. Asaresult, the adsorption
of ions hydrated on the electrode surfaces changes,
causing the reconstruction of the double electrica

layer.
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Abstract—A compact multichannel mass analyzer is described, which enables one to analyze the composition
of multicomponent ion beams. © 2000 MAIK “ Nauka/lnterperiodica” .

INTRODUCTION

Beam technol ogies presently find increased usagein
mechanical engineering. New ion sourcesfor these pur-
poses are under development, including sources with a
multicomponent (mixed) ion beam. These include ion
sputtering sources, whose beams contain ions of work-
ing gas in addition to metal ions. In order to determine
the composition of ion beams produced by such
sources, we have developed and employed a compact
multichannel mass analyzer. Small dimensions and
mass of the instrument make it possible to employ it
even in small vacuum chambers. Thanks to multichan-
neling, the instrument enables one to determine the
mass of ions of all elements of the periodic table and
their ratiosin the beam.

PRINCIPLE OF OPERATION
OF THE INSTRUMENT

Asin the case of most mass analyzers, the operation
of the instrument is based on the dependence of the
radius of turning of charged particles in a transverse
uniform magnetic field on their mass and energy
according to the equation

_ 144 - /WM
R= zB

where R is the Larmor radius (cm), W is the particle
energy (eV), M is the particle mass (amu), z is the
atomic number, and B isthe magnetic induction (G) [1].

The distinguishing feature of the instrument con-
sists in the fact that its magnetic field is constant; and
ten magnetic tracks are selected in thisfield with preas-
signed radii, each track with its own collector. There-
fore, only two quantities are variable, namely, the mass
of particles and their energy. By varying the particle
energy, one can receive the beam jet and measure its
current in different collectors, thereby determining the

T Deceased.

particle mass in the beam or, with fixed energy of the
beam, search for its components of different massesin
different collectors, which makesit possible to analyze
the composition of the beam without varying the oper-
ating mode of the ion source being investigated.

INSTRUMENT DESIGN

The uniform magnetic field in the instrument is pro-
duced with the aid of magnet poles (see figure). The
magnetic gap between the poles is taken to be 5 mm
from the considerations that the magnetic field must be
as maximum as possible with acceptable resolution of
low values of current by the measuring instrument. The
magnetic field is realized with the aid of permanent
samarium—cobalt exciters 40 x 40 x 12 mm in size with
induction on the surface of =2 kG. Five piles of two
exciters each are installed between the magnet pole and
the magnet system yoke closing the external magnetic
flux. Therefore, 20 excitersin al are used in the instru-
ment. The magnetic induction in the working magnetic
gap is 3500G + 1.5%. Both magnet poles, each 7 mm
thick, are made of magnetically soft iron.

It was decided to use ten magnetic tracks, i.e., radii,
in the following sequence: R, = 5.2 cm, R, = 5.9 cm,
R;=9cm, R, =12cm, Rz =19cm, Rg =29 cm, R, =
38cm, Ry =58 cm, Ry = 86 cm, and R;; = 650 cm.
Owing to this choice of radii, one could usetwo or three
tracks in the energy range from 5 to 70 keV to deter-
mine the mass of some element. The radius Ry =
650 cm was selected for recording charged clusters.

All collectors of each track areidentical. A collector
isaplate bent to form abracket with parallel walls. The
gap between thewallsis 3 mm, with athickness of each
wall of 0.3 mm. The collectors are secured on insula
tors, which make it possible to arrange them on a tan-
gent to a preassigned radius. Each collector is located
at adistance of 1 mm from the magnet poles, the scat-
tered field from which (of =200 G) extendsto cover the
collectors. This is sufficient to suppress the secondary
electron emission.
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5.9 cm

5.2 cm

Magnetic pole of the mass analyzer: (1) collectors, (2) dlits
for cutting out the beam jet, (3) paths of magnetic tracks,
(4) magnet pole.

Signals from the collectors are measured by an M95
microammeter with a multiple shunt, which permits us
to measure currents of up to 108 A.

Two dits arranged horizontally to the ion beam axis
are used to cut from the beam a jet entering the mag-
netic field of the analyzer. The size of the jet is defined
by the gap between the dlits and the gap between the
magnet poles of the massanalyzer (equal to 5 mm). The
gap between the dlits may vary. It was experimentally
selected to be 0.4 mm. The distance between the first
and second dlitsis 10 mm.

Located on the face of the mass analyzer isasquare
collector plate insulated from the housing, sized 100 x
100 mm, covering the entire front surface of the instru-
ment and receiving the entire beam. The secondary
electron emission from this plate is suppressed by the
scattered field of the mass analyzer and by magnetic
strips of barium ferrite specially installed for the pur-
pose. The error of measurement of the beam current
using this collector does not exceed 15%. The second
dlit is arranged on this plate at a horizontal distance of
10 mm from the first dlit of the mass analyzer and per-
pendicular to thelatter, withasize of 2 x 1 mm and with

VERESOV et al.

a collector behind it for measuring the density of the
beam current.

The entire instrument is instaled in four verticd
guides with two adjusting screws for aligning the
instrument axis with the beam axis.

ADJUSTMENT OF THE INSTRUMENT

(D) The exactly measured radii of the first and sec-
ond magnetic tracks (R, =5.2cmand R, = 5.9 cm) were
used to determine the real magnetic field of the mass
analyzer.

(2) Theinert gasesHe, Ne, Ar, Kr, and Xewere used
as reference masses to exactly determine all of the
remaining radii except for the last radius Ry.

(3) The resolving power of the mass analyzer was
estimated for nitrogen and oxygen by the equation
Amym = 1/r, where Am is the difference between the
masses being measured, misthe maximum mass, and r
is the resolving power [2] when atmospheric air was
used as the working gas in the source. The resolving
power proved to be equal to 8.

(4) In some cases in measuring beam components,
usually with heavy masses, when the beam jet currents
were very low, the current-measuring instrument regis-
tered a negative current of the order of 10°-10~" A.
This reading may be attributed to the departure of pos-
itiveionsfrom the collector or to the penetration of neg-
ative ions into the collector. The latter possibility is
ruled out, because negative particles cannot enter the
collector in passing through the magnetic field of the
mass analyzer. The departure of positive ions from the
collector may occur in the case of ion—on emission and
repulsion of bombarding ions. Both these processes are
insignificant in magnitude and, in balance with ions
migrating to the collector, cannot produce a negative
current through the microammeter. Most likely, when a
wall plasmais formed in the collector as aresult of the
processes of gas release, dispersion, neutralization,
recombination, secondary electron emission, and oth-
ers, low-energy positive ions are emitted from this
plasmaand get onto the housing of the mass analyzer to
form a negative current through the current-measuring
instrument. In so doing, it becomes impossible to accu-
rately measure the beam jet with the microammeter.

This obstacle may be overcome in two ways,
namely, by increasing the width of the mass analyzer
gdlits to increase the beam jet current or by performing
calorimetric measurements. The main contribution to
the collector heating is made by much higher energy
ions arriving at the collector in the beam jet. Their
energy is severa orders of magnitude higher than that
of ions leaving the collector, which provides for an
amost exact measurement of energy and, conse-
No. 3
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guently, of the beam jet current, according to the equa-
tion

_ CmAT
ut ’

where cisthe heat capacity of the collector material, m
is the mass of the collector, AT is the temperature dif-
ference, | isthe beam current, U is the particle energy,
and t is the time during which the beam affects the col-
lector.

Therefore, with a fixed energy and time during
which the beam affects the collector (microcalorime-
ter), it is only the temperature difference that is mea-
sured. Experience suggests that the most acceptable
sensor for measuring the temperature differenceis pro-
vided by a base-emitter transistor p— junction, which
retains the linearity of the temperature characteristicin
a wide range and a high sensitivity, as distinct from
thermocouples and thermal resistors.

CONCLUSIONS

(1) An instrument installed on a moving carriage
across the beam axis enables one to measure the total
beam current, the distribution of the beam current den-
sity, the mass composition of the beam, the ratios of the
beam components, and their distribution over the beam
Cross section.
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(2) The small size (20 x 18 x 12 cm) and mass
(17 kg) of the instrument make possible its use under
simple laboratory conditions.

(3) The recording of currents by a microammeter
enables oneto perform arapid analysis of the beam and
affect the source operation during the experiment. The
calorimetric method of measurement is also prompt,
because the temperature difference in the bridge com-
parison circuit is likewise measured by a microamme-
ter.

(4) The operating experience of the instrument indi-
catesthat its resolving power may be increased both by
increasing the magnetic field and by increasing the
magnetic track length.

The mass analyzer described above proved to be a
convenient instrument for the investigation of sources
producing multicomponent beams in facilities that are
not provided with special separation magnets.
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Abstract—Radiation of relativistic particlesin aplane magnetic field (for example, in an undulator) is studied.
The magnetic system is assumed to be plane and composed of permanent magnets. It is shown that thereisa
class of special continuous rotations of the magnetization vector for magnetic substances providing changesin
the magnetic field of the system without changing the spectrum of spontaneous radiation of relativistic particles.
Thisproperty of electromagnetic radiation can be used in devel oping new modelsfor undulators. © 2000 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

Undulators currently used as sources of magnetic
field are usualy based on permanent magnets. Two
types of undulators are the most widely used: purely
rare-earth undulators [1] and undulators of the hybrid
type[2, 3]. In some cases, however, undulators of non-
conventional design (especialy microundulators) are
used [4—7]. The purely rare-earth undulator used in the
free electron laser described in [8, 9] also has anoncon-
ventional scheme. The alignment of the magnetization
vectors of al magnets along the undulator axis causes
asignificant increase in the amplification coefficient of
this undulator. Thus, the problem of studying the gen-
eral properties of plane undulators based on permanent
magnets and the properties of electromagnetic radia-
tion of relativistic electronsin such undul ators assumes
great importance. In particular, the so-called Rotation
Theoremiswell known [10]. The theorem statesthat, if
the magnetic moment of a magnetic substance at each
point of a plane magnetic system is rotated through an
angle 8 without changing the system configuration, the
vector of the magnetic field of the system is rotated
through the angle —6. The goa of this work was to
prove another general property of plane magnetic sys-
tems consisting of permanent magnets. It is shown that
if the magnetic moment of amagnetic substance at each
point of the upper part of a plane magnetic system is
rotated through an angle 6, whereas each magnetic
moment at the lower part of the system is rotated
through the angle —0, the modulus of the Fourier trans-
form of the magnetic field produced by the system
remains unchanged, although the form of the magnetic
field is changed.

1. UNIVERSALITY OF FOURIER
TRANSFORMATION OF A PLANE MAGNETIC
FIELD

Consider an infinite magnetic system uniform along
the horizontal X-axis. The magnetic field produced by
the system is[11]

33R(M (Y, 2)R) =M (Y, Z)R°

= (D)

H(y, 2) =J’dr

where M (y, 2) isthe magnetization vector of the system
andR=r—r',R=|R]|.
Substituting (1) into the equation for Fourier trans-

formation of a magnetic field along the y-axis in the
median plane (z = 0) gives on rearrangement [12]

00

Ho(p) = 2m [ dydzexp(ipy)exp(-pz)) .

x{[pIM,(y', Z) —ipM,(Y', Z)(sgn2)} .

Consider rotation of the magnetic moment at each
point of the upper part of the system through an angle
0 (Z > 0). From the analytical geometry equations for
vector rotation, it followsthat, if Z >0 and p > 0, then

MY, 2) =IM(Y, 2) @
= [M(y, 2) ~iM,(¥, 2)] exp(-i6).

The rotation of the magnetic moment at each point
of the lower part of the system (Z < 0) through the angle
-0 can be considered similarly. It was found that the
same phase factor appearsin integral (2) taken over the
lower part of the system. Thus, for p > 0,

Hy(p) = Ha(p)exp(-i6). (4)

1063-7842/00/4503-0356%$20.00 © 2000 MAIK “Nauka/Interperiodica’



INVARIANCE OF ELECTROMAGNETIC RADIATION SPECTRA

In the same manner, we obtain for p< 0

H(p) = Ha(p)exp(i). ©)

Equations (4) and (5) show that the modulus of the
Fourier transform of the magnetic field does not change
if the magnetic moment at each point of the upper part
of the magnetic system is rotated through an angle 6
and each magnetic moment in the lower part of the sys-
tem is rotated through the angle —8 (see figure). How-
ever, the Fourier transformsfor p > 0 and p < 0 have dif-
ferent phase factors. Therefore, the shape of the mag-
netic field is changed. The difference between the
magnetic fields of two undulators of various design is
considered briefly in [8]. The second undulator is
obtained by rotating the permanent magnets in the
upper part of the first undulator by the angle —v2; and
in the lower part, by the angle +172. The results of brief
comparison of the magnetic fields produced by these
undulators are in complete agreement with the results
discussed above.

2. INVARIANCE OF ELECTROMAGNETIC
RADIATION SPECTRA

Consider spontaneous electromagnetic radiation
generated by relativistic particles in a plane magnetic
field. First, we consider the case of dipole radiation.
The spectral characteristics of the dipole radiation are
determined by the modulus of the Fourier transform of
the vertical component of the magnetic field [13]. Let
the magnetic system be rearranged as described in Sec-
tion 1. It follows from the results obtained in Section 1
and the above-mentioned property of the dipole radia-
tion that the spectral characteristics of the electromag-
netic radiation of a relativistic particle remain unaf-
fected by such arearrangement of the magnetic system.

Consider an infinitely long plane undulator with the
period |. The integral of the magnetic field over the
undulator period is zero. The wavelength A of the nth
harmonic of the undulator radiation at an angle 6 to the
undulator axisis

A = —(1+y?0%+05K?). ()
2ny

The undulation parameter K in the case of a nonsi-
nusoidal magnetic field is

|
K? = %vszi(y)dy, ™
0

where 3,(y) isthe horizontal component of the reduced
velocity of the particle.

Asfollows from the equations of motion,
y
e
Bx(y) = —ZJ'HZ(Y)dY +B,(0), (8)
mcyd
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2 ] A

\V\ =

~ Y

Ez\z

Magnetic moment rotation in a plane magnetic system
based on permanent magnets: (1) initial position of the mag-
netic moments; (2) final position of the magnetic moments.

where e is the particle charge, mis the particle mass,
and c isthe velocity of light.

The Fourier coefficients of the function B3,(y) are

|
Ba = [P HEEB (Y. ©)

The latera displacement of the particle on travers-
ing one undulator period is zero. Therefore, the Fourier
coefficient at k= O isalso zero; i.e., B, = 0. According
to the Parseval theorem,

Y 1Bl (10)

k= -

|
TBdy =
0

It can be easily obtained from (8) that at k # O the
Fourier coefficients of the reduced velocity of the par-
ticle are proportional to that of the undulator magnetic
field

i el
Bxk =

= ﬁm H,, (11)

|
Ha = T[epH o may. (12)

The Fourier coefficient of the undulator magnetic
field (12) can be written in a manner similar to (2).
The following statement can be proven using equations
(N—H12).

Let the magnetic moments in the upper part of the
system be rotated through an angle 6 and in the lower
part, through the angle—0 (seefigure). In this case, only
the phase factorsin the Fourier coefficients of the undu-
lator magnetic field (12) and in the reduced velocity of
the particle (9) are changed, whereas the undulation
parameter remains unaltered, as follows from (7) and
(10). Therefore, the position of spectral lines of the
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undulator radiation also remains unchanged. However,
the intensity of a particular harmonic of the undulator
radiation can be changed because of variations in the
undulator magnetic field. This problem should be stud-
ied in more detail.
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Abstract—The optimum parameters of adielectric layer near the substrate in the interference multilayer struc-
ture are calculated. The cal culations showed that thislayer should have theindex of refraction n ~ 3. The results
are presented of measuring the Kerr angle of magnetooptical rotation in the multilayer structure, in which GeO
films were used as dielectric layers for the first time. The maximum Kerr angle of rotation and magnetooptical
quality observed in this system were 0.75° and 0.34°, respectively. These values exceed those inherent in the
known information carriers, which demonstrates the advantage of this structure for use in magnetooptical discs.
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At present, rare earth—transition metal amorphous
films are extensively used for manufacturing magne-
tooptical (MO) discs[1]. For this reason, the search for
methods of increasing the Kerr polar effect, which
determines the magnitude of the detected signal, is
urgent. One of the methodsisthe deposition of adielec-
tric layer (DL) [2], which, according to the theory [3],
alowsoneto increase the Kerr rotation by afactor of n?
due to interference effects, where n is its index of
refraction. According to the 1SO International Stan-
dard, information should be read from the substrate
side of the MO disc. In this case, the DL is placed
between the substrate and the magnetic layer and the
MO rotation substantially depends on the difference
between the indices of refraction of the substrate and
the DL, which meansthat the latter should have large n
[4]. Asastorage medium in the MO discs, amultilayer
interference structure is used, which consists of amag-
netoactive layer embedded between the dielectric lay-
ers and of areflection layer. The systems with SiO [4],
ZnS[5], and AIN [4, 6] used as DLswere studied. They
demonstrated an increase in the Kerr rotation angle by
factors of 1.6, 1.75, and 1.9 compared to asingle-layer
film. Theoretical calculations showed that the Kerr
effect can be enhanced up to 90° by selecting optimum
parameters of the DL [7].

In this paper, we present the calculation and the
experimental study of a multilayer structure in which
GeOfilmswere used as DL sfor thefirst time and amor-
phous DyFeCo films were used as the magnetoactive
and reflecting layers.

Samples were prepared by therma evaporation in
vacuum (3 x 10 Pa). The interfering dielectric GeO
layer, the magnetoactive DyFeCo layer (10 nm thick),
the dielectric GeO layer (34 nm thick), and the reflect-
ing DyFeCo layer were successively deposited on glass

substrates whose temperature was 20-30°C. The struc-
ture thus obtained was covered with a protective GeO
layer 150 nm thick. The thickness of the dielectric GeO
layer near the substrate was varied from 60 to 102 nm.
The reflecting layer was selected to be larger than the
skin layer for the wavelength range from 780 to 820 nm
used in the MO storage and was 70 nm thick. The sche-
matic of this system is presented in Fig. 1.

The DyFeCo magnetic layers contained 20 at.% of
Dy and 80 at.% of FeCo, theratio of FetoCobeing 2 : 1.
This provided perpendicular anisotropy in thefilms, the
optimum value of the coercive force (H, = 3 kOe), and
the maximum Kerr angle of rotation per layer 6, =
0.17°.

The MO parameterswere measured on an MO setup
with zero compensation in fields up to 16 kOe. The
coercive force was measured from the MO hysteresis
loops. The reflection coefficient R was measured with a
Specord UV-VIS modernized spectrophotometer. To
find optimum parameters of the DL near the substrate
at which the Kerr angle of rotation should resonantly

Air 0 Ng=ng=1
Glass substrate 1 N;=n; =152
Dielectric layer 2 No=n,=?

M agnetoactive DyFeCo layer 3 N;=24-i2.6
Dielectric GeO interlayer 4 Ny=n,~28
Reflecting DyFeCo layer 5 Ng=24-i2.6
Protective GeO layer 6 Ng=ng~2.8

Qs = Qs = 0.0149 + i0.006

Fig. 1.
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Fig. 2. Dependence of the Kerr angle of rotation on the
thickness of the dielectric layer near the substrate.

increase due to interference effects, we calculated the
index of refraction and thickness of this layer from the
expressions 7]

ng = nng+ (ngki - nlkg)/(nl —ny), (1)
tand, = —ny(N; —Ng)/ (N;Ks + Ngky), 2

where &, = 2rmyh,/A isthe phase incursion in alayer of
thicknessh,; N; = n; —ik; isthe complex index of refrac-
tion of the jth layer, where n; isthe real index of refrac-
tion and k; is the absorption coefficient; and the sub-
scripts correspond to the situation when the dielectric
layer (j = 2) is adjacent, on one side, to the external
medium (j = 1) and to the magnetic layer (j = 3) on the
other side.

The calculations were performed for the structure
presented in Fig. 1. Here, the mediaon both sides of the
DL providing the interference themselves consist of a
set of layers; ny, k;, ng, Ky correspond to the effective
values, which in turn were determined from coeffi-
cients of reflection from corresponding interfaces.

Taking into account that the glass substrate is trans-
parent (N, = n,), we can write the amplitude refl ectance
from the substrate side in the form [8]

roe = (rop +rypcosdrn;h,/A)

©)

x (1+ gl ,C084TIN M /A) ™

and the reflection coefficient of the system will be
described by the expression

R

_ rél + riz + 2131 15€08(— Ay + Ay, —41inghy/A) (4)

where ry; = (N; — N))/(N; + N;) and Ay, and A, are the
changes in the phase at the interfaces, which are equal
to 0 or 11, depending on whether ry; and r,, positive or

BURKOVA et al.

negative; i.e., in this case, Ay = A, = Tt Thus, the cal-
culation of Ry, results in the replacement of the two
interfaces on the substrate siderelativetothe DL by one
effective surface. The effective value n, « of the real
index of refraction of the medium on the substrate side
was obtained from the expression [8]

Rz = (N gt —N2)“(Ny et + 1) 7, (5)

Nyt = M1+ Ry £2,/Rp)(1-Ry) ™. (6)

The effective value of the index of refraction ng 4
and the absorption coefficient k; 4 on the side of the
magnetoactive layer were obtained from the measured
amplitude reflection coefficient of the effective surface,
which replaced two neighboring interfaces, starting
with the protecting GeO layer. To simplify the calcula-
tions, we neglected complex magnetooptical parame-
ters in the index of refraction of the DyFeCo films
because of their smallness. Based on the genera
expression for the amplitude reflection coefficient [7],
we can write the following expressions.

lae = [Fas+ Ise€Xp(—i41mshs/A)]

x[1+ r45r56exp(—i4nn5h5/)\)]‘1,

rss = (Ns—N5)/(Ng + Ns), @
rss = (N5 —Ng)/ (N5 + Ne);
Fas = [Faq+ ras€XP(—i41I0;0,/N)]
X [1+ 1 gl gooXp(—i4TINgh,/A)] 7, (8)
Fas = (N3—Ng)/(N3+ N,);
Fos = [ra3+ rasexp(—i4mmnzhs/A)]
X [1+ raar ggexp(—idTmghy/ A)] ™, 9)
rzs = (N2—N3)/(Ny+ Nj);
Ry = I3, (10)
Naer = No(1+ Rogt 2,/Ro6) (1= Ry) ™, (11)
Naert = Nzer =Kz et (12)

Our calculations showed that the DL should have
theindex of refraction n = 3. The GeO films are the best
candidates for such layers, because the measurement
showed that their index of refractionisn ~ 2.8. Calcu-
lated from (2), the optimum thickness h, of the GeO
film in the structure considered was ~95 nm.

The Kerr angle of rotation in the dielectric GeO film
with optimum thickness can be evaluated from the
polarization of light reflected from the external surface
of this multilayer structure. In the approximation linear
in magnetization, thisangleis[9]

B, = Im(x/r), if [x| <Irl, (13)

TECHNICAL PHYSICS Vol. 45 No.3 2000
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wherer* =r + x isthe amplitude reflection coefficients
for circularly polarized components with right (+) and
left () directions of rotation, respectively.

These coefficients were determined using the
scheme described above, but using the index of refrac-
tion for circularly polarized wavesin the magnetoactive
medium, which is described by the expression [9]

Nj = N,/1xQ,, (14)
where N, is the complex index of refraction, which is
determined by the diagonal component of the dielectric
constant tensor, and Q; is the complex MO parameter
related to the gyrotropy of the magnetic medium.

In contrast to the above cal culations, we should con-
sider the entire system, so that expressions (7)—9)
should be supplemented by the expressions

e = [F12+ I€Xp(—i41m,h,/A)]

X [1+ 1, X (=i 4TI, 0,/ )] 7 (15)
rp, = (N;=N,)/(N;+N,);
rog = [Fop + Meexp(—idmn,h,/A)]
X [1+ 1o r €XP(—i4Tinhy/N)] 7 (16)

Fror = (No—Nj)/(No+ Nj).

Having thus obtained rg; and ros, we can determine
8, from (13). The necessary values of MO and optical
parameters of the DyFeCo films (Fig. 1) were taken
from the data for amorphous TbFe films [10, 11]. The
Kerr angle of rotation was measured to be ~0.7°.

The experimental dependence of the Kerr angle of
rotation on the DL thickness for the multilayer struc-
tureis shown in Fig. 2. This dependence exhibits ares-
onance, which suggests that the interference effect
increasesthe MO rotation. One can seefrom Fig. 2 that
the maximum angle of rotation 26, = 1.5° corresponds
to the structure with the DL thickness ~81 nm, in good
agreement with calculations. Such an angle of rotation
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is 4.5 times larger than that for a single-layer magnetic

film, and the corresponding MO quality /R 6, is0.34°.
These values exceed the corresponding parameters for
known information carriers, made of rare earth—transi-
tion metal films. Thus, GeO films of optimum thickness
used asthe DL in multilayer film structuresincrease the
Kerr angle of rotation by several times compared to a
single-layer film. These are promising media structures
for use in MO discs. The calculations based on the
interference effects are in good agreement with the
experimental data and can be used for the evaluation of
optimum parameters of the dielectric layer.
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Abstract—The current-carrying capacity of awide high-temperature superconducting film under conditions of
rapid injection of current is investigated theoretically. An analytic expression is derived for the rate of current
injection into the film at which a marked degradation of the current-carrying capacity of the film occurs. The
obtained results may be important from the standpoint of analyzing the stability of superconducting ac devices.
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The close relationship between thermal and electro-
magnetic phenomena in superconductors may lead to
the emergence of thermomagnetic instability in them
[1]. The conditions of emergence and development of
thermomagnetic instability have been studied in detail
for low-temperature superconductors. It is known that
this effect defines the value of the current-carrying
capacity |, of composite superconductors [2, 3] and
superconducting films [4] and leads to anomalies of
inception and propagation of the normal phase [5, 6].
Upon transition to nitrogen temperatures, the above-
mentioned phenomena are extended to high-tempera-
ture superconductors (HTSC) to only a small degree.
We haveinvestigated the scale of the rate of variation of
current | at which degradation of the current-carrying
capacity of a wide high-temperature superconducting
film becomes pronounced.

We will consider an HTSC film of thickness D; and
width W > D; placed on a dielectric substrate of thick-
ness Dy > D;, whose reverse side is stabilized with
respect to temperature T = T,. A transport current | is

injected into the film at a high rate 1. As the current
increases, saturated regions W,[YIW/2 are formed at the
film edges (Fig. 1), in which current density j is equal
to the critical density j. [7, 8]. The quantity W, is

defined by the expression [7]
W, = W(1-i3)"/2. )

Here, i =1/l and |, = WD; isthecritical current of the
HTSC film. Because j. depends on temperature, a
minor fluctuation of temperature T > 0 causes a
decreasein J., and the magnetic flux penetratesinto the
greater part of the film. As aresult of the flux motion,
an additional €electric field OE is induced in the film,
which causes additional heat release. Under certain
conditions, this process assumes an avalanche behavior

[1] and the film makes atransition to the normal state at
acurrent |, that is less than the critical current ..

In a linear (with respect to minor perturbations)
approximation, the heat and Maxwell equations in the
saturated region of the film have the form

C, = a(;st'r) - k2 (OT) 4 j o€, @
9°(3E) _ 0(3E) alca(éT)D
5Y2 (E) 5 aT ot D’ S

where X and Y are coordinates (Fig. 1), tisthetime, C;
and k; respectively denote the specific heat and thermal
conductivity of the film, and o(E) = 0j/0E is the differ-
ential conductance of the film.

X T=T,

Fig. 1. Schematic of an HTSC film on a substrate. The
reverse side of the substrateis stabilized with respect to tem-
perature T.
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THE STABILITY OF WIDE HIGH-TEMPERATURE SUPERCONDUCTING

In equation (2), we disregarded the variation of tem-
perature over the film width, because W > Dy, and in
equation (3), weignored the nonuniformity of the elec-
tric field distribution over the film thickness. The distri-
bution of j, E, 8T, and dE over the film width is shown
schematically in Fig. 2.

The temperature variation 3T in the substrate is
described by the equation

d(dT) _ , 9°(3T)
Cs 6t - Ns an (4)
with the boundary condition 8T =0 at X = D.. Here, C,
and k are the specific heat and thermal conductivity of
the substrate, respectively. For alinear analysis of sta-
bility, we will seek 8T and OE in the form

3T = O(X)(T,— To)exp(4k At/ C,W?),
Ak (T, —Ty)

2

©®)

3E = £(Y) exp(4k At/ C, W),

C

where T, is the critical temperature and A is the incre-
ment of the rise of perturbation.

We will substitute (5) into equations (2)—«4) and
integrate (2) and (3) with respect to the film thickness
(ignoring the dependence of 8T and E on X) and (4)
with respect to the substrate thickness. We use the con-
dition of continuity of the heat flux on the film-sub-
strate boundary, with due regard for the effect of ther-
mal resistance of the interface Ry, to derive for the
dimensionless perturbation € the equation

0’ | B
ay* LA +a/Acoth(b/A)/{1+r./Acosh(bJ/A)} ©)
—T(E)})\s =0

with the boundary conditions € = 0 at y = 2W_/W and
de/oy=0aty=1[4]. Here,

_2Y L 0w Hok0(E)
=W BT Mograc B =T
Ck. 2D, [Ck,
= — = 7
8= 3b/Ck' ° T Wi Tk 0

r = 2Rbd Cckskf

T W C

It follows from equation (6) that the film stability
increases with T(E). In the region of low electric fields,

the film conduction o increases with the decrease in the
electric field E proportiona to the rate of current injec-

tion | [1]. For small values of I, the value of o(E) is
high and the current-carrying capacity is equal to the

critical current I.. As | decreases, the value of o(E)
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j, E, 8E, 8T

W, w2 Y

Fig. 2. The distribution of j, E, 8T, and &E over the film
width.

decreases and the current |, becomes less than I.. In
order to derive the analytical solution of equation (6),
we will represent the dependence o(E) in the form
o(E) = j,/IELJwhere j, < j. and [ELis the electric field
averaged over the film width [7],

‘i—‘;i[lnﬂl—““.iﬂ— 2i] ®)

th—id
The condition of existence of anontrivia solution of
equation (6), in view of (1), yields the equation for the
increment A,

(EO=

AB
A +a/Acoth(by/A)/{1+r./Acoth(b./A)}
. . T
—AT = , = .
T=60(), ¢() oG-

Assuming that the thermal conductivity of the sub-
strate and its thickness are sufficiently great (a> |J/A |,
b|J/A | > 1) and the effect of the thermal resistance of

the boundary is small (r|/A | < 1), we derive the con-
dition of emergence of thermomagnetic instability
(ReA =0)

B = a2t (i),

whereig =14/l

We use (7)—(9) to derive from this condition the fol-
lowing equation for the current-carrying capacity:

[In{(1+ig)/(1—ig)} - 2i]
x[1-(1=i1)"" = [o/1.

(10)

(11)

The characteristic scale of the rate of injection of
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current

_ _ 8mwjikG,
Moic(djc/9T) DIW’

defines the degree of degradation of the current-carry-

ing capacity. If | < lo, then |, 01, and amarked degra-
dation of the current-carrying capacity will be observed

at | > 1. Wewill estimatethe value of o for aY—Ba—
Cu-O film located on a LaAlO; substrate.
For estimation, we assume that j, (0 10°° A m=2, j, O
108 A mr2, 9j/0T 010° A m2 K, D; 010 m, k, O
20 W m KL, and C, 0105 J m3 K to derive [, = 3 x

18AstaWO103mand Ip =3 x10°Asta Wl
10t m.

Therefore, in view of the model assumptions made
above, one can assume that no marked degradation
of the current-carrying capacity upon rapid injection
of current, which is associated with thermomagnetic
instability, will be observed in film bridges (W O
103m). At the same time, recent progress in the tech-
nology of manufacturing high-quality wide (W 010 m)
filmsand new applications associated with high rates of

variation of current ((I J10°-10°A s*) make it neces-
sary to include the degradation of the current-carrying
capacity.

In so doing, adecrease of |, with arisein the rate of
current variation may lead to an anomalously rapid
propagation of the normal phase[5], its multipleincep-
tion on the defects [6], a redistribution of gas on the
film surface with normal regions [9], and an abrupt
decreasein the energy of critical perturbations destroy-
ing the superconducting state[5, 9, 10]. The criterion of
the emergence of such singularities is provided by the
condition [11]

(12)

lot,/1, < 1, (13)

wheret, = CSDi Ik is the characteristic relaxation time
of temperature of the film—substrate system.
For wide HTSC films (W10 m) at t, 5% 103 s

and |, 0102 A, equation (13) yields lot/l, = 1072

BUZNIKOV et al.

Therefore, the above-identified anomalies of destruc-
tion of superconductivity may be observed in wide
films. In conclusion, note that in low-temperature
superconducting films amarked degradation of the cur-
rent-carrying capacity occurs at relatively low rates of

injection of current | = 10% A s [4], which is associ-
ated with a substantial decrease in the heat capacity of

the substrate upon transition from nitrogen to helium
temperatures.

ACKNOWLEDGMENTS

Thisstudy received support from the State Scientific
and Technical Program on “Topica Trendsin the Phys-
ics of Condensed Media” (project no. 96083) and from
the Russian Foundation for Basic Research (project
no. 98-02-16046).

REFERENCES

1. A.V.Gurevich, R. G. Mints, and A. L. Rakhmanov, The
Physics of Composite Superconductors (Nauka, Mos-
cow, 1987).

2. V.V.Andrianov, V. P.Baev, S. S. Ivanov, et al., Cryogen-
ics 22, 81 (1982).

3. A. A. Pukhov, A. L. Rakhmanov, V. N. Tsikhon, and
V. S. Vysotsky, Supercond. Sci. Technol. 7 (3), 154
(1994).

4. A. B. Vaganov, T. Yu. Patsaeva, and A. L. Rakhmanov,
Fiz. Tverd. Tela (Leningrad) 31, 151 (1989) [Sov. Phys.
Solid State 31, 260 (1989)].

5. N. A. Buznikov, A. A. Pukhov, and A. L. Rakhmanov,
Cryogenics 34, 761 (1994).

6. N. A. Buznikov, A. A. Pukhov, and A. L. Rakhmanov,
Cryogenics 35, 623 (1995).

7. W.T. Norris, J. Phys. D 3, 489 (1970).

8. A.l.LarkinandYu. N. Ovchinnikov, Zh. Eksp. Teor. Fiz.
61, 1221 (1971) [Sov. Phys. JETP 34, 651 (1971)].

9. J.-P. Wu and H.-S. Chu, Cryogenics 36, 925 (1996).
10. A. Unal and M.-C. Chyu, Cryogenics 34, 123 (1994).

11. N. A. Buznikov and A. A. Pukhov, Cryogenics 37, 71
(1997).

Translated by Henri A. Bronstein

TECHNICAL PHYSICS Vol. 45 No. 3 2000



Technical Physics, Vol. 45, No. 3, 2000, pp. 365-368. Translated from Zhurnal Tekhnicheskor Fiziki, Vol. 70, No. 3, 2000, pp. 78-81.

Original Russian Text Copyright © 2000 by Sher, Mikushkin, Sysoev, Melekh.

BRIEF COMMUNICATIONS

The Effect of Energetic Oxygen Atomson the For mation
of CuO Films by Magnetron Sputtering

E. M. Sher, V. M. Mikushkin, S. E. Sysoev, and B. T. Melekh

| offe Physicotechnical Institute, Russian Academy of Sciences,
Politekhnicheskaya ul. 26, . Petersburg, 194021 Russia

Received April 4, 1996; in final form, February 5, 1999

Abstract—The chemical composition of thin copper oxide filmswas studied by X-ray photoel ectron spectros-
copy (XPS). Thefilmswere obtained by magnetron sputtering of copper metal, which was simultaneously oxi-
dized by atomic oxygen. It was demonstrated that a high rate of oxidation in molecular oxygen is achieved only
under relatively low rates of film growth (v < 100 A/min). However, the growth rate of cupric oxide can be dras-
tically increased to v > 750 A/min in aflow of accelerated oxygen atoms. High growth rates are necessary to
substantially cut the thermal budget and reduce the diffuseness of heterofunctions in fabricating layered struc-
tures containing copper oxide. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

In this work, we solve the problem of drastic (more
than two orders of magnitude) increase in the rate of
copper oxidation upon forming thin oxide films. The
fabrication of oxide, and especialy high-temperature
superconducting (HTSC) heterostructures with sharp
heterojunctions, is still achallenge. L ow rates of copper
oxidation and final oxidation of cuprite (Cu,O) resultin
agreat thermal budget being needed for the growth of
cuprate materials and in an additional interface diffuse-
ness by hundreds of angstroms [1]. This problem is
inherent not only in MBE and magnetron sputtering of
metal copper but also in magnetron and laser sputtering
of completely oxidized copper. The fact is that, under
therma decomposition, a partial transformation of
cupric oxide into cuprous oxide takes place and oxi-
dized copper can be reduced to the metal state under ion
bombardment. The problem was solved by using aflow
of atomic, instead of molecular, oxygen. It was demon-
strated earlier that the application of a plasma source
generating a beam of oxygen atoms and ions makes it
possible to completely oxidize copper at substantially
lower temperatures and to grow good HT SC filmswith-
out postgrowth annealing [2, 3]. However, the growth
rate of filmswith completely oxidized copper remained
very low (v < 6 A/min). The increased rate of CuO
growth reported in this work (v > 750 A/min) is
explained in simple thermodynamic terms. However,
the applicability of the thermodynamic approach was
not immediately evident, because the oxidation process
takes place in a nonequilibrium system consisting of a
limited number of copper atoms (in one or two mono-
layers of the material) and a still lesser number of oxy-
gen atomsin the flow. That oxygen atoms coming from
the existing sources are accelerated and thus can break

already formed chemical bonds aggravates the situa-
tion.

EXPERIMENTAL

Copper oxide films were grown with a magnetron
sputterer (lon Tech, England). Two FAB-110 sources of
atomic particles were placed into the vacuum chamber.
The sources are constructed in such away that the mol-
ecules of a working gas, when subjected to interna
fields, dissociate and ionize. The ionized particles are
then accelerated towards the grid where they are neu-
tralized by abeam of secondary electrons. The outcom-
ing beam consists of only accelerated atoms, which
prevents static charging of the samples. One of the
FAB-110 sources was used for cleaning the substrate
(SrTiOg) by means of argon atom bombardment imme-
diately before copper deposition. The second source
was used for the oxidation of deposited metal with oxy-
gen atoms. The temperature of the substrate during
growthwas T = 700°C.

The elemental and chemical compositions of the
films were studied by XPS with an LHS-11 electron
spectrometer (Leybold-AG, Germany). An aluminum
anode tube (AIK, line, hv = 1486.6 €V) was used as an
X-ray source. The energy spectraof primary photoel ec-
trons were recorded at a constant incident energy E =
100 eV and an energy resolution AE = 1.0 eV. The
energy scale of the spectrometer was calibrated from
the metallic copper and gold lines. The spectra of cop-
per and oxygen photoel ectrons were obtained by sum-
ming data of several successive measurements. This
substantially diminishes errors due to variations of the
X-ray intensity and the detector efficiency.

Samples were transported from the load lock to the
spectrometer in an atmosphere of dry nitrogen. This,
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however, could not completely prevent the surface from
being contaminated by carbon-containing molecules or
water. XPS is a surface-sensitive technique; that is why
it was important to get rid of the contaminations or to
take them into account in the results of analysis. Con-
ventional (for XPS) cleaning of the surface by ion etch-
ing was inapplicable, since the chemical composition
of the copper oxide was severely affected by the ion
beam: the cupric oxide lost oxygen and became
cuprous. Therefore, we used a computer “cleaning”
procedure to analyze the chemical composition. The
procedure lies in determining the contribution of
adsorbed molecules [2]. The binding energies of CO
and H,0O, necessary for this procedure, were deter-
mined by examining a gold surface exposed to air. The
same lines, along with the copper satellite, were used
for the determination of static charges on dielectric
samples|[2].

RESULTS AND DISCUSSION

Figure 1 shows photoel ectron spectra of Cu2p,,, for
three samples of copper oxide: (1) a bulk reference
sample and two films grown in the sputterer in the
atmosphere of molecular oxygen with (2) low and
(3) high growth rates. The reference was obtained by
thermally oxidazing bulk copper metal in molecular
oxygen to the formation of black CuO oxide scale. The
spectra contain the principal line A and the satellite B.
Their energy scale—the scale of binding energies of a
primary electron—was corrected for the value of the
static charge. The observed lines involve unresolved

I, arb. units

I T

934 930

942 938
Ey..,eV

946

Fig. 1. (A) Principal and (B) satellite Cu2psy, lines in the
X-ray photoelectron spectra of (1) the bulk reference CuO
sample and copper oxide films grown in the atmosphere of
molecular oxygen with (2) low and (3) high rates.

SHER et al.

elementary components that correspond to different
chemical states of copper. The analysis of the chemical
composition of the samplesis presented in Fig. 2 asa
decomposition of the lines Cu2p,, and O1s. The con-
tribution from the adsorbed water and carbon oxide
mol ecules to the photoel ectron lines of oxygen (Fig. 2,
curves 1b-3b) is no higher than severa percent. The
decomposition of the photoel ectron lines of copper and
oxygen allows one to determine the rel ative contents of
copper oxides and copper hydroxide. The latter is
formed by interaction of the surface with atmospheric
water or due to insufficient purification of molecular
oxygen used for film growth.

The decomposition of the photoelectron lines into
the components corresponding to different chemical
phases was performed according to the method
described in [4] and used earlier for the analysis of the
chemical composition of InP native oxides. In our case,
the problem is unambiguously solved by setting a
“comb,” i.e., differences between the binding energies
of the ground level of an atom in different chemical
states. The uniqueness of the decomposition was
proved by coincidence of the chemical compositions
determined with the copper and oxygen lines. Note that
this approach does not require accurate predetermina-
tion of the static charge on the samples. The charge is
found from joint analysis of both lines [5]. A compari-
son of the spectrapresented in Fig. 2 suggests that sam-
ple 2, obtained at the low growth rate (v = 10 A/min),
contains a greater fraction of CuO than sample 3,
grown with the high growth rate (v = 750 A/min).

Decomposing photoelectron linesis arather tedious
procedure, and further analysis of ten samples used the
ratio between the intensities of the satellite line B and
theprincipal line A. A satelliteis absent in the spectrum
of monovalent copper; hence, its relative intensity may
characterize the fraction of bivalent copper or cupric
oxide in the mixture of the oxides. In this case, calibra-
tion was performed with regard for Fig. 2 for the refer-
ence sample, containing no more than 5% of monova-
lent copper. Degree of copper oxidation vs. the oxide
growth rate curves constructed from the relative satel-
lite intensities for two groups of samples are shown in
Fig. 3. Samples from the first group (curve 2) were
grown in the atmosphere of molecular oxygen; and
those from the second group (curve 1), in the flow of
atomic oxygen produced by the FAB-110 source.
Thefilled circle corresponds to the film subjected to
two-hour postgrowth annealing in the atmosphere of
molecular oxygen. As seen from Fig. 3, such an anneal-
ing does not increase the degree of oxidation in com-
parison with the best samples grown in situ. It also fol-
lows from this figure that a high degree of oxidation in
molecular oxygen is achieved only at low growth rates
(v < 10 A/min), whereas the use of atomic oxygen
makesit possibleto achieve the sameresult even at very
high rates (v > 750 A/min) that exceed those reported
in [1-3] by two orders of magnitude.
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THE EFFECT OF ENERGETIC OXYGEN ATOMS

Consider a mechanism of oxidation. Note, first of
all, that the densities of the oxygen and copper atom
flowsaretoo low for the near-surface reaction in the gas
phase to proceed. According to our estimates, copper
islands, one or two monolayers covering cupric oxide,
or the mixture of cuprous and cupric oxides are oxi-
dized. Such asituation is observed under dynamic equi-
librium, when unoxidized copper is continuously
deposited onto a layer being oxidized. This processis
basically different from the oxidation of bulk metal by
gaseous oxygen, where the rate of the reaction is
defined not only by its free energy but also by diffusion
through the oxide layer. If the molar volumes of the
oxide layer and the metal are the same, the oxide may
completely inhibit oxidation, as, for example, with alu-
minum. That is why, in our case, the oxidation process
can be treated in thermodynamic terms. Under atmo-
spheric pressure and asubstrate temperature T = 1000 K,
molecular oxygen can oxidize copper completely, par-
tially, or in two stages, because each of the following
reactions is characterized by a negative free energy
AG® [6]:

Cu + 050, CuO, AG°=-16.05kca, (1)
2Cu + 0.50,— Cu,0, AG°=-23.7kcd, (2)
Cu,0 + 0.50,— 2CuO, AG°=-8.35kca. (3)

In actual growth processes, oxidation, and espe-
cidly final oxidation (3) of copper, are hindered
because of both an insufficiently high partial density of
oxygen and a high energy barrier of the reactions,
which isrelated to the necessity of breaking at |east one
bond in an O, molecule. Compl ete oxidation of copper
by molecular oxygen observed in our experimentsindi-
cates that the energy barrier can be overcome at T =
1000 K. However, an insufficient partial pressure of
oxygen lowers the magnitude of the free energy AG® of
reactions (1)—(3) and, hence, the reaction rates. There-
fore, complete oxidation is achieved only at low growth
rates v < 10 A/min.

The use of atomic, instead of molecular, oxygen
(0.50, — O) increases the absolute values of the free
energy of reactions (1)—(3) by 28 kcal and virtualy
eliminates the problem of energy barrtier. Therefore, a
sharp increase in the copper oxidation rate could be
expected for the case of classical atomic ensembles
described in terms of thermodynamics. Our system is
not classical. Here, alimited number of oxygen atoms
or molecules interact with copper atoms within a one-
or two-atom-thick surface layer. In addition, the oxy-
gen atoms are energetic (in practice, abeam of atomsis
difficult to thermalize). Nevertheless, as follows from
our experimental results, such a substitution has agreat
beneficial effect. In this case, oxygen—copper interac-
tion can be considered as follows. Some atoms of an
oxygen flow are scattered by the surface and lost. The
rest enter the near-surface growth area of the film and
lose an excess of kinetic energy in collisions, some-
times destroying already formed chemica bonds and
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ence CuO sample and films of copper oxides grown in the
atmosphere of molecular oxygen with (2) low and (3) high

rates.
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Fig. 3. Dependence of the bivalent copper content in oxide

films on the growth rate (1) in the flow of atomic oxygen and

(2) in the atmosphere of molecular oxygen; thefilled circle

corresponds to two-hour postgrowth annealing in molecular

oxygen.
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causing the cupric-to-cuprous oxide transformation.
Multiple collisions thermalize oxygen atoms, and even-
tually they form chemical bonds.

Thus, we demonstrated that the use of a beam of
energetic oxygen atoms alows one to drastically
increase the degree of copper oxidation and the growth
rate of cupric oxide. This cuts the thermal budget and
reduces the diffuseness of heterojunctions in layered
structures.
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Abstract—Numerical simulation was used to analyze the quasi-periodic process induced against the steady
flow pattern around a blunt forebody by a pulse from an external sourcelocated in theincoming stream. © 2000

MAIK “ Nauka/Interperiodica” .

Analysis of new methods of vehicle motion control
through external energy input into the incoming gas
stream is a current topic of substantial interest. Experi-
mental [1-6], analytical [7, 8], and computational
[9-17] studies of the effects of parameters of steady or
pulsed periodic sources (such as their location, geome-
try, intensity, and frequency spectra) on the flow struc-
ture and aerodynamic characteristics of vehicles have
been performed. I nteresting phenomenadiscovered and
analyzed in these studies include the formation of cir-
culation flow regions at the nose of the body and con-
siderable reduction of wave drag (for certain combina
tions of flow parameters). The most realistic and feasi-
ble method of energy deposition in theincoming stream
can be executed by means of focused high-frequency
laser light pulses[4, 5].

In this paper, we present some results of anumerical
study of the passage of the first pulse, which substan-
tially modifies and restructures the steady supersonic
flow pattern around a blunt forebody. We performed
numerous computational experiments with the follow-
ing statement of the problem. We analyzed the flow of
a spherical nose of a cylindrical or conical forebody
placed in a supersonic stream of a viscous hest-con-
ducting gas. In the region bounded by the surface of a
thermally insulated body, the bow wave (whose loca
tion and geometry were computed in the course of the
solution), the symmetry axis, and the downstream
boundary, we numerically integrated the Navier—
Stokes equations, written in the conventional dimen-
sionless form with the parameters M,,, Re,,, Pr, and y,
by the first-order accurate in time and second-order
accurate in space method described in [18, 19]. Here,
M, and Re, are the free-stream Mach and Reynolds
numbers, respectively; Pr is the Prandtl number; and y
isthe ratio of specific heats. The system was closed by
the equation of state for a perfect gas with avariable y
and nondimensionalized by using the nose radius R,
density p.,, velocity U,,, and their combinations as ref-
erence parameters. This unambiguously defines the

dimensional form of the dimensionless quantities con-
sidered below.

The steady flow pattern was perturbed by energy
release pulses with intensity | and repetition period T,
E(x, t) = 1d(wt —kx), carried by theincoming stream and
characterized by a steep leading and trailing edges.
Here, & isthe unit pulsed function (Durac’s delta func-
tion),

X =40,1,2,...
5(2) = ; z
o z2x0,1,2, ...,

and the frequency w, wavenumber k, and wavelength L
are related to T and U, as w = 21T, k = 217L, and
L=U,T.

Time was measured from the moment when the first
pulse reached the bow wave. The analysis below
mainly concerns the transient process of flow restruc-
turing intheinterval 0 <t < T between thefirst and sec-
ond pulseincidences. Thismodel was used in acompu-
tational experiment to facilitate analysis of the physical
mechanisms of the onset and development of an
unsteady (probably quasi-periodic) regime involving
essentially different stages. It provides a complemen-
tary aternative to the statement of the problem ana-
lyzed in [9-14], where a high-energy distributed hot
spot located ahead of the body protected it from the
incoming stream.

Figures 1a-1h show thetypical result of anumerical
experiment performed to simulate the principal stages
of the quasi-periodic process induced by the passage of
the first pulse and the corresponding spatiotemporal
evolution of the flow pattern. An external pulse inter-
acting with the bow wave gives rise to the two-wave
pattern of “shock disintegration” (here, contact discon-
tinuities are not considered and their evolution is not
monitored). The new bow wave moves upstream and
rapidly reaches a steady state. Inside the perturbed
region, an inner shock wave is generated (a), which
then moves toward the body (b). Itsangle of inclination
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Fig. 1. Fragments of flow field (isobars) for M, = 10, Re,, =
0.83x 10°, and | = 1.7. The length scale isincreased by a

factor of 2 along the normal to the body; t = 0.003 (a),
0.1 (b), 0.15 (c), 0.2 (d), 0.3(e), 0.4 (f), 0.5(g), and 0.75 (h).

to the streamwise axis of the flow changes (c), which
leads to flow reversal behind the front. Then, the inner
shock wave reaches the curved body surface (d), is
reflected from it (€), and returnsto the bow wave (f). At
the same time, a region of elevated pressure develops
behind the inner-shock front, exceeding its steady-flow
counterpart in amplitude and dimensions (the corre-
sponding drag coefficient being higher than the steady-
flow value by 40%). This leads to an increase in the
velocity component tangential to the surfaceand a“ pis-
ton” effect that drives the gas outwards (g). After that,
the flow in the neighborhood of the nose is drastically
restructured (h): the peak pressure is shifted down-
stream of the body nose (as marked by the thick isobar
in Fig. 3), while an extensive pressure plateau appears
in the neighborhood of the nose, where a circulation
flow region with a steady-flow pattern similar to those
shownin [9, 14, 17] develops. Note that the drag coef-
ficient at this moment is lower than its steady-flow
value by 30%. The inner shock that has reached the
bow wave is reflected by it and moves back toward the

TARNAVSKII, SHPAK

Fig. 2. Pressure distribution along the symmetry axis from
the bow wave (x = 0) to the body (x = 1) at t = 0.25 (1),
0.3(2),0.35(3), and 0.4 (4).

0 30 60

¢, deg

Fig. 3. Pressure distribution over the body surface at t =
0.003 (1), 0.2 (2), 0.4 (3), and 0.75 (4).

body. This process is repeated, substantially decaying,
over severa cycles, depending on theinput parameters;
and the flow tendsto its steady regime with low-ampli-
tude “long-lived” pulsations.

Figure 2 shows a detailed illustration of the inner
shock returning from the body to the bow wave. Here,
pressure distributions along the symmetry axis of the
problem are presented. Curve 1 corresponds to the ini-
tial moment of departure of the reflected inner shock
from the body, curve 4 represents the inner shock
approaching the bow wave, and curves 2 and 3illustrate
intermediate stages. In brief, the basic features of the
process are as follows. First, the shock-front steepness
and velocity remain approximately constant, signifying
that the background flow ahead of the front is rather
uniform. Second, the flow field behind the front is uni-
form, with an amplitude almost independent of time (in
the interval shown here); that is, the flow is dominated
by dynamics that are normal, rather than tangential, to
the body.
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It should be noted that a rather high pressure is
observed in the vicinity of the axis immediately after
the inner shock is reflected and starts moving away
from the body. As the peripheral portion of the curved
inner-shock front advances along the body surface, the
flow rapidly expands and the pressure (as well as den-
sity) noticeably drops in the region bounded by the
stagnation point and the symmetry axis (the “piston”
effect of ashock drives the gas outwards).

Figure 3 shows the pressure distribution over the
body surface as a function of the polar angle ¢ at vari-
ous times during the first cycle. Curve 1 represents the
steady distribution at the initial moment (which corre-
spondsto Fig. 1a); curve 2, theinitial moment of reflec-
tion of the shock incident on the body surface (see
Fig. 1d); curve 3, the inner shock moving from the
body toward the bow wave (see Fig. 1f); and curve 4
corresponds to the moment of return of the inner shock
from the bow waveto the body (Fig. 1h), illustrating the
shift of the pressure peak downstream of the body nose.
Later on, the development of a reverse-flow region
originates at alocation lying between these points.

Figures 4a—4h show lines of constant flow pressure
illustrating the basic stages of the second temporal
cycle of the inner-shock movement and the spatiotem-
poral evolution of the flow pattern by analogy with that
illustrated by Fig. 1. Here, the inner-shock intensity is
obviously lower than that observed in the first cycle.
Accordingly, it is less easily visualized and is high-
lighted in each panel as a thick isobar lying in the
domain of peak pressure gradient within a somewhat
“diffuse” front of the inner shock.

Figure4aiscompletely analogousto Fig. 1h: having
reached the bow wave in the first cycle, the inner shock
is reflected by it, moves back toward the body across a
region that is more uniform than in the first cycle
(Figs. 4b, 4c), and again hitsthe body surface (Fig. 4d).
Between the bow wave and the inner shock, an exten-
sive region of constant pressure appears, which is easy
to see in Fig. 4d, as it contains no isobars. Then, the
curved inner shock is reflected by the body (Fig. 4€)
and movestoward the bow wave and downstream along
the body surface (Fig. 4f). Here, asin thefirst cycle, we
again observe the “piston” effect driving the gas out of
the neighborhood of the body nose (Fig. 4g) and a
rather extensive region of uniform pressure develops
here, initiating the formation of a circulation flow
region in the vicinity of the stagnation point (note the
isobars closing up at the symmetry axis). Then, the
inner shock hits the bow wave (Fig. 4h) and this com-
pletes the second cycle.

Subsequent cycles basically repeat thefirst two, dif-
fering in some details. The decrement of the inner
shock is determined by the dissipative properties of the
fluid (mainly by the Reynolds number) and, to a lesser
extent (in the range of parameters explored), by the
temperature condition on the body surface. The respec-
tive cycle durations are 0.7 and 0.66. Thus, when the
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Fig. 4. Fragments of flow field (isobars) for M, = 10, Re,, =
0.83 x 10°, and | = 1.7. The length scale is increased by a
factor of 2 along the normal to the body; t=0.75 (a), 0.8 (b),
0.85(c), 0.9 (d), 0.95 (e), 1.0 (f), 1.05 (g), and 1.1 (h).

flow isperturbed by pulseswith period T = 0.68 (for the
given parameters of the problem), one may be able to
produce interesting resonance phenomena by pumping
energy into a decaying quasi-periodic process.

Figure 5 shows pressure distributions along the
symmetry axis at various moments illustrating the pat-
tern of oscillatory motion of the inner shock from the
bow wave to the body and back during the first two
cycles of the quasi-periodic process. Curves 1 and 3
correspond to the motion of the inner shock toward the
body, while curves 2 and 4 represent its motion away
from the body during the first two cycles. In particular,
for these values of parameters, the average intensities
of the shocks that move toward the body are 1.56 and
1.13in the first and second cycles, respectively, while
the corresponding intensities of reflected shocks are
1.76 and 1.19.

Figure 6 showslocal and integral aerodynamic char-
acteristics of the body, namely, the stagnation pressure
P, (at the body nose) and the total (wave plus viscous)
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Fig. 5. Pressure distribution over the body surfaceat t = 0.1
(1), 0.4 (2), 0.8 (3), and 1.0 (4).

drag coefficient C,, including their quasi-periodic tem-
poral dynamics. One can single out severd characteristic
stagesin the cyclic process that are specific to p, and C,.

Let us consider the principa stages of p, evolution.
A sharp risein py occurs at the moment of incidence of
the inner shock on the body surface and during the ini-
tial stage of itsreflection from the body. The value of p,
increases by almost 70% over its previous background
value. Thisis followed by a rather extensive temporal
plateau of high p,. This stage of the cycle corresponds
to an interval when the inner shock moves from the
body to the bow wave. Then, the “piston” effect associ-
ated with the advancement of the peripheral portion of
the shock along the body surface begins to affect py,
leading to its subsequent substantial decrease. This cor-
responds to the time interval when the inner shock
returns from the bow wave to the body. It hits the body
surface and is reflected by it, and the cyclic processis
repeated for a somewhat different p,.

Similar stages of a cyclic process are characteristic
of C, aswell, but with two essential distinctions. First,
since the drag coefficient C, is an integral characteris-
tic, its evolution (as compared to that of the local char-
acteristic p,) proceeds in a smoother manner and the
sharp jumps in p, are damped. Second, the entire
dynamics of C, is slightly phase-shifted relative to that
of py. In particular, the peak of p, a the moment of
reflection of the inner shock by the body does not pro-
duce any peak in the drag coefficient C,, because pres-
sureislowered over the entire body surface by the“ pis-
ton” effect of the preceding cycle and thevalue of C, is
primarily determined by the integral of pressure over
the body contour (with the orientation of the normal
relative to the x-axis taken into account). Note that the
contribution of the “viscous” component (which has an
even greater damping effect on the peaks of flow char-
acteristics) to the total C, is no higher than 5% for a
given M, and Re,,.
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Fig. 6. Evolution of aerodynamic characteristics: (1) stagna-
tion pressure pg; and (2) drag coefficient C,.

A quasi-periodic flow pattern of the type described
here suggests that some resonance phenomena should
be expected to occur when the external pulse recur-
rence frequency is adjusted in a special manner [20],
and a moderate power input can lead to a substantial
flow instability and development of significant pitching
moments.

These phenomena can be used to design new meth-
ods for flow control around a body (see also some the-
oretical sketchesin [4—7, 10, 13-17]). Even though the
thermodynamic efficiency of sustaining a permanent
“aerodynamic needle’ for improving aerodynamic
characteristics and reducing thermal loads in steady
flight regimes seems questionable at the present time,
this approach may prove to be effective in executing
some vehicle maneuversin a pulse-boosted regime.
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Abstract—a-C : H films deposited from pure acetylene vapor in a glow-discharge plasma were investigated.
Current density vs. applied voltage plots are presented for systems consisting of atransparent conducting elec-
trode, ana-C : H film, and amercury contact. Theresistivity, absorption coefficient at awavelength of 632.8 nm,
and the optical energy gap of aC : H films are related to the deposition rate. © 2000 MAIK “ Nauka/| nterperi-

odica” .

Visible-light-absorbing films of amorphous hydro-
genated carbon (a-C : H) are finding application as
light-blocking layers in light-controlled liquid-crystal
reflection modulators [1]. Thisis a new solution to the
problem of optically isolating write and reading radia-
tions. Optical and electrical properties of a&C : H films
depend on their structure and preparation conditions
[2]. aC : H light-blocking layers with optimum proper-
ties can be produced if the range of parameters for
glow-discharge plasma deposition is known. This calls
for further investigation of the electrical and optical
properties of aC : H films.

In thiswork, we study the dependence of the current
density on the applied voltage for transparent conduct-
ing electrode/a-C : H/metal structures. Dependences of
the a-C : H resistivity, absorption coefficient at awave-
length of 632.8 nm, and optical gap on the deposition
rate are presented.

aC : H filmswere prepared by chemical vapor dep-
osition in adc glow-discharge plasma. The plasmawas
produced with a planar magnetron [3]. Such a system,
unlike a conventional diode one, provides high gasion-
ization and requires a lower-pressure vacuum reactor.
The voltage U between the anode and the cathode (sub-
strate carrier) varied between 700 and 900 V. The
anode—cathode distance was 50 mm. The electrodes
and aglassinsulating cylinder form a quasi-closed vol-
ume to which an operating gas, pure acetylene, was
applied. The gas pressure P in the chamber varied
between 0.02 and 0.08 Pa. The films were deposited at
room temperature onto glass substrates covered by an
ITO transparent conducting electrode. The film thick-
ness was measured with an M11-4M microinterferome-
ter. The relative error was 10%. The film thickness was
in the range of 0.1-0.3 yum. The deposition rate was
determined as the film thickness—deposition time ratio.

A mercury droplet (Fig. 1a) was used as a metal
contact in measuring current density | vs. applied volt-

age V dependences. The contact area was ~102 cm?.
Figure 1b shows a dark |-V curve for an aC : H film
with aresistivity p = 2 x 10° Q cm. |-V curves for all
ITO/aC . H/Hg systems were symmetric if p of the
aC: Hfilmsfell intothe 7 x 108 Q cm—1 x 102 Q cm
range. Symmetric |-V characteristics for positive and

(2)
ITO
:a—C:H
Hg

(b)

I, A cm™2
104

10-°

-12 -08 -04 O 04 08 12

Fig. 1. (a) Substrate/I TO/a-C : H/Hg contact structure and
(b) the current density | plotted against applied voltage U for

anaC: Hfilmwithp=2x10°Q cm.
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Fig. 2. Dark 1-V characteristics for ITO/a-C : H/Hg struc-
tureswith a-C : H films obtained from the acetylene plasma
at a constant discharge power N =3+ 0.2 W and a pressure
P = (1) 0.03, (2) 0.05, and (3) 0.05 Pa; (4) N=54W and
P =0.08 Pa

negative applied voltages were aso observed for
metal/a-C : H/metal structures with Al and Cr upper
contacts [4]. This indicates that the current in these
structures does not depend on the contact electronega-
tivity and isrelated to the a-C : H electron structure.

Figure 2 shows I1-V curves for ITO/a-C : H/Hg
contact systems with positive voltages applied to a-
C : H films obtained under different conditions. As
the pressure in the vacuum chamber increases from
0.03 (curve 1) to 0.05 Pa(curve 2) with the discharge
power remaining constant (N = 3 £ 0.2 W), the cur-
rent density decreases at the same positive voltages.
A further increase in P to 0.08 Pa at the same power
leads to a substantial rise in the threshold voltage
(curve 3). Similar changes are observed when the
discharge power rises to 5.4 W due to an increase in
the voltage at P = 0.05 Pa (curve 4). At different
parameters of acetylene plasma deposition, the Taus
optical gap Er, which is determined by extrapolating
an (aE)Y? vs. E dependence, varied from 0.8 to
2.3 eV [5].

With increasing deposition rate v, the absorption
coefficient a at a wavelength of 632.8 nm drops from
1 x 10°to ~1 x 10* cm* (Fig. 3) and the light blocking
efficiency of an aS : C : H semiconducting layer
degrades [1]. Thisis due to a substantial effect of dep-
osition rateon aC : H optica constants [6, 7]. We suc-
ceeded in obtaining a resistivity vs. deposition rate
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Fig. 3. Absorption coefficient o at 632 nm and the resistivity
p vs. deposition rate v for aC : H films obtained from the
acetylene plasma.

dependence. As v grows from 1 to 10 A/s, p exponen-
tially rises by six orders of magnitude to ~10” Q cm.
For 10° < p <10 Q cm, aC : H films become conduct-
ing and have an energy gap of ~1 eV. For v > 5 A/s,
aC : H insulating films are transparent in the visible
range and have E; ~ 1.6-2.0 eV. Figure 3isan indica-
tion that a film satisfying light-blocking conditions
and having an absorption coefficient of ~5 x 10* cm™
must have p ~ 10 Q cm. This is consistent with the
conductivity value of a liquid-crystal layer and pro-
vides high spatial resolution of aliquid-crystal modu-
lator. Such light-blocking layers can be made by acet-
ylene vapor condensation in a plasma at rates from 3
to 5 A/s.

Thus, it was shown that dark 1-V dependences of
aC : H filmsdepend considerably on the pressurein the
vacuum chamber and on the power of a dc glow dis-
charge. Theresistivity of thefilmsisrelated to the dep-
osition rate in the interval of 1-10 A/s. as the rate
increases, so does p from ~107 to ~10* Q cm. The
transparency of the films at a wavelength of 632.8 nm
also rises. Light-absorbing a&C : H films with a ~ 5 x
10* cm, used for light blocking in liquid-crystal
modulators, have p ~ 10 Q cm and an optica gap of
~1 eV. The results obtained can be used for fabricating
liquid-crystal light modulators applied in systems
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Abstract—The hydrogen permeability of amorphous and recrystallized Fe alloys is investigated. It is found
that the surface layers of both samples are enriched with metalloids, which interfere with the penetration of
hydrogen from the molecular and atomic phases. The kinetics of curves of flow transition to a steady state upon
ion irradiation in an amorphous aloy points to processes of reversible capture. The penetrating flow demon-
strates Arrhenius dependence on temperature in the case of recrystallized samples and nonmonotonic depen-
dence on temperature in the case of amorphous samples. A model of hydrogen penetration is suggested, which
includes the reemission and diffusion processes; and estimates are obtained of the energy of activation of ther-
modesorption and diffusion. © 2000 MAIK “ Nauka/Interperiodica” .

Amorphous aloys differ from classica metals by
the absence of ordered crystal lattice, which must lead
to singularities of diffusion of interstitial impurities.
Unfortunately, published data on diffusion in amor-
phous materials are scarce because of serious experi-
mental difficulties associated with the need for per-
forming measurements in a narrow temperature range
(see, for example, [1-3]).

EXPERIMENT

We have investigated the hydrogen permeability of
a membrane of amorphous and recrystallized iron
aloys (Fe, 77.3; Ni, 1.1; Si, 7.7; B, 13.6; C, 0.2; P,
0.009) 25 um thick. Preliminary degassing of a sample
in vacuum was performed at a temperature of 300°C.
Continuous annealing at a high temperature results in
the formation of apolycrystaline structure with achar-
acteristic grain size of 1 pm.

The steady flow time relaxation method was used to
determine the parameters of diffusion. The admission
of molecular hydrogen to the inlet side of a degassed
sample a the maximum permissible temperature
(300°C for amorphous and 400°C for recrystalized)
did not result in amarked increase in the outward flow:
for a hydrogen pressure of 10 torr, the flow amounted
to 3.8 x 102 cm? s, It isknown that the coefficient of
attachment for hydrogen atomsisthreeto four orders of
magnitude higher than for molecules [4]. However, the
use of adissociator (an incandescent tungsten filament
at adistance of 10 mm from the sample) in the pressure
range of 0.1-0.2 torr a so failed to produce an apprecia-
ble penetrating flow.

Images of the surface of an amorphous strip in sec-
ondary electrons (200 and 800 magnification) demon-

strated the presence of microswellings, which isassoci-
ated with the process of capture of air bubbles during
strip formation. It is further known [5] that iron alloys
containing Si and B exhibit atendency to enrichment of
surface layers with these elements, which may prevent
the adsorption and penetration of hydrogen into the
bulk of material.

A glow discharge in an atmosphere of hydrogen was
used for moving across the passivating layer. Hydrogen
ions formed in the glow discharge penetrated easily
into the bulk of the sample [4]. In so doing, we
observed a marked penetrating flow. All investigations
were performed at an inlet pressure of hydrogen of
2 torr, at which the discharge is most stable.

The temperature dependences of the steady-state
flow were determined for amorphous and recrystallized
samples. The measurement results are given in Fig. 1.
One can see that, as the temperature in the amorphous
material rises, the flow increasesto reach the maximum
value of 3.3 x 10' cm™ s at 200°C and, on further
heating, exhibits an anomal ous decrease. The recrystal-
lized sample follows the classical Arrhenius depen-
dence with an activation energy of 17.9 kJmol and a
maximum flow of 2.7 x 10'3 cm= s at 375°C.

Thetransition of flow to a steady state proceeds dif-
ferently in different samples. In both cases, in the entire
investigated temperature range, a fast phase shows up
with characteristic times of transition to a steady state
of the order of 30-60 s. For the amorphous membrane,
after the fast phase (Fig. 2) at temperatures ranging
from 125 to 225°C, avery slow risein the outward flow
is observed with the time of transition to a steady state
of the order of 6000 s. A temperature rise leads to the
disappearance of the slow component of penetrating
flow and its general decrease.
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Fig. 1. The penetrating flow as afunction of inverse temper-
ature: (1) amorphous sample, (2) recrystallized sample.

DISCUSSION OF THE RESULTS

A delay in the establishment of a steady-state flow
is most likely associated with the reversible capture of
the diffusant [6]; in this case, as the temperature
increases, the probability of release of hydrogen from
the traps increases faster than the probability of cap-
ture. Indeed, asthe temperaturerises, an increasein the
slow component is observed up to 200°C, after which it
starts to decrease; it is this behavior that is characteris-
tic of trapswith the energies of activation of rel ease and
capture E;g > Eq.

A decrease in the penetrating flow in the amorphous
sample as the temperature rises from 200 to 300°C may
be attributed to the surface processes under conditions
of ion irradiation. The absorption of relatively low-
energy (~200 eV) hydrogen ions occurs at a distance of
30-70 A from the surface [7]. Because the penetrating
flow isthree orders of magnitude less than that incident
on the inlet surface (v; ~ 10'® cm™ s2), the balance of
flows is written as v; = v, + v,, where v, = v;C,/C,
and v, = b, exp(-E;/RT)C, are the flows of ion-induced
remission and thermodesorption on theinlet side, C; is
the concentration of hydrogen in the undisturbed alloy
structurein thevicinity of theinlet surface, and b, isthe
preexponential factor. The maximum attainable con-
centration in the surfacelayer C,,,, a 300 K (when ther-
modesorption is insignificant) is estimated at
108 atoms/cm?® [8, 9]. We assume that the concentra-
tion C, on the outlet side is much less than C, to derive
for steady-state penetrating flow an expression of the
form J=Aexp(—E4/RT)/(1 + Bexp(—E;/RT)), where E4
is the energy of activation of diffusion. The equation
does not include the parameters of hydrogen interaction
with traps, because, in the steady state, the capture and
release of the diffusant proceed at the same rates and do
not affect the magnitude of steady-state flow. The

Fig. 2. The kinetics of transition of penetrating flow in an
amorphous Fe alloy to a steady state.

approximation results are given in Fig. 1 by solid
curves. A fairly good agreement with the experimental

data is exhibited by the energy values of E;" = 40.8
and E/™ = 86.7 kdJ/mol for the amorphous sample and

EJ =71.2 and 51.7 kI¥mol for the crystalline sample.

The use of the parameter C,,,,, in the calculation has no
effect on the activation energies: it affects only the pre-
exponential functions.

Therefore, the surface processes and the correlation
between the quantities E4 and E, define the temperature
dependence of steady-state flow. In the case of an amor-
phous alloy, the concentration C,, according to calcula-
tions, hasthe value C,,,,, up to atemperature of ~170°C
and the rate of penetration is defined by diffusion, with
the flow increasing. As the temperature continues to
rise, the concentration C; drops exponentially and the
inequality E4 < E, leads to a decrease in the flow. For a
recrystallized alloy, the input concentration decreases
within the entire temperature range and the inequality
E, > E, leads to the classical Arrhenius dependence J ~
exp(—E,/RT), where E, = E;— E; ~ 19.6 kd/mol accord-
ing to our calculation results, which is close to E, =
17.9 kJmol (determined experimentally).

The difference in the values of the diffusion activa-
tion energy is, no doubt, due to the sample structure.
The presence of excess free volume in the amorphous
aloy provides for lower consumption of energy during
migrations of hydrogen atoms from one interstice to
another; in addition, some of the interstices may not
have the regular shape of Bernal’s cavities [2], but
rather may be deformed. The energy of activation of
thermodesorption in the recrystallized alloy islessthan

that intheamorphousalloy; i.e., E;" < E;", which may
be attributed to rearrangement of the surface and to
TECHNICAL PHYSICS Vol. 45
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variation of the effect of the passivating layer on hydro-
gen desorption. Further investigations are required for
detailed determination of the processes of hydrogen
penetration.
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