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A general approach to high energy elastic scattering of ions on atoms is presented.
Differential cross sections for the scattering of particles with similar masses are
obtained in analytical form. The cross sections are doubly-differential (i. e. with
respect to the scattering angle and to the energy transferred during the collision)
and were obtained by using the binary encounter approximation and assuming an
inverse-power r~° central force potential for interaction between the colliding
particles. Numerical calculations are performed for H* — H* and H* — H (ls)
collisions and the results are compared with quantum mechanical calculations and
experimental data. The cross sections are a good approximation for the ion-atom
systems with impact energies greater than 1 keV.

1. Introduction

The central force, r-dependent (r being the interparticle distance) potentials
for interaction between atoms and molecules have played a significant role in
atomic and molecular physics. Such a simple representation of the interparticle
interactions is often successful in describing particle collisions including calcula-
tions of the cross sections for elastic scattering of atoms and ions!’. The great
convenience of the potentials results from the fact that they lead to simple (often
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analytical) yet reliable expressions for the collision integrals, scattering cross sections,
etc. A typical central force potential has the form

U () = U? (r) 4+ Ut (), ¢))

where Ur? (r) and U®** (r) represent repulsive and attractive parts, respectively.

The potential of the form (1) is used in this work for evaluation of the diffe-
rential cross sections for high-energy elastic scattering of atomic particles. Such
collisions are suitable for treatment within the framework of the classical binary
encounter approximation? (the binary encounter approximation has been fairly
successful even in some typical quantum mechanical problems, such as interaction
of low-energy electrons with atoms and ions2~%). The classical treatment of the
scattering is valid, even for potentials of infinite range, in a large range of the scatte-
ring angle y. This is seen when uncertainty principle arguments are used to esti-
mate the critical angle ., for validity of the classical analysis3. These arguments
lead to the criterion y > x., > AK, where & is the reduced Planck constant and
K is the angular momentum of the colliding system. The systems considered in
the present work consist of atomic particles of high impact energy so that 4K is
very small and y,, is a small fraction of a degree. In addition, the assumptions of
high impact energy and equal (or almost equal) masses of the colliding particles
allow for several simplifications in the mathematical description of the problem.

In a high energy scattering, the most important part of the interaction takes
place at the close distances where the interaction is strong and repulsive. Thus one
can neglect, as a first order approximation, the contribution of the long-distance
forces i. e. the term U (r) in Eq. (1). Consequently, the central force F; (r) can
be characterized by a constant a; (positive for repulsive interaction) and an expo-
nent s:

U, (1‘) _ O

Fs(r)=_'—ar —'F> 522’ (2)
with the interaction potential of the form:
Ur)=U*(r)=qa,(s—1)"1ri-s, 3)

The purpose of this work is to evaluate analytical formulae for the differential
cross sections, using the potential (3) for elastic scattering of ions on atoms, assu-
ming similar masses of the particles and that the incident ion is much faster than
the target atom. These cross sections are in relatively good agreement with experi-
mental data at least for scattering in small angles (experimental data for large
angles are not available). Analytical cross sections are of a great convenience in
modelling collisional processes in gases and plasmas (e. g. analysis of the kinetic
phenomena in the interstellar and interplanetary media). Solutions of such models
are very time-consuming and methods for time-effective calculating of collisional
rates (which requires cross sections) of an acceptable accuracy are very desirable.

The following differential cross sections are considered:

1. The differential cross section ¢’ for the binary collision in which the incident
particle is scattered into angles ¥ and 0 << @ < 27 with simultaneous change
in energy equal to AE (geometry of the scattering is shown in Fig. 1).
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Fig. 1. Geometry of binary collision.

a) Geometrical quantities characterizing the binary encounter: 0 <4 <7, 0 < 9 < =,
0<y,<27,0<6 < 2zand 0 < D < . The quantities © and D can be expressed,
for a given interaction potential, in terms of the angles #, y,, ¥ and AE. As a consequence,
the set of quantities 3, 7, % © and D can be replaced by a set of quantities &, 1, v, x
and AE. The latter set is used in the present analysis.

b) Onentanon in space of the velocities of the oolhdmg particles as seen in the z-p plane:

v 1 and v 2 the velocities before the encounter; v; and o5 are the velocities after the encoun-
ter.

Note that angle & is on the figure denoted by ©.

2. The differential cross section g'’ for scattering of the incident particle into
angles y and 0 < @ < 2z with simultaneous change in energy AE, <AE <AE,.

3. The differential cross section g’’’ for scattering of the incident particle into
angles 0 < @ < 27, ¥, < x < %, with simultaneous change in energy AE; <
<AE < 4E,.

Final formulae for the differential cross sections ¢’ and ¢’ are obtained in
analytical form and the cross section ¢’’’ is given in the form of a simple integral.

The approach of this work is quite general and the evaluated cross sections
can be applied to any ion-atom system with similar masses of the colliding particles
and with the energy of the incident ion much greater than the energy of the atom.

Examples of numerical calculations are given for H+ — H* and H* — H (ls)

systems (with impact energies equal to about 1 keV) for which both, quantum-

-mechanical calculations and experimental data are available in literature.

2. The approach
We consider an elastic collision of two particles (particle 1, called the target
particle, and particle 2, called the incident particle); the collision is charactenzed
by the particles’ masses m, and | 2, respectively, and their velocities 2 ; and vz

(before the collision) and o v; and ”z (after the collision). All the vectors are defined
in Fig. L
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When the colliding particles are atoms or atomic ions, the interaction is a time-
-dependent, many-body problem. However, we assume here that the incident
particle interacts with the target particle via a resultant time-averaged, distance-
-dependent central force. Then, using the binary encounter approximation?’, one
can define the cross section o for the elastic scattering of the incident particle into
the direction specified by the scattering angles y and @ (Fig. 1) with a simultaneous

change in energy AE. The direction of the velocity ;1 is specified by the angles &
and 7. The energies of the incident particle before and after the collision, E, and
E; respectively, are

1 1
E; = Tﬂ‘lz ('a;)z and E; = -E-m;v:, (AE = E; _— E:)- (4)

Using the relationship g = 1/cos? y, (where yp, is defined in Fig. 1), the general
form of the cross section ¢ is?

0@ n>1048) = [ LD (o112 1y @1 3 the @ (9
where

= (v} + 9} — 20,9, cos #)1/2, 6

W (g) = (4a* — 2BAE)g~" — (4a® + b%)g=? — (AE)’, 0

a = uv,v, sin 4,

b=yx|E, — E, +%(m1 — m,) v, cos ), (8)
moms
_m1+mz,
=4 1 M2

(my + m,)?¥

nomemr— (148 [ 4o (g ) ) o

and

172
ho (D) =¢—n—arcosl(l +AE)

in#sing)-1 [ (7222
(sin ¥ sin ) [( —— + cos 29)

(1-(+ %) i)+ 232 () F 0 o
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The derivatives dF; (g)/dg in Eq. (5), have general form dF; (g)/dg = C,G (g) -
- H;(g) and will be discussed in the next section. The value of the exponent s
depends on the kind of particles taking part in the scattering and on the impact
energy. In case of a collision of two charges, the assumption of Coulomb potential
(s = 2) is well-justified. Collisions of neutral particles can sometimes be accurately
described by using values of s between 5 and 0, or co. The latter case corresponds
to collision of two rigid spheres with radii R; and R,, respectively; s = 0 for
r<R,; + R,, and s = oo for » > R; 4+ R,. In case of interaction of a proton
with a hydrogen atom, it is reasonable to assume s = 3 at high impact energies
(see Appendix). Taking the above into account, we consider in what follows the
potentials with the exponent s = 2 (for H+— H* collision). s = 3 (for H* — H
collision) and s = 5 and 0, or oo (possibly for H — H collision).

We use below the relationship

{181 = 276 |22

L o

which is valid for any two analytic functions f (x) and p (x)?> and where x, are
the solutions of p (x) = 0 in (a, b). We also use the binomial theorem

(a+am= 5 (7)) (12)
k=0
where ('Z is the symbolic notation for »binomial coefficients« in which 7 is non-
integer. Integrating Eq. (5) and introducing notation
= AE (13)
2
and
Y=g (149
one obtains:
(@9 >2P;4) = (y"? +y-12 —2cos 9)> C,G (') H () X
X [4(2E,p)"? (1 — cos 7)1 [Z (B, x, A)]~ /% 6 [he (D)), (15
where

g = —;-(l —cos )=t (1 —2p=12)cos & + p~1, (16)
Z@, 5 M) =sin?® — [ — DA+ (1 —cos ) (1 + 2" cos B+ ) +
n }(1 — cos )1 (1 — 29272 cos & + ) 2] a7
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and

ho (@) = D — ) — arcos {(sin & sin x)~* [(p*/? + cos?)(1 —cos x)+y'/?4]}. (18)

Whe assumed in the above that m; = m, and we kept only the first two terms
in the expansion (12) with x = 4. This results from the fact that 1 < 1 in elastic
collisions.

The limits 4, and A, for validity of expression (15) are given by roots of the
equation Z (@, x, 1) =0, i. e, by

Au=2(1—2p"2cos? + p)~* [(1 —y)(1 — cos g) 4 sin & X
X [2(1 —cos ) (1 — 2p*2cos & + y) — 4 (1 — cos x)? y]*/3]. (19)

Within these limits of 4, the scattering angle y is always

% < arcos [%(1 + 2y-12 cos § — y“)]. (20)

Taking the above into account, the range of the energy exchanged during a
collision is:

0 <igmin{d, ¢y}, if 220 (21
and
max [, —1]<2<L0, if A<0. 22

If the energy E, of the incident particle is given in eV, then the units of the
binary cross section (15) are cm2eV~rad~!. Now, one can define three important
differential cross sections:

1. The cross section ¢’, in cm2eV~ 'rad~2, for scattering of the incident particle
into an angle 0 < @ < 2# and an angle y with simultaneous change in energy
equal to 4E:

23
¢ (925 4E) = [0 (8,0 >, @; 4E) 9. (23)
‘ 0

2. The cross section g”, in cm?rad~1, for scattering of the incident particle into
an angle 0 < @ < 2z and an angle y with simultaneous change in energy 4E; <
AE < AE;:

4E; 2=
q" (8, 53 AE, < AE < AE,) = j fa(an->x,q>;45)d¢AE. (24)
4E; O

3. The total elastic scattering cross section ¢'’, in cm?2, for scattering of the incident
particle into angles 0 < @ <2x and x; < x < x, with simultaneous change
in energy 4E, < AE < 4E;:
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¢ P11 £ 423 dE K AE < AE;) =

X3y ALz 2a
=IAI f e n>3 <1< %25 4E, < AE < AE,) dPdAEdy.
X1

B o

(25)

The cross sections ¢’, ¢ und ¢’’’ are independent of the angle #; this is
a result of averaging over the angle @ (there is a z-axis symmetry of the

collision in the central force potential).

The cross sections ¢' and ¢” can be obtained in analytical form. Using

relasionship (23) one has
q' (@254 = DyR (i, D [Z (F 1, H]~ /3
where conditions (21) an (22) must be met, and where

C

r_ =S
b:= 1@y ey

and

R, ) =G(g')H(g')(1 —cosx)=>2 - (/2 4 p= 112 — 2cos )2,

The final form of the cross section g" is

q” (‘9: X A < AL 2-2) = D;R (0: Z) Zl (ﬁ, Z):

where
G
2= aapym
Z, (@) = a;ie [arsin (u.ﬂ) — s (st a)]
3 3
g, = L= 2y!2cosd 4y
T8 =cosy)
—1
a2 = y_2_,
and

1 —2y112c08'¢9+y_y]1'2

a3=281n0(l—COSX)[ 2(1 —cos )

The cross section ¢’’’ can be found from
2
g’ = fQ" dy,
X1
where the condition (20) must be fulfilled.
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3. Interaction potentials

In case of the central force potential U () one has®:

g = cos~? { j'w Dr-2 [l - (2)2— Z;JVS?]—IIZdr}, (36)

Tmin r

where D is the collision impact parameter, r is the distance between the reduced
mass x and the center of the force and r,,, is the distance of closest approach.
Solution of Eq. (36) with respect to D? gives

OF; (g) = 2D oD

% % (37)

Introducing
y= D/f and Ymin = D/rmln = D/(As)lj(s- l)a (38)

where 4; = 2a,/(mV?), (in = m, = m,), the expression (36) can be rewritten as
Y
g=cos~2{ [[1 —y* =20 — D'y 11" ), (39)
0
where Y is the least positive root of the expression in the square brackets. Since

oD —_ 2/(s~1) d D’:un (g)]
=4 s (40)

Ymin (g) must be known. It can be determined from relationship (39) for a given
value of the exponent s. When s = 2, the derivative (37) had simple form

Fol6) - ¢,60) Ha o) @
with
Cs = 4 PRai(mVD]% G(e) = Mg* (1 — g~ V-2
and H, (8) = /4G (9)]. 42)
When s = 3
ﬂgg@ = C4G (2) Ha (g) 3)
with

-2
C3 = 2a;/(mV?) and H; (g) = E;arcos (g=11?) ‘7-:—:—— [arcos (g~ 1/2)]? } . (49
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Fig. 2. Functions G (g) H,(g) for various values of the exponent s defined in Eq. (2).

In case when s = 5, the integral in Eq. (39) can be expressed by an elliptic
integral. Taking v}, = 2 cot? (28,) and y2 = (1 — tan? B,) cos? §,, the inte-
gral can be transformed to

nf2
I=(1 —2sin2 g;)1* [ (1 — sin? B, sin? B,)~ 12 dp,, (45)
0

which is the complete elliptic integral K (k) with 22 = sin? 8,. The modulus %
is determined from the integrand in Eq. (39) by replacing y2 by a new variable =
and finding the roots 2,, 2, and 2, (2, > 2, > 2,) of the expression in square
brackets. Then, the expression can be given as (z — z,) (2 — 2,) (2 — 23) and

k2=ﬂ—_ﬁ=-%-[1-(1+ 2 )_m]. (46)

&y — %3 Yentn

Since & < 1, the complete elliptic integral K (k) can be expanded into a quickly
converging series?):

Kp==7% u]zku, 47)

2 n=0 LGn!

where the sum over 7 is close to unity because k2 < 1/2 always. Therefore, we
assume in what follows that K (k) = =/2. Taking this into account

Ll 0.0 Hs o) (19
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with
Cs = [2a5/(mV*)]'1?
-3/2

and Hs(g) = %2- arcos (g~ 1/2) {l - [% arcos (g"‘lz)] } . (49)

In case of a collision between two rigid spheres (s = 0, ) of radii R, and R,
one has

Peld — 6.6 Hato) (50)
with

Coo= (R + R2)* and H,, =21/ (1 — g~ 1)I12. (51)

4. Potential constants

The constants a, can be found from theoretical considerations?’. Also, if a
theoretical or measured cross section is known (usually this is the singly-differen-
tial cross section per unit solid angle 092 (x)), one can compare this cross section
with the related cross section ¢”’ averaged over the angle & and energy. As a result
of such a comparison one obtains the value of the constant a,. It should be added
that the value of ¢" for H* — H interactions used for the comparison with the
measured cross-sections should be taken with AE, corresponding to an elastic
collision, i. e, < 10.2eV (thus we neglect momentum transfer combined with
charge exchange).

The constant a, for proton-proton interaction is ¢, = ¢2 = 2.31.10-12 gcm?3 -
-$72 =1 a. u. Determination of a; from the procedure discussed above can be
done in the case of the proton-hydrogen atom interaction by using the singly-
-differential cross section measured by Houver et al.!?, This gives a3 = 2.23.10~27
gcm* s—2 = 1.83 a. u.; this value can be used in the entire energy range (700—2000
eV) discussed here. Experimental differential cross sections for H-H elastic scatte-
ring are not available, so that the constant as; must be found from a theory.

5. Results and discussion

As said before, experimental data for the doubly-differential cross sections
for the elastic scattering of the heavy particles are not available. Therefore, we
compare our singly-differential cross section ¢’ with the available measurements
and quantum-mechanical calculations for the hydrogenic species. This can be
made quite easily by taking values of ¢’ (x, & = #/2) instead of ¢’’ averaged over
the angle # (since z, > v,, the value of ¢"’ (3, # = n/2) is close to the averaged
value of g'’).

162 FIZIKA 20 (1988), 2, 153—169



KUNC: ANALYTICAL DIFFERENTIAL CROSS SECTIONS...

The present results are in good agreement with the classical Rutherford for-
mula!V:;

4 had l
Z%(x) — 54_ (E§ sin® 12‘-) , (52)

for H* — H+* interaction (Fig. 3). In this case the quantum-mechanical differential
cross section® (the Mott cross section) differs from the classical cross section (52)
by an interference term resulting from the indistinguishability of the colliding
particles. If the impact energy is much lower (as it is in our case) than about
25keV (918 a. u.) then this term rapidly oscillates with the variation in the
scattering angle causing that the average value of the term is practically zero. The
small discrepancy between the Rutherford formula and the present calculations
results from the mathematical simplification of the model discussed in previous
sections.

-
<

%Q%Lﬁnx-x{aui

lo-'l [] 1 L
1] 1 £z 3 A
SCATTERING ANGLE X (deg)

Fig. 3. Comparison of the differential cross section g” (%, # = =/2) (solid line) with the Rutherford
formula (Eq. (52)) (broken line) for H+ — H* interaction. E, is the energy of the incident particle.

Experimental data!® for the differential cross sections for H* — H scattering
are shown in Figs. 4—6 together with the present results and quantum-mechanical
calculations of Gaussorgues et al.!?), These results seem to indicate that the appro-
ach of the present work gives reasonable estimates of the differential cross sections
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Fig. 4. Comparison of the differential cross section ¢"’ (¥, # = 7/2) (solid line) with the result of

theoretical calculations of Gaussorgues et al.!?’ (broken line) and measurements of Houver et
al.!? for H+ — H (Is) elastic scattering at E, = 700 eV.

10'_' ! T 3
+ ]
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Fig. 5. Comparison of the differential cross section ¢” (¥, # = =/2) (solid line) with the results
of theoretical calculations of Gaussorgues et al.!?’ (broken line) and measurements of Houver et
al.!® for H+ — H (Is) elasticscattering at E, = 1000 eV.
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Fig. 6. Comparison of the differential cross section ¢’ (¥, & = #/2) (solid line) with the results
of theoretical calculations of Gaussorgues et al.!?) (broken line) and measurements of Houver et
al.1® for H* — H (1s) elastic scattering at E; = 2000eV.

for H* — H scattering at high impact energies, at least for small angles (but not
smaller than about 0.2—0.3° because of the glory effect). It is difficult to estimate
the accuracy of our cross sections for H-H scattering because of lack of correspon-
ding experimental data. The accuracy of the present cross sections for scattering
into large angles (y > 1°) in case of H*-H and H-H systems also cannot be assessed
because experimental data for large values of y are not available,

The main advantage of the approach presented here is that the differential
cross sections ¢’ and ¢'’ are given in simple analytical forms and the cross section
g’’’ is given in form of an integral that can easily be calculated by standard numeri-
cal methods. The major weakness of this approach results from the fact that we
use the repulsive inverse-power interaction potential in the entire range of the
interparticle distance. This assumption causes the disappearance of the rainbow
effect® (see Figs. 4—6), however this effect is not strong at high impact energies.
Also, the glory effect, making the cross sections infinite at ¥ — 0, is still present
in our model. This results from the fact that our differential cross section is defined
in the standard way as an intensity of scattering per unit solid angle at a given
angle x®.

Numerical calculations show that using the rigid-sphere potential (s = 0, o)
leads to differential cross sections which are comparable with the cross sections
shown in Figs. 3—6 only at ¥ equal to about 1—2°. The discrepancy becomes
large at other values of the scattering angle and the cross sections based on the
rigid-sphere potential are inaccurate.
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Taking the above into account one can summarize the properties of the singly-
differential cross sections (it seems that the doubly-differential cross sections
evaluated above have similar properties) of the present work for H* — H* and
H* — H (Is) scattering in the central force potential ~r~5:

1. H* — H*: the approach of the present work yields results in very good agree-
ment, when Coulomb potential (s = 2) is used, with quantum-mechanical cal-
culations.

2. H* — H(ls): the present approach (with s = 3) is an acceptable first order
approximation in the discussed energy range, at least for scattering in small
angles. However, the central force potential »~¢ is not able to reproduce the
rainbow effect (this effect is weak at high impact energies).

3. The results shown in Figs. 4—6 indicate that the analytical cross sections eva-
luated in this work should be a good approximation for scattering with energies
greater than about 1 keV, for ion-atom systems other than hydrogenic and
perhaps for some atom-atom systems.

4. Using the rigid-sphere potential for the discussed collisions is inappropriate.

The results of this work seem to suggest that more accurate yet analytical
differential cross sections may be obtained, within the framework of the binary
encounter approximation, for the interactions discussed above and for systems other
than hydrogenic as well. However, in such case a central force potential more
realistic than r~* would have to be used for ion-neutral and neutral-neutral sys-
tems. One such potential may be the simple screened Coulomb potential!3-14’

U(r) =r"" exp (—r/p), (53)

where the screening parameter p can be fit to accurate ab intio calculations of the
2‘2, and 33, potentials of H and '}, angl 32,, potentials of H,. Another poten-
tial that seems to be even more appropriate is!>’

U@)=Axr~*+ A,;r~ " exp (—or), (59

where the terms on the right-hand side represent, static and dynamic multipole
interaction, respectively. The potential (54) would probably reproduce the rainbow
structure in the differential cross sections. In order to obtain analytical forms of
the cross sections, the potential (54) would have to be divided into three regions of
interaction:

Agxs,
U(@) ={ B, + B; exp(—wr), (55)
Agrt

Ending, some remarks should be made about comparing of the differential
cross sections in the center-of-mass and laboratory systems. Since the interaction
potentials used in the present work are spherically symmetric, the scattering angu-
lar distribution does not depend on the azimuthal angle @. In such a case, and when
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the masses of the colliding particles are equal, the element of solid angle dQ.,, (d2 =
= sin y dy dp) in the center-of-mass system is related to the corresponding element
dQ,; in the laboratory system as

dQcp = [8 (1 + cos gcu)]'/? A2y, (56)

while the scattering angles y are related as

__ singcem
tan y, = m (57)
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Appendix

The exponent s = 3 has been chosen for H* — H interaction potential be-
cause of mathematical convenience allowing to evaluate the analytical cross sections.
This value of the exponent is also supported (as a first order approximation of the
central force potential) by acceptable physical arguments discussed below (atomic
units are used).

The repulsive, short-range potential V (r) for interaction between a completely
stripped incident ion and a target atom can be obtained by application of a variatio-
nal minimization and maximization principle!®’ to the Thomas-Fermi-Dirac (TFD)
statistical model of the atom!”. Then the short-range potential can be given'® as

v,.(r)=z,-[z"‘f(’)+z“‘N". ‘ ] (Al)

ro  32n®

where r is the interparticle distance, r, is the size (radius) of the spherically sym-
metric atom, Z; and Z, are the charge number of the ion and atomic number of
the atom, respectively, N, is the number of the atomic electrons and ¢ (7) is the
TFD screening function obtained from numerical solution of the Thomas-Fermi
equation!”,

The potential (Al) is similar to the Firsov ion-atom potential'®
Z,
Vet = 2,220, (a2)

FIZIKA 20 (1988) 2, 153—169 167



KUNC: ANALYTICAL DIFFERENTIAL CROSS SECTIONS...

which is a good approximation for the interparticle distance smaller than a couple
of the Bohr radii. This is however satisfactory for our purposes because the main
part of the interaction occurs in this region.

The potentials (Al) and (A2) give the same interparticle force
Far®) =~ 22, LD _ 2] a3

Analytical form of the TFD screening function ¢ (r) can be obtained by using
the Kerner's argument!? that the product r¢ (r) is so slowly varying that it can
be treated as a constant. Consequently, Kerner proposed an accurate fit to the
screening function in the form

p() =1+ (A4)

where ¢ = 1.525. Introducing Eq. (A4) into Eq. (A3) one obtains

F,,,,(r)=( ctl )r‘3. (A5)

c+r1

The most important region of the interaction at the impact energies considered
in this work is at 1 < r < 3. At these distances the expression in the parenthesis
in Eq. (AS) varies slowly with r. Thus, comparison of Eq. (AS5) with Eq. (2) allows
to conclude that s = 3 is an acceptable approximation for central force repulsive
potential in H+* — H collision. One may expect that the TFD statistical theory
should be more accurate when the number of atomic electrons is much greater
that one. However, various analysis of TFD calculations for small atoms (including
hydrogen) suggest2%:21 that assumption of s = 3 is a reasonable first order approxi-
mation for the H+ — H interaction. The choice of the exponent s = 3 for the
ion-atom short-range interaction is also supported by the results obtained by Marchi
and Smith2?? for the He+ — He repulsive potential.

References

1) J. O. Hirschfelder, C. F. Curtiss and R. B. Bird, Molecular Theory of Gases and Liquids,
Wiley, New York (1964);
2) M. Gryzinski, Phys. Rev. 138 (1965) A305;
3) L. Vriens, in Case Studies tn Atomic Collision Physics, ed. by E. W. McDaniel and M. R. C.
McDowell, Wiley, New York (1969);
4) J. A. Kunc, J. Phys. B13 (1980) 587;
5) M. Gryzinski and J. A. Kunc, J. Phys. B19 (1986) 2479;
6) N. F. Mott and H. S. W. Massey, The Theory of Atomic Collisions, Cambridge University
Press, London (1965);
7 L. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series and Products, Academic Press,
New York (1980);
8) M. V. Berry and K. E. Mount, Rep. Prog. Phys. 35 (1972) 315;
9) P. F. Byrd and M. D. Friedman, Handbook of Elliptic Integrals, Springer, New York (1971);
10) J. C. Houver, J. Fayeton and M. Barat, J. Phys. B7 (1974) 1358;

168 FIZIKA 20 (1988), 2, 153—I169



KUNC: ANALYTICAL DIFFERENTIAL CROSS SECTIONS...

11) B. A. Trubrikov in Reviews of Plasima Physics, Vol. 1, Consultants Bureau, Washington, D
C. (1965);

12) C. Gausst;rgues C. LeSech, F. Masnou-Seeuws, R. McCarroll and A. Riera, J. Phys. B8
(1975) 253;

13) F. T. Smxt,h, R. P. Marchi, and K. G. Dedrick, Phys. Rev. 150 (1966) 79;

14) F. T. Smith, R. P. Marchi, W. Aberth and D. C Lorents, Phys. Rev. 161 (1975) 31;

15) M. Gryzmskl, J. Chem. Phys. 62 (1975) 2610;

16) A. A. Abrahamson, Phys. Rev. 185 (1969) 44;

17) P. O. Gombas, in Handbuch der Phystk, edited by H. Fliigge, Springer-Verlag, Berlin, Vol.
36 (1956);

18) O. B. Fir’sov, Sov. Phys. JETP, 5 (1957) 1192;

19) E. H. Kerner, Phys. Rev. 83 (1951) 71;

20) A. A. Abrahamson, Phys. Rev. 123 (1951) 538,

21) A. A. Abrahamson, private communica

22) R. P. Marchi and F. T. Smith, Phys. Rev 139 (1965) 1025.

ANALITICKI DIFERENCIJALNI UDARNI PRESJECI ZA ION-ATOM
VISOKOENERGETSKO ELASTICNO RASPRSENJE

JOSEPH A. KUNC
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UDK 539.18

Originalni znanstveni rad

Prikazana je teorija visokoenergetskog rasprSenja iona na atomima. Dobivena je
analititka formula koja odreduje diferencijalni udarni presjek pri rasprienju &estica
podjednakih masa. Dvostruko-diferencijalni udarni presjek (obzirom na kut ras-
prienja i na energiju transferiranu u sudaru) odreden je primjenom aproksimacije
binarnih sudara uz pretpostavku da je potencijal interakcije oblika »~5. Numericki
ratuni provedeni su za H* — H* i H* — H(Is) sudare, a dobiveni rezultati
usporedeni su s rezultatima kvantno-mehani¢kog ra¢una i s eksperimentalnim
podacima. Udarni presjek je dobra aproksimacija za sistem ion-atom s impaktnom
energijom iznad 1 keV.
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