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ABSTRACT
(Distribution Limitation Statement No. 2)

Charge exchange cross sections for fast heavy ions representative of
several groups in the periodic table with atmospheric and other atoms
have been calculated by using a quantal two-state one-electron method. The
principal ions considered have been singly charged K, I, and Cr while
target atoms and/or molecules have been N, O, Ar, Ne, H and He. Singly
charged lithium, sodium, rubidium, and cesium have also been considered
as projectiles in the target gases.

Sctripping cross sections for fast heavy ions incident on atmospheric
and other atoms have been calculated by using an independent scattering
wmodel based on the Born approximation.

The relationship between the quantal predictions and available exper-
imental results is illustrated and certain improvensents to the simple
theory are discussed. A comparison is also made etween the electron loss
theory and available experimental results.

Capture into excited states is discussed,and estimates are made of the
appropriate cross sections.

The rate of energy loss by heavy ions in air is discussed.
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SECTION I

INTRODUCTION

In this work, a model explored in reference 1 has been applied to
the calculation of further charge exchange cross sections for collisions
between heavy ions and atmospheric ions and molecules. Modifications to
the simple theory are suggested and discussed. The method used is the
1s model two-state quantal description applied to the ground states.
Estimates are also made of the capture cross sections into excited states
of the projectile atoms.

Calculations of the cross section for eleccron loss have been per-
formed by using a modification of a theory developed by Nikolaev and
Dmitriev (Ref. 2). In this model the projectile electrons are assumed
to be each scattered independently by the target atom, according to the
Born approximation. In reference 2, a final integration over a simple
analytic form factor, which is replaced herein by numerical quadrature
over any tabulated form factor, is required.

The theory of charge exchange and refinements thereto are discussed
in Section II. Section 111 contains a discussion of the electr.n loss
theory. 1In Section IV, available experimental results are compared with
the calculated results while the Appendixes describe the computer programs
developed.
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SECTION II

QUANTAL THEORY OF CHARGE EXCHANGE

1. Theory of Fast Collisions

A brief review is presented of the thecry given in reference 3
as applied to a two-state one-electron system. Atomic units are em-
ployed thspughout. Consider point A to move past point B at a constant
velocity v,i.e., a rectilinear trajectory characterized by an impact param-
eter p. Let a single electron have position vectors Xa» Eb and g with
respect to A, B and the midpoint of AB, respectively. Let the electron
see potentials V, (r,) and Vy,(rp) centered on the appropriate points,and
let there exist bound state wavefunctions

IT+V.(r.)-1§]qai(_g.) exp (- L E €)= 0 (1)

considering A to be at rest and
[r+V(r)-1i]¢(r)exp(-1z t) = 0 2)
b'\'b at | Y3 ~b 3 )

considering B to be at rest where T is the kinetic energy operator. If the
midpoint of AB is taken to be at rest, wavefunctions simply derived from
¢4 and Py are solutions of the time dependent Schrodinger equation; thus:

frevoey -1 & )o i, o) exe[-1 (2, + 3 P)e]l=0 @
and
l'r+ v, (r) - ‘a_a:lq’j(ﬁb' ) exp[-1(53+%v2)tl -0 )
vhere
Py (Eqs E) = 04(x,) °*P(' Fily- s) 5)
and
?y U E) = 9y5(E,) exp (2l iy~ x_) (6)



The total wavefunction Y in this approximation is then expanded as
/ 1 2 1 2
4 - a0 expl-t(tt-l-sv )t]+qu>j '“I"‘(EJ"'F" )t] (7)

and substituted into the conditions

[@1,(H-£§E) Ylexp[l(zl-l-%vz)tl-o (8)
and
[cpj, (H-1%)ylexp[i(£1-%v2)tl-o 9)

vwhere H =« T + Vg + V,, is the total Hamiltonian. The equations of the two-
state model then follow

i &1 + 18, exp[1(E,- zj):]t':J = h 8, +hy, exp[i(E, - E)elb,

h,, exp[i(E

g = hy “E)t]a, + h, b (10)

exp[t(EJ-!l)t]nt +1bd 15°3

15‘“ 3

where

sij - (q)i' ¢J)' hij - (q)i.' v‘ @J)n and hjt - (in. vb q’i) (11)

The initial conditions for Equation (1) sre that, say, a; = 1, bJ = 0. At
the end of the trajectory |bj|¢ wili be tiie capture probability “for thst
impact paramet: r.

(o) = by |2 (12)

and the cross section is

Q= znf“c(o)o dp 13)

Normalization (= |11|2 + ijlz ) will remain at unity if

as
* i
hyy ~hyy= 1 T‘l - (B - E)S,, (14)

which replaces Equation (12) of reference 1.
3
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Equations (10) are equivalent to the following form:
D e - t ’ ’
a, i xij bJ exp[iJr gt )de ]exp(i(l-:1 - Ej)t]

Bj - -1 xji a, exp[tu/E g(t')dt'lexp[l(l':j - Ei)t]

vhere
K, - Pre ~ Swe Pog
£ 2
1- |skel
and the distortion term is
JPag TRyt Syg By b Sy By
g 2
1 - |sij|

(15)

(16)

17)

The wavefunction models and the appropriate techniques for calculating
the matrix elements (11) have been reported in detail in reference 1. The
method of integrating Equations (10), the set solved in practice, is also
described in reference 1. The wavefunction parameter in the 1ls model
employed is the present set of calculations, and others available for

further calculations are listed in Table I.

TABLE 1

IONIZATION POTENTIALS AND 1s MODEL PARAMETERS

Element Ionization Potential (au) a
Az 0.22009 0.66347 1.08083
Fe 0.29039 0.76209 1.33058
U 0.22463 0.67027 1.09750
N 0.53435 1.03378 2.10219
o 0.50072 1.00072 2.00215
Ar 0.57946 1.07653 2.23390




2. Exchange and Distortion Refinements

Two methods are described below by which it is believed that the basic
1s or ns model could be improved should further calculations of this type
be undertaken.

a. Electron Exchange

Let u represent certain matrix elements that occur in Equations
(10) (p = Sia, hjy, or héi). For convenience, the complex exponentials in
Equations (10) are included in the definition of the elements in this anal-
ysis. The various approximations to . are denoted as fcollows:

u : matrix elements calculated by using exact many-electron fully
antisymmetrized combinations of atomic wavefunctions.

1° : matrix elements calculated by neglecting atom-atom electron ex-
change but otherwise exact.

p ¢ matrix elements adopted for inclusion in the two-state
calculation.

;o : matrix elements calculated directly from the one-electron
model.

It was established in an earlier final report (Ref. &) that at suffi-
ciently large internuclear distances where second and higher order overlap
terms may be neglected

u=F HO (18)

where F {8 the geometric mean of the numbers of active electrons in the
initial state of the target and the final state of the projectile. An
active electron could be defined arbitrarily as one with a binding energy
not more than twice that of the most loosely bound electrom. Because the
matrix elements ﬁ° are an approximation to the u°,we might write analo-
gously to Equation (18), as an approximation:

= F po Q9)

but at the smaller internuclear distance F J° will not represent j well
because of the overlap approximation inherent in F and becawse of the
shortcomings of the one-electron model itself. Therefore, Equation (19)
is modified by inserting an additional factor G and adding a correction, %
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u=GF ¢+ 58 (20)

where G deplrts from unity only to prevent p from becoming unphysical

(i.e., when |!-‘ si | exceeds unity). The correction 5 ensures that
normalization is conletved so that [compare Equation (14)]:

- 45/
e —id
hij - hji =1 at (21)
The u° elements automatically satisfy:
* d 57
=0 _ o - -—Ll
B9 - BP =t =5 (22)

and Equation (20) is applied by assuming

S,y = GF 5
EIJ GF _13’ + -zlc. 23)
E;i 2 G L ji - %A*
Substitution of Equations (23)and (22) into Equation (21) yields:
a=32ErF3o (24)
Now the limit is imposed
1S3yl <t (25)

where L might be, say, 0.9. Then, either



G=1;4=0 (26)

or
N
6= —L— a-.1 22 5o @7)

This extension of the basic model contains the arbitrary limit L and the
validity of the scheme requires demonstrated insensitivity of the cross
section to L. Clearly,at sufficiently large velocities so that Equation
(26) holds, the effect of the scheme is simply to multiply the cross
section by F“.

b. Distortion

At large internuclear distances,the rate at which the distortion g
diminishes is controlled by hij - hjj [see Equation (17)]. The basic one-
electron model has the flaw that hyy hjj ~ (ZB- Zp)/R, assuming singly
charged ions in both channels, whereas in"fact hyj - hyjy should diminish
faster than R-1. 1In the hope of improving the accuracy of the results at
low impact energies, the program has the capability of calculating hj; and
hij with the Coulombic term of each potential set equal to the net change
oi the appropriate positive ion. 1In the calculation of hi and héi the
original form of the potential is retained. This has been applied to Azt
Ar and has the effect of reducing the cross sections somewhat at all energies;
however, this does not constitute a clear improvement in the results of the
calculation. It has been established in other papers (Ref. 5 and 6) that
distortion has a great effect on the cross section at lower energies.

3. Capture into Excited States

The rate of energy loss of a beam of heavy particles in gases is de-
pendent on the cross sections for the numerous inelastic scattering
processes that can occur. The contribution to the rate of energy loss
from charge transfer processes into excited states is different than that
for the capture into the ground state of the projectile system. Capture
into excited states can produce excited or metastable species that be-~
have sufficiently different than ground-state systems in subsequent pro-
cesses S0 a8 to complicate the interpretation of many experimental studies
of heavy-body collision processes. In addition, though capture into excited
states and possible excitations of the target system, energy can appear in
the radiation field rather than in the potential and kinetic energy of
the nuclei and electrons. The majority of experimental studies of charge
transfer processes give information on the sum of the cross sections for
transfer into all of the bound projectile states with the target left in
the ground state or excited states, while the theoretical studies usually
consider specific states 'of the final target and projectile system.
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A considerable body of theoretical and experimental literature on
charge transfer cross sections for capture into excited states is avail-
able, however it is almost exclusively concerned with proton projectiles
on various target gases, so that generalizations to more complex projec-
tile systems must be performed with care. The large amount of data for
the case of the proton projectile indicates quite clearly, however, that
the cross section for capture into an excited state is usually much
smaller than the cross section for capture in the ground state, and that
the dominant contribution to the total capture cross section usually
arises from capture into the ground state.

If the cross section for capture from a state with principle quantum
number ny and orbital angular momentum quantum number £y into a state with
quantum numbers ngy and £§ is denoted a Q(nizilnjzf), Oppenheimer (Ref. 7)
showed that Q(ls|nfs) falls off as ng™” at "high“energies by using the
Oppenheimer -Brinkman-Kramers (Ref. 7 and 8)approximation,which neglects the
nucleon-nucleon interaction in a Born-type appoximation. Generalizing
this, Bates and Dalgarno (Ref. 9) ang Bates and McCarroll (Ref. 3) argue
that Q(nislnfs) falls off as (ngny)~° at high energies and Q(nilifl\fo)
for £1,4¢ ¥ 0 falls off rather more slowly. Mapleton (Ref. 10), in full
Born approximation calculations for protons on atomic hydrogen and helium
obtains numerical results that confirm the rules given above. 1In an
experiment involving

H + He ~ H(3s) + He'

Hughes, et al.(Ref. 11) obtain results that approach Mapleton's results
at high energy, but are much lower at low energies as is expected from
Born approximation results. Jaecks, et al.(Ref. 12) have studied the
capture into the metastable 2s state of hydrogen for protons incident on
the rare gases. Considerable work on capture into excited projectile
states was reported at the 1967 Leningrad conference (Ref. 13), however,
the choice of projectile still appears to be protons.

The two-state ns model discussed in reference 1 and in Section II-1l is
employed to estimate the cross section for capture into excited states
for several systems. The final projectile states considered are the
lowest few s states in lithium. 1ls-model wavefunctions are used for the
target systems of utomic nitrogen and neon. The ns states of the projec-
tile are represented by the corresponding ns hydrogenic wavefunction with
the effective charge adjusted to reproduce the experimental ionization
energy of the given projectile state.

The results of the explicit calculations for lithium ions in atomic
oxygen and neon target gases are shown in Figures 1 and 2. Attempts were
made to extend the calculations to the capture into s states with higher
values of the quantum number n, and for capture into n = 4 states of
sodium (results for the capture into the n = 3 ground state of sodium are

it i W ok et K P
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presented in Figures 3 and 4). The attempts have been unsuccessful since
the number of nodes inans wavefunction increases with n, which introduces
enough additional oscillations into the required matrix elements so that
the present numerical procedures sre not adequate. It may be possible to
calculate capture cross sections into excited states with larger n than in
the present case by using the existing programs and carfully adjusting
those input parameters that control the integration step length and the
quadrature formulae for the matrix elements. An alternate approach is to
represent the higher excited states by ns model wavefunctions with lower
values of n but with the effective charge selected to reproduce the exper-
imental value of the excited state energy. Such a procedure can be ex-
pected to yield reliable results only if the dominant part of the capture
cross section comes from those values of the impact parameter for which
the incorrect representation of the inner modes of the model wavefunction
are not important. While such objections also can be made about the use
of the ls-model wavefunctions for the target and projectile systems in

the calculation of the cross section for capture into the ground state, it
must be remembered that the mean radius of an excited state orbital is much
larger than the mean radius of the corresponding ground-state orbital. From
the above discussion, it is clear that the accurate calculation of cross
sections is highly excited states requires more careful study.

According to the Oppenheimer rule, the ratio of the cross section for
capture at high energies into the 3s state of lithium to the cross section
for capture into the 2s state should be (2/3)3 = 0.2963. At the impact
velocity of 3.0 atomic units, the calculated ratio is 0.27 for collisions
with atomic oxygen and 0.26 for collisions with neon. The model calcula-
tions show that the impact velocity at which the cross section obtains its
maximum value increases somewhat for the excited states and that the maxi-
mum cross sections depart significantly from the ratio of the cubes of the
quantum numbers n. For the lithium-oxygen cross sections, the ratio of
the maximum cross section for capture into the ground 2s state to the
maximum cross section for capture into the 3s state is about 4.7, and
the corresponding ratio for the neon target gas is 6.9.

11
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SECTION IIX

QUANTUM THEORY OF ELECTRON LOSS IN HEAVY -BODY COLLISIONS

1. Introduction

The collision processes of interest are of the type
+
A+B-A +B+e (28)

where A and B are neutral or charged atoms and molecules. System A, which
looses an electron during the collision,is termed the projectile, and
system B is called the target system. It is assumed that either the tar-
get or projectile system is electrically neutral {n the initial channel
so that the problem is not complicated by a long-range Coulomb interactiom
among the reactants in the initial channel.

Ionization processes during very low-velocity heavy-body collisions
have received some attention in the past few years. The low-energy theo-
retical treatments have involved a model based on a statistical treatment
of the "evaporation" of electrons from an excited system created by the
mutual {interaction of the target and projectile charge distributions, or
are based on the consideration of auto-ionization or Auger processes.

Some relevant papers on low-energy ionization processes include Russek
(Ref. 14), Fano and Lichten (Ref. 15), Kessel and Everhart (Ref. 16), and
Demkov and Komarov (Ref. 17), while Smirnov and Firsov (Ref. 18) have con-
sidered negative ion-atom systems at low velocities. The details of the
low-velocity theories will not be reviewed because it is unlikely that they
can be meaningfully extended to treat moderate and high-energy collision..

For high-energy heavy-body collisions involving ionization, the Belfast
group (Ref. 19 through 21) have performed extensive calculations, using the
Born approximation for light ions and atoms. Although the Born approximation
results show good agreement with the experimental results at high en:zrgies,
complete Born approximation calculations for many-electron projectile and
target systems become involved and have not been attempted. Dmitriev and
Nikolaev (Ref. 2) have proposed a model to describe stripping in high-energy
collisions based on a free-collision approximation in which the Born approx-
imation was used for the electron-target system scattering. They have per-
formed explicit calculations for light target and projectile systems and
find that the model yields results identical to the Born approximation at
high energies. Calculations based on the free-collision approximation can
be extended readily to many-electron target and projectile systems, with
little computational difficulties.

14



2. Theory

Let k, be the magnitude of the initial momentum rector ko, of the elec-
tron incisent on a spherically symmetric atom with Z electrons.
the final scattered electron momentum, and K be the magnitude of the ms-
mentum transfer vector K = Ef - k . For elastic scattering,

e+ B—+-e+B 2@9)

the cross section in momentum space from the Born approximation (Ref. 22) is

do_, = -{;"5 Iz - Fe)y|2aK (30)

ks

where F(K) is the elastic form factor given by the ground state expectation
value

F(k) = z <exp(1 K * k> (1)
=1

the sum being over the target electrons. For sufficiently large K, use
can be made of the closure properties of the target eigenfunctions (Ref.22)
and the sum of the cross sections of all contributing inelastic processes
of the type

e+ B ~-e + B(n) (32)

vhere n indicates excited target states, including the continuum, can be
written in the Born approximation as

do

tn = T 2.3 % 81a(K)K 33

where Sin(l() is the incoherent scattering factor given by

8., () = 7 [ §:<exp[t K (g - 51> - Fo0|? (34)

§,kal

15
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The evaluation of Sin(K) is complicated by the occurrence of the expecta-
tion value of a two-electron operator. In order to use the closure re-
lationship to obtain Equation (33), the momentum transfer must be much
larger than the momentum required to supply the excitation energy for
all significantly contributing inelastic processes. 1If the important
momentum transfer values are not large enough to justify using the
closure properties, it would be necessary to calculate the differential
scattering cross section for all of the many significant inelastic ex-
citation and ionization processes. Such calculations, on a large scale
for many-electron targets, are impractical because of the need for accu-
rate excited and continuum wavefunctions for the many-electron target
system.

In the free-collision approximation, the projectile system is assumed
to be composed of n electrons, each with a binding energy Ijy required to
remove the i-th electron, and each moving with an incident momentum k.,
corresponding to the relative velocity between the two nuclei. These
incident electrons are assumed to suffer elastic and inclastic collisions
as free electrons with the target asystem. For the elastic scattering,
the electron is assumed to be removed from the projectile system if the
momentum transfer it acquires in the collision is sufficient to increase
its energy by an amount greater than its binding energy Iy. For the
inelastic scattering, the electron is assumed to be removed if it acquires
enough energy through the momentum transfer to exceed both the binding
energy of the electron to the projectile and the excitation energy re-
quired to excite the target. The total stripping cross section is given

by
o k21 Kt
o = }: dcel + duin (35)

i=i kli k31

where the sum {s taken over the projectile electrons and the limits of
integration are determined by the kinematics. The lower limit for the

elastic contribution, kl1 is given by

k11 = 2 1, (36)
and the upper limit is given by

k21 =2k, 37)

The lower limit for the inelastic contribution is the greater of the two
quantities

V21 and koll - Q- 2A£/k°2)5|
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where the first quantity represents the minimum momentum transfer required
to increase the energy of the 1i-th target electron by Iy, and the second
quantity is the minimum momentum trasfer needed to trasfer an excitation
energy AE to the target system. Dmitriev and Nikolaev (Ref. 2) suggest
using I,, the first ionization potential of the target system as AE. At
high values of the incident momentum k,, i.e., koz >> AE, the choice of
OE fs unimportant because the first quantity is independent of k, and the
second decreases as AE/k, so that for large k,, the lower limit is deter-
mined entirely by Jr'ii: except possibly for Ynner shell electrons,which
make little contribution to the sum in Equation (35). For processes in
which AE > Iy, for example the stripping of the loosely bound electron
from a negative ion, the value of AE is important because the lower limit
is determined by the expression containing AE for a considerable range of
initial momentum ky. For this energy range,the use of Equation (33) is
not valid because the conditions necessary for the use of the closure
properties is not justified. It has been assumed that AE is given by the
logarithmic mean energy,which enters in the Bethe (Ref. 23) theory for
the stopping of fast heavy particles in matter, so that

? £,y In(E,,)
£n OE =

(38)
T o

where f . is the oscillator strength for excitation of the target system from
the grouﬂd state to the level §, E,4 is the corresponding excitation energy,
and the summations in Equation (38) include integrations over the continuum.
The use of Equation (38) to determine the lower limit of the inelastic scat-
tering integration can be considered as using an effective upper limit for

LE. The upper limit for the inelastic scattering contribution must also

be selected with care. From purely kinematical arguments, k4y for the
inelastic electron-atom scattering would be about 2 k,. However, Equation (33)
fails at very high energies and the maximum momentum transfer involved is the
maximum momentum transfer in electron-electron scattering processes which is
kg. According to Dmitriev and Nikolaev (Ref. 2,6 the following is used

kﬁl = ko (39)

Both the form factor F(K) and the incoherent scattering factor Sjp(K)
are important in the field of X-ray physics, the former {n elastic X-ray
scattering and the latter in Compton scattering of X-rays, so that con-
siderable work on the calculation of the scattering factors is available
from the literature. Kim and Inokuti (Ref. 24) have calucated highly ac-
curate values of F(K) and S$;,(K) for helium by using the accurate correlated
wavefunction of Hart and Herzberg (Ref. 25). For systems with more elec-
trons, Hartree-Fock calculations have been performed for the scattering

17
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factors, a recent tabulation being reference 26. Many of the values of the
scattering factors given in reference 26 are taken from the work of Freeman
(Ref. 27), who considers systems with other than S ground-state symmetry.
Cromer and Mann (Ref. 28) have recently published incoherent scattering
factor calculations for most closed shell systems, using Hartree-Fock
wavefunctions. For the target systems of interest in this study, it is

not necessary to calculate scattering factors because the values have been
tabulated in the literature. For nonspherical target systems, the spheri-
cal target systems, the sphereical average scattering factors have been
employed to be consistent with the neglect of the symmetry properties of the
projectile system. For all atomic systems, the elastic scattering factor
is a monotonically decreasing function of K, having the value Z for K = 0
and decreasing to zero for large K. The incoherent scattering factor is

a monotonically increasing function of K, assuming the value 0 at K = O,
and increasing to Z for large values of K. The integrands for both the
elastic and inelastic contributions to Equation (35) are smooth functions
of K so that the integrals are performed simply by standard numerical
methods. The integrands for helium,using the calculations of Kim and
Ionkuti (Ref. 24),are shown in Figure 5. From the behavior of the in-
elastic integr nd for low values of momentum transf.r, it can be seen

that the inelastic contribution is more sensitive to the value of the

lower limit of integration thau the elastic contribution.

Both integrands decrease rapidly for large K, so that the large kg,
the upper limits may be replaced by » and the high energy behavior of
the stripping cross section becomes

o= a/koz (40)

where

a = 8 2 / % ‘ lz - Fa)|% + z S, (K) (41)
K
il

i

The E.1 high-energy dependence of the stripping cross section is comnsistent
with experimental data (see Section IV-2).

The information needed for the projectile system i{s the number of elec-
trons in each shell and the one-electron energies required to remove the
electron from the individual shells. For neutral and positive ion projec-
tiles, the energy needed to remove the outermost electron is the ionization
potentials,which are taken from the experimental tabulations of Moore (Ref.
29). For the inner shells, the estimates of Slater (Ref. 30) are used.
Results of detailed calculations and comparison with experimental results
are presented in Section IV-2.
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SECTION 1V

RESULTS

1. Charge Exchange

The results of using the basic 1ls model are presented in Tables 11
through VIII and grephed in Figures 6 through 46 where the experimental
results of Layton and Fite (Ref. 31) are also shown. The calculaced
cross sections, as might be expected from such a simple model, share the
same general shape although the predicted maximum cross sections vary
through several orders of magnitude for different reactions. In the
case of molecular Oz and Ny targets, these have been treated as single
systems with approximstely the same ionization potentials as the atomic
systems, thus a factor of two has not been applied to the calculated
cross sections in these cases.

The 1s model cross sections are usually smaller than the experimentally
measured velues. Where a comparison with the experimental results is pos-

sible, the 13 model yields s sharper maximum thsan the former, from there ;

falling off much too rapidly as the energy diminishes and somewhat more

rapidly in some cases as the energy increases. Use of the n® model may

give a less rapid fall-off at the high-velocity end,as may be seen from -
Figure 47, At a sufficiently high energy, the exchange correction will

certainly operate in the favorable sense.
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for Singly Charged Potassium in Helium.
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are from Reference Jl.
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Figure 27. Charge Exchange Cross Section for Capture into the Ground State
for Singly Charged Lithium in Argon.
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for Singly Charged Lithium in Atomic Oxygen.
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Figure 30. Charge Exchange Cross Section for Capture into the Ground State
for Singly Charged Sodium in Atomic Hydrogen.
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Figure 31. Charge Exchange Cross Section for Capture into the Ground State
for Singly Charged Sodium in Helium.

53



pREpony

i3 IOk

2.
]
%

CRISS SECTION 0, (10 cm
o,

L} 'l'l'l'll

Ll T LI LB L Li =

L1l L1°L1

L aaasal

i

2

ol -
8 -
- -
=3 E

Iﬂ-’ 1 L | | L 1
o 1O 20 3.0 4.0 8.0 6.0 70

VELOCITY (210® em sec’™)
Figure 32. Charge Exchange Cross Section for Capture into the Ground State

for Singly Charged Sodium in Neon.

54



L] 01D 3 - 800L
o T T T T T T - -
'- -
- -
- E
o' - -
~ C 3
£ F ]
-g B -
— - -
ug i E
- lﬂ‘ - —
o = k
" 3
=1
Iﬂ r
ke
-
-
ia® | . | | 1 1
0 LO 3. ] a0 4.0 8.0 6.0 70
VELOCITY (210" em sec™)
Figure 33. Charge Exchange Cross Section for Capture into the Ground State
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for Singly Charged Cesium in Helium.
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Figure 45. Charge Exchange Cross Section for Capture into the Ground State
for Singly Charged Cesium in Argon.
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2. Electron Stripping Cross Sections

The theory developed in Section III has been employed to calculate
the electron stripping cross sections for a variety of ions in several
atomic gases. The projectile systems considered are H, H™, He He+, Li,
Li*, N, O, Ne, F, Na, Mg, A¢, Fe, Mn, and Cr. The target gases con-
sidered are He, N, O, Ne, and Ar. A wide range of impact energies are
considered, however, as discussed in Section III, the theory is limited
to high energy impacts. 1In this section, the results of these calcula-
tions are presented and the theoretical predictions are compared with
exper imental data.

In Figure 48,the stripping cross section is presented for the few-

electron system process

H + He - H+ + e + ;z He (42)

where by }: He the elastic and inelastic processes is indicated including
ionization of the helium atom. The experimental data of Allison (Ref. 32),

Berkner, et al. (Ref. 33), and Smythe and Toevs (Ref. 34) are shown for
comparison. At high energies, the cross section is given by

(43)

T

with a = 1.595 x 10-11 cm2 eV and E is the projectile energy in the labora-

tory frame in electron volts. The agreement between theory and experiment
is good over the energy range of 100 keV to 100 MeV, and is remarkable at
the 10 MeV and 14.6 MeV data points. Figures 49 and 50 give the results
for hydrogen atoms jincident on the heavier system of atomic nitrogen and
argon. For these tuarget systems, the cross section at high energies can
again be represented b{ Equation (43) with a assuming the values 4.237x10710
cm? eV znd 4.706 x 1010 cm2 eV for nitrogen and argon, respectively. The
agreement between theory and experiment is not as good as for the H-He case.
At 100 keV the theory overestimates the cross section by a factor of about

3 for the nitrogen target, where the per atom result for molecular nitrogen
is used for the experimental data, and a factor of about 7 for the argon
target. At higher energies, where the theory is valid, the agreement is
better; the theory giving results about 10 and 20 percent higher than the
experimental results for the nitrogen and argon targets, respectively.

Kim and Inokuti (Ref. 24) have used Hartree-Fock wavefunction as well
as accurate correlated wavefunctions in their calculations of the atomic
form factor and the incoherent scattering function. These results give
an atomic form factor using the correlated wavefunction that is larger
for large K values and smaller at small K values than the corresponding
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Hartree-Fock results. The more accurate calculations of the incoherent
scattering factors using the correlated wavefunctions is smaller than the
corresponding Hartree-Fock results for all values of the momentum trans-
fer. It is expected that this behavior of the scattering factors is not
limited to the helium system, but is true for larger systems. As the
number of electrons in the system increases, the accuracy of the Hartree-
Fock results decreases, especially for the incoherent scattering factor,
which is a two-electron operator expectation value. Because the Hartree-
Fock 1incoherent scattering factor is larger at all K than the accurate
incoherent scattering factor, the integrand for the inelastic scattering
contribution is overestimated by the use of Hartree-Fock incocherent
scattering factors at all K, so that the contrikution of inelastic pro-
cesses to the high-energy stripping cross section is overestimated by

the Hartree-Fock theory. For the elastic contribution, similar arguments
show that for large K the use of Hartree-Fock form factors overestimates
the integrand, but at small K it underestimates the integrand. The net
effect on the elastic contribution can vary from system to system, but at
high energies for projectile systems with large ionization potentials,
where the lower limit of the elastic integration is large, the usc of
Hartree-Fock form factors will also lead to an overestimation of the
stripping cross section. The extent to which the use of Hartree-Fock
scattering factors contributes to the disagreement between theory and
experiment for the high- energy H-N and H-Ar results cannot be resolved
because it is dependent on the avaflabiliity of more accurate nitrogen and
argon wavefunctions, which must await considerable theoretical and com-
putational advances. However, some of the discrepancy is caused by the use
of Hartree-Fock wavefunctions in the scattering factor calculations.

Figure 51 compares the theoretical cross section for collisional de-
tachment of the electron from the negative hydrogen ion upon impact with
helium with the experimental data from Allison (Ref. 32). For these
impact energies, the theory is not expected to apply so that the agree-
ment to withina factor of about two may be accidental. The process is
so efficient that the cross section has not been measured accurately at
very high energies because the equilibrium fraction of negative ions in
the beam becomes very small. It is interesting to note that here the
theoretical results lie below the experimental results.

Figure 52 shows the electron stripping cross section for the many-
electron projectile system of sodium incident on helium gas. The con-
tributions of the various shells to the total cross section is shown.
At high energies, it can be seen that the 2p shell contribution is
significantly larger than the 3s shell contribution although the energy
required to remove the 2p electrons is larger than the energy required
to remove the 3s electrons. At high energies, the ratio of the 2p con-
tribution to the 3s contribution is roughly 3:1, while the ratio of the
number of 2p electrons to 3s electrons is 6, so that per electron, it
is more efficient to remove the outer electron. The contribution of the
2s shell is negligible, as is the 1ls contribution. The abrupt changes
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of the cross sections shown are not real and are only an artifact of the
theory. At “‘.e cusps, the lower limit of the integration for the inelastic
contribution changes from being dependent on k, and AE, to being a constant
dependent only on the one electron energies of the electrons. However,

the magnitude of the variation in the vicinity of the cusps show that the
inelastic scattering contribution is large and is a sensitive function of
the lower limit of the integration as discussed previously in Section III.

Some calculations of the electron stripping cross section for a more
highly stripped projectile system have been Rgrformed involving an argon
target and Cr, Cr+, Cr' 7, Cr+3, Cr™, and Cr  “projectiles. The results
are shown in Figure 53. At low energies, the cross section decreases
rapidly with the stage of ionization of the projectile, but for higher
energies the decrease in cross section is not nearly so rapid, and the
highly stripped ions still have a large cross section for losing ar.
additional electron. At these high energies, the equilibrium fraction of
highly stripped ions in a beam is large. For the more highly stripped
ions included in Figure 53, accurate values for the energy to remove one
electron for the shells just below the valance shell are not available,
so that estimates were employed. Accurate values of the valence electron
ionization potentiels (Ref. 29) are available, however, and in Figure 54
only the 3d valence shell contribution to the stripping cross section is
shown. These results can be considered as lower limits to the stripping
cross section in the free-electron scattering approximation. These
values show a more rapid decrease of the stripping cross section as the
stage of ionization of the projectile increases than the corresponding
results when inner shell contributions are included.

The results of the calculations for che other systems,which are pre-
sented in Figures 55 through 64 ,will not be discussed in detail. Because
of the limitations of the theory, only the results at very high energy
are expected to be qualitatively reliable.
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SECTION V

ENERGY 1OSS OF FAST HEAVY IONS IN GASES

The Bethe (Ref. 23) theory of the stopping of fast charged heavy
particles in neutral gases has been successful in the interpretation of
the high impact energy data. The Bethe theory is based on the Born approx-
imation with certain additional assumptions and ignores the possibillty
of excitation, electron capture, and electron loss by the projectile system.
The neglect of inelastic processes for the projectile and the use of the
Born approximation cause the Bethe theory to fail at low energies.

Dalgarno and Griffing (Ref. 35) have performed a detailed study of the
rate of energy loss of protons in atomic hydrogen. They list the possible
inelastic processes and obtain expressions for the contribution to the
total stopping power for each process. The total stopping power is ex-
pressed in terms of the equilibrium fractional charge content of the beam
and the energy loss cross sections for the various processes. Explicit
results using the Born approximation cross sections for the relevant pro-
cesses are given.

The formulation of the energy loss theory of Dalgarno and Griffing
can be extended straightforwardly to beam and target systems with more
electrons. 1If it is assumed that the stopping gas consists entirely of
an atomic gas Y in its ground state, the inelastic processes that must be
considered in detailed energy loss calculations are

+ +

f

+
it k) + Y L (o) + (g + 0, - n e 44)

ng
X" (D+Y-~X

where ng, ng, and my are positive or negative integers (if the negative
ions exist) or zero, and j, k, and £ represent the quantum numbers neces-
sary to specify the possible states of the systems. If a proton beam
incident on atomic hydrogen is considered, the range of values that nj,
ng, and mg can assume is small because

-1 <n +1

IA

i

_]_S

A

ne +1 (45)

+1

A
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and only one state exists for the positive and negative icn. For many-
electron target and projectile systems at high energies, more highly
stripped projectile ions can become an important fraction of the equili-
brium beam, and the number of reactions that must be considered becomes
large. At sufficiently high energies, multiple ionization processes may
become significant.

The electron stripping cross sections decrease much less rapidly with
increasing projectile energy than the charge transfer cross sextions. Be-
cause of the rapid decrease of the charge exchange cross sections with
increasing energy, at high energies where the stripping cross sections cal-
culated by using the free-scattering approximation are valid, the electron
loss cross section for a typical neutral or once ionized projectile system
is much larger than the corresponding electron capture cross section, as
indicated by the results given in Section IV. To calculate the equilibrium
charge fractions of the beam, it would be necessary to calculate charge
exchange cross sections for highly stripped projectile ions incident on
the neutral target gas. Because such cross sections are not presently
available, me=xningful calculations for the rate of energy loss at very
high energies cannot be performed. Similarly, meaningful calculation for
the rate of energy loss at lower energies must await the accurate deter-
mination of ionization and stripping cross sections in the desired energy
range. Excitation of the target system does not enter into the equations
that determine the equilibrium charge fractions of the beam, and excita-
tion of the projectile systems influences the beam equilibrium only if
the stopping gas is sufficiently dense or important metastable species
formed. However, excitation processes make significant contributions tc
the energy loss cross section at most impact energies, and must be known
in order to perform meaningful energy loss calculations.

The contribution to the energy loss cross section because of the charge
transfer process

ey X(2) + Y+(m) (46)

(where X and Y are not identical) is

|

-

2: 24 Elm Qem
£ m
where QZm is the cross section, and the energy Elm is given by
+ +
E = T + E[X(£)] + E[Y (m)] - E(CX' ) - E(Y) 47)

£m
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where E(Z) 18 the energy of the isolated system Z and T is the kinetic
energy acquired by the captured electron. At moderate and high energies,
the kinetic energy term T constitutes a significant part of Ezm.

The contribution to the energy loss cross section from the stripping
reaction

X+ Y~ x; + Y + e(e) (48)

where the ejected electron has a kinetic energy ¢ with respect to the
parent nucleus, and the final state of the target system is the ground

state, is given by
emax(m)
Z j; Q(e) (I + e)de (49)
m

where Q(e) 1s the cross section for the ejection of an electron with
energy between ¢ and c¢+de and ep,,(m) is determined by the conservation
of energy and momentum. Here 1’ 1is the sum of the ionization potential
of the projectile and the excitation potential of the final projectile
stat> m.

In the free-scattering approximation, only those excited states of
the projectile that can be represented by the removal of a single valeéence
or inner shell electron in a central field approximation are considered.
The energy loss cross section for reaction (48) is approximated by

n k2.
1 b2
7 Z f k dO’el (50)

1=1 “kyy

where the variables are defined in Section III. Expression (50) can be con-
sidered a gnod approximation to expression (49) only if the major contribu-
tion to the integral in expression (49) comes from the part of energy space
where ¢ > I/, so that reliable results are expected only at high energies
for systems where the stripped electron is loosely bound (Ié small).

The contribution to the energy loss cross section from the reactions

+
X+ Y -X, +e(e) + Y, (51)

and

X+ Y~ x; + y: + e(e) + e(e)) (52)
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cannot be obtained with similar accuracy from the free-scattering approxi-
mation because of the use of the closure properties. The contribution to
the energy loss cross section from reaction (51) is

(m,n)

max 0
Z Z L) (@) + E + e)e (53)

where Qm n{e) is the cross section and E, is the excitation energy of the
final target state. The contribution to the energy loss cross section
from reactions (52) is

€ nax (M) er'nax(m,n)
ZZ/ dg/ de’ Q, n(e,e')(1;+ E + e+ e’ (54)
m o

where Qm, nfese’) is the corresponding cross section. By using the closure
properties, the sum of expressions (53)and (54) is approximated by

. n k&i )
5 Z . K™ d %in (55)

i=1 3i

The use of expression (55) is valid only if the major part of the contribu-
tion to the integrals in expression (53) comes from the part of the energy
space where ¢ > I+ E,, and similarly for expression (54) where the con-
dition is € > I + E_ + e’.

The sum of expressions (50) and (55) have been calculated in units of
eV cm“, for various projectile ions in argon gas. The results are shown
in Figures 65 and 66. The approximate energy loss cross section maxima
occur at higher impact energies than the corresponding e‘'ectron stripping
cross section maxima, and at large energies they show more gradual decrease
with increasing impact energy.
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APPENDIX 1

PROGRAM XSCTN2 AND ASSOCIATED SECTIONS

Several modifications have been made to the program discussed in
reference 1. A description of the present version of the program is
included herein. The basic operation of the program remains unchanged.
The modifications affect mainly the input and output and the option of a
correction for the long-range behavior of the hjj; and hjy matrix elements.
Arrangements for timing the program's execution have also been made. An
uncompleted modification to incorporate the '"exchange' correction is in-
cluded, marked by some parameters noted as ''unused.'" These parameters
should be provided.

XSCTN2 computes the charge exchange cross section by organizing inte-
grations (MLTIO4) of the two-state equations along a series of trajectories
on the assumption that the capture probabilities behave as exp(-7p). y(GMM)
is found by specifying two large impact parameters p, (RHOA) and pp(RHOB) at
which the numerically derived capture probabilities Cn(pg) €A) and C,(pp)
(CB) are computed so that

4n [C (pp)/C (p,)]
(P, = Py)

7’=

or else if py, is set zero, 7y is taken as pp. 7 is assumed to bLe the same
for the capture probabilities obtained numerically (C,), by the Rapp-
Francis expression (Cr) and by application of the model (Cp). A series
of pivotal impact parameters pj is then generated with which to compute
the cross section quadratures of Gauss-Laguerre type:

Q = 2,(/ do o exp(-70) [C exp(yp)]
o

= ZHZ wi C(oi) exp(ypi)
i

The first 10 terms of a l6-term quadrature are employed to compute Qn’
Qr’ and Qm corresponding to Cn’ Cr’ and Cm'

MLTIO4 performs the integrations along the trajectory, numerically
(calls INTGRT) and analytically, by evaluating the Rapp-Francis expression
and if MODE = 2, the analytic form of the solution. MLTIO4 uses the as-
sumed maximum distance (EFFRAD) of interaction to determine trajectory
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length and also establishes a ''logarithmically' spaced set of reporting
"gstations" along the trajectory (clustered more closely about the point of
closest approach) i which significant quantities in the calculation are
stored and from which are subsequently written. If MODE = 3 these inter-
mediate quantities are not printed.

INTGRT performs the numerical integration along the trajectory by using
Hamming's method. When entered, INTGRT performs a step in the solution of
the equation by calling HAMMING,

where (€] ¥ is provided by calling RHS, which in turn calls QCM to generate
the matrix [C] at the required point. INIGRT is used not only to integrate
the two-state Equations of Motion, but also to integrate two additional
quantities with respect to distance along the trajectory, it adjusts the
interval of integration. QCM organizes the subroutines W (through NTRNS)
and QGlLQ to perform respectively the nontranslational and translational
integrals in the evaluation of the matrix elements. 1In the construction

of the basic matrix elements each cross product arising from the expressions
for wavefunctions and potential is treated separately.

XYZ sets up the coordinate dependent Cll and C22 arrays for the non-
translational integral evaluation performed by W, X, Y, and Z.

QGLG performs the quadrature required in the translational integrals
for 513, hi , and hai in which the auxiliary function is computed by QXF by

using the afray This array is coded as follows: the auxiliary
function £y, n, 1s identified by:

J = n, + 8n1 + 1
The N-th term of the integrand in the quadrature with respect to ) is

tfc 2" 3,(0) PY(cos ¥)

and is giver: by:
C = AXFN (N, 1, J)/AXFN (N, 2, J)

n = AXFN (N, 3, J)

£ = AXFN (N, 4, J)
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The functions QZETA, QCSPSI, QSBF, QALF, which generate, respectively,

g, cos y, j,(f) and Pg(cos yv), are also called. The data deck for XSCTN2
contains first various constants AXFN for the translational integrals,
These are followed by a block of quantities that are either fixed or have

proven relatively standard:

more

NGLQ: Number of Gauss-Laguerre pivots (GLQPVT) and weight (GLQWT) to
be subsequently read in.

EMCRT: Criteria applied to error measure in QGLQ.

GLQPVT, GLQWT: Pivots and Weights for QGIQ.

ZSBF: Value of argument modules for QSBF below which Taylor series
is used.

SBFCV: Criteria applied to convergence estimate for series in QSBF.

CNCLT: Criteria applied to cancellation estimate for explicit evalu-
ation in QSBF.

E: Criteria applied to truncation error estimate in INTGRT.

NGIM: Number of modified Gauss-Laguerre pivots (BIMPVT) and weights
(GIMEWT) to be subsequently read in.

NSTAT: The (odd) number of reporting stations desired on the trajectory.

MODE: (=1) no Rosen-Zener model computed, (=2) Rosen-Zener model
computed, (=3) as 2 but intermediate output (associated with
NSTAT) omitted.

NEXT: (=1) a news velocity/energy (V,KEV) read, (=2) a new ’''reaction
block''read.

NXCH: (=1) bypasses proposed "exchange' modification.

NEICN: (=1) elastic matrix element correction not performed, (=2) cor-
rection performed.

Following these quantities are one or more reaction blocks and one or
velocities or energies depending on value given to NEXT.

APPN: (=0) causes immediate termination of execution, (=X, where X is
any alphameric symbol except 0) causes output to be identified
as Xs approximation.

TAR: Alphameric identification of target species.

ETAR: See C statement following read.

DUM: Dummy variable.

NTEL: Number of active target electrons (unused).

ZTAR: Net charge in a.u. on target after collision.

TO,VT: Target orbital and potential parameters (see reference 1)

PRO: Alphameric identification of projectile.

EPRO: See C statement following read.

PRMSS: See C statement following read.

NPEL: Number of active projectile electrons (unused).

ZPRO: New charge in a.u. on projectile before collision.

PO,VT: Projectile orbital and potential parameters.

RHOA, RHOB: p, and pp referred to above. 1If RHGCA=0, RHOB is assumed
to contain 7.

EFFRAD: Assumed maximum distance at which systems interact.

V,KEV: ¥g%geity in a.u. and energy in KeV of collision, one should be

The output of the program is labeled so as to be self-explanatory on

cards and printer both.
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FLOW CHART FOR XSCTN2 MAIN PROGRAM

Read quantities associated with nontranslational integrals.
Read quantities associated with translational integrals.
Read operational parameters: NSTAT, MODE, NEXT, NXCH, NELCN
[ Read first part of "reaction block' data: parameters of atomic systems.

Test APPN _Ze_ro._ exit.

*Nonzero
pRead second part of 'reaction block" data: collision parameters.
Compute V or KEV given one.

Write reaction specification.

Teat RHOA —— Zero
Nonzero *
Call MLTIO4 twice generating Interpret RHOB as GMM.

CA, CB for RHOA, RHOB. Compute

Set up pivoted impact parameter VRHO appropriate to GMM.

Call MLTIO4 repeatedly, computing numerical (CPR), Rapp-Francis (RAPP)
and model (ANA) capture probabilities for approximately first 5/8 of VRHO.
Write final output for reaction consisting of: reaction specification;
RHOA, RHOB, CA, CB and GMM; a table of impact parameters, 3 capture
probabjilities and their contributions to the total cross sections; final
statement of 3 approximations to the cross section.

Test NEXT.

=l

2
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FLOW CHART FOR MLTIO4

Enter MLTIO4

Is RHO > EFFRAD? Yes
Write specification of trajectory. Write specification of trajectory
Compute half trajectory length and reason for skipping, exit.

XF from RHO and EFFRAD. Set up Return.
reporting stations STAT along
trajectory. Initialize solution

YO, coordinate XO, interval HO.

>Call INTGRT

Yes
Is X > 0 for the first time? ——= Set KCLOS = KBAR

A *No

Has X passed the next element of STAT?
__4._“‘)) ‘Yes
Store X, R, certain matrix elements,

elements of the solution vector Y

41 and derived quantities in array T.

{

Has X exceeded XF?

N
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FLOW CHART FOR MLTIO4 (cont.)

Compute CPR
Test MODE
"
2,3
Construct fitting parameters k; (KAY1l) and k, (KAY2)

Compute corresponding analytic solution and asymptotic value.

'

Compute RAPP

Write basic {information about calculation along trajectory f om T.
Test MODE
=

2

Write additional information regarding modeling, compute ANA.

\Write modeling parameters.

'

Write 3 versions of calculated capture probability CPR, RAPP, ANA.

Return.
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APPENDIX II

STRIPPING CROSS SECTION PROGRAM

The program that calculates the electron stripping cross section con-
sists of a very short driver and six subprograms. The program is written
for the CDC6000 series computers in FORTRAN. Actual testing and production
were performed on a CDC6400 machine. The calculations required little com-
puter time, only about 30 seconds being used to calculate the stripping
and energy loss cross section for about 10 different projectile systems in
one target gas system for a wide range of impact energies. The program is
simple and straightforward, and contains numerous comment cards, so that
exceptionally detailed program documentation is not required. A schematic
flow diagram of the program is shown in Figure g7,

The main program STIP calls the important working subroutines and reads
the parameter N,which is on the final data card for each calculation. The
value to which N is set controls the reading of the next data set. All
new data, new target data only, or new projectile data only is called for,
with N = 1, 2, or 3 respectively. If N is zero or negative the program
stops. Subroutine REDD reads the input data under the control of the
parameter N. Subroutine WORK calculates the limits of integration and
computes the electron stripping and energy loss cross sections by calcu-
lating the values of the integrals using Gauss gradratures. Subroutine
WORK also controls the printing of the results.

Subroutine TERP prepares the interpolation arrays EFF and SEFF for the
elastic and incoherent scattering factors from the input arrays. Subroutine
FIT actually calculates the array elements for the interpolation arrays.

A cubic fit is used for the interpolation. Function S calculates the in-
coherent scattering factor for a given momentum transfer by using the inter-
polation array SEFF for the cubic interpolation. Function F calculates

the elastic form factor using the array EFF.

The major variables in the various segments of the program are identi-
fied as follows:

N is the parameter that controls repeated executions for different
target and projectile systems as described previously.

NINT is the number of points used in the Gauss integrations.

WT(I) is the I-th weight.

PIV(I) is the I-th Gauss pivot.

NPE is the number of input data points for the elastic form factor.

ITYPl and ITYP2 are parameters which allow the input data to be in the
different units commonly used for the scattering factor data. De-
tails are on the comment cards in the subroutine REDD.

XKE is the one-dimensional array containing the tabulated values of K
for which the elastic form factor is given.
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XFKE is the array of elastic form factor values.

NPI is the number of input data points for the incoherent scattering
factor.

XKI is the array of K values for which incoherent scattering factor
Jata are given.

XFKI is the array of incoherent scattering factor data.

IZ is the number of electrons in the target system.

TMASS is the mass of the target system in atomic mass units.

EXCT is the target excitation energy as discussed in Section III-2.

NSP is the number of shells in the projectile system.

NES is the array containing the numbers of electrons in each projectile
shell.

POT is the arrary of iovnization potentials for the wvarious projectile
shells.

PMASS is the projectile mass in atomic mass units.

EMIN is the lowest laboratory collision energy in electron volts.

EMAX is the highest laboratory collision energy in electron volts.

DELTAE is the energy increment for the energy range.

RM is the reduced mass of the target-projectile system.

ECM is the center of mass system energy in electron volts.

EAU is the laboratory energy in atomic units.

V is the nuclei relative velocity in atomic unite,

ULE is the upper limit of integration for the elastic scattering con-
tribution.

ULI is the upper limit of integration for the inelastic scattering
contribution.

WLE is the lower limit of integration for the elastic scattering con-
tribution.

WLI is the lower limit of integration for the ir:lastic scattering
contribution.

CROSS is the array that holds the contributions to the stripping cross
section for each shell.

CROSI is the array that holds the contributions to the energy loss
cross section for each shell.

TXS is the total stripping cross section.

TSY is the total energy loss in stripping cross section.

EFF is the array of parameters used in the interpolation for the elastic
form factor.

SEFF is the array of parameters used in the interpolation for the inco-
herent scatter ng factor.

Following the listing of the program and subprograms, a listing of data

3 e it

for the calculation of the stripping and energy loss in siripping cross
sections for hydrogen projectiles in argon gas is given. A detailed des-
cription is not presented because the comment cards in the subroutine REDD
give sufficient information.
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PROGRAM STIP{INPUT sOUTPUT+TAPEL = INPUT»TAPE2 = OQUTPUT)
77T TTH1S PROGRAM CALCULATES THE STRIPPING TRDOSS SECTION USING A MODIFICATION
C OF THE DMITRIEV-NIKOLAEV FORMULATIONSJETP 17+447(1963)

N=T"
3 CALL REDD(N)
T N=1 TO READ ALL NEW DATA ~ I o
C N=2 TO READ NEw TARGET DATA
T TUTN=3 TO READ NEW PROJECTILE OATA ~
C WE ALWAYS READ A NEwW ENERGY RANGE

TALT TERFP
CALL WORK
-~ 77 7 T READ TI1»IO'N sy 0 = -~
1 FORMAT(I4)
T T T TYFINY ZeZ2,3 T T ST/ 00 T
2 STOP

T SET N NEGATIVE TO STOP

.

o _— e e



SUBROUT INE REDD (N)
COMMON/INT/ WT(T00)sPIV(1T0O0TsNINT
COMMON/ TAR/WORDST (20) sNPE s XKE (100) s XFKE (1001 sNP1+XK1 (1001 sXFKI1(100

1) o IZ e TMASS+EXCT
COMMON/PROJ/WORDSP (20 ) sNSPsNES(20) +POT(2C) »PMASS
COMMON/ENGY/EMINJEMAX+DELTAE T

THIS SUBROUTINE READS THE INPUT DATA

"GO TO (1+293) N -

DATA FOR NUMERICAL INTEGRATION

1T READ(I,47 NINT
4 FORMATI(I4)

NINT 1S THE NUMBER OF WEIGHTS AND PIVOTS USED —
DO 5 I=1+NINT,»1
READ(TL6) WT(IIsPIVIID

5 CONTINUE

& FORMAT(ZTETIS.By1IX7)
WT AND PIV ARE THE WEIGHTS AND PIVOTS RESPECTIVELY
READ THE TARGET DATA C
2 READ(1+7) WORDST
"7 FORMAT(10GAS8)
WORDST ARE TWO ALPHANUMERIC CARDS GIVING DETAILS OF THE TARGET SYSTEM

nAn

READ(T1+8) NPEJITYPT,,TTYPJZ
8 FORMAT(3(14s1X))
NPE IS THE NUMBER OF DATA POINTS FOR THE ELASTIC FORM FACTOR
ITYP1=1 FOR K IN ATOMIC UNITSsNOT 1 FOR K IN TERMS OF SIN(THETA)/LAMbLDA
ITyP2=1 FOR F(0)=1 4 NOT 1 FOR F{Q1)=Z
READ(1l+4) 1Z

TZ 135 THE NUMBER OF ELECTRONS IN THE TARGET
DO 9 I=14NPEs1
READ (146} XKE(])1exFKE(I])
9 CONTINUE
IFcITYP1-1)10,11,10
10 DO 12 I=1+NPEs1

XKETT)=664F971#XKE(T)
12 CONTINUE
11 IFCITYP2-1)13,14,413
13 DO 15 I=1eNPE»]
XFKE(IY=XFKE(TI) /FLOAT(12)
15 CONTINUE

C
C

14 CTONTINUE
READ(1+8) NPILITYPLl,ITYP2
NPT IS THE NUMBER OF DATA POINTS FOR THE INELASTIC FORM FACTOR
[TYP1=1 FOR K IN ATOMIC UNITSsNOT 1 FOR K IN TERMS OF SIN(THETA)/LAMBDA

C 1TYP2=1 FOR SINC(INFI=1,s NOT 1 FOR SINC(INF)=2

DO 16 I=14NPI1,1

READ(14+6) XKT{I)Y+XFKT(T)

16 CONTINUE
IF(ITYP1-1)17,18,17

17 DO 19 [=1sNPI,1
XKI(1)1=6.68971%XKI (1)

19 CONTINUE

18 TR (ITYP2-1T7120,21,20
20 DO 22 1=1sNP1I,s1
XFKI(I)sxFKI(T)/FLOAT(IZY
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22 CONTINUE B
21 READ(1+6) TMASS -
C TMASS IS THE TARGET MASS IN AMU

T DATA REAUING STATEMENTS FOR TARGET COMPLETED
READ(1+6) EXCT
C EXTYT 1S A LOWEST EXCITATION ENERGY FOR THE TARGET S5YSTEM - -
3 GO TO (23+24423) N
23 READ(T,71 WORDSP - B - i
C WORDSP ARE TWO ALPHANUMERIC CARDS GIVING DETAILS OF THE PROJECTILE SYSTEM

(3 SV
C NSP IS THE NUMBER OF SHELLS CONSIDERED IN THE PROJECTILE
) DO 25 I=1,NSP,1 - T -
READ(1426) NES(I)sPOTI(I1)
T 2% CONTINUE T T ' oo T
26 FORMAT(1431X+E1548)
U RS TN THRE SHELL
C POT IS THE THRESHOLD ENERGY TO REMOVE THE ELECTRON.IN AU
T READ(14,6) PMASS T - .
C PMASS 1S THE PROJECTILE MASSs IN AMU
— 24 CONTINUE ™ =~ 7 - D T
READ(1427) EMINEMAX +DELTAE
T 27 FORMATI3(EIS<851IX)7
C EMIN IS THE LOWEST COLLISION ENERGY CONSIDERED
¢ EMAX T8 THE 'HIGHESY COLLTISIONERERGY CONSIDERED —~—~——7 ==~
C DELTAE IS THE INCREMENT IN COLLISION ENERGY
"RETURN ~ : - T T T
END




SUBROUTINE WORK 7
COMMON/INT/ WT(100)+PIV(100)sNINT

COMMON/PROJ/WORDSP (20 ) sNSP+NES(20) +POT(20) +PMASS

C

COMMON/ENGY/EMTINLZEMAX +DELTAE

COMMON/YAR/NORDST(ZO)vNPEy{KE}lQE[:XFFE(lUO).NPI.XKI(IOO)-XFKI(100

1) 1Z+TMASSEXCT
DIMENSION CROS5S5(20),CROSI(20V)

THIS ROUTINE CALCULATES THE CRO5S SECTION
WRITE(2s1)

1 FORMAT(1IHI])
WRITE(24+2)

2 FORMAT(22H TARGET [DENTIFTCATIONT = —
WRITE(24+3) WORDST

3 FORMAT(IX,10A8) T T T
WRITE(244)

% FORMAT(26H PROJECTILE TDENTIFICATIONT
WRITE(2+3) WORDSP
RM=PMASS#TMASS/ (PMASS+TMASS)

EMINJEMAX,DELTAE ARE IN EV IN THE LABORATORY SYSTEM

E=EMIN
5 ECM=E#TMASS/(PMASS+TMASS)

N

(a]

EAU=F /27421

ECM IS THE CM ENERGY IN EVs EAU 1S THE LAB ENERGY

V=SQRT(2.0%EAU/ (PMASS#1822.3))
vV IS THE RELATIVE VELOCITY HIN Au

ULE=2.0%v

uLl=v

IN AU

WRITETZ96T EsECMyv

6 FORMAT(11H E(LABSEVI=4E15.8410H E(CMIEV)I=+E158,23H RELATIVE VELOC

11TY(AUI=,E15.8)

DO 7 1=1+sNSP,1
WLE=SQRT(2.0%POT (T}
IF()e0=2sUREXCT/(V*V)) 100U»1014101

T0O0 WLI=2.0¥#0LT
GO TO 10
101 AA=V#(1.0-SQRT(1e0-2.0%EXCT/(Vy*V)))
IF(AA-WLE) B48,9
8 WLI=WLE
GO 10 10

S WLI=AA

10 CONTINUE

PERFORM THE ELASTIC INTEGRATION
IFIULE-WLF)11411,12

11 CROSS(1)1=0,0 .
CROSI(112040

w

GO TO 7
12 SUM1=0.0
SUM3=0,0
DO 13 J=1sNINTs1
X=0e5# (ULE+WLE) +0.S*TULE-WLEI*PIV(J])
222=F(X)

ZZ=WT(JI1#{(1e0=-2271#%2) 7 XFX¥X]
221=0e5#Z2Z28X%X
SUM1=8UMI+22Z
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_______ __SUM3=SUM3+2Z1
13 CONTINUE - o R °
SUM1sSUMI®0«5® ( ULE-WLE)®FLOAT(1Z*1Z)
SUMI=0.5¥SUMI¥TULE-WCET*FLOART(IZ¥ 12T
o C DO THE INELASTIC INTEGRATION
T T TTFIULT=WLTY T1&4eT6,1%  —— —° — 7 —— 7777~

e 14 SUM2=0.0
TTT T T 8gMé=0, 0 T T T T T T T

GO TO 16
15 SUMZ=0.0
SUM&=0.0
TTTT T T T T PO 1T JnIoNIRTL,T T T T T T T T T T T
o X=0e5# (ULI+WLI)+0e5# (ULI=WLII#PIV(J)
D ¥ ¥ 2 1-X 5. & - w T
LZ=WNT(J)RZZ2Z/7(XRXRX)
LIZEVSHIIFXEX
. SUM2=SUM2+22
_______ TEUMEETUYMGRZZ? T T T T T T T T T T T T T T T T T T T - - -
17 CONTINUE
__________ SUMZ=SURMZR D SHFIULT-WLTI®#FLOATITZY — — 7 -
SUMAGE0 5#SUMLR (ULT-WLI I ®#FLOAT(12)
1§ SUM=SUMI+5SUM2
SUMP = SUM3+SUM&G
—== = T CROSITIV=SUMP# 7. 03 7TTI3E-IS¥FLOAT(RESTIT I 7TVHY) it
CROSS(1)=SUM®T7 037 73E~16#FLOATINESII) I/ (VRY)
- - T T TTUTORTIRUE- ~ T T T T T T T T T T T o = - - -
TXS=20e0
TSY=0.0
DO 18 I=1eNSPsl
_________ TSYETSY+#CROST (1Y =~ — ~ =~ - T -
TXS=2TXS+CROSS(1)
T T T T TTIETONYINUET T T T T T T T T T ' T T : - -
WRITE(2+19) TXS
TY FORMATYTZ4H TUTAL CTROSS SECTIUN IS sEISe8T
WRITE(2+24) TSY
T U7 2% FORMAT(A0H ERERGY COSS CRUSS SECTION 1S5 L,E15.8) = -
WRITE(2+21)
- -0 T T WRITETZ207 T TROSSITIHYIRI RSP T T === T TE -
WRITE(2s:21)
- 0 D YRSFT
. 20 FORMAT(6(1XsEL5.8))
T T T Tt 7 21 FORMAT (28H CONTRIBUTTONS OF THE SHELLST CooTT T T -
\ WRITE(2,22)
T T RZTFORMAY(COIR Y T 7 T T Tt oT
. E=E+DELTAE
TF{E=EMAX ] D9¢5¢23
., 23 RETURN
— S e T END T T T m e e e e e Sl -
S o N J—— — e m e e e = —— - - — =
7
—— e —_——— S S~ [ et e - -
8 - - - . N N
SR I § | | e o S
o e e @B e e e e e e e e e e e e e — ——— —— e . . . — — — ——— ——— ———— e = - — = oo =



SUBROUTINE TERP

COMMON/TAR/WORDST(20)sNPESXKE(100) s XFKE(100) NP1 +XK1(100)9XFKI(100

1)9129TMASSHEXCT

COMMON/TPT/EFF (44100) s SEFF(45100)

COMMON/EZP/CEXTP

C  THIS ROUTINE CALCULATES THE INTERPOLATTO
~ _C_FOR THE ELASTIC FORM FACTOR

MAX=NPE-3
00 1 I=1,MAXs1

"ARRAYS

X11=XKE{ ]
X21=XKE(I+1)
X31=XKE(1+2)
X41eXKE([+3)
F1=XFKE(I)

F2aXFKE(I+1)

F3sXFKE(T+2]
FasXFKE(I+3)

TCALL FITIX11eX219X31eX41sF1sF24F3+sFG5D14DZ2,034+D4)

~_EFF(1+11=D1
EFF(2.17=D2
EFF(3,1)=D3

EFF{4,11=D6
1 CONTINUE

C CALCULATE THE EXTRAPOLATION CONSTANT CExTP
CEXTP=(—-XFKE(NPE)+SQRT{XFKE(NPE) ) )/ (XFKE(NPE)®#XKE (NPE)#XKE (NPE})

C FOR THE INELASTIC FORM FATTOR
MAX=NP1-3

DO 2 I=1sMAX,1
X11=xKI(1)
X21=xKI1(1+1)
X31=xKI(1+2)
Xol=xkI(I+3)
Fl=xFKI(I)

F2=XFKI{T+]1)
F3=XFKI(1+2)
FazxXFRI(T+3)

CALL FIT(X114X214X314X414F1sF24F3,F4,D1,D2,D3,D4)

SEFFtl+11=nD1
SEFF(2,11=D2

SEFF{3,171=D3

SEFF(4s1)=D4
2 CONTINUE

RE TURN

END




L

SUBROUTINE FIT(X11eX210X319X41eF1eF23sF34F4ysD) D2+D34D4%)
- - X12=x11%#x11 T T T T
X13sx11#x12

X2Z2=XZ2]1%X21
X23=X21®#X22
B X32=x31#x31
X33=xX32#x31
X42=X41%X4 1
Xb3=mXb]lRX42

Q3r(X13=X23)#(X11=X31)~(X13-X33)#(x]]~Rc.
TTOT T Qus{FI-F2O# (XMI=X3 DI =(FI-FIMIXTI=X71)
S2m(X12~X32)®#(X11=X&1l)—(X12-X42)# (X L-»" 1)
T T 83 XTISXA I FIXTI- XA D)= (RTI=XLIIF(XTL §a 1)
St=({F1-F3)®(X11=X&4l)=(FI-F4)®(xX11=X3.,

Gn (QLnS2~-54L® 7 —
D3=({Q4~-D4®*Q3)/Q2
T D2=(F1-F2-D4# {(XT3-X23)-D3F(XI2=-X22H)V/1X11-x21)
Dl1=F1-D4#x13-D3#x12-D24#x11
T T 7 RETURN T T T T 7 ’
END




FUNCTION S{X)

COMMON/TAR /WORDST(20) oNPESXKE(TIOO) o XFKE(10O0) sNPI 4 XKI (100 o XFKI (100

1)91Z+TMASSHEXCT

C THIS FUNCTION CALCULATES THE TNEULASTIC FORM FACTOR FROM THE ARRAY SEFF ~

1

COMMON/TOT /EFF (4+,100)+SEFF (445 100])

COMMON/EZP /CEXTP

IF(X) 14293
WRITE(2s4)
STOP

FORMAT(33H NEGATIVE MOMENTUM TRANSFER ERROR]

rS

N

IFIXKI(1)) 54546
S=XFKI(1)
RETURN

S=SEFF(T141) +SEFF(20 11 #X+SEFF (3 TT#X¥X+5EFF (L]l )%xnx¥x

RETURN

@ ~J uy o

C s=xFKl(2)

- X%-XX4
698,59

TP X=xK1{(

1)
IF(X=-xKI(2}))

RE TURN

TTIF(X=XKT(3)) 64+10411

S=XFKI(3)

11
14

13

RETURN

IF(X=XKI{NPLI)) 12513514
FE2P=140/{(1e0+CEXTPuxX¥X)®22)
S=1+0~(FEZP*FEZP)

RETURN

S=XFKI(NPI)

12
17

16

RETURN
MAX=NPI =3
IF(A=-xKTONPTI=11) 15,16,17

S'SEFF(I-MAX)*SEFF(Z-MAx)fX*SEFF(39MAX)‘X*X*SEFF(boMAX)’X'X'X

RETURN
SsXFKI(NPI=1)

15
19

1R

RETURN
IF(X=XKI(NPLI~-2)) 18,19+17
S=XFKI(NPI=-2) '

RE TURN

1=2

11=4

26
20

21

22

TFTX=XKTTITTT] 2U+21+22

5=SEFE(1-K)*SEFF(Z-I)'X*SEFF(3.Il'X’X*SEFF(h.I)*X’X'X

" RETURN

S=xXFKICII)
RE TURN
IF(I=-MAX123+24+24

24

25
23

WRITE(2+25)

STOP

FORMAT(17H LOGIC ERROR TN S}
I=1+1

II=11+1

GO TO 26

ENO 113




FUNCTION FI(X)
COMMON/TPY /EFF14L,1CD) +SEFF(&4,100T —

COMMON/ TAR/WORDST(20) sNPE o+ XKE(100) o XFKE(10C) oNPI o XKI (100} +XFKI(100

I Vs 1Zs TMASSLEXCT

C THIS FUNCTION TALCULATES THE ELASTIU FORM FAUTOR FROM THE ARRAY EFF

1

COMMON/EZP /CEXTP

IF(X) 1+2+3
WRITE(2s47) i o -

[P e

il AR,

IFIXKE(L1)) 54546

F=XFKE (1) T - ST/ TmTT0 =

RE TURN

FaEFFTT W IV+EFFUZy 1) #XHEFF U331 ) ¥ X¥XFIEFF (L, 1) #XRX™X
RE TURN

fo 3N § qdu

1

TR IX=XKETITTY &+5,7

IF(X=XKE(2)) 6+8,+9

F=XFKE (2) L -
RE TURN

TFIX=XKEI3)) 6+710s11

F=aXFKE(3)

11
14

113

RETURN

IF(X=XKE(NPE))} 12+s13,14
Fz2z]leD/7(110+CEXTPH#XRYX)®&2])
RETURN

FsXFKE(NPE)

RE TURN

TZ
17
16

MAXERPE=3

IF(X=-XKE(NPE-1)) 15916917
FaEFFT1+MAXTHEFF (2 MAX T® XIFIEFFITosMAX I #XEXFEFF (4 yMAX ) #XEX X
RETURN

FsXFRE(NPE-TI}

RE TURN

15
19

18

26

TFIX=XKETNPE=2Y7Y 18,1917
F=XFKE(NPE=-2)

RETURN N

I=2

Il=4

IF(X~XKE(I1)) 20921422

20
21

22
24

FaEFF {1+ TT+EFF I 2T THXFEFF T3 TV RXHXIEFF (4, T *F(FXEX
RE TURN

FexFKECTT)

RE TURN

IF(1=-MAX)23,24+24

WRITE(2+25)

25
23

SYOP

FORMAT(17H LOGIC ERROR IN F)
I=]+1

Il=]1+1

GO TO 26

END

T




32
S.65400885E-02
965400885E-02

+448307665TE-02
-4,83076657E-02

5.56387200E-02
9.56387200E-02
9.3B8443990E-02
9+38443990E-02

' 9.11738786E-02

911738786E-02

+l.444171962E-01
~1le44471962E-01

+2.39287362E-01

-2.39287362€-01
+3.31868602E-01
-3.31868602E-01

B.76520930E-02
8.76520930E-02
B433119242E-02
8433119242E-02
7.81938958BE-02
7.81938958E-02

+4,21351276E~01
-4421351276E£-01
+5.06899909E-01
~506899909E-01

+5.877T1575TE-01"

~5¢87715757E-01

T«2345794TE-02
7e23457941E-02
6458222228€E~02
645822222BE-02
5.86840935E-02
586840935E~-02

+6063044267TE-01
~6e6306426TE-01
+732182119€~01
~7432182119F-01
+7.964483796E-01
~7e94483796E-01

5.099805%93E-02
5409980593E-02
44.28358980F-02
4428358B980E-02
3.42738629E-02
3442738629E-02

T 2<53920653E-02

2e53920653E-02
1¢6274394T7€E~02
1462743947€E-02
7.01861001E-03
7.01861001E-03
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