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ABSTRACT 

(Dlatrlbutlon Limitation Statenenr. No. 2) 

Charge «xchangc cross ••ctlona 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, 0, Ar, Me, H and He.  Singly 
charged lithium, sodium, rubidium, and cesium have also been considered 
as projectiles In the target gases. 

Stripping cross sections for fast heavy Ions Incident on atmospheric 
and other atoms have been calculated by using an Independent scattering 
model based on the Born approximation. 

The relationship between the quantal predictions and available exper- 
imental results la Illustrated and certain Improvenents to the simple 
theory are dlacuaaed. A comparison la alao made between the electron loas 
theory and available experimental reaults. 

Capture Into excited states Is discussed, and estimates are made of the 
appropriate croae aectlona. 

The rate of energy loaa by heavy lona In air is discussed. 

ill 
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SECTION I 

INTRODUCTION 

In this work, a model explored in reference 1 has been applied to 
Che calculation of further charge exchange crosa sections for colliaiona 
between heavy ions and atmospheric ions and molecules. Modifications to 
the simple theory are suggested and discussed. The method used is the 
Is 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 electron 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, ia required. 

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



SECTION II 

QUANTAL THEORY OF CHARGE EXCHANGE 

1.  Th«ory of F«st Collision» 

A brief review 1« presented of the theory given In reference 3 
«■ applied to « two-state one-electron system. Atomic units are em- 
ployed throughout.  Consider point A to move past point B at a constant 
velocity v.l.e., a rectilinear trajectory characterized by an impact param- 
eter p.  Let a single electron have position vectors ra> £b end £ with 
respect to A, B and the midpoint of AB, respectively.  Let the electron 
see potentials Va(ra) and Vb(rb) centered on the appropriate points,and 
let there exist bound state wavefunctions 

[T + Va(ra) - I Je| ^C!^) «xp (- I E1 t) - 0       (1) 

considering A to be at  rest and 

[T + Vb(rb)   -1^| «PjCV «xp   (-  I Ej   t)  -  0 (2> 

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 
cpi and cpj are  solutions of  the time dependent Schrodlnger equation;  thus: 

[T+ Vra)   -  t^|«Pt(ra.   r)exp|-l(El + iv
2)  t|-  0 (3) 

and 

where 

and 

|T+ Vb(rb)  -  i^JcPjCr,,.   r)  exp|-l ( Ej + ± v2 ) t|  -  0 (4) 

«MiEa«  O - Vi^ exP(- I i X   •  JE) (5) 

VjCjEb»  £>  * ^jCEb) «xp (i 1 x  •  JE) (6) 



The total wavefunction T In this approximation Is then expanded aa 

* - VPI «P!*1 (EI + i v2) 'I+ VJ •xp["1 (Ej + i v2) 'I    (7> 

and substituted Into the conditions 

|v(H - ti),,'lexp[l(Ei + ?v2)tl-0   (8> 
and 

h- (H -1A)»I ^l1 (Ej - iv2)«=1 ■0 <9) 
where H - T + Va + Vb  Is  the total Hanlltonlan.    The equations of  the two- 
state model then follow 

1 *! +  l  S1J «»Pt1«*!* Ej>tjij  - hii*i + hij «PClff!- EJ)t]bJ 

1  S^ exp[l(EJ-El)t]il +  1 bj -  hJ1  expfKEj-E^tJaj^ + hjjbj (10) 

where 

S1J " (<P1' ^J^  hlJ " <<pf Va "Pj^  •nd hJl " (cPj, Vb (pl)  (11) 

The Initial conditions for Equation (1) are that, say, at - 1, b. - 0. At 
the end of the trajectory |bj|^ wxll be tiie capture probability for that 
Impact parameter. 

c(p) - IbjC-H»)!2 (12) 

and  the cross  section Is 

Q -  2«  P" cMp dp (13) 
Jo 

Nomallsatlon (- \*t\    +  lbjl  ) wil1 remain at unity If 

hji - hij ■ l ^r1 • <Ei - Ej>siJ <14> 

which replaces Equation (12) of reference 1. 

3 



Equation*   (10)  «re  equivalent to  the   following form: 

C1J  bJ  eXPllJ     "<t'>dt'JexP<1<E
l   " Ej)'] 

CJ1 a1  exp[lj^  g^^dt'JexpCKEj   - E^t] 

^ -   -  1 K., 

1  K, 

where 

•Sei 
\t ' \e h££ 

i -   s kjl 

and the distortion term Is 

h 
S - it JLU -siihii + suhii 

x - 1*1/ 

(15) 

(16) 

(17) 

The wavefunctlon 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 wavefunctlon parameter In the Is model 
employed Is the present set of calculations, and others available for 
further calculations are listed in Table I. 

TABLE I 

I0NIZATI0N POTENTIALS AND Is MODEL PARAMETERS 

Element Ionisation Potential (au) 2a 3/2 

Al 

Fe 

U 

N 

O 

Ar 

0.22009 

0.29039 

0.22463 

0.53435 

0.50072 

0.57946 

0.66347 

0.762 09 

0.67027 

1.03378 

1.00072 

1.07653 

1.08083 

1.33058 

1.09750 

2 .10219 

2 .00215 

2.23390 



2.  Exchange «nd Distortion Refinements 

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

a.  Electron Exchange 

Let n represent certain matrix elements that occur In Equations 
(10) (n - Sj*, hij, or hji).  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 fellows: 

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

M0 : matrix elements calculated by neglecting atom-atom electron ex- 
change but otherwise exact. 

M 

-o 

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

matrix elements calculated directly from the one-electron 
model. 

It was established in an earlier final report (Ref. 4) that at suffi- 
ciently large Internuclear distances where second and higher order overlap 
terms may be neglected 

H - F n0 (18) 

where F is 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 electron.  Because the 
matrix elements (i0 are an approximation to the n0,we might write analo- 
gously to Equation (18), as an approximation: 

^ - F i0 (19) 

but at the smaller Internuclear distance F ji0 will not represent ji well 
because of the overlap approximation inherent in F and because of the 
shortcomings of the one-electron model Itself.  Therefore, Equation (19) 
is modified by Inserting an additional factor G and adding a correction, & 



m*mmHifQ<nemmmm»p'-*t'^ '■• * u  

Ü -  G F  M0 +  8 (20) 

where G departs   from unity only to prevent  jl from becoming unphysical 
(I.e.,  when   |F  S^J|   exceeds unity).     The correction 5 ensures  that 
normalisation  la  conserved so that   [compare Equation  (14)]: 

d  S 

•1J       "jl       *     dt 

The \fi elements  automatically satisfy: 

* d  s" 

h^  " h„   -  1 -r^1 (21) 

hlJ  " ^1 "  i -dt^ <22> 

and Equation  (20)  Is applied by assuming 

Slj " G F SiJ 

^j-GFh^ + jA (23) 

hJ.-GFh^   -iA* 

Substitution of Equations   (23)and   (22)   into Equation  (21) yields: 

A - ± Jl F  S° (24) 

Now the  limit  is   imposed 

IS^jl   ^L (25) 

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



^1 

1; A - 0 (26) 

ls°l dt 

This extension of the basic model contains the arbitrary limit L and the 
validity of the scheme requires demonstrated Insensltlvlty 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 Lsee Equation (17)].  The basic one- 
electron model has the flaw that hit  -  hjj ~ (Zß- ZA)/R, assuming singly 
charged tons In both channels, whereas In fact hj^ - hsj should diminish 
faster than R"^-.  In the hope of Improving the accuracy of the results at 
low Impact energies, the program has the capability of calculating h^ and 
hjj with the Coulomblc term of each potential set equal to the net change 
of the appropriate positive Ion.  In the calculation of hj* and hjj^ the 
original form of the potential is retained.  This has been applied to A^*" + 
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 so as 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. 



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 generalisations 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 n^ and orbital angular momentum quantum number üj. into a state with 
quantum numbers nf and t£  Is denoted as QCn^jJnjif), Oppenheimer (Ref. 7) 
showed that q(ls|n£6) falls off as nf"3 at high energies by using the 
Oppenhelmer-Brlnkman-Kramers (Ref. 7 and 8)approximation,which neglects the 
nucleon-nucleon Interaction In a Born-type appoxlmatlon.  Generalizing 
this. Bates and Dalgarno (Ref. 9) and Bates and McCarroll (Ref. 3) argue 
that Q(n^s|nfs) falls off as (nfnt)"-* at high energies and Q(nt^t|n££f) 
for li,i£ ¥  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.  In an 
experiment Involving 

H+ + He - H(38) + 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-l 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.  Is-model wavef unctions are used for the 
target systems of atomic nitrogen and neon.  The ns states of the projec- 
tile are represented by the corresponding ns hydrogenlc wavefunctlon with 
the effective charge adjusted to reproduce the experimental Ionisation 
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 
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Figure   1.      Charge Exchange Croat Section*  for Capture  Into the n-2 
and  n-3 State* of Llthlun from Atomic Oxygen. 
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Figure 2.      Charge Exchange Cro.. Section-   for Capture  into the n-2 
and  n-3 State, of   Lithium from Neon. 
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presented In Figures 3 and 4).  The attempts have been unsuccessful since 
the number of nodes In an s wavefunctlon Increases with n, which Introduces 
enough additional oscillations Into the required matrix elements so that 
the present numerical procedures are not adequate.  It nay 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 wavefunctlon 
are not Important.  While such objections also can be made about the use 
of the Is-model wavefunctlons 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 Oppenhelmer 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 28 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 III 

QUANTUM THEORY OF  ELECTRON  LOSS  IN HEAVY-BODY  COLLISIONS 

1.     Introduction 

The  collision procesaes  of  Interest «re of  the  type 

A + B-»A+ + B+c (28) 

where A and B are neutral or charged atoms and molecules.  System A, which 
loose« an electron during the collision,is termed the projectile, and 
system B Is celled the target system.  It is assumed that either the tar- 
get or projectile system Is electrically neutral In the Initial channel 
so that the problem Is not complicated by a long-range Coulomb Interaction 
Mwng the reactants in the Initial channel. 

Ionisation 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 
nutual interaction of the target and projectile charge distributions, or 
arc based on the consideration of auto-ionlsation or Auger processes. 
Samt  relevant papers on low-energy Ionisation 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 collisions. 

For high-energy heavy-body collisions involving Ionisation, 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 energies, 
complete Born approximation calculations for many-electron projectile and 
target  systems become Involved and have not been attempted.  Dmltrlev and 
Nlkolaev (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. 
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2.  Theory 

Let k- be the magnitude of  the Initial momentuin rector k,, of the elec- 
tron Incident on a apherlcally ayonetrlc «ton with Z electrona. Let jt- be 
the final acattered electron momentum, and K be the magnitude of the mo- 
mentum tranafer vector K ■■ kf - J^-  For elastic acatterlng, 

e -f B - e •«- B (29) 

the croaa aectlon In momentum apace from the Born approximation (Ref. 22) Is 

8«   i,  „,„vi2. da 
ko

2K3 
(30) 

where F(K)   la  the elaatlc  form factor given by the  ground  atate expectation 
value 

F(K) £    <exp(l JS • JEj^ 

i-1 
(31) 

the aum being over the target electrona. For sufficiently large K, uae 
can be made of the cloaure propertlea of the target elgenfunctlona (Ref.22) 
and the aum of the croaa aectlona of all contributing Inelaatlc proceaaea 
of the type 

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

where n Indlcatea excited target statea. Including the continuum, can be 
written In the Born approximation aa 

^in " -T? Z Sln»>dK 
"o K 

(33) 

where S.   (K)   la  the Incoherent  acatterlng factor given by 

2]<exp[l K     (rj   -  rk)]>  -   |F hn^ - Z (K)| 
J.k-1 

(34) 
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The evaluacion of Sln(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 
•11 significantly contributing inelastic processes.  If the Important 
■omentum 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 lonization 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 1^ required to 
remove the i-th electron, and each moving with an incident momentum k0, 
corresponding to the relative velocity between the two nuclei.  These 
incident electrons are assumed to suffer elastic and inelastic collisions 
as free electrons with the target system.  For the elastic scattering, 
the electron is assumed to be removed from the projectile system If the 
momentum transfer tt acquires in the collision is sufficient to Increase 
Its energy by an amount greater than its binding energy Ij.  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 

1-1 "  k,, h-,        ' 

(35) 

Ml "31 

where the sum is taken over the projectile electrons and the limits of 
integration are determined by the kinematics. The lower limit for the 
elastic  contribution,   k,.   is  given by 

kli '    ^   Ii <36> 

and  the upper   limit   is  given  by 

k21 -  2  ko (37) 

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

s/TTi and k0[l   -   (1   -  2AE/k0
2)%j 
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where the flrat quantity represents the minimum momentum transfer required 
to Increase the energy of the 1-th target electron by 1^,   and the second 
quantity is the minimum momentum trasfer needed to trasfer an excitation 
energy ££ to the target system.  Dmltrlev and Nlkolaev (Ref. 2) suggest 
using I0> the first Ionisation potential of the target system as AE.  At 
high values of the Incident momentum k0. I.e., k02 » ££,   the choice of 
AE Is unimportant because the first quantity Is Independent of V^  and the 
second decreases asAE/k0 so that for large k_p the lower limit Is deter- 
mined entirely by V2 Ii, except possibly for Inner shell electrons.which 
make little contribution to the sum In Equation (35).  For processes in 
which ££  > Ii. 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 k0.  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 A£ 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 

S £0J in(EoJ) 
in AE - -J  (38) 

S'oj 

where f0« is the oscillator strength for excitation of the target system from 
the ground state to the level J, E0j 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 
AE.  The upper limit for the inelastic scattering contribution must also 
be selected with care.  From purely klnematlcal arguments, k/^ for the 
inelastic electron-atom scattering would be about 2 V^,.     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 
k0.  According to Dmltrlev and Nlkolaev (Ref. 2),   t-he following is used 

k41 - k0 (39) 

Both the form factor F(K) and the Incoherent scattering factor Sin(K) 
are important in the field of X-ray physics, the former In 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^n(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 



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. 
Croner 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 nonspherlcal target systems, the spheri- 
cal target systems, the spherelcal 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 monotonlcally decreasing function of K, having the value Z for K - 0 
and decreasing to zero for large K.  The Incoherent scattering factor is 
a monotonlcally Increasing function of K, assuming the value 0 at K - 0, 
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 
lonkutl (Ref. 24), are shown In Figure 5.  From the behavior of the In- 
elastic integ'-'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 that: the elastic contribution. 

Both Integrands decrease rapidly for large K, so that the large k0, 
the upper limits may be replaced by <*> and the high-energy behavior of 
the stripping cross section becomes 

(X - a/ko2 (40) 

where 

'■8" A /   p 1 |Z -F0O|2 + zsln(K)j (41) 

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

The Information needed for the projectile system Is 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 lonlzatlon 
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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Figure 5.  The Integrands, In Atomic Unite, of Equation (35) for Helium 
Using the Scattering Factors of Reference 24.  The Solid Curve 
is the Inelastic Integrand, the Dashed Curve the Elastic Integrand. 
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SECTION IV 

RESULTS 

1. Charg« Exchang« 

The reaults of using the basic Is model are presented In Tables II 
through VIII and graphed In Figures 6 through 46 where the experimental 
results of Layton and Fite (Ref. 31) are alao shown.  The calcuiaied 
cross sections, as might be expected from such a simple model, share the 
aame general shape although the predicted maximum cross sections vary 
through several orders of magnitude for different reactions.  In the 
case of molecular O2 and Nj targets, these have been treated as single 
systeoM with approximately the same Ionisation potentials as the atomic 
systems, thus a factor of two haa not been applied to the calculated 
croaa sections in these cases. 

The Is model cross sections are usually smaller than the experimentally 
measured values.  Miere a comparison with the experimental reaults la pos- 
sible, the Is model yields a sharper maximum than the former, from there 
falling off much too rapidly as the energy diminishes and somewhat more 
rapidly in some cases ss the energy Increases. Use of the ns model may 
give a leaa rapid fall-off at the high-velocity end.aa 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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Figure  7.     Charge Bxctumg« Cross Section for Capture  into the Ground State 
for Singly Charged Potassium in Helium. 
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Figur« 14.  Ch«rs« Ixchanc« Cross Section for Csptur« Into th« Ground State 
for Singly Charged Iodine In Neon. 
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Figure 15. Charg« Kxchang« Cross Section for Capture Into the Ground. Stete 
for Singly Charged Iodine In Argon.  The Bxperimental Results 
«re from Reference 31. 
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Figure 16. Charge Exchange Cross Section for Capture Into the Ground State 
for Singly Charged Iodine in Atomic Nltiogen. The Experimental 
Results are from Reference 31. 
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Figure 17.  Charge Exchange Croae Section for Capture Into the Ground State 
for Singly Charged Iodine In Atomic Oxygen.  The Experimental 
Reault* are from Reference 31. 
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Figur« 18.  Charge Exchange Cross Section« for Capture Into the Ground.State 
for Singly Charged Chromium In Atomic Hydrogen. 
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Figure 19.  Charge Exchange Cross Section for Capture Into the Ground State 
for Singly Charged Chromium In Helium. 
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Figur« 20.     Ch«rg« Exchange Croas Section for Capture  into the Ground  Stete 
for Singly Charged Chromiun in Neon. 
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Figure 21.  Ch«rg« Exchang« Cross SscCloa for Capture into the Ground State 
for Singly Charged Chromium in Argon. 

43 



10      IS      Hi 
VELOCITY (XtO'emMe'1) 

Figure 22.  Charge Bxchengc Croea Section for Capture Into nhe Ground State 
for Singly Charged Chromium In Atomic Nitrogen. 
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Figure 23. Charge Exchange Croae Section for Capture Into the Ground State 
for Singly Charged Chroalum In Atomic Oxygen. 
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Figure 24.  Charge Exchange Cross Section tor  Capture Into the Ground State 
for Singly Charged Lithium In Atonic Hydrogen. 
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Figure 25.  Charge Exchange Cross Section for Capture Into the Ground State 
for Singly Charged Lithium In Helium. 
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Figure 26.     Charge Exchange Cross  Section for Capture   Into the Ground  State 
for Singly Charged  Lithium In Neon. 
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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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Figure 28.  Charge Exchange Cross Section for Capture Into the Ground State 
for Singly Charged Lithium in Atomic Nitrogen. 
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Figure 29.  Charge Exchange Cross Section for Capture Into the Ground State 
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. 
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Figure 32.  Charge Exchange Cross Section for Capture Into the Ground State 
for Singly Charged Sodium In Neon. 
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Figure 33.  Charge Exchange Cross Section for Capture Into the Ground State 
for Singly Charged Sodium In Argon. 
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Figure   34.     Charge Exchange Cross  Section for Capture  Into  the Ground  State 
for  Singly Charged   Sodium  In Atomic Oxygen. 
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Figure 35.  Charge Exchange Cross Section for Capture Into the Ground State 
for Singly Charged Sodium In Atomic Nitrogen. 
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Figure 36.  Charge Exchange Cross Section for Capture Into the Ground State 
for Singly Charged Rubidium In Atomic Hydrogen. 
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Figure 37 ■  Charge Exchange Cross Section for Capture into the Ground State 
for Singly Charged Rubidium In Helium. 
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Figure  38.     Charge  Exchange  Cross  Section  for  Capture   Into  the  Ground  State 
for  Singly Charged  Rubidium  In Neon. 
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Figure   39.      Charge   Exchange  Cross   Section   for   Capture   into   the  Ground   State 
for  Singly   Charged   Rubidium  in Argon. 
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Figure 40.  Charge Exchange Cross Section for Capture into the Ground Statt 
for Singly Charged Rubidium In Atonic Oxygen. 
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Figure 41.  Charge Exchange Cross Section for Capture Into the Ground State 
for Singly Charged Rubidium In Atomic Nitrogen. 
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Figure 42.  Charge Exchange Cross Section for Capture Into the Ground State 
for Singly Charged Cesium In Atomic Hydrogen. 
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Figure 43.     Charge Exchange Cross  Section  for Capture into  the  Ground  State 
for  Singly Charged  Cesium  In Helium. 
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Figure 44.  Charge Exchange Cross Section for Capture Into the Ground State 
for Singly Charged Cesium In Neon. 
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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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Figure 46.     Charge  Exchange Cross  Section  for Capture   Into  the  Ground  State 
for Singly Charged Cesium In Atomic Oxygen. 
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Figure 47.  Charge Exchange Cross Section for Capture Into Ground State of 
Lithium Using Is and 2s Representations of the Lithium Wave- 
function.  The Is Representation is used for the Argon Target Gas, 
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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, 0, Ne, F, Na, Mg, A£, Fe, Mn, and Cr.  The target gases con- 
sidered are He, N, 0, 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.  In this section, the results of these calcula- 
tions are presented and the theoretical predictions are compared with 
experimental data. 

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

ä
+ + e + ^ H + He-»H +e+ )    He (42) 

where by )  He the elastic and Inelastic processes is Indicated including 

lonlzatlon of the helium atom.  The experimental data of Allison (ReC. 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 

a = | (43) 

-11   2 with a ■ 1.595 x 10    cm  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 Incident on the heavier system of atomic nitrogen and 
argon.  For these target systems, the cross section at high energies can 
again be represented by Equation (43) with a assuming the values 4.237x10" 
cm2 eV and 4.706 x 10"1-0 cm^ 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 tov   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 2C 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.  Hiese 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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Figure 48. Electron Stripping Cross Section for Hydrogen Atoms Incident on 
Atomic Hydrogen. The Experimental Results are: O ,Ref. 32;Q , 
Ref. 33 ;A. Ref. 34. 
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Figure 49. Electron Stripping Cross Section for Hydrogen Atoms Incident on 
Atomic Nitrogen. The Experimental Results are: Q. Ref- 32» □ 
Ref.   33; A ,   Ref.   34. 
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Figure  50.     Electron Stripping Cross  Section  for  Hydrogen Atoms  Incident  on 
Argon.     The  Experimental  Results   are:   O.   Ref.   32jQ ,   Ref.   33; 
A    ,   Ref.   34. 
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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  incoherent 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 incoherent 
scattering factors at all K, so that the contribution 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 use of 
Hartree-Fock form factors will also lead to an overestlmation 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-A r results cannot be resolved 
because it is dependent on the availability 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 wavefunctlons in the scattering factor calculations. 

Figure 51 compares the theoretical cross section for colllsional 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 within a 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 Is contribution.  The abrupt changes 
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Figure 51.  Colllslonal Detachment Cross Section for Negative Hydrogen Ions 
Incident on Helium.  The Experimental Results are from Ref. 32. 
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Figure 52.  Electron Stripping Cross Section for Sodium Ions on Helium Showing 
the Total Cross Section and the Contributions of the Different 
Shells. 
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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 k0 and AE, to being a constant 
dependent only on the one electron energies of the electrons.  However, 
the Tnagnitude 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 performed involving an argon 
target and Cr, Cr+, Cr++, Cr+3, Cr-*^, and Cr*5projectiles.  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 ai. 
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 potentials (Ref. 29) are available, however, and in Figure 54 
only the 3d valence shell contribution to the stripping cross section is 
shown.  ITiese 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 ehe 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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Figure 53.  Electron Stripping Cross Sections for More Highly Stripped Chroroium 
Ions Incident on Argon Including Inner Shell Contributions. 
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Figure 54.  Valence Shell Contribution to the Electron Stripping Cross Section 
for More Highly Stripped Chromium Ions Incident on Argon. 
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SECTION V 

ENERGY LOSS 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 possibility 
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 fall at low energies. 

Dalgarno and Grlfflng (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.  If 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 

n1+ "f"*"      mf+ 
X   (j) + Y - X   (k) + Y   (j?) + 0nf + nf - n^e      (44) 

where n^, nf, and mf 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 n^, 
tif,   and mf   can assume is small because 

-1 < n. < +1 

-1 < nf < +1 (45) 

-1 < m  < +1 
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and only one state exists for the positive and negative Ion.  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 lonlzatlon processes may 
become significant. 

The electron stripping cross sections decrease much less rapidly with 
Increasing projectile energy than the charge transfer cross sections.  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, mfa^iingful 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 lonlzatlon and stripping cross sections !.n 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 to 
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 

X+ + Y - XU) + Y+(m) (46) 

(where X and Y are not identical) is 

\ ' V E   Q 
/_,/_,  ^m era 

I,     m 

where Q„  is the cross section, and the energy E,  is given by ^m ' BJ  ^m   5      ^ 

E^ = T + E[X(i)] + E[Y+(m)] - E(X+) - E(Y) (47) 
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where E(Z) t« 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 E„ . 

iJni 

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

X+Y- X++Y+ e(e) (48) m 

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 

II 
maxv ' 

Qm(6) (Im + e)de (49) 

where (^(c) is the cross section for the ejection of an electron with 
energy between e and e+de and €max(m) is determined by the conservation 
of energy and momentum.   Here I' is the sum of the ionization potential 
of the projectile and the excitation potential of the final projectile 
stats m. 

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

i.i \t 

k2 da , (50) 
el 

where the variables are defined in Section III. Expression (50) can be con- 
sidered a good approximation to expression (49) only if the major contribu- 
tion to the Integral in expression (49) comes from the part of energy space 
where e > 1^, so that reliable results are expected only at high energies 
for systems where the stripped electron is loosely bound (1^ small). 

The contribution to the energy loss cross section from the reactions 

X + Y - x£ + e(e) + Yn (51) 

and 

X + Y - X+ + Y+ + e(6) + e(e') (52) 
m   n 
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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 

v—i  / maxv ' 

L J0 
Qm.n(e) (Im + En + e>de (53> 

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

e   (m.n) , c   (m.n) iir-'i d6' Vn(e'e')(Im+En+ e+ e')    <54> 
m n 

where Q,,, n(e,e') Is the corresponding cross section.  By using the closure 
properties, the sum of expressions (53)and (54) Is approximated by 

i 11> ' * 
1=1  k3i 

m <55> 

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 £>!,{,+ En, and similarly for expression (54) where the con- 
dition is c > 1.1 + E_ + e'. m    m 

The sum of expressions (50) and (55) have been calculated in units of 
eV cnr, 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 e1ectron stripping 
cross section maxima, and at large energies they show more gradual decrease 
with Increasing impact energy. 
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APPENDIX I 

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 h^i and hjj 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 (MLTI04) of the two-state equations along a series of trajectories 
on the assumption that the capture probabilities behave as exp(-7p). /(GMM) 
is found by specifying two large impact parameters pa(RHOA) and Q^(RHOB) at 
which the numerically derived capture probabilities  Cn(pa) ^A) anci Cn(pb) 
(CB) are computed so that 

ün [Cn(Pb)/Cn(pa)] 

(pa * pb> 

or  else  if   pa  is  set  zero,   y   is   taken as  pb.      y is  assumed  to be  the  same 
for  the  capture probabilities   obtained  numerically   (Cn),   by  the  Rapp- 
Francls   expression   (Cr)   and   by  application  of   the  model   (Cm).     A  series 
of  pivotal   impact  parameters   pj_   is   then generated  with which  to compute 
the   cross   section quadratures   of  Gauss-Laguerre   type: 

4 
>n£   Wi 

dp  p  exp(-7p)   [C  exp(7p)] 

CKP^  expC/p^ 

The first 10 terms of a 16-term quadrature are employed to compute Q , 
Q , and Q  corresponding to C , C , and C . ^r*      m " n'  r       m 

MLTI04 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.  MLTI04 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 
"stations"  along  the   trajectory   (clustered  more  closely about   the  point  of 
closest approach)     at  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, 

€ - tc] y 

where [C] y is provided by calling RHS, which in turn calls  QCM to generate 
the matrix [C] at the required point.  INTGRT 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 QGIQ to perform respectively the nontranslatlonal and translatlonal 
integrals in the evaluation of the matrix elements.  In 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 Oil and C22 arrays for the non- 
translatlonal Integral evaluation performed by W, X, Y, and Z. 

QGLG performs the quadrature required in the translational Integrals 
for Sij, hji, and h^t in which the auxiliary function is computed by QXF by 
using the array AXFH.  This array is coded as follows;  the auxiliary 
function £ni,n2 *-s Identified by: 

J » n, + 8n1  + 1 

The N-th term of the integrand in the quadrature with respect to x is 

i£C  Xn  j^(0 P5(COS ^) 

and is give'i by: 
C - AXFN (N, 1, J)/AXFN (N, 2. J) 

n - AXFN (N, 3, J) 

e  - AXFN (N, 4, J) 
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The functions QZETA, QCSPSI, QSBF, QALF, which generate, respectively, 
t,,   cos \|(, j^(5) and Pj(cos i^), are also called.  The data deck for XSCTN2 
contains first various constants AXFN for the translacional Integrals. 
These are followed by a block of quantities that are either fixed or have 
proven relatively standard: 

NGLQ: 

EMCRT: 
GLQPVT 
ZSBF: 

SBFCV: 
CNCLT: 

E: 
NGLM: 

NSTAT : 
MODE: 

NEXT: 

NXCH: 
NELCN: 

Number of Gauss-Laguerre pivots (GLQPVT) and weight (GLQWT) to 
be subsequently read in. 
Criteria applied to error measure In QGLQ. 

, GLQWT:  Pivots and Weights for QGLQ. 
Value of argument modules for QSBF below which Taylor series 
is used. 
Criteria applied to convergence estimate for series in QSBF. 
Criteria applied to cancellation estimate for explicit evalu- 
ation in QSBF. 
Criteria applied to truncation error estimate in XNTGRT. 
Number of modified Gauss-Laguene pivots (BLMPVT) and weights 
(GIMEWT) to be subsequently read in. 
The (odd) number of reporting stations desired on the trajectory. 
(=1) no Rosen-Zener model computed, (=2) Rosen-Zener model 
computed, (=3) as 2 but intermediate output (associated with 
NSTAT) omitted. 
(=1) a news velocity/energy (V.KEV) read, (=2) a new "reaction 
block"read. 
(=1) bypasses proposed "exchange" modification. 
(=1) elastic matrix element correction not performed, ("2) cor- 
rection performed. 

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

APPN: 

TAR: 
ETAR: 
DUM: 
NTEL: 
ZTAR: 
TO.VT; 
PRO; 
EPRO: 
PRMSS: 
NPEL: 
ZPRO: 

(-0) causes immediate termination of execution, ("X, where X Is 
any alphameric symbol except 0) causes output to be identified 
as Xs approximation. 
Alphameric Identification of target species. 
See C statement following read. 
Dummy variable. 
Number of active target electrons (unused). 
Net charge in a.u. on target after collision. 
Target orbital and potential parameters (see reference 1) 
Alphameric identification of projectile. 
See C statement following read. 
See C statement following read. 
Number of active projectile electrons (unused). 
New charge in a.u. on projectile before collision. 

PO.VT: Projectile orbital and potential parameters. 
RHOA, RHOB:  pa and pb referred to above.  If RHGA=0, RHOB is assumed 

to contain 7. 
EFFRAD: Assumed maximum distance at which systems Interact. 
V.KEV: Velocity in a.u. and energy in KeV of collision, one should be zero. 
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 XSCTM2 MAIN PROGRAM 

Read quantities associated with nontranslatlonal Integrals. 

Read quantities associated with translatlonal integrals. 

Read operational parameters:  NSTAT, MODE, NEXT, NXCH, NELCN 

Read first part of "reaction block" data: parameters of atomic systems. 

Test APPN  ZerV exit. 
1Nonzero 

•Read second part of "reaction block" data: collision parameters. 

Compute V or KEV given one. 

Write reaction specification. 

Zero 

Call MLTI04 twice generating Interpret RHOB as GMM. 

Test RHOA 
Nonzero 1 

CA, CB for RHOA, RHOB. Compute 

GMM.  1 

Set up pivoted Impact parameter VRHO appropriate to GMM. 

Call MLTI04 repeatedly, computing numerical (CPR), Rapp-Francis (RAFF) 

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 

probabilities and their contributions to the total cross sections; final 

statement of 3 approximations to the cross section. 

Test NEXT. 
1 

2 
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FIOW CHART FOR MLTI04 

Enter MLTIOA 

Is RHO > EFFRAD? 

I 
Write specification of trajectory. 

Compute half trajectory length 

XF  fiom RHO and EFFRAD. Set up 

reporting stations STAT along 

trajectory.  Initialize solution 

YO, coordinate XO, interval HO. 

i 

Write specification of trajectory 

and reason for skipping, exit. 

Return. 

■^■Call INTGRT 

Is X > 0 for the first time? 

INO 

Yes 
Set KCLOS -  KBAR 

Has X passed the next element of STAT7 

m     NoJ LYes 
Store X, R, certain matrix elements, 

elements of the solution vector Y 

and derived quantities in array T. 

I 
Has X exceeded XF? 

 '   TYes 
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FLOW CHART  FOR MLTI04   (cont.) 

Compute   CPR 

Test  MODE 

Construct   fitting  parameters   kj^   (KAY1)  and  V^    (KAY2) 

Compute  corresponding analytic   solution and  asymptotic  value. 

\ 
Compute   RAPP 

Test  M05E 

3^- 'K.2 
Write basic information about calculation along trajectory f om T. 

Test MODE 

Write additional information regarding modeling, compute ANA. 

I 
Write modeling parameters. 

i 
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 Chat 
exceptionally detailed program documentation Is not required. A schematic 
flow diagram of the program Is shown In Figure 67. 

The main program STI? calls Che Important working subroutines and reads 
the parameter N,which Is on Che final data card for each calculation. The 
value to which N is set controls the reading of the next data sec.  All 
new daCa, new CargeC daca only, or new projecclle daCa only Is called for, 
wich N » 1, 2, or 3,respecClvely.  If N Is zero or negaCive Che program 
stops.  SubrouClne REDD reads Che InpuC daCa under Che conCrol of Che 
parameCer N.  SubrouClne WORK calculates the limits of Integration and 
computes the elecCron stripping and energy loss cross secCions by calcu- 
laClng Che values of Che integrals using Gauss gradratures.  SubrouClne 
WORK also controls the printing of the results. 

SubrouClne TERP prepares Che Interpolation arrays EFF and SEFF for Che 
elastic and Incoherent scattering factors from the Input arrays. Subroutine 
FIT actually calculaCes Che array elemenCs for Che InCerpolaCion arrays. 
A cubic fic is used for Che InCerpolaCion.  FuncClon S calculaCes Che in- 
coherenC scaccerlng facCor for a given momentum transfer by using the InCer- 
polaCion array SEFF for Che cubic InCerpolaCion.  FuncClon F calculaCes 
Che elasClc form facCor using Che array EFF. 

The major variables in Che various segmenCs of Che program are Identi- 
fied as follows« 

N is the parameter that controls repeated executions for different 
CargeC 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 Che number of InpuC daca polnCs for Che elasClc form facCor. 
ITYP1 and ITYP2 are parameters which allow the input data Co be in Che 

dlfferenC unlcs commonly used for Che scaccerlng facCor daCa. De- 
Cails are on Che commenc cards In the subroutine REDD. 

XKE Is Che one-dimensional array containing Che CabulaCed values of K 
for which Che elasClc form facCor 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 

data are given. 
XFKZ 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 111-2. 
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 ionlzation potentials for the various projectile 

shells. 
FMASS is the projectile mass in atomic mass units. 
EMIN is the lovest laboratory collision energy in electron volts. 
EMAX is the highest laboratory collision energy In electron volts. 
DELIAS 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 units. 
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 inelastic 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 
for the calculation of the stripping and energy loss in stripping 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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Figure 67. The Electron Stripping Program.
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11 

PROGRAM   STIP<INPUT.OUTPUT.TAPE1    «    INPUT.TAPE2    =    OUTPUT) 
"C~ Tl-nS TfroGRAH-CALCULATES   THf ^TR rpp^ING" CRDSB^SECTI ON   USTNG   A   MODIFICATION 

C      OF   THE   DMITRIEV-NKOLAEV   FORMULAT ION. JETP    17.447< 19631  ^-j  

3   CALL   REDD(N) 
~C   N«r TO   READ   ALL ÜCw   ÖATA ~ 

C   N«2   TO   READ   NEW   TARGET    DATA 
"C">fi3   TO   READ   NWPROJFCTIUE"DATA "        " 

C      WE   ALWAYS   READ   A   NEW   ENERGY   RANGE 
 CALL   TERP  

CALL   WORK 
- *E*D  ri"iIT N 
1 FORMAT!14) 
- TFllTI-TTr.S   
2 STOP   

C   5FT   N   NtGATIVE   IÖ   STOP  
END 
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SUBROUTINE REDD(N) 
COMMON/INT/   WT(TOO)tPlVflÖÖT.NlNT 
COMMON/TAR/WORDST(20I .NPE.XKEClOOtXFKEUüQj.NPltXKniOOUXFIUllOO 

1 ) • IZ.TMASS.EXCT 
COMMON/PRO J/WOROSP( 20 ) »NSP. NES (_20 ) .POT( 2C ) .PMASS 
COMMON/ENGY/EMIN.EMAX.DELTAT 

C   THIS    SUBROUTINE   READS   THE    INPUT    DATA 
GO    TO    (1t2t3)    N 

C   DATA    FOR   NUMERICAL    INTEGRATION 
 1    READd.A)    NlNT  

I*    FORMA T(I<»J _ _ _ ^ 
C   NINT    IS   THE   NUMBER   OF   WEIGHTS   AND   PH V(JT5" uStü" 

DO    5_ I =J . N I N T . 1 __ 
REÄD(T,6)    wTrn.PlV*!) 

5    CONTINUE 
 6   FÖRMAT(2(E15.8,1X) )  
C  WT AND PIV ARE THE WEIGHTS AND PIVOTS RESPECTIVELY 
C  READ THE TARGET DATA 

2 READ(1.7) WORDST 
7 FÖRMÄT(10A8) 

C WORDST ARE TWO ALPHANUMERIC CARDS GIVING DETAILS OF THE TARGET SYSTEM 
 ppAnn.ö) NPr,iTvPi,iTyp2  

fl FORMAT(3(IA.1X)) 
C  NPE IS THE NUMBER OF DATA POINTS FOR THE ELASTIC FORM FACTOR 
C   ITYP1"! FOR K IN ATOMIC UNlTS»NüT   1 FOR K IN TERMS OF SIN(THETA)/LAMbDA 
C  ITYP2»! FOR F(0)=1 . NOT 1 FOR F(OI=Z 

READ(1.4) IZ 
C IZ IS THF NUMBER OF ELECTRONS IN THE TARGET  

00 9 1=1.NPE.1 
READ(1.6) XKElI).XFKE(1) 

9 CONTINUE 
IF( ITYPI-IUO.II.IO 

1U DO 12 I'l.NPE.l  
XKE( I )-6.64971»XKE ( I ) 

12 CONTINUE 
11  IF( ITYP2-1 ) IS.lit.lB 
13 DO 15 1=1.NPE.1 

XFKE(I(=XFKE(I)/FLOAT(IZ) 
15 CONTINUE 

 U CONTINUE  
READll.S) NPI.ITYP1.ITYP2 

C NPI IS THE NUMBER OF DATA POINTS FOR THE INELASTIC FORM FACTOR 
C ITYP1 = 1 FOR K IN ATOMIC UNITS.NOT 1 FOR K. IN TERMS OF SIM THt TAI/L«MBDA 
C ITYP2=1 FOR SINC(INFT=1. NOT 1 FOR SINC(1NF)=Z 
 DO 16 I-l.NPI.l      

READ(1,6)  XKI ( I ) .XFKI ( I ) 
16 CONTINUE 

in  ITYPl-l I 17.18,17 
17 DO 19 I=1.NPI»1 

XKI(1 )-6.6«V71»XXI (1 ) 
19 CONTINUE 
 18 IF( lTYP?-li2Ü.21,20  

70 DO 22 1=1.NPI.l 
XF<I(I»=XFKI(D/FLOAT(IZ1 
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J2   CONTINUE 
2rRE*ÖT1.6) TMASS 

TMASS IS THE TARGET MASS    IN   AMU 
I   UftTA   RCTtrrWG   STAlhMfcNTS   t-OK    IAHTET   COWPLblfcU  

REA0(1.6)    EXCT 
C      FXCT   TS   A   LOWEST   EXCITATTDN   ENERGY FOK^THr TARGET   SYSTEM 

3   GO   TO   t23.2'»»23 )    N 
2T BnEACr(T,7V WORDS!» 

C   WOROSP   ARE   TWO   ALPHANUMERIC   CARDS   GIVING   DETAILS   OF    THE   PROJECTILE   SYSTEM 
 READIltM   NSP  

C      NSP    IS   THE   NUMBER   OF   SHELLS   CONSIDERtO    IN    THE   PROJECTILE 
DO   2 5   I-ltNSPn _     _ 
REAO{1.26»    NESJ I >.POT( I ) 

2^   CONTINUE 
26   FORMAT!14.1X.E15.8) 

c nes is THE NUMBER öF ELECTRONS IN THE 
C   POT    IS   THE   THRESHOLD^ ENERGY    TO   REMOVE 

REÄB(T.6r PMÄSS 
C   PMASS    IS   THE   PROJECTILE   MASS.    IN   AMU 
"      24  COUUWÜE "" ~ 

REAO(1.27)    EMlN.EMAX.DELTAE 

SHELL  
THE    ELECTRON. IN   AU 

 27   FÖHHATOIElb.8.1X1)  
C    EMIN    IS   THE   LOWEST    COLLISION   ENERGY   CONSIDERED 
C   EM«  TS   TWT K1GHEST   COLLISTON-ETJE^GY^ CDWSTDERFD 
C   DELTAE    IS   THE    INCREMENT    IN   COLLISION   ENERGY 

RETURN 
END 



SUBROUTINE WORK 
COMMON/I NT/ Wf( 100).PI VM 100)tNlNT 
 COMMON/PROJ/WOROSP120 l»NSP.NES(20) .POT(20) »PMASS  

COMMON/ENGY/EM I N.EMAX.DELTAh 
COMMON/TAR/WORDST(20) .NPE,XJCE(100) .xFKE( 100) .NPI .XKI ( lOO) .XFKI (100 

1 ) .12 .TMASS.EXCT 
DIMENSION CROSS(20).CROSI(20) 

C THIS ROUT TNE rAUCuLATES THE CROSS SEXnON 
 WRITE(2.1 )  

1    FORhAT(lHl) 
WRITE(2.2)   

?    FORMAT(22H    TARGET    f DENT rFRTAriONT 
WRITE(2.3) WORDST   

3 FORMA T (TX. lüSn 
WRITE(2.4) 

 4 FÖRMAT(26H PRöJECtlLE IDtNTIFICATlON)  
WRITE(2.3) WORDSP _ 
RM=PMASS»tMASS/(PMASS+TMASSI 

C  EMIN.EMAX.DELTAE ARE  IN EV IN THE LABORATORY SYSTEM 
E=EMlN 

 5 ECM = E»TMASS/(PMASS-t-TMASS )  
FAU=F/?7.?1 

C ECM IS THE CM ENERGY IN EV. EAU IS THE LAB ENERGY IN AU 
V=SQRT(2.Ü»tAU/(PMASS«1822.3)1 

C V IS THE RELATIVE VELOCITY  .IN Au 
ULE=2.Ö*V 
ULI«V 

 wRITe(2,6) E.ECM.v  
6 FORMAT(llH E(LAB.EV) = .E15.8 , 1 OH E ( CM,EV) = .E15•8.23H RELATIVE VELOC 
1ITY(AU)».E15.8) 
DO 7 I=l.NSP.l 
WLE=SORTf^.O»POT(I)) 
 IF(1.0-2.CI*EXCT/(V»V) )  100.101.101  

100 WLI=2.0»ÜH 
GO TO 10 

101 ÄA«V*(1.0-SQRT(1.0-2.Ü»EXCT/(V*V))) 
IF(AA-WLE) 8,8.9 

8 WLI=WLE 
 GO TO 10  

9 WLI»AA 
10^ CONTINUE 

C  PERFORM  THE ELASTIC INTEGRATION 
IF(ULF-WLF)11,11.12 

11 CROSS(I)=0.ü    ' 
 CROSI( I )»0.ü  

GÖ~TO   7 
12 SUM1=0.0 

SUM3=0.0 
DO 13 J«l.NlNT.l 
X=0.5#(ULE*WLE)+0.5»a)LE-WLEl»PIVIJl 
ZZZ = F(X)  
ZZ=WT(J)»((1.0-ZZ2)««2)/(X»X«X) 
2Z1=0.5»ZZ»X»X 
SUM1=SUMI+2Z 
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 SUM3-SUM3+ZZ1  
"is CONTINUE 

SUM1»SUM1«0.5»(ULE-WLEI»FLOAT( IZ»IZ ) 
 SUH3-0.5*SUH3*{ULE-WLE)*HPATtlZ*lZI 
00   THE    INELASTIC    INTEGRATION 

TTJULT-WLir 14,lV,r5  
1«   SUM2-0.0 

GO   TO   16 
IS  5UM2«Ü.U  

SUM<»-0.0 
- ~Kr n j*r.NiNm '   

X"0.5»<ULI*WLI)*0.5«IULI-WLI)»PIV(J) 
'zrz^sTxf 

2Z"WTtJ)»ZZZ/iX»X»X) 
 rZ2«0.5»ZZ»X»JI  

SUM2-SUM2+ZZ 
:5UW»SUIil«+ZZ2  

17   CONTINUE 
5ÜH?i3UH7»ff.^<nüLT^Wrn«FCUATlTrT 
SUM4"0.5«SUM4»(ULI-WLI »»FLOATl IZ > 

H SUH-SÜHU5UH2 
SUMP"SUM3+SUM4 

^ a«)SlTr7*50MP»7TO3773F-I6»FL0ATrNr5TT-I n-TV»V) 
CROSSII)»SUM«7.03773E-16*FLOAT(NES«I)l/(V»V) 

7" CONTINUE 
TXS-0.0 
 T5V.0.0  

DO   18   I»1.NSP,1 
 Tsyo-5Y*cpasrrrir         

TXS«TXS*CROSS«1 I 
^r coNriNut  ~ 

WRITE(2«19)    TXS 
19 I-0HMATI24H    IUTAL   (.KUSS   SkLllUN   IS   .bl».UI  

WRITEI2.24)    TSV 
^rFÖWHÄTOOH^ENETrcy-COSyCRüSS "StCTTOWTS   .E15.8I 

WRITE(2»211 
 WIT! TTTTi TOT T XROS SnrTt»T»NSPT          

WRITE!2t21) 
 BSTTETTTTtn    ( LHUSl I I I .1*1 tNSP I  

20 FORMATtft«1X.E15.8) ) 
21 TORRATrSBKCONTRrBaTTONS-DF-THE   SHtnrST 

WRITE(2«22) 
^TTORWArnFTT  " 

E-E+OELTAE 
mE-EMAX) 
RETURN 
Crrt)    " 

5.5.23 
23 
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SUBROUTINE TERP   
COMMÖN/TAR/WÖROST^or.NPE^XUE^ 100) .XFKf( 100) «NPI .X<1 ( 100) »XFKI I 100 

 1 ) , IZ.TMASS.EXCT  
COMMON/TPT/EFF(4,100).SEFF(4,100) 
COMMON/EZP/CEXJ-P 

C  THIS ROUTINE CALCULATES THE INTfRPOLATTON ARRAYS 
C FOR THE ELASTIC FORM FACTOR 

MAX«NPE-3 
00    1    1=1.MAX,1 
 xii=xKe<11  

X21=XKE^I-f 1 )   
X31=XkE<!+2) 
X41«XICEJJ+3)   
F1«XFKE(D                                 "      "" 
 FZ«XFKE( H-l )  

f3«XFxE(1+51 
F4"XFICE< 1+3 ) 

~ CÄLimTrxri,X~21,xnVx41 ,Fr,F2rF3,F4,151,D2,D3,D4) 
EFF(1,I)«D1 
FFF(2, I )=r)2 

 EFF(3,I)=D3  
EFF(4,I)=D4 

1 CONTINUE 
C      CALCULATE    THE   EXTRAPOLATION   CONSTANT   CETxTP 

CtXTP«(-XFKE(NPE)+ SORT(XFKE(NPE) ) )/(XFKEtNPE )*XKE(NPE)»XKE(NPE ) ) 
c   TOR THE INELASTIC FORM FACTOR 
 MAX=NPI-3  

DO   2    I'1,MAX,1 
XII«XKI(n 
X21-XICI I 1 + 1 ) 
XJl'XKlt1+2) 
X4l«XKI{1+3) 
F1«XFKI(I) 

 WTZWKTTTTTi  
F3«XFKI(1+2) 
F4-XFkl(I+3) 
CALL   FIT(X11,X2 1,X31,X41,F1,F2,F3.F4,D1,D2,D3.D4) 
SFFF(1,I)«D1 
SEFF(2. I )=D2    

 SEFFO.I )=C)3  
SEFF(4,1)=D4 

2 CONTINUE 
RETURN 
END 
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SUBROUTINE F I T ( XI1 .X21 tX31 tX4X »F 1 ,F 2 ,F3 .F4,D ) •D2,D3,D<.) 
X12-XTl»xll ■■__ 

X13«X11»X12 
X2?-X21»X21 " 
X23-X21*X22 
X32SX31»X31 
X33"X32«X31 
X42«X4l»X*l 
X43«X41«X42   
0g-<Xlg-yg?l»IXll-X31)-IX12-X92 1»(KIl-'      ^ 
03^(X13-X23 »♦(X11-X31)-(X13-X33>»(X11-»'' 
04- rFT-T?)* (x n-x"3i) - rr r-rrf»ixn-^(7T i 
S2«(X12-X32I*(X11-X<»1 »-(X12-X42 )«(X ;i-»       ; I 
5 s-» rxTJ^« rr* rxn - x* rr- (KT^JTAT)-» rxii  v ^  ■ i 
S'»'lFl-F3HHKll-X'tl )-(Fl-F4)«(Xll-X3J, 
r)4- <Ö4»52-5A»Ö2 J / (03*52-53*02 J  
03»(Q4-D4»Q3)/Q2 
62 - Cfl-F 2-04» rxTy-x2T i-CJrtii r2-« 2n T/l n I -x zn 
D1-F1-D4«X13-03«X12-D2«X11 
RtTORN -- — —--- 
END 
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FUNCTION    SIX) 
COMMON/TÄR/WÖRD£T(20) .NPt.Xk£( 100) »XTHc^ 1 00 ) .NPI .XKI (100 > «XFKI (100 

 1 ) tlZ»TMASS»bXCT __^  
COMMON/TOT/EFF(AilOO).SEFF(4.100) 
COMMON/EZP/CEXJP 

C    THIS   FUNCTION    CALCULATES    THE    FNELASTKr FORM    FACTOR   FROM    THE    ARRAT5EFF 
IF(X)    1.2.3 

1 W'RITEl 2i<rJ 
STOP 

 1*   FöftMAt(33H   NEGATIVE   MOMENTUM   TRA^IS^tR   tRRORl  
2 IFtXKIt1))    5.5.6   
5 S-XFKI ( 1 ) 

RETURN 
6 S'SETFTTTl T VsEFF(2.rr«X + SErF(3^.Tn»X»>+SEFF(*.l )*X»x*x 

RETURN   
 3   IF(*-XKI(1) )   6.5.7  

7 IF(X-XKI(2))    6.B,9 
8" S»XFTCl (2 ) 

RETURN 
9    IF(X-X>CT ( 3 j )    6. 10. 11 

10 S = XFKI (3)  
RETURN 

11 IF(X-XKI(NPI))     12.13.1A 
U   FEZP«I.O/((1.0+CEXTP«X»X1»*2) 

S=1.0-(FEZP«FEZP) 
RgTURN 

13   S'XFKI (NPI )  
RETURN 

12 MAX«NPI-3 
I F (X-XKT (NPriD )    15.16.17 

17   S = SEFF( 1,MAX)+SEFF(2. MAX)»X + SEFF(3.MAX)»X^X + SEFF(4.MAX)»X*X«X 
RETURN 

16 S'XFKI(NPI-1) 
RETURN 

15 IFJX^-X< I (NP1-2) ) 18.19.17 
19 S=XFKI(NPI-2) 

RETURN 
IR    1=2 

I I-A 
56   mX-xKHII ) )   20.21,22  
20 S-SEFF(1.I)+SEFF(2,I1«X+SEFF(3.I)«X»X+SEFF(4,I)*X»X»X 

RETURN 
21 S = XFlCl (II) 

RETURN 
22 IF(I-MAX)23.2».24  
24 WRITE(2.25) 

STOP 
25 FORMAT(17H LOGIC ERROR TN S) 
23 1=1+1 

II-II+l 
GO TO 26   
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FUNCTION   F(X) 
CO*IMDN/TPT/rFF*4,lC0) ,SEFF(Jj,100T - 
COMMON/TAR/WORDST(20) .NPEiXHE(100 1 tXFKE( 1ÜC) «NPI ,XKI (100> .XFKI t100 

D.TZ.TMASS.EXCT  
COMMON/EZP/CEXTP 

C   THIS   FUNCTION   CALCULATES   THE   ELASTTT^FORK FACTOR   FROM   THE   ARRAY   EFT 
IF(X 1    1.2i3 

1    WR I T E ( 2 . 4V 
STOP 

 U   FORMAT)3gH   NEGATIVg   MOHbNTUM   TPANShbH   bRkOR I  
2 IF (XICF( 1 ) 1 5.5.6 
5 F-XFKE(1»   

RETURN 
6 F-XFTT1 . Il-t-EFF17.1 )»X+EFTT3il )*X»)r*EFT H». 1 ) »X'X'X 

RETURN 
3 IFIX-XKEIU )   6.5.7  
7 IF tX-XICE(2) 1   6.8.9 
«TF-XFtcE«?) 

RETURN 
9   TF(X-XlCEf5) )   S.TO. 11 

10 F«XFtCE(3) 
 RETURN  

11 IF (X-XKE CNPEM    12.13,14 
14 F»1.0/((1.0*CEXTP»X»X)**2 1 

RETURN 
13   F«KF<E(NPF) 

RETURN   
12 HAX-NPt-'i  

IF(X-XKE(NPE-11)    15.16.17 
1 T   F«tFFT 1 .MAX I^EFF { 2 .MAX I*X^EFFt7.nAX ] »X'X + EFF ( 4 .MAX ) »X»X» X 

RETURN 
16 F«XFKF(WPE-n 

RETURN 
15 IFtX-XKEiNPL-ZI 1 IB.IM.W  
19 F = XFICE(NPE-2) 

RETURN 
18 I»2 

I 1-4 
26    IF(X-XKE( I I ) 1    20.21.22 
gO   F-EFFd .T rrETFTm l*X-»-EFF (3.1 ) »X»X+EFF ( 4. 1 1»X»X»X  

RETURN 
21 F»XFKF(It) 

RETURN 
22 IF(I-MAX)23.24.?4 
24   WRITE(2.25) 
 sTW  
25    FORM*T(17H   LOGIC   ERROR    IN   Fl 
23    I-I-fl 

I I"I1+1 
GO   TO   26 
END 
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3? 
9.65400 
9,65A00 
9.56387 
9.56387 
9.3e'»<»3 
9.38'»<»3 
9.11738 
9.11738 

885E 
S85E- 

02 +4.83Ü76657E-02 
02 -4.83076657E-02 
-02 +1.44471962£-Ö1 
-02 -1.44471962E-01 
-02 +2.39287362E-01 
-02 -2.39287362E-01 

+3.3i8686Ö2E-Öl 

200E- 
200E-C 
990E- 
990E- 
786E-C 
7fi6E-02 -3.31868602E-01 

-02 

B.765JÖ93öe-ö2   +A.21551276F-Ö1 
8.76520930E- 
B.331192Ä2E- 
8.33J19242F- 
7,B193895BE- 
7.81938958E-C 

-02 -4.21351276E-01 
-02 +5.06ff99909r^Ö^ 
-02 -5.06899909E-01 
-02 +5.8^715 757t-Öl 
-02 -5.87715757E-01 

7.234574^.16-02 +6.65044267^-01 
7.23457941E-02 -6.63Ü44267E-01 
6.58222228E-02 +7.32182119E-01 
6.58222228E-02 -7.32182119E-01 
5.86840935E-02 +7.94483796E-01 
5.86840935E-02 -7.94483796E-01 
5.Ö99eo593e-o2 +8.493676UE-Ö1 
5.099e0593E-02 -8.49367614E-01 
4.2fl35898QF-0? +8.9032 1 156F-01 
4.28358980E-02 -8.963? 1 156F-01 
3.42738629E-02 +9.34906076E-01 
3.42738629E-02    -9.34906076E-01 
2.53920653E-ÜZ +9.64762256E-Ü1 
2.53920653E-02 -9.64762256E-0 1 
1 .62743947E-02 +9.85611'*] 2E-01 
1.62743947E-02 -9.85611512E-01 
7.0186 1001E-Ö3 +9.97263862E-01 
7.01861001E-03   -9.97263862E-01 

ELASTIC:   FÖRM   FACTORS   FROM   HANDBOOK   OF   X-RAV   CRYSTALLO^RAPHV 

TIC   FROM   JCP    47t    1892     (1967) 
0   +000 

ARGON 
INELAS 
18    +00 
18 
.00000 

5.00000 
OOOE+OO 
000E-02 

+ 1. 
+ 1, 

OOOOOOE+Ol 
400000E+01 

1.nnooo 
1.50000 
2.00000 
2.50000 
3.00000 
3.5ÜÜ00 

ftOÖF-öl 
O00E-O1 
OOOF-01 
OOOE-Ol 
0Ü0E-Ü1 
GÜ0E-01 

75T 
.46 
.29 
.14 
.02 
.25 

"ÖÖAOÖÖF + Ol 
500000E+01 
300000E+01 
200000E+01 
ÖOOOOOE+Ol 
OOOOOOE+00 

4.00000 
5.00000 
6.00ÖÖO 
7.00000 
8.00000 
9.00000 

OOOE-Ol 
OOOE-Ol 
OOOE-Ol 
OOOE-Ol 
OOOE-Ol 
OOOE-Ol 

+Ti 
+ 7, 
+6. 
+6. 
+5. 
+ 5, 

Ö0ÖÖÖ0E+OO 
Ü0O0O0E+OO 
COOOOOt' + OO 
oooon~E+oo 
DOOOOOE+00 
ÜO0OOOEJ 00 

1.Ü0000 
1.10000 
1.20000 

OOOE+Ou 
OOOE+OO 
OOOE+Ou 

+ 4 
+ 3 
+ 3 

.90 

.43 

UOOOOOE+00 
OOOOOOF+OO 
OÜOCOOE+OX) 
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U30Ü0OO0ÜE+0O 
21   +600   fOOO 
•ÜOOOOOOOE+Oü 

-n b-D3 
l .Ü0U00000E-02 
5.00000000E-0Z 
l.OOUOOOüOE-01 
I.90000000E-01 
2.000000ÜÜE-01 
3.uooooooag-oi 

♦3.03üOnOOOE*00 

♦O.OOCOOOOüE+OO 
+6.uujuauöut-ö,i 
♦2.4UOÜ000OE-02 
♦5.71000000E-01 
+1.95600000E+00 
■••3.55B00000F+00 
■••6.03300000E + 00 
^TTTrTüüTJTjnrruü- 
+8.99800000E+00 
+1.0a060000E*01 
+1.09670000E+01 
♦1.17260000E+01 
+1.2*240000E+01 
■H.3Ü&1D000E4-01 
♦1.36290000E+01 
♦ 1. 5489000Ol'+Ol 
♦•1.63240000E+01 
+ 1T713Z00X)OEr+01 
+1.75730000E+01 
■H./HUOOOOUb-»-Ui 

<».0üO0OOOUE-01 
5.000000ÜOE-01 
6.00000000E-01 
7.0000Ü000E-D1 
8.0OO0OÜO0E-01 
9.00000000E-Ü1 
l.OOOOOOOOE+00 
I.50000000E+00 
2.00000C00E+00 
T.oaoocrocrDr+üa 
4.Ü000Ü0Ü0E+0U 
b.OOUOOOODE^-OU 
8.00000000E+0Ü ♦1.79780000E*01 
3.994*OO00F+01 
8.0B530000E+00 
ATOMTC"HYDROGEN 

1   -»-S.OOOOOOOÜE-Ol 
i vo öD 0 aü ooE-»-o o 
2.750C0000E + 04   ♦1.00(JO0O0OE + 06    +2.50000000E + 04 

"3      ~ 
ATOMIC   HYDlOGEN 

i +?.ootrooocruE-or 
l.OOOOOOOOE+OÜ 
T."OöDaooox)r+ö& -FivoDoooooor+oB  +1.00000000E+06 

1 
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