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ABSTRACT

We investigate the scattering of electrons and positrons by atomic
hydrogen for projectile energies in the range from 11.0 to 54.4 eV. We
calculate (a) the differential émd total cross sections for elastic .and in-
elastic scattering, (b) quantities related to polarization and correlation of
electron spins, and (c) the polarization of radiation emitted in various
electromagnetic transitions. A close-coupling approximation is used in
which the total wave function is expanded in hydrogen eigenstates and only
terms correéponding to the 1ls, 2s and Z2p states are retained; the wave
function is symmetrized or antisymmetrized explicitly in the case of electron
collisions. In positron interactions, positfonium formation is neglected.

The coupled integro-differential equations that result from the approxi-
mate wave function aré integrated numerically on an IBM-709 or 7090
computer, subject to standard-boundary conditions, to yieid the lrea.ctance
matrix elements in each total spin and total angular-momentum state. In
the case of electron scattering,v the integral terms are treated by means of

an iteration procedure.
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We find for elastic ls-1s electron-hydrogen scattering that the in-
clusion of 2p state in the close-coupling wave function modifies some partial- < ¥
wave contributions at lower energies; however, the effect on the total cross

section is small, The ls-1ls cross section has a maximum computed value

of about 6ma_ at excitation, and the differential cross section is strongly

0
peaked in the forward direction. ZFor elastic 2s-2s scéttering of electrons,
calculated total cross sections are exﬁeptionally large, attaining, in some
cases, values of the order of 400 ﬂag at 11.00eV; here, too, the differential
cross section is strongly peaked in the forward direction. |

Our éalculated inelastic electron-hydrogen 1s-2p.cross sections
are in disagreemenf with experimental results, sometimes by as much as
a factor of two. The calculated cross section reaches a méximum-of |
1.3Trag at about 20 eV. The predictions for polarization of photons e;n}i.t’_ced
by hydrogen atoms excited by electron bombardment yiéld a result that_,
near the n = 2 threshold, is a r@pidly varying ﬁonmonatomic Ifunction vov‘f_
energy; again; over-all agreement with experimental results.v ié poor. We
support our. belief that these discrepancies probably can not be reconciled
by any close—coup'lin-g calculation. We also present results. for the 1s-3p
excitation cross section calculated with a 1s-3p close-—coupled wave function;
there are no experimental data for comparison here but we point out the
consequences these results have for ls-2s excitations. '

Our calculatéd total 1s-2s excite}tion vcros’s sections show littie dif- »
ference as a reéult of including the 2p state iﬁ the close-coupling> wave
function. Agreement with experimént is aga;in poor although measurements
are subject to possible errors in normalization and we suggest further in-

vestigation of normalization procedures. As in the elastic case, the dif-

ferential ls-2s cross section is strongly peaked in the forward direction.
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Measurements of the spin-flip cross section and our calculation of it
are in fair agreement at the n = 2 threshold.

The effect of the 2p state on elastic positron-hydrogen scattering is
quite pronounced, especially for energies immediately above the n = 2
thresholdo For 1s-2s excitations by positrons, the same effect is seen, but
it manifests itself over a wider energy range.

Calculated values of reactance matrix elements are provided in

tabular form for electron-hydrogen scattering at six energies above threshold.
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I. INTRODUCTION
In a series of earlier papersl_5 we have .d.escribed our investigation
of electron- and positron-hydrogen atom ccllisions., .In the pr’eseﬁt work we
continue this program and extend it to higher energies and to processes
mainly associated with inelastic scattering, not conéiaered earlier. The
results presented cover the range of incident electron and positron energies
from 11 eV to 54.4 eV, a range that lies above the threshold for excitation
of the second quantum level of hydrogen at 10.2 eV and, for the most part,
also above the ionization threshold at 13.6 eV. |
The methods underlying our analysis are given in detail e].sewherez’ 3
and we shall only dwell upon them briefly to make this paper reasonably
~self-contained. Our basic assumption is that aﬁ a.dgquate representation of
Ithe total wave function can.be obtéined by use of the so-called close-cpupling
approximation in which the total Wa‘}é func’tiqn is expanded in eigenstates
of the hydrogen atom, aﬁd only a few low;lying states retained. In the case
- of electrons the resulting expansion is s’ymmetrizved or antisymmetrized

explicitly. For positrons we neglect positronium formation.

*
. This work was performed under auspmes of the U S. Atormc Energv
Commission.

1F‘lesent address: Theoretlcal D1v1szor1 AERE Horwe‘l Berkshire, England.
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I'I‘he wave .fuﬁgtion obtained in the close-coupling approximation leads
to a set of coupled radial.-linear integro-differential equations which are
solved numerically on an IBM 7090 by means of te'éhr;iques described in an
earlier communication.

Although it is usually difficult to justify the close-coupling approxi-
mation a priori, some insight into its validity ié affqrded by comparison
both with experiment and other calculations, and by investigation of thé
effects of including different numbers and different combinations of hydrogen
states in the expansion. In addition, the approximation can p‘robably be

¢
generalized in a straightforward manner to treat electron and positron
collisions with heavier atoms. Thus, the results of our work may have
some bearing on other, more.complicated collision processes.

In this paper we.are concerned only with processes irivolvihg transi-
.tions among the first, second, and third quantum levels of hydrpgén; we
have ‘therefore restricted our close-coupling expansion to these levels only.

Such a program is not unique; with the advent of present-day computing

s

facilities, this apprecach has been taken by other workers some of whom
take into account the ls, 2s, and 2p states of hydrogen in their close-coupling
wave functions. The present work is, we think a logical extension of the

earlier work., To begin with, we calculate transitions to and from the third

quantum level. Second, we carry out the analysis suggested above, making

estimates of the accuracy of our results by calculating with different numbers

~and different combinations of closely-coupled states. Third, we evaluate
the partial-wave -contributions>up to and including‘ L. values of 15 or 16 at
the higher energies; this usually insures the convergence of the partial-
wave expansioﬁ to within the accuracy of the calculation (although in cerfain

cases at lower energies we have had to obtain contributions from higher

- @
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an'gular'r'nomentum states by an extrapolation procedure to estimate the
cross sections accurately.} Fourth, we evaluate quantities of iﬁterest at
an energy interval fine enough to perrhit quite accurate interpolations be-
\tween tabulated values. Finally; we‘ go beyond earlier v.vor.k in the case of
positrons to evaluate certain cross sections in the lé-Zs_Zp approxiAmation."

By and large,. when comparisonvwith experiment is possible. our
results accord fairly well with measurement. An outstanding and perplexing
exception to this is the poor agreement between certain experiméntal measure-
ments and our best estimates of the 1s-2s and ls-2p excitation cross sections
for elect‘rons'. It is true that our calculationé of thesé quantities are made with
a close-coupling wave function which includes only a limited ﬁumber of hydro-
gen states; but our experience with this kind of approximationv_indicates that
the addition of individual higher-lying states generally has little effect on
e_xcitation cross sections. This fact, in conjunction with the quite large
magnitude of th‘e discrepancy, leads us to believe that it‘cannot reasonably
be attributed to the omission of a fgw higher-lying states. Indeed, if the
discrepancy is to be ascribed to the calculation rather than to fhe experi-
mental measurements, we feel it represents an inherent faiiure of the close-
coupling approximation which could only be resolved by'ltaking inté account
many--~perhaps ail--hydrogen eigen.statés, including the continuum.

Insofar as positron scattering is concerned, our work rﬁay also be
regarded as an extension of earlier work. Elastic scattering of fast positrons
by atomic hydrogen has been calculated by Moiseiwitsch and Willia.m58 using
a simplification of the second Born approximation, and elastic and inelastic
scattering of positrons from the s-states of hydrogen have been considered

by Smith et al., 9 for incident positron energies below the first hydrogen-

excitation threshold. In our present work we include the 2p state as well,

and calculate above threshold cross sections.
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There are, as yet, no data available 'f‘or positron-~-hydrogen scattering.
Nonetheless, positron scattering is of considerable theoretical interest be-
cause the relative importance of varicus positron effects will be different
from the corresponding electron case. For example, the mean static inter-
action of a positron with an atom is repulsive whereas its the long-range
polarization is attractive, so that the two effects tend to cancel rather than
combine as is the case in electron scattering.

We conclude this section with a brief outline of the contents of the
remavinder of the paper. In Sec. II we give the relevant theorry in a much
ékbreviated form and also present formulae which are referred to later in
the paper. In Sec. III we give our results for electron-hydrogen scattering,
and these include (a) e.lastic 1s-1s and 2s-2s results, (b) ls-Zs, 1s-2p,
and ls-3p excitation cross sections, with comments pertaining to the validity
df the Born approximation for high angular momentum, (c) polarization of
the gamma rays emitted in 1s-2p and 1s-3p excitations, and (d) differential
cross sections and quantities related to spin polarization and correlation.

In Sec. IV we discuss our results for positron-hydrogen scattering. Finally,
in Sec. V wé have a bx’igf presentation of calculations that includes the .
simultanecus coupling of the first, second, and third qué.ntum levels for

L. = 0 singlet scattering.‘ Tabies of the reaction matrix elements are given

in the appendix .

w
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7 . -
II. RESUME OF THEORY
The theory of the close-coupling approximation is well known and

2,3,5

has been given by various authors, In this section we present a brief

resumé of that theory, thus providing a‘glossary of formulae for late‘rv
reference. ”

With the proton regarded as infinitely massive, and therefore at‘
rest during the scattering, the total wave function depends only upon the
coordinates of the two electrons in the case of electron-hydrogen collisions,
alnd upon the coordinates of the bound electron and the incident positron in

the case of positron-hydrogen collisions. In the electron case we write
Fr(rz)

1 , A
[%r(rl 0y P29 =

g(rlolrzoz):ﬁ %

(1)

£ ]

- Y (r,0,%, 0 ) _F_‘_F_(_I;L):,
RE A A e |

where the representation is labeled I' = (n knﬂlﬁz L‘MLSMS) and is diagonal
in the total orbital-angular momentum L and the total spin S of the system;
n and ll are the principal and angular-momentum quantum numbers,
respectively, of the bound electron; and 12 and kn are the orbital-angular
momentum and wave number, respectively, of the scattered electron. For
positron scattering, there is no need to antisymmetrize the wave function;
the second term in Eq. (1) is, as a consequence, not includedu

When the wave function  given by Eq. (1) is used in the standard
Kohn-Hulthén variational principle appropriate to this system, there results
a set of coupled linear integro-differential equations for the functions Fl—‘;
these equations were first given by Percival and Seaton. 10 ‘When we neglect
positronium formation, the same set of equ'ationsp wlth a change in the sign

of the charge of the incident particle and the omission of the exchange terms,

also describes positron-hydrogen scattering.
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The set of equations thus obtained is solved by techniques fully dis-
cussed previously, 2 and we determine the physically significant quantities
(cross sections, phase shifts, etc.)by fitting the asymptotic forms of the
functions FF té the appropriate spherical Bessel functions modified by an

- asymptotic expansion. We observe that for those channels above threshold

we can write

A
LS, . _ LS . 1 LS 1
Foo (vir) = 77 6 , sin(k , r-5 £',7) + R Ncos(k , - 52',m)
n'

(2)
where the channel label v z nf £, and initial-state quantities are denoted by

- 172
primes. If there are N channels above threshold, then the submatrix R‘I:'VS,

corresponding to given L and S values, is of dimension NXN,
The S matrix describing the scattering can be expressed in terms
of the reactance matrix R through the equation |
S=(1+iR)/(1 - iR), | (3)
and the transition matrix T is given by
T=S-1. - )

Finally, the total cross secticn for a transition n'f) to nf is

L,S2

vy!

Z (2L+1)(2S+1)

Z
] ]
SLE, Y 4k (224 +1)

T (5)

Q*Li->nl ) =

An observable of importance in this work is the cross section for
excitation of a particular p-state magnetic quantum level (npml), where m,
denotes the quantum number of the z component of the bound electron's
orbital-angular momentum. Percival and Seaton f).ave shown that this cross

section is simply related to P, the fractional polarization of the radiation

11

emitted when the atom decays from the npm, level to one of lower energy.

1

For Lyman-a radiation (which is important in the measurement of the cross

P

L
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, , _ : 2
section for 1s-2p transitions) P has been determined experimentally, 1

According to Percival and Seaton, for Lyman-a radiation excited by electron

.impact, the polarization of the radiation emitted at right angles to the in-

cident electron beam is given by

P=3(1 - x)/(7 + 11x), | (6)

where
x = Q(ls=2p, m = *1)/Q(ls=2p, m = 0).

The cross section Q; (ls--2p), obtained by counting photons perpendicular
to the electron beam and by assﬁming an isotropic photon distribution, can
then be written
Q (ls—=2p) = 0.918Q + 0.246Q(0) , o (7)
where (Q is the total cross section and Q(0) = Q(ls—=2p, m = 0). Finally,

it can easily be shown that in either spin state S,

S - ! 1/2,_ LS
Q7 (n's »npm)= —— Z [ (2L41)(2L"+1)] T o
kZ, 4LL! nptin'sL
n
L'S* ‘
T N Ve
npl;n',SL'le(L"O’ml m)CM(L ,O,ml m),

(8)

vwhere' the C" s are Clebsch-Gordan coefficients in the notation of Blatt and

Biedenharn. 1
At the threshold for excitation, the final-state wave number is zero
and thus only the value 22 = 0 is allowed. It then follows from angular-

momentum conservation that only the cross section with m = 0 in Eq. (8)

is nonzero, and therefore x = 0 in Eq. (6). This gives P = 3/7 at threshold.

On the other hand, for very large energies, P approaches zero since x tends
to unity in this limit.
In general, the expression for the differential cross section is a

complicated one. If, however. we restrict our considerations to the ex-

citation of hydrogen s states from the ground state. the formula simplifies
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considerably and we have for the scattering amplitude

S _ 1 28
nlS,ns(Q) —Zikl T(Zf+1) Tn'f,nsﬂ Pl(cose)_ (9)
n

With S = 0 the above expression is the singlet scattering amplitudé, and
with S = 1, it is the triplet amplitude. In conformity with the notation of

. 3
Burke and Schey we shall designate these as G(6) and F(0), respectively.

The differential cross section is then given by the standard equation
1. 2 2
a0y = 5 [3[r@]* +1c@)]’) . (10)

f‘or positron-hydrogen scattering, the singlet and triplet amplitudes
are identical (since there is no exchange). Consequently, a measurement of
the differential cross section at each energy exhausts the experimental possi-
bilities and determines the scattering amplitude through Eq. (10) to wit}‘lin a
phase factor. For electron-hydrogen scattering, 'however, there.are possi-
bilities of spin changes during the collision, and other qdantities in addition
to, and independent of, the differential cross section may be measured. This
corresponds to the fact that, at low energies, the singlet and tri'plet amplitudes
are in general not equal in electron-hydrogen scattering. 2 This problem has
béen treated in detail elsewl'}.ere3 and we h.er‘e merely reproduce the relevant
formulae. It is found that the quantities of physical interest (cross sections,

spin polarizations, and correlations) can be expressed most readily in terms

of the five real functions

—

k(6) = & [3F(OF (0)+G(O)G (8)] ,
m(0)= [ FOF" (0)-G0)G"(0)] ,
n(0) = | 2FO)F (0)4F(0)G (0)+F (0)G(0)] (11)
p0) = 7 [ 2F(O)F (0)-F(O)G (0)-F (0)G(0)]
and
q(0) = (i/4] F (8)G(0)-FO)G (6)] .
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Thus, the components of the spin polarizations P and the elements of the
correlation tensor ) after scattering (denoted by primes) -can be related
to their counterparts before scattering (unprimed) by

‘ 2)
oﬁ(e)pk“)(e)s :n(@)Pk(l)+p(9)Pk( )fq(e)zje_ijkaij,

O(O)Pk(z)(e)‘:p(Q)Pi{(_l)+n(9)Pk(%)-q(9)Zé Q

[RE3 1 Nar
and ' “ {12)
a(e)Qij(e)v' =m(9)6ij[ 15 4] +n(9)Q.1j+p(9)jS ‘
= (1) 5 (2)
a0, csind PP Tl
where

¢ (0)=k(0)4m(0) ", 0, , ;
The subscripts 1i,j,k, and £ each run over the values 1,2, and 3l‘cor-
responding to the x,y, and z directions.,
Of these quantities, perhaps the most easily measurable, apart
from the diffgarential cross section, are the depolarization ratio d(8) and the

spin-flip cross section. These are defined by

d(6) = Pk(Z)(Q)'/Pk(Z) =n(0)/0 (), o (13)
and B . >
ogpl0) = 7 | F(O) - G(O) |” = o (0) 1-4(8)]. (14)

In later sections we present values of the fore going quantities for several

reactions calculated in the close-coupling approximation.

Lastly, the "ekchange cross section, " defined by Lichten and Schultz, 14

is é— o'SF(G) in the notation of Eq. (14).
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III. ELASTIC AND INELASTIC SCATTERING_
OF ELECTRONS BY ATOMIC HYDROGEN

A. Elastic Scattering

This section deals with our results fo}‘ two distinct elastic electron-
hydrogen collision processes. The first, thé more usual, is that in which
the target hydrogen atom is in its ground (ls) state both before anci after
scattering; in the second, the target is in the 2s state .both’before and
after scattering. | ‘

In Table I we list our results for the ls-1ls cross section calculated
in the 1s-2s-2p close-coupling approximation for electron energies from
12.2 eV to 54.4 eV. Included for comparison are the results for the same
process calculated in the 1s-2s close-coupling approximation. In both cases
we list the individual bartialuwave contributions as well as the total crosé
section, whigh is given in the column designated "Sum. " The values given
in Table I indicate clearly that including the 2p state significantly modifies
partial-wave contributions for L =1 at lower energies. 'I‘he’ fact that the
Zp state has its major effect on higher partial waves leads us to conclude
that the differences between the two approximations, the ls-2s and the 1s-2s-
2p, can probably be accounted for in terms of the long-range distortion effects
allowed for by the inclusion of the 2p state. Our results also indicate,
however, that the major part of the total cross section comes from the
L = 0 contribution which is little affected by the inclusion of the Z2p state;
the over-all effect of the 2p state is thus relatively small, This suggests
that once the 2p state has been included in the close-coupling expansion,
the inclusion of additional individual higher-lying hydrogen states would
scarcely change the results, a cqnclusion we have been able to draw in other

phases of our work.
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There are, unfortunately, no ls-1s measurements available at the
energies considered hére and so the question of the accuracy of cur cal-
culation, judged on the basis of comparison with experiment, must be left
open for‘thé present,

In Table II, we give our ls-2s-2p results for the 2s-2s cross section;
both the individual partial-wave contfibutions anci the total cross sections
are shown, In certain cases our results are .supplement;ed with val.ﬁes cal-
culated in the Born a.pproximation;5 these are indicated in parentheses. The
extended size of the target atom in the 2s state can be seen to produce ex-
ceptionally large cross sections, particularly at the lower energies.

The values listed in Table II make it clear that at lower energies
the calculation has not been carried far enoﬁgh to achieve convergence in the
partial-wave expansion. At the three lower en_ergies, therefore, we give,
in addition to.the sﬁm of the calculated partial-wave contributions, estimates
of the converged cross sections obtained by assuming that the partial-wave
cross sections decfease exponentially with the total angular_morﬁentum L.
This assumption is borne out well by the higher partial-wave cross sections
calculated in our close-coupling approximation (Ta.ble 1I).

B. The ls-2p and ls-3p Excitation Cross Sections

In addition to the elastic processes discussed in Sec. IIIA we have
applied close-coupling methods to certain inelastic reactions. In this
section we present our results for the lé—Zp and ls-3p excitation cross
séétions.

Our computations for the ls-2p e.xc.i.tlatior.ls are summarized in Table III;
row (a) ¢ives the contributions of the individﬁal total angular-momentum states
(spin statistical factors of i— and 3/4 are included). For some of the bigher

angular momenta, we have used results obtained from a Born approximation
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calculation made by Seaton, et.al., and such values are designated in the
table by parentheses. Since Born results are available, even for small
values of L, we are able to compare them with those coming from our close-
coupling approximation; for L values greafer than six or seven, the two
sets of numbers differ by less than a few per cent, and we therefore have
confidence in the Born approximation for higher L's. At higher energies,
partial-wave results are not available for L> 15 and the entries in the sum
column of Table III in such cases are estimates'of the converged cross
sections obtained b)‘rv the extrapolation procedure described in Sec. III-A.
Experimental results, which may be used for comparison, are not
given directly in terms of Q, the total cross section, but rather in terms of
Q(+), Q(-), and Q(0), which are cross sections for the excitation of the Zp
state of hYdrogen with the magnetic quantum number equal, respectively, to
1,-1 and 0. In the e#periments of Fite and Bra.ckrnann12 and of Fite,
Stebbings and Bra.ckmamn16 photcns that result from the decay of the hydro- ,
gen-atom target to the ground state are observe.d in a direction perpendicular
to the incident electron beam; an average ove>r all directions is then made
by assuming an isotropic photon distribution. The resulting quantity, Q »
is expressed in terms of Q(0) and Q = Q(+) + Q(-) + Q(0) through Eq. (7).
Our close-coupling results for Q(x) and Q(0) and the resulting Q| are given
in Table IV where the polarization P of the emitfed photons calculated by
using Eq. (6) is also presented. A comparisoﬁ of calculated and measured
values of Q| is shown in Fig. 1. Agreement is poor; at low energies the
close-coupling results are greater than experiment by more than a factor
of two, and the over-all shape of the two curves is quite different. Figure
1 also shows the Seaton-Born approximation results which agree remarkably

well with our close-coupling curve. We are inclined to regard this agreement
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as largely fortuitous. A comparison of individual R-matrix elements cal-
culated in the Born approximation and in the close coupling approximation
shows that, except for higher 1. values and energies, the two sets of
numbers bear littlé resemblance to one another; there are frequent dis-
crepancies both in magnitude and sign. However, when the various partial-
wave contributions are added to give the total cross section the discrepancies
evidently compensate enough to give the agreément we find between the Born
results'and our own close-coupling cross section.

The disagreerhent between our calculation and the experimental
results led us to invesfigate the ls-2p excitation cross section with various
combinations of closely coupled atomic-hydrogen states other than 1s-2s-2p
(see Sec. V). We find, however, that othei‘ combinations never yield results

different from the 1s-Zs‘.;2p values by more than aioout 10%. Since we are

in a position of having to explain away discrepancies of more than a factor

of two, we feel that no close-coupling approximation such as the present
one will yield results for the ls-2p excitation cross section which agree
satisfactorily with measured values.

Our results for the polarization of the emitted photons and the experi-
mental measurements of this quantity as given by Fite and Brackmann™ ~ are
presented in Fig. 2. Theory predicts a rather large drop in lpolarization at
11,0 eV just above threshold. For energies slightly lower than these the
curve must rise again--and steeply--to fulfill the requirement of the theory
that P = 3/7 at '.chreshold, Thus, it appears that near threshold the polari-

zation must be a rapidly varying and non-monotonic function of energy. It ‘

must be admitted that this conclusion is based, in part, upon the 11.0 eV

point which, because of our difficulty in achieving convergence, is perhaps.

less reliably given than points at other energies. Nonetheless, there is no
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" question that we do see a distinct flattening of the polarization curve for
energies somewhat higher than 11.0 eV where no convergence problern casts .
doubt upon the calculated results.

From Fig. 2 it is plain that agreement between theory and measure-
ment for the polarization of the emitted photons is poor. In view of fhe large
errors quoted in the experimental results, we cannot regard this disagreement
as strong evidence against the validity of the closg—coupliﬁg approximation,

In our investigation of the ls-Zp excitation‘cross section we dis-
covered that results obtained by use of a closely coupled wave function con-
taining only the 1s and Zp states agree very well with those obtained by using
our s.ta.ndard’ls-Zs-Zp expansion (Table V). This agreement emboldens us
to calculate the 1s-3p excitation cross section by using 2 close-coupling ex-
pansion that includes only the 1s and 3p states. The results, presented in
row (b) of T;ble V and shown in Fig. 3, though probably not the last word
in accuracy, should not be egregiously errcneous. There are no experimental
data for comparison, but once again, as in the case of the ISaZp.CI'OSS section,
there is fairly good (though accidental 7) agree.m.ent between our close-coupling
result and the Born approximation values given by Lichten and Schultz 4 which
are shown in Fig. 3.

The large 1s-3p peak value at 15 or 16 eV, if it is to be believed,
has interesting consequences for the E,s‘-nZs excitation cross section, for it
would mean that electron bombardment excites the hydrogen atom into the .
3p state more readily than had been anticipated in earlier estimates. This,
in turn, will result in an eﬁhanced Zg& population coming from 3p-2s radiative .

transitions. Although we postpone to Sec, I1Ii-C a detailed discussion of this

-

point, we may remark here that this effect brings close-ccupling predictions

of the 1s-2s cross section into greater disagreement with experiment thanhad

been suspected. .
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None of the results presented in this sub-section are in satisfactory
agreement with experiment. Yet we find that the higher angular-momentum

states make large contributions to the cross sections in questicn, and we. = &

- have considerable cornfidence ih our results for these states. Thus, we are

at a loss to explain, for example, the serious discrepancy in the 1s-2p case,

" and feel that further experimental effort is well justifi,éd.

C. The ls-2s Excitation Cross Section

We turn our attention now to another excitation process of theéretical i
and experimental interest, thé.t of the excitation of the 2s state of hydrogen |
from the ground state by electron impact. In Table VI, row ‘(a), we give
the results for the 1s-2s excitation cross section calculated in a ls-2s
close~-coupling approximation by Marriottl7 for L = 0, and by Smiﬁ;h.]'s for
higher L. In row (b) of Table VI we list our own résult,s for the same
quantity calcuiated in the ls.=23;2p close-coupling approximation. We see
that the effect of including the 2p state is to modify the L >0 pai’tialewave
contributions to the cross secticen, and this modification for any ‘L diminishes
as the prgjectile energy increases away from the t'hre'shold., This behaviour
conforms to our expectations, since the 2p state accounts for an appreciable
part of the long-range distortion which is known to have its greatest influence
ﬁear thresholds and which, in addition, qﬁite naturally manifests itself in
states of larger I.. That the 2p state also plays a role in a‘]lov}i.ng for sh‘ort—n.'
range correlation effects is evidenced by its somewhat greater effect in the
singlet-spin state (where short-range correlation is important) thzn.in the
triplet-spin state.

Table VI includes a "Sum?" column for t:.he total cross section and a
column for the spin-flip cross section, -the l,a'.tter“ being gi'."vAen by Eq. (14).

These sums include all significant partial waves, and for the higher energies
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in the 1s-2s.2p approximation, contributicns up to L values of about 15
muét be taken into account. Such large values of L are not required in the
1s-2s apprdximation where, due to neglect of the long-range effects represented
by th¢ 2p state, one is dealing with an effective interaction of short range.
Thus, there is a significént difference between the contributions from high
angular momenta in the two approximaticns. Despite these differences,
however, the total ls-2s8 excitation cross secfion is not m\#ch altered,by the
inclusion of the ZIp state (see Fig. 1). The ls-Zs api)roximation does, indeed,
yi‘eld a less pronounced peak than that given in the. present calculation, but
it occurs at about the same energy (zv14eV)in both cases, and at no energy is
the difference between the two calculationé greater than a few vper cent.

Our results, as shown in Fig. 4, become almost indistinguishable
from those .given by the ordinary Born approkimati'on at our highest energy
(54.4 eV). Ho‘wever, the sécond Born approximation of Kingst.on, Moiseiwitsch
and .Skinner,. an approximation to the ls-2s-2p method,which is an attempt

19

to allow forvirtualtransitions between the first two hydrogen levé].s,' " shows
appreciabledepartures from our result at this energy. Apparently it is not
possible to allow adequately forvirtual transitions within the framework of a
perturbation calculation; one must include strongly-coupled states exactly.
There are two sets of experimental data shown in Fig. 4 with which
we may comparé our calculation. The first data, measurements made by
Lichten and Séhul,tz, 14 are not too different in magnitudé from our owh,
althoggh at lower energies ’chére is a discrepancy of 20 to 25 per cent. The
sécox}d set Qf data is provided by Stebbings et al. 20 They disagree complefely
with ;ur own insofar as magnitude is concerned, the discrepancy being as

great as a factor of two-and-a-hzalf at some energies. The shape of their

curve, however, is not unlike our cwn.

L]

<

¥
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The experimental data shov;/n in Fig. 4 were subject tb normalization.
Those of the Stebbings group were normalized to Born approximationﬁvvalues
between 200 and 700 eV, a procedure which, in pl"inciple, is to be 'pr'e‘ferr.ed
to that of Lichten and Schultz who normalized their data to Born va.wlueé at

45 eV, an energy at which the validity of the Born approximation might seem

‘questionable. Our calculation, however, agrees very well with the Born

approximation for energies even as low as 30 eV, and thus seems to justify

the Lichten-Schultz normalization procedure.

There is one further point to be made with regard to the measured

. values of the ls-2s excitation cross section. The methods used by Lichten

and Schultz and by Stebbings, et.al., require'that raw experimental data be
corrected for the enhancement of the 2s state population caused by radiative
transitions from higher levels excited by the electron bombé,rdmentn The
results shown in Fig. 4 have been subject to such a correction by use of an
éxpression given by Lichten and Schultz which takes into account only the
effect of transitions from all higher-lying p levels. They estimate that
op(Zs) = oT(Zs) +0.210 (3p),
Where. o'T(Zs) is the calculated 1s-2s excitation cross section and cp(Zs) is
the total cross section for excitation of the metastable 2s sté,te by all
processes. The quantity denoted o (3p) i;s the cross section for excitation
of the 3p level; Lichten and Schultz obtain a value for this quantity by
normalizing the Born approximation value by th.e ratio of Q(ls—+2p) given by

Fite et al. to the Born approximation value of the same quantity. In the

previous section we indicated that the experimental values of Q(ls—+2p) may be

too small; 'corrected values would thus lead to values of ap(Zs) for which the

theoretical-experimental discrepancy would be even worse than that shown
in Fig. 4,
Another piece of experimental information available is the total spin-

flip cross section. Lichten and Schultz find a ratio for spin flip to total cross
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section of 0.9 %0.1 at threshold. Our value is abogt 0.7, in fair agreement
with measurement. A ratio such as this, incidentally, is not beset with
normalization difficulties, and the relatively good vagree-ment obtainéd here
we fegard as evidence in favor of our ls-2s excitation results.

Our remarks should indicate that the situation with regard to the ls-
2s excitation cross Vse.ction is far from satisfactory. We do not have as much
confidence in our ls-2s results as we do for our 1sa2p, vsince, 1n t.heblatter,
Higher angula.r-momentum contributions are mor.e important and morvéAac- '
CuratelyAcalculated‘ Despite this, we find it difficult to undérstan.d the large
discrepancies discussed above within the framework of thié kind 'of close-
éou_pling approximation. ‘We feel this situation warrants continued experi-
mental effort. Invparticular, close scrutiny of normalization procedures in-

volved in processing experimental data may prove fruitful.

D. Differential Cross Sections and Electron-Spin Polarizations and Cor-

relations

In this section we present results for the 1s-1s and 1s-2s differential
cross sections. We also give the functions of scattering angle defined in
Sec. II in connection with the spin polarization and correlation. All quantities_
are calculated in the 1s-2s-2p close-coupling approximation. Apart from
total cros‘s sections, these quantities are, perhaps;.the most easily measul_‘ed
of the various quantities which .characterize electron-hydrogen c,;ollisions.

The results for the 1s-2s scattering aré of more tha.n ordinary in-
terest because of the quite pronounced disagree;nent between éxperiment
and the present calculation, If this ‘disa_greemvent is the fault of the calculation
it must be ascribed mainly to the unusually large contributions we obtain
from higher angul_ar-momenturn states. It is the sum of these 1érge contri-

butions that leads to predictions very much in excess of the measured values,

’
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Higher paftiél-wave contributions a:ff;vc.t. any angle‘_d;ependent qﬁantity such
as ¢ (0) or d(é) muéh movreﬁtha;;m they do. ;"t‘otal cro‘ss seétion; thﬁ.s, tfx;e
functions given in thi§ section are ox;é 65Qious place to begin the search for
the cause or causes of the discrépén;:y.‘ | |

However, if the divsagreement is ascribed to some flaw in the experi-

-ments, such as difﬁculty in normalizing the data properly, then the experi- ‘

mental measurement of,.fo‘r éxamplé, ‘the ls-Zs differential cross section
will still play a vital rolevin revealing the sourcé of thé diségre.ément;-_the,
angular distribution, normalized correctly or not, provides much info.rrnation
about the contributions of higher partial waves, Even more informative in
this respect is the depeclarization ratio which, by its definition| Eq. (14)],

is independent of normalization,

In Fig. 5 we plot the angular distribution for the elastic scattering of
electrons by atomic hydrogen in its ground state for incident electron energies
of 13.6 eV, 19.6 ¢V and 30.6 eV. At the higher energies the scattering is
largely confined to the forward cone. The depolarization ratio fof the same
reaction is given in Fig. 6. The large backward dip at the lower energies
tends to disappear as the energy increases and d{f) tends to unity for all
angles. This limiting high-energy behaviour follows as a consequence of the
equality of the singlet and triplet amplitudes at high energies, a manifestation
of the waning influence of exchange as the energy increases. In Figs. 7,8,

9 and 10 we give the functions m(98), n(0), p(f) and g(f) which are defined in
Eq. (11).

In Fig. 11 we plot the differential 1s-2s excitation cross section.
Again, as in the corresponding elastic case, the distribution is almost all
in the forward direction at higher energies. However, unlike the elastic

case, there is an appreciable backward peak at the lower energies. A signifi-

cant feature of these distributions is the nonisotropy at energies cnly slightly
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above the ls-2s ¢xcifatidn threshold. Even at thesé .l_olw energies _fhe higher
(L>0) pa;‘tial-wave contribuﬁons dorﬁinate the behaviour of the cross section,
and an angular d.istrltiu:tion ‘1.'night therefore helvp* reé'olve the ls-2s discre-
pancy bet;ve‘en calculatio.n'a.nd experiment. | |

Finally, in Fig. 12 we gi\‘re‘ the I's~=2§ depolarization ratio_.. An im-~
portant feature of this‘. r‘étio' at all energies considered is the large dip in
the angular range from:.}(,)vto 60 de'g; . ,Thiz‘s dip becomes less pronounced
(although it remains qui}te:“e appr_e'ci.a.blé).a..nd' 1;nov_e.s.'»f'o smaller angles as the

energy increases,
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'IV." ELASTIC AND INELASTIC SCATTERING
~ OF POSITRONS BY ATOMIC HYDROGEN

We new.considef lthe‘elastic and inelastic scattering of positrons by
" atomic hydrogen for incident p051tron energ1es between 11 and 54.4 eV
Other above- threshold calculat1ons have been made by Moiseiwitsch and
Wi].liamsS"who treat the elastic scatterlng of fast (E> 2_17,6 eV) p051trons
using a sirnplification of the second Born approxirnation, and byl Smith et al., K
who consider both elastic and inelastic chlisi.ons in the ls-2s close=-coupling
approximation. Our calculation is also carried out in a close-coupling approxi-
mation, one that in'c‘ﬂludevs. ls,2s, and 2p ssates_ of hydrogen; positronium
formationvivs neglected. |

Calcnlations of positron-hydrogen cross sections are pf considerable
interest desPite the fact that, as yet, no experitnental data are available for
purposes of comparison. This interest stems in part trom t_he contrast be-
tween electronahydfqgen scattering and positfqnnhydrogen scattering. In
particular, the mean. static interactien (the total potential averaged over
the hydrogen gfound state) and the long~-range distortion have opposite signs
for positrons but have the same sign for electrons. An investigation by, Cody

et.al. 21 .shows that the pos1tron hydrogen scattering length is negative which,

in accordance with the standard convent1on, 1mp11es that the effectlve posi-
tron-hydrogen interaction at zero. energy is pos1t1ve (see also Rosenberg
and Spruch). 22 |

Another important teatnre of p051tron hydregen colllelons is that,
‘while there are no effects analogons-to electron exchanges the possibility of
positronium formatmn arlses, with it arises the question of the relative im-
portance of (a) p051tron1um formatlon, and (b) the d1stort1on represented by
) the 2p state in ‘modlfﬁy;ng the' effect o.fvthe statlc 1nteract10n. We should like,

of course, to take into account both effects, at least in some approximation,
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but we have chosen to treat the 2p-state distortion effects ‘and omit consider-
ation of positronium formation. We make thié choice because tHe apparatus
necessary for such a calculation becomes available by quite simple modifi;a-
tions of the ‘code that was developed and used to treat electron-hydrogen col-
lisioﬁs. The inclusion of pbsitronium formation, on the ofher hand, would
require revisions of our methods. While our choice is‘thus dictated by
convenience, it can be justified on physical grounds: First, 68% of the long _
range distortion is accounted for by including the 2p hyd.rogen‘ state in the
close-coupling expansion. Second, according to the low-energy (E<6.8 eV)
positron-hydrogen analyses of Cody ‘and Smith, 21 the inclusion of the Zp stafe
has a greater influence on the scattering than does virtual positronium for-
mation ,for'process_es in which there is a hydrogen atom in the final state.
For these reasons we feel that the present calculation, based on a 1s-2s-2p
close-coupling approximation, will yield physically significant results even
though it failsbto account for positroniﬁm formation.

In Ta‘t;le)VII we present the cross sections for the scattering of |
positrons by atomic hydrogen calculated in both the 1s-2s and the 1s~2s-2p
close-coupling approximations. We see that, as the energy ofj the incident
positron decréases and approaches the first inelastic th.reshold from above,
the two approximations differ more and more. Thus, at:54:4 éV for:élasti,c,
scattering thé two approximations agree within 1%, but at 11.00 eV the agree-
ment is not even within 10%. A deviation of the same order is'al‘s.o observed
in the ls-2s excitation cross section, but here, even at 54.4 eV, there are
large discre\apancies betWeen the two approximations ‘for a few of the lower
partial wavés. These discrepancies are more pronounced in individual partial-
wave cross sections than in total cross sections where they tend to céricel.

The same kind of discrepancies (though not so large) as well as the same

.
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tendency to cancel in total crovss sect.ions are also to be found in electron-
hydrbgen collisions.

For the calculation of the optically allowed 1s-Z2p transition we found
it nec_essaryl at the highest energy to take into account partial—wave contri-
butions up to and including L = 17 to obtain convergence. This is at least
twice as many as are required in most other parts of the calculation and
stlrongly suggests that, in this range of enel;gy partial-wave analysis alone
ceases to be useful and should be replaced by, perhaps,the Born approxi-

mation supplemented with close-coupling results for lower angular momenta,
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V. CONVERGENCE IN CLOSELY COUPLED STATES

Because of the discrepancies betwéen experiment and theory we
have investigated the effects onthe L =0 contributioﬁs to the cross.sectio'n
which are introduced by hydrogen states other than fhe s, 2s and Zp.. At~
tentién is limited to the L = 0 state chiefly in the interest of simplicity--
each new hydrogen state introduced coupleé in only .one unknown séattering-
wave function. However, we hope our results will provide sorﬁe general
indications of the accuracy of th_e close-coupiing apprvoximationi.- Since ou,-r\ '
" code, in its present form, can cope -with a maximum of five coupléd' equations
(mainly becausé of computer-space limitations) we have also corilfine.d our
atteﬁtiori to combinations of states from only the first three hydrogen levels.

Our results are presented in Table VIII -where we give our calculat.ed
values for the L = 0 contributions to the ls-1s, 1s-2s, ls-2p cross sections.
. We have used'_niﬁe different élose-coupling cc_)mbinationvs; as indicated in
'the table, and have considered two energies above the second-quantum
excitation ievel. a

The elastic 1s-1s cross section is only'sligh:‘cly-modified,ffom its
1s-2s-2p value by the inclusion of states from the third quantum level, al-v
' -though the values given by the ls-2s and ls-Z2p approximations are appreciably
differént. The agreement is better at the higher energy.

The cross sections for the 1s-2s and 1s-2p ekcita‘cions are also only
slightly changed by the inclusion of additional states once both the 2s and 2p
states are present in the close-coupling wave function; however, these cross
sections are not given as accurately as are those in the elastic case.

These brief considerations, though they may be only another case of
the §low convergence in ~hydrogen eigenstates already noted by Burke and

Schey %or energies below the first excitation threshold, do give us some hope
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that the ls-2s-2p closé;coupling approximation can provide reasonable results.
Evidently we can gain little in caiculating ls-2s and ls-2p exéitation CTOSss
sections by including hydrbgen eigepstates coming from .the third, or higher,
1evels. However, in the interest ofva‘ccuracy, it does appear important to
include all hydrogen states corresponding to any given level. Thus, one
should include the 2p state in calculating Q{(ls—2s), and the 2p state in cal-
‘culating Q(1s—2p). |
. We emphasize that these remarks rest on an investigation which in-

volves only the state L =0. It would be interesting to see if they apply to

other states as well. -
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VI. CONCLUSIONS

‘We have calculated quantities pertaining to the collisions of electrons
and positrons with atomic hydro.gebn for incident projectile energies from
11.0 to 54.4 eV. Calculations were made mainly by means of the 1s-2s-2p
close-coupling approximation.

There are no experimental data in the case of elastic scattering of
elect rons. There are data, however, for the inelastic processes ls-2s5 and
Is-2p; agreefnent is poor in both cases. For purposes of calculating the
1s-2p excitation cross section, our approximation is, we believe, quite
accurate. Consequently, we suggest further experimental effort. For ls-
2s excitations, our method is inheréntly less accurate, although we have
presented evidence'which indicates that more extensive close-coupling methods
including, for example, 3s, 3p and 3d states, would yield results essentially
no better than those we have obtained in our ls-2s-2p approximation. We
are left, then, with the conciusion that either the method of calculation
must vbe radically altered o.r replaced with some’éhing quite, differ.ent, or
theléxperiments must be répea.téd with close at;tention paid to normalization
procedures. The fact that cur method gives the ratio of spin flip to total
croés section (a quantity independent' of normalization) in fair accord with
experimeﬁt, and since our prediction of the shape, if not the magnitude, of
the 1s-2s cross sec'tions accords well with measurement, we are led, not
unnaturally, to prefer the latter alternative.

- For positrons we have no experimental results for comparison. We
have pointed out, however; certain differences with the corr'“esponding positron
case. The 2p state, for instance, seems to play a more important role in

the ls-2s excitation process here than it does for electrons.
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Our results ¢én be cdmparéd with those cdming from the Born approxi-
mation as given by Seaton et al. In terms of R matrix elements, good agree-
ment is obtained for L 26 at é.ll energies considered. Howeverv. .for lower
anguiar-mozmentum states almost no similarity exists between our numbers
and those coming from-the Born apprbximation. It is Surprising therefore,
to find such close agreement in the two calculations, in the case of electrons,
for total 1s-28 and ls-2p excitation cross sections. Seaton's calculation is
a first Born approximation sometimes modified to preserve unitarity.

Because a second Born approximation made by Kingston, Mois ei@itéch and
.Skinner19 does not improve matters, we conclude that perturbation methods
may not be of great value in dealing with strongly coupled states.

The elastic ls-1s cross section results for electrons and positrons
are not grea.tl_y modified by the inclusion of the Zs énd 2p states, although
we believe our results, including these states, are probably accurate within

a few percent.
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APPENDIX
We give in Table IX R matrix elements for electron-hydrogen scat-
tering obtained in our ls-Zs-Zp' close-coupling approximation. Our notation
conforms to that of Seaton et al, 15 For a given total angular momentum L

there are five states designated by the index v “and given as follows:

v nll k 12 L
1 _ ls k, T} i
2 ' 2s k, ] : !
3 2p k, 1-1 1 |
4 2p k, L+l I}
5 X 2p k, £ £

The quantity denoted k1 is the wave number in the incident channel, and

g = kf - 0.75. The state denoted v = 5 is not coupled to any other and is

of interest only for a determination of 2p-2p transition rates. Since we have

k

not. considered such transitions, we have not calculated the associated matrix
element R55. For L #0, states v =1,2,3,4 a.re coupled and give rise to

a stmetrié 4X4 R matrix.  When L = 0, however, the state v = 3 is not
involved and the dimensionality of the R matrix is then 3X3; in this case

the nlﬁss'ing elements are recorded as zeros m Table IX.

o Table IX lists results for both singlét and triplet scattering. . At

kxz = 0.81 we give values for L = 0to 5; at k2 = 1,44 and 2.25 for L =0
to 6; and at k2 =4 for L =20to 7“. In only one case, L = 3 singlet at
k'z‘= 0.81, did our iteration method_fail to converge; the entries for this
~case are results interpolated from neighboring k2 and L values‘and are

probably accurate to about 10%. The k2 = 0.81 values were, at-all L and

in both spin states, the,moét difficult to obtain, and the results at this energy
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in those cases in which convergence was achieved are expected to be accurate
to about 2 or 3%. At all other energies we believe the accuracy to be better
than 1%.

To evaluate the 1s-2p and the 2s-2s excitation cross sections given
in th.é body of the paper, contributions from angulaf momenta higher than
those given in the table are required. For this purpose we use Born-ap.proxi—
mation results calculated by Seaton, et al. 15'(which are fairly accurate for
L 26 o0r7) supplemented by ls-2s-2p close-coupling no-exchaﬁge results
(which are readily obtained with our~code)‘for L values up to about‘ 15 at

the highest energy.
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Table 1.

close-coupling approximations (rows "a') and in 1s-2s-2p close-coupling approximations (rows 'b'"),

Numbers obtained in Born approximation are indicated by parentheses.
significant partial-wave contributions.

"Sum' column is the total of all
All numbers include spin-weighting factors.

Partial-wave contributions to the total 1s-1s cross section in units of naz as calculated in 1s-2s

L
kz Spin 0 1 2 3 4 5 6 7 8 9 Sum
0.81 Singlet a 0.436 0.046 :
b 0.4474 0.0098 0.0470 =0.007 0.0013 .0004 0.513
Triplet a 3.687 1.377
b 3.6866 1.7307 0.0861 0.0187 0.0040 .0013 5.527
1.0 Singlet a 0.286 0.0333 0.0014 ‘
_ b 0.2635 0.0101 0.0654 0.0081 0.0019 .0006 .0003 0.0001 0.0001 0 0.350
Triplet a 2.895 1,157 0.057
b 2.9062 1.,3720  0.0934 0.0168 0.0059 .0019 .0008 0.0004 0.0002 0.0001 4.398
1.21 Singlet a 0.186 .
: b 0.1722 0.0133 0.0580 0.0102 0.0025 .0009 .0004 0.0002° 0.0001 0 0.258
Triplet a 2.297 .
b 2.2973 1.0862 0.0948 0.0160 0.0068 .0026 .0011 0.0005 0.0003 0.0001 3.506
1.44 Singlef a 0.140 0.0107 0.0005
b 0.1269 0.0105 0.0351 0.0100 0.0028 .0011 .0005 0 0 0 0.187
Triplet a 1.829 0.815 0.068
- b 1.8266 0.8853 0.0938 0.0153 0.0069 .0031 .0014 0 0 0 2.832
2,25 Singlet a 0.088 0.0012
b 0.0836 0.0020 0.0049 0.0039 0.0022 .0011 .0006 (0.0006) (0.00002) {0.00001)0.098
Triplet a 0.971 0.486 0.0718
b 0.9657 0.5148 0.0843 0.0143 0.0053 .0029 .0016 (0.00017)(0.00007) (0.00003) 1.589
4.0 Singlet a 0.065 .
b 0.0579 0.0089 0.0014 0.0008 0.0007 .0005 .0004 0.0002 (0.00009) (0.00005)0.071
Triplet a 0.412
b 0.3979 0.2412 0.0631 0.0140 0.0040 .0018 .0011 0.0007 (0.00026) (0.00016)0.724
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Table II.

spin-weighting factors.

Partial-wave contributions to total 2s-2s cross section in units of vaz
obtained in Born approximation are indicated by parentheses., "Sum" column is 81
column is total of all significant partial-wave contributions including values (not shown) obtained by extrapolation (see text).

as calculated in 1s-28-2p close-coupling approximation.
e total of all calculated partial-wave contributions.

Numbers
The "Est"
All numbers include

0.81
1.0
1.21
1.44
(2.25)

(4.0)

Spin

Singlet
Triplet
Singlet
Triplet
Singlet
Triplet
Singlet
Triplet
Singlet
Triplet
Singlet
Triplet

L
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Sum Est
7.8183 14.697 22,204 20.287 11.069 8.5347 84.610 116
16.236 1.1596 90.320 20.372 32.191 25.548 185.83 267
0.2876 0.6943 3.1518 4.3353 2,9037 2.0602 1.4582 1.0806 0.8061 0.6087 0.4670 N 17.853  19.2
6.2512 17.219 30,629 12.943  5.5748 5.4025 4.3746 3.2417 2.4184 1.8261 1.4010 1.04 91.281 95.3
0.0654 11,0493 2.4570 1.8799 1.4780 1.0946 0.7460 0.5693 0.4312 0.3290 0.2540 0.1988 10,553 11.1
2.3015 12,867 14.402  7.9208 3,0248 2,4566 2.2380 1.7079 1.2935 0.9871 0.7620 0.5965 50.558 52.3
0.1665 1.0828 2.1036 0.9919 0.8261 0.6585 0.5032 (0.3783) (0.2900) (0.2225) {0.1723) (0.1351) (0.1076) (0.0868) 7.7252
1.7193  9,1722 " 8.9735 5.3636 2.3675 1.5181 1.2407 (1.1348) (0.8700) (0.6675) (0.5169) (0.4054) (0.3227) (0.2604) 34,533
0.3737  1.0734 1.1929 0.7173 0.3900 0.2481 0.1813 (0.1289) (0.1062) (0.0872) (0.0714) (0.0582) (0.0476)  0.0383 0.0315 4.7461
1.3909 4.1917 3.8692 2.6697 1.5747 0.8993 0.5631 (0.3868) (0.3187) (0.2617) (0.2142) (0.1745) (0.1427) 0.1150 0.0946 16.867
0.2412 0.4968 0.5110 0.4105 0.2911 0.1919 0.1237 0.0809 (0.0495) (0.0363) (0.0280) (0.0225) (0.0185) 0.0158 0.0133 0.0112  2.5424
0.7894 1.6547 1.5969 1.2829 0.9436 0.6492 0.4299 0.2815 (0.1484) (0.1088) (0.0839) (0.0674) (0.0556) 0.0475 0.0399 0.0337  8.2135
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Table III. (a). Partial-wave contributions to total 1s-2p excitation cross section in units of ﬂaz calculated in the 1s-2s-2p close-coupling approximation.
(b}. Partial-wave contributions to total ls-3p excitation cross section in units of ma2 calculated In the 1s-3p close coupling approximation. Values obtained in Born approxi-

mation are indicated by parentheses. 'Sum!'' column is the total of all significant parfial-wave contributions. All numbers include spin-weighting factors.
2 : - L
k Spin 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Sum
0.81 Singlet a 0.0384 0.0754 0.1095 0.0096 0.0003 0 0.2334
b .
Triplet .a 0.0007 0.0657 0.0083 0.0505 0.0013 0.0001 0.1265
b .
- 1.00 Singlet a 0.0360 0.1105 0.2532 0.0352 0.0098 0.0025 0.0007 0.0002 0 0.4481
b 0.0036 0.0152 0.1415 0.0431 0.0013 0 0 0.2047
Triplet a 0.0033 0.0798 0.0458 0.1671 0.0438 0.0093 0.0020 0.0005 0.0001 0.3518
b 0.0001 0.0429 0.0001 0.0454 0.0049 0.0002 0.0001 - 0.0937
1.21 Singlet a 0.0359 0.1105 0.3404 0.0863 0.0301 0.0112 0.0044 0.0016 0.0006 0.0002 0.0001 0.6212
b 0.0059 0.0086 0.1376 0.0468 0.0122 0.0025 0.0004 0.0001 0 0.2141
Triplet ‘a 0.0068 0.0629 0.0549 0.1831 0.1046 0.0388 0.0133 0.0050 0.0019 0.007 0.0003 0.4727
b 0.0004 0.0209 0.0006 0.0485 0.0260 0.0067 0.0014 0.0002 0 0.1047
1.44 Singlet a 0,0343 0.0815 0.2895 0.1256 0.0508 0.0229 0.0108 (0.0049) (0.0024) (0.0012) (0.0006) . (0.0003) (0.0001) (0,0001) 0.6243
b 0.0025 0.0074 0.0773 0.0468 0.0180 0.0064 0.0021 0.0007 0.0002 0.0001 0 0.1615
Triplet a 0.0095 0.0416 0.539 0.1740 0.1404 0.0732 0,0347 (0.0147) (0.0072) (0.0035) (0.0017) (0.0008) (0.0004) {0.0002) 0.5558
: b 0.0007 0.0104 0.0014 0.0392 0.0367 0.0168 0.0061 0.0020 0.0006 0.0002 0.0001 : : 0.1142
2.25 Singlet a 0.0171 0.0176 0.0942 0.0999 0.0695 0.0451 0.0292 (0.0181) (0.0124) (0.0084) (0.0056) (0.0038) (0.0025) 0.0016 0.0011 =0.0007 0.4275
b 0.0004 0.0031 0.0191 0.0240 0.0181 0.0116 0.0069 0.0040 0.0023 0.0013 0.0007 0.0004 0.0002 0.0001 0.0001 0 0.0923
Triplet a 0.0106 0.0133 0.0357 0.1077 0.1342 0.1148 0.0838 (0.0542) (0.0371) (0.0251) (0.0169) (0.0113) (0.0075) 0.0049 0.0033 =0.0023 0.6636
b 0.0008 0.0016 0.0024 0.0196 0.0303 0.0270 0.0189 0.0118 0.0069 0.0039 0.0021 0.0012 0.0007 0.0004 0.0002 0.0001 0.1279
4.00 Singlet a 0.0035 0.0024 0.0169 0.0302 0.0347 0.0329 0.0286 0.0237 (0.0185) (0.0154) (0.0127) (0.0104) (0.0084) 0.0066 0.0054 0.0044 0.2640
b 0.0001 0.0006 0.0033 0.0065 0.0078 0.0075 0.0064 0.0051 0.0039 0.0030 0.0023 0.0017 0.0013 0.0010 0.0007 0.0006 0.0535
Triplet a 0.0052 0.0038 0.0139 0.0394 0.0624 0.0728 0.0719 0.0647 (0.0556) (0.0463) (0.0381) {(0.0311) (0.0252) 0.0199 0.0162 0.0131 0.6076
b 0.0003 0.0002 0.0015 0.0068 0.0126 0.0156 0.0157 0.0138 0.0117 0.0091 0.0069 0.0052 0.0039 0.0029 0.0022 0.0017 0.1152
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Table IV. The ls-2p results for Q(#), Q(0), and Q, , and for polarization of emitted radiation.
Allnumbers include spin-weighting factors,

kZ Singlet Triplet Total results Polarization
o QO Qp, Q® Q0 Q. Q# Qo Q Q P
0.81 0.0534 0.1266 0.2334 0.0149 0.0967 0.1265 0.0683 0.2233 0.3599 0.3853 0.2009
1.00 0.0735 . 0.3011 0.4481 0.0262 0.2994 0.3518 0.0997 0.6005 0.7999 0.8820 0,2835
1.21 0.0913 0.4386 0.6212 0.0482 0.3763 0.4727 0.1395 0.8149 1.0939 1.2047 0.2799
1.44 0.0878 0;4487 0.6243 0.0753 0.4052 0.5558 0.1631 0.8539 1.1801 1.2934 0.2667
2.25 0.0871 0.2533 0.4275 0.1373 0.3890 0.6636 0.2244 0.6423 11,0911 1.1596 0.1800
4.00 0.1160 0.2640 0.1654 0.2768 0.6076 0.2394 0.3928 0.8716 0.8968 0.0855

0.0740
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Table V. A comparison of the 1s-2p cross section in uni‘cs“Ofﬂa.2 at two
energies using two methods of calculation: (a) The ls-2p close-coupling
approximation, and (b) the 1s-2s-2p close-coupling approximation. The
"Sum' column includes contributions from higher 1. values (not shown) ob-
teined from the Born approximation. All numbers include the appropriate
spin-weighting factors. '

2 , L
k Spin 0 1 2 3 4 Sum
1.0 Singlet a 0.017 0.065 0.301 0.020 0.007 0.414
‘ b 0.036 0.110 0.253 0.035 0.010 0.448
1.0 Triplet a 0.002 0.107 0.002 0.163 0.041 0.329
b 0.000 0.080 0.046 0.167 0.044 0.351
2.258Singlet a 0.006 = 0.004 0.082 0.100 0.072 -~ 0.393
b 0.017 0.018 0.094 0.100 0.070 - 0.428
2,25 Triplet a 0.006 0.003 0.013 0.086 0.124 0.594
b 0.011 0.013 0.036 0.108 0.134 0.664




Table VI. Partial-wave contributions to total 1s-2s excitation cross section in units of 1'ra2 calculated in (a) the 1s-2s close-coupling approximation, and
(b) the ls-2s-2p close-coupling approximation; and the spin-flip cross section calculated In the 1s-2s5-2p close-coupling approximation. The "Sum"
column includes all significant partial-wave contributions, All numbers include spin weighting factors.

L
k2 Spin 0 1 2 3 4 5 6 7 8 9 10 Sum  Spin flip
0.81 Singlet a  0.038  0.008
b 0.0529 0.0045  0.0581 0.0028  0.0001 0.1184
Triplet a 0 0.1736  0.006 0.1567
b 0.0012 0.0709  0.0031 0.0175  0.0003 . o.o929\j
1.00 Singlet a  0.0714 0.051 3
b  0.0766 0.0145  0.0823  0.0103  0.0018  0.0003  0.0001l . . 0.1858 ¢ 0221'2
Triplet a  0.0027 0.161 0.046 . 0.002 :
b 0.0036 0.1219  0.0211 0.0208  0.0071 0.0012  0.0002 : 0.1758
1.21 Singlet a  0.070  0.0524  .0.0003 k
b  0.0588 0.0246  0.0645  0.0232  0.0054  0.0014  0.0004  0.0001 : 0.1785 0.1854
Triplet a  0.0044 0.105 0.0262 :
b 0.0051 0.1000  0.0316 0.0069  0.0113  0.0042  0.0013  0.0004  0.0001 0.1610
1.44 Singlet a  0.0547 0.053 0.0053
b 0.0380 0.0256  0.0245  0.0247  0.0082  0.0028  0.0010  (0.0004) (0.0002)  {0.0001) 0.1255 0.1146
Triplet a  0.0061 0.0735  0.0577 ’
b  0.0055 0.0716  0.0358  0.0036  0.0103 0.0065  0.0029  (0.0011) (0.0005)  (0.0002) (0.0001) 0.1380
2.25 Singlet a  0.0238 0.0383  0.011
b 0.0123 0.0309  0.0015  0.0040  0.0051 0.0037  0.0022  (0.0011) (0.0007)  (0.0004) (0.0002) 0.0624 0.0285
Triplet a  0.0073 0.0358 0.040 :
b 0.0045 0.0335 -0.0302  0.0070  0.0045  0.0054  0.0046  (0.0033) (0.0021) (0.0012) (0.0007) 0.0980
4.00 Singlet a 0.0073 0.0157
b 0.0049 0.0153  0.0068  0.0021 0.0010  0.0010  0.0010  0.0009  (0.0007)  (0.0005) (0.0004) 0.0358 0.0059
Triplet a  0.0046 0.0162 0.0143 i ’
b 0.0030 0.0154  0.0175  0.0100  0.0045  0.0025  0.0021 0.0020  (0.0020)  (0.0016) (0.0013) 0.0654

- 8€_
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Table VII. Taqtal elastic and inelastic cross sections for the scattering of positrons by atomic hydrogen
in units of wafj. Values in rows 'a'' calculated in the 1s-2s close-coupling approximation, those in rows

"o in the 1s-2s-2p close-coupling approximation. Figures in parentheses indicated number of partial
waves taken into account. :

kZ Q{ls-—1s) : Q(ls-=2s) Q(ls—>2s)
0.81 a 0.679(0) 0.750(5) 0.003(0) 0.004(5) |
b 0.585(0) 0.628(6) 0.007(0) 0.059(6) 0.005(0) 0.072(6)
1.00 a 0.608(0) 0.689(4) 0.009(0) 0.019(4) :
b 0.541(0) 0.582{4) 0.5949) 0.007(0) 0.131{4) 0.146(9) 0.011(0)  0.201(4)  0.266(9)
1.21  a .0.542(0) 0.632(7) 0.015(0) 0.035(7) :
b 0.496(0) 0.543(4) 0.557(12) 0.009(0) 0.159(4) 0.195(12) 0.013(0)  0.304(4)  0.496(12)
1.44  a 0.487(0) 0.586(5) 0.019(0)  0.049(5) '
b 0.453(0) 0.514(5) 0.522(13) 0.012(0) 0.193(5) 0.218(13) 0.012(0)  0.494(5)  0.694(13) :
2,25 a 0.356(0) - 0.475(6) 0.021(0) 0.072(6) _ ‘
" b 0.343(0) 0.431(6) 0.436(16) 0.017(0) 0.182(6) 0.208(16) 0.005(0) - 0.620(6)  0.995(16)
4.00 a 0.220(0) 0.349)7) 0.012(0) 0.067(7) . ‘
b 0.218(0) 0.332(7) 0.334(17) 0.012(0) 0.119(7) 0.138(17) 0.001(0)  0.448(7)  0.920(17)
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Table VIII. The L =0 single-t cross section in units of ma evaluated at two energies in varidus close-
coupling approximations: {a) 1ls; (b) ls-2s; (c) 1s-2p; (d) 1s-3p; (e) 15-2s-2p; {f) 1s-2s-2p-3s; (g) ls-2s-
2p-3p; (k) 1s-2s-2p-3d; (i) 1s-2s-2p-2s-3p. All numbers include the spin-weighting factors,

k Process a b c d e f ' g h i

1.0 1s-1s ‘ 0.2666 0.286 0.2962 0.2661 0.2635 0.2910 0.2731 0.2640 0.3001

ls~2s .. — 0.0714 — - 0.0766 0.0687 0.0598 0.0633 0.0486
1s-2p § - - 0.0166 - 0.0360 0.0196 = 0.0316 0.0497 0.0225

1.44 1s-1s 0.1633 0.140 0.1596 0111269 0.1281 0.1303 0.1274 0.1314
i 1s=-2s - 0.0547 . - - 0.0380 0.0273 0.0414 0.0389 0.0300
1s-2p —_ — - 0.0343 0.0421 0.0254 0.0313 0.0335
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Takle IX. Reactance matrix elements calculated in the 1s=-2s-2p close-coupling approximation for six
electron energies above threshold. See Appendix for description of notation.

k2-=0.81.

Singlet.

T=0

D W

R

11 Ri2 R,z Ry R,2 Ro3 Ros4 Ri3 Riy Ryq
0.8189 -0.2763 0. 0.5863 -1.0994 0 1.0211 0 0 0.5841
_0.0560 -0.0070 0.1596 -0.0691 0.6131 0.0020  0.5759 -0.8728 -0.6716 ~1.0264
212834 -1.8061 10.695 -3.7558 -2.1310 15.004  -5.6676 -82.956  29.565  -11.60%
=0.03 =~ 0 =20.05 =0,004 =0.01  =0.75 ~-0.7 ~0.6 =0.15 =-0.75
10.0107 0.0001 -0.0064 0.0005 0.0317 0.4733 -0.4566  0.4399  0.0169 -0.3641
0.0057 0.0001 -0.0014 0 0.0146 0.3885 -0.3769  0.2718  0.0162 -0.2427
16.655  -0.3650 0 0.3940 -0.6858 0 -0.0094 0 0 1.4022
0.4098 0.1860 0.0699 0.3315 -0.3167 -0.5277 -1.1184  0.6800 -2.2293 -3.1550
0.0686 -0.0415 -0.0093 -0.0243 0.6684 1.2533 = -0.4545  0.1447  0.5451 -1.1398
0.0287 0.0114 -0.0742 0.0i48 0.1314 0.4895 -0.5315 . 1.2602 -0.1056 -0.5763
0.0109 = 0.0005 -0.0080 0.0008 0.0345 0.4674 -0.4551  0.4558  0.0136 ~0.3633
0.0057 0  -0.00i5 0 0.0147 0.3881 -0.3768  0.2727  0.0161 -0.2426
0.2891 -0.0059 0.0000 +1.7014 0.0184 0.0000 +1.4779  0.0000  0.000  -5.5243
0.0160 -0.1564 -0.174Z -0.5403 0.3901 0.9745  1.1385  1.2562  2.2451  0.5796
0.1447 0.0671 -0.3623 0.2294 0.5420 0.4618 -0.3424  1.3645 .0.5159 -1.1545
0.0360 -0.0012 -0.1031 0.0186 0.0185 0.6801 -0.6861  0.4310  0.1738 -0.8646
0.0149 0.001 -0.410  0.0051 0.0387 0.4670 -0.4780  0.3166  0.0636  -0.4432
0.0076 0.0001 -0.0174 0.0016 0.0242 0.3763 -0.3858 0.0402 -0.2838

0.2198
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Table IX. {continued)

“k2a10. P Rz Ryz Ry Ry, R23 Ro4 R33 R3q Raq
Triplet. _ ) ’
L=20 7.2054 4.,5532 . 0.0000 -2.5610 16.781 0.0000 " =10.317 0.0000 0.0000 6.2190

1 0.5704 -0.7812 -0.3791 -0.5817 4.,8984 2.0335 3.1094 0.3618 0.8896 2.2052
2 0.0695 -0.1040 0.2716 -0.0977 0.8925 1.2522 0.0208 6.8871 1.3483 -0.5346
3 0.0370 0.0180 -0.1441 0.0334 0.4537 0.1954 -0.2622 1.2761 -0.2678 --0.4271
4 +0.0152 0.0047 -0.0488 0.0080 0.1321 0.3643 -0.4066 0.4684 -0.0083 -0.3854
5 0.0077 0.0011 -0.0193 0.0021 0.0444 0.3530 -0.3726 0.2533 0.0263 -0.2747
k2=l.21.
Singlet : : ‘ '
L=0 0.1443 0.5051 0.0000 +1.6317 0.1545 0.0000 -0.5242 0.0000 0.0000 -5.9143
1 -0.0352 -0.2222 0.0016 -0.4943 0.5497 0.9197 0.8650 0.3344 1.4811 -0.1953
2 0.1385 0.0372 -0.4403 0.2197 0.6649 0.4610 -0.0424 1.0982 -0.3949 -0.7879
3 0.0416 0.0151 -0.1683 0.0505 0.1315 0.5670 -0.6064 0.4121 0.1493 -0.9043
4 0.0188 0.0034 -0.0778 0.0141 0.0669 0.4368 -0.4703 0.2765 0.0776 -0.4855
5 0.0099 0.0009 -0.0403 0.0051 0.0344 0.3638 -0.3877 . 0.1920 0.0541 -0.3122
k'2=1.21.
Triplet.
L =0 3.8892 0.5389 0.0000 -0.1942 1.0557 0.0000 -1.4925 0.0000 0.0000 0.7018
1 0.5011 -0.4922 -0.2499 -0.2857 3.3613 1.3002 1.3528 0.5887 0.3358 0.9143
2 0.1099 -0.0643 -0.3593 -0.0004 0.9102 -0.0685 0.1476 . 6.3689 -0.7887 -0.0141
3 0.0401 -0.0020 -0.1527 0.0243 0.4960 0.2089 -0.1711 1.0480 -0.2087 -0,2931 -
4 0.0188 0.0047 -0.0805 0.0140 0.2203 0.2922 -0.3251 0.4746 - -0.0405 -0.3321
5 0.0100 0.0023 -0.0424 0.0058 0.0899 0.3100 -0.3428 0.2603 0.0160 -0.2724
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Table IX. (continued)

K%=1.44.
Singlet.
L=0

[oaNG B - VR E I

k =1.44.
Triplet.
L=

o WV~ O

.0050

Bii R 13 Rig Ry Rz Ry Ry R Rag
0/2624 0.7389 0.0000 +0.8292 -0.4261 0.0000 -1.5288 0.0000 0.0000 -2.9887
0.0160 -0.3206 0.0538 -0.4079 0.8996 1.0677 0.6438 -1.1786 1.2674 -0.15741
0.1125 0.0189 -0.4712  0.1707 0.7111 0.3541 0.0809 1.1423 -0.3691 -0.4009
0.0403 0.0178 -0.2037  0.0666 0.2689 0.4265 -0.4079 0.4626 0.0436 -0.6927
0.0208 0.0065 -0.1071  0.0239 0.1276 0.3835 -0.4156 0.2769 0.0588 -0.4610
0.0118 0.0024 -0.0623  0.0101 0.0598 0.3399 -0.3713 0.1838 0.0541 -0.3187
0.0071 0.0009 -0.0381  0.0047 0.0300 0.3014 -0.3241 0.1296. 0.0456 -0.2296
2.8588° 0.4270 0.0000 -0.0879 0.0746 0.0000 -1.3268 0.0000 0.0000  0.3798
0.4640 -0.3508 -0.1997 -0.1884 2.5955 1.0886 0.8208 -1.2793 0.3090  0.6843
0.1117 -0.0859 -0.2087 -0.0175 0.8577 0.1362 0.0769 .3.0325 -0.3669  0.035I
0.0422 -0.0160 -0.1541 +0.0185 0.5008 0.2081 -0.1336 0.9202 -0.1676 -0.1901
0.0208 0.0010 -0.1002  0.0169 0.2700 0.2528 -0.2622 0.4653 -0.0552 -0.2635
0.0118 0.0025 -0.0626  0.0097 0.1326 0.2738 -0.3039 0.2669 0.0024 -0.2474
0.0071 0.0015 -0.0890 0 0.0630 0.2708 -0.2969 0.1661 0.0238 -0.2044
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Table IX. (continued)
CKkPaz2s. 11 Rz Rz Ryg o Ry Ry Ro4 %33 R34 Raq
Singlet.
=20 0.1199 1.4076 0.0000 +0.7505 -3.7442 0.0000 -3.0550 0.0000 0.0000. -1.5274
1 0.0453 -0.4175 0.3105 -0.2410 1.0097 2.0162 -0.02452 -6.9787 2.0573 -0.1582
2 0.0474 -0.0482 -0.3461 0.0710 0.7669 0.1290 0.0955 1.2149  -0.2899 0.0648
3 0.0275 -0.0092 -0.2124 0.0564 0.4641 0.2186 -0.1191 0.5535 -0.0963  -0.1667
4 0.0186 0.0013 -0.1456 0.0374 0.2788 0.2438 -0.2232 0.3231 -0.0212 -0.2295
5 0.0128 0.0028 -0.1040 - 0.0236 0.1633 0.2498 -0.2626 0.2057 0.0143  -0.2260
6 0.0090 0.0022 -0.0761 0.0148 0.0943 0.2449 -0.2669. 0.1374 0.0295 -0.1989
kZ=Z.25
Triplet. . .
L=0 1.6284 0.5991 0.0000 +0.1035 -2.4569 0.0000 -1,9941 0.0000 0.0000 -0.1209
1 0.4118 -0.1984 -0.1577 -0.0870 1.5766 1.4653 0.2185 5.9655 0.8500 0.4535
2 0.1264 -0,0950 -0.1377 -0.0140 0.8137 0.1184 0.0445 1.6006 =0,2211 0.1977
3 0.0479  -0.0396 -0.1402 0.0I33 0.5109 0.1637 -0.0774 0.7376  -0.T245 0.0074
4 0.0232 -0.0135 -0.1197 0.0196 0.3349 0.1856 -0.1564 0.4402 -0.0672 -0.0938
5 0.0137 -0.0031 -0.0954 0.0172 0.2144 0.2019  -0.2051 0.2784 -0.0254 -0.1387
6 0.0091 0.0003 -0.0738 0.0128 0.1327 0.2105 -0,2273 0.1823 0.0016 -0.1485
k2:4,00.
Triplet. .
L=20 0.8383 -1.1673 0.0000 -0.5836 5.5326 0.0000 +1.9726 0.0000 0.0000 1.4729
1 0.1417 -0.2220 -0.1507 =0.0332 1,2489 -0.4376 0.2813 4.3772  -0.7055 0.5643
2 0.0478 -0.0960 -0.1735 0.,0237 0,7166 0.0493 0.0541 1.0251  -0.1920 0.2546
3 0.0218 -0.0451 -0.1547 0.0354 0.4963 0.1051 -0.0321 0.5716  -0.1120 0.1057
4 0.0137 -0.0206 -0.1335 0.0352 0.3574 0.1325 -0.0907 0.3694  -0.0662 0.0135
5 0.0094 -0.0087 -0.1136 0.0306 0.2574 0.1498 -0,1317 0.2515 -0.0341 -0.0434
6 0.0070 -0.0031 -0.0962 0.0251 .0.1838 0.1605 -0.1582 0.1757 -0.0113 -0.0748
7 0.0055 -0.0007 -0.0814 0.0200 0.1296 0.1661 -0.1728 0.1246 0.0041  -0.
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k2:4.00.

Triplet,
L=20

1

2

3

4

5

6

7

COO0OOCOO O+

11

.2202
L3621
L1397
.0580
.0275
.0145
.0088
.0061

-0.
-0.

-0

-0

12

9043
1469

.0891
-0.
-0.
.0160
-0,
-0.

0542
0306

0077
0033

13

.0000
-0,
-0.
-0.
-0,
-0,
-0.
-0,

0344
0929
1064
1064
0991
0886
0776

14

4699
.0546
.0071
.0119
.0198
.0215
.200

.0173

OO OO OO

Table IX. (continued)

RZZ

.2115
.3364
.7381
.5084
.3709
.2735
.2007
.1455

OO OO OOCOC0O

R,3

.0000
.4214
.0605
.0991
L1183
.1326
.1435
.1509

R

+2.

0.

0.
-0,
-0,
-0.
-0.
-0,

24

4055
2262
0331
0334
0791
1138
1390
1553

33

0.0000
4,.7021
1.1013
0.6340
0.4200
0.2912
0.2063

0.1477

-0

34

.0000
-0.
-0.
-0,
-0.
-0.
-0.
.0079

5486
1580
1051
0720
0455
0242

OCOO0OOOOCOH~

44

.7000
.5790
.3011
.1569
.0631
.0005
.0391
.0620

_gb_
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Fig. 1. Total 1s-2p excitation cross section as a
function of incident electron energy as given
by the Born approximation and by the present
calculation. Experimental results are those
of Fite and Brackmann,  and of Fite, Stebbings
and Brackmann. ‘ '
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Fig. 2. Polarization of radiation emitted in 1s-2p
excitations as a function of incident electron
energy. Experimental points are those of Fite
and Brackmann,
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Fig. 3. Total 1ls-3p excitation cross section as a
function of incident electron energy as given
by the present calculation and by the Born
approximation (Lichten and Schultz).
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Fig. 4. Total 1s-2s excitation cross section as a

1000
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function of incident electron energy as/given by
various calculations and by two sets of experiments.
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Fig. 5, Differential cross section for elastic 1s-1s
scattering as a function of scattering angle for
three incident electron energies. Note that this
cross section is identical with the function k(60)
defined in Eq. (11).
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Fig. 6. The depolarization ratio for elastic 1ls-1s
scattering as a function of scattering angle
for three incident electron energies.
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Fig. 7. The quantity m(6) for elastic 1s-1s scattering
as a function of scattering angle for three incident
electron energies,
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Fig. 8. The quantity n(f) for elastic 1s-1s scattering
as a function of scattering angle for three incident
electron energies,
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Fig. 9. The quantity p(f) for elastic 1s-1s scattering

as a function of scattering angle for three incident "
electron energies. ‘ -
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Fig. 10. The quantity q(8) for elastic ls-1s scattering
as a function of scattering angle for three in-
cident electron energies. ’
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Fig. 11. Differential 1s-2s excitation cross section
as a function of scattering angle for three
incident electron energies. Note that this
cross section is identical with the function k(6)
defined in Eq. (11).
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12, The depolarization ratio for 1s-2s excitation
as a function of scattering angle for three in-
cident electron energies.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. ' '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract '
with the Commission, or his employment with such contractor.
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