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394 M. ). SEATON

sbout Os. The scattered electron cannot have any angular momentum
when its velocity tends to zero, and in this limit only M’ = 0 can be
excited. Hence, at threshold, (9,/0p) =0 and P = 1.

The polarization is reduced when fine structure is included and is
further reduced by hyperfine structure when the natural linewidth is
small compared with the hfs separations. Percival and Seaton consider
the case of the Ly-a line of hydrogen for which the width is comparable
with the hfs separations.

Skinner and Appleyard (1927) have measured P for 3 number of
Hg lines. At energies not close to thresholds, the general pattern of their
results is in agreement with what theory would lead one to expect, but
as the excitation thresholds are approached the measurements appear
to give P tending to zero. This is illustrated in Fig. 7. There is no
satisfactory explanation of this near-threshold behavior of the experi-
mental results,

06
‘\
‘\
04
3
P 02
N 4 5
e T W N
] 2 v —i.-__'—-——.._,_,,
“‘
-02f Rt

Fio. 7. The polsrization fraction for radistive D -+ 'P transitions without hyperfine
structure; P sgrinat 4/ W/4E, Dashed curve calculated for He 3'D — P (Percival and
Seaton, 1938), full line cyrve, experimental for Hg 7'D — 6'P (Skinner and Appleyard,
1927).

3 Partial Wave Theory

The partial wave theory, in which one considers states of definite angular
momentum for the colliding electron, is needed for all practical calcula-
tions other than those using the Born approximation. In place of the
partial differential equations of § 2.5 one obtains differential equations
in one variable which may be solved by numerical methods.

The partial wave theory also enables us to obtain much more precue
sevimatea nf the religbilitv of different approximations.
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11. EXCITATION AND IONIZATION BY ELECTRON IMPACT 395

3.1 Tue ScATTERING MATRIX

The functions

exp + i(kr — §in)

pilkimr) = A1 Y, (#) (83)

represent waves with angular momentum /m and a total current of
one particle per unit time. The function ¢_ represents an incoming
wave and ¢, represents an outgoing wave.

We use quantum numbers @ = nlym, for the atomic electron and
A lym, for the colliding electron, and we consider complete wave func-
tions We(alym,|r,, ry) having uymptotlc form

Falahmlry t0) ~ Halr)) p(hlpmlr,)

— 3, Ha'le) pulhelim
o lgmy

tlrs) S(a‘lym;, alymy)  (84)

where S is the scattering matrix. For elastic scattering S(J) = %,
The condition for conservation of current iat

2| Swa) =1, (85)

When the coupling is weak for « — o one must have
| S, o’y | € 1.

To obtain the scattering amplitude in terms of S we require the rela-
tions:

expik-r =S 2+ 1) Pl 1 1 k), (86)
[]
ey = (5)" Danked g sin — o) (87
and )
Pl #) = (5 7) 3 Y Yl (58)

¥ When unsymmetrized functions are used, in (85) we must mclude contributions
from exchange smplitudes.
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One obtains

S (“‘&u'u "ﬁ.)
(k k )ln E Y,‘.‘...(ﬁ.) Y......(i )'l' i T(a'lymy, alymy) (89)
lymgigmy
where o
(o', a) = &', a) — S(a’, a) (90)

definea an element of the transmission matrix, T. On substituting in (19)
we obtaint

Qb —wl) =55 oo L AT & & & | Tllmilim, nlmdym) . (91)

wymi lylp Mgy

A simpler expression is obtained on introducing the total angular
momentum, LM, Define

= 3 CH plnlm|y) gulhulymylrs) 2)

Qu{nl, L LM|r,, ry)

and let

Wlalen 1 2, O-olen ) = 3, O,(elrn s S0 O

The matrix S(n’ljl,L'M’, nl,},LM) is disgonal with respect to LM, since
the total angular momentum does not change, and is independent of M,
this quantum number serving only to define the orientation of the entire
system with respect to some srbitrary ditection. The 5 matrix
satisfies transformation relations of the type

S(mitimi, bombym) = 3, C, AL SUKL, L) Ciihy. (94)
Equation (91) becomes
0wt~ nT) = s I Ty D &, @6+ DITEHEL AL 2 09

t Exprmmn (l9) is independent of the direction of k,. ‘The simplest derivstion of {91)
Anr 10V Avar wnd Alvidiny hv dew

i inad An

-
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When we include spin variables and use antisymmetric functions
W(x,, x,), we obtain

Ot~ ¥%) = i gy & 2L+ 1) (28 + 1| TOHUSL, b SLY I
hiisL (96)

These expressions may be compared with the classical theory (§1);
| T(a', ) |¥ is the quantity corresponding to P,

3.2 ThHe ReacTANCE MATRIX
It is usually convenient to work with real functions. We define
1 /s
Peay(kimie) = kn Yo (#) - (20 ) (br — fim) o7

and @, P, by relations similar to (92). The R matrix is defined by a
function ¥y having asymptotic form

" Wa(a) ~ Bula) + 2 Ole') Rlo, o). (98)
On using
A0y m P, — 0., 20.=0, P (99)
one obtains
R |
8= : f-:n ' (100y

For elastic scattering, R()) = tan n;.

b3
: 3.3 PROPERTIES OF THE R AND S MAT, e
In the representation

"a = wld,SL (i01)

and with the usual phase conventions (Edmonds. 1957) it may be
shown that R is real and symmetric,

R=R*=R, (102)

rywe .

T W

W
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398 M. ]. S8EATON
and that S is unitary and symmetric,
StS=1, S=§ (103)

The conservation relation (85) is a special case of the unitary property.
From S = § we obtain the seciprocity relations, such as

@+ 1) ROl wE) = (26 + )AL O(whi—ak).  (104)

3.4 Rapiai EquaTiOns

Let us define

ObhLIry, ) = 3, ChUE, giniym,|r,) Yz.-.(i‘.),l—’F(nlul.LIr.) (105)

mymy

and let the complete wave function be

¥o(e) = 7= 3, {Blolru 1) £ Oe'lrp 1) (106)

For the radial functions F(a) one obtains equations of the form

:; |(~'| + h“ F(a) = 22 {V + W} Fla').  (107)

These are discussed in detail by Percival and Seaton (1957).

3.5 VARIATIONAL PRINCIPLES

For any symmetrized function ¥, (= ¥{) with asymptotic form
1
¥iw) 5 | Pulairy, 1) +3, Ol ra) R o,  (108)

define
Liw, o) = [ ¥} (o) [H — E] ¥e') r, s, (109)

Vi

P e S T

R P T G

() —9-
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By a generalization of the argument giving the Hutthén and Kohn
variational principles for elastic scattering (Chapter 9, § 1.7) it may be
shown that

R(z, o) = Ra, &'} — 2L, o') + 2 J’ B¥W¥(a) [H — E) 8¥(a") dr, &, (110)

where 3% = ¥, — P, ¥ being the exact wave function and R the exact
reactance matrix. Given any approximate wave function ¥, with cor-
responding R,, an improved estimate for R is

Rg =R, — 2L, (1

3.6 Weak CouPLING APPROXIMATIONS

In weak coupling approximations one first obtains functions
W (e) = ‘7'2; (D dalrr ro) & Bslry, 1)} (112)

neglecting the coupling, so that R{x,a’) =0 for a # a', and then
calculates
Rg(o, a') = — 2L (a, o). (113)

In terms of the radial functions this gives
Ryf, &) = = 2 [ Flalr) [Veur & Wee] Fla'lr) dr. (114)

In the exchange distorted wave method one would have

b+ 1)

£ Mb)@, + W+ R FEn=0, (19
Flalr) ~ k;¥sin (ks — 4 iyw) + cos (ks — §him) Ry(at, @)} (116)

In the Born appréximation t;ne usest
Falalr) = k31, (k) (117
and neglects W,,. in (114).

tj, is defined by (87).
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Using experimen J:‘Bt oscillator etrengths, we also vecognize that
the coupling with the first excited state provides %8-991 of the polarizability
of the slkali stom. Io this respect the alksli metals differ advantageously
from hydrogen, ia which tha coupling with the 2p stata provides only 65.8%
of the polarizability [16].

Shown bslow, for comparison, srs the firet fivs components of polarizability

(in a°3) for 4, Li and Cs:

B8 noﬂ noﬂ noﬂ noﬂ
H 2,96 0.56 0.12 0.060 T 0.0M)
L1 163 0.28 0.17 0.099 0.057
Cs 429 1.6 0.22 0.0% 0.027

Theoratical data [17) were utilized for hydrogen, while experimental
values of oscillator strengths and energy levels [18,19] vers used for lithium
and casium. It 1is obvious that the higher componsnts of L1 sad Cs are on
the ovder of thoss for hydrogen, whils the firet ia much grsater.

SYSTEM OF_EQUATIONS B

I If wa disregard splu-orbit interaction, we can use the notion of s total

b orbital womentus L and projection M {20]. Ia che approximation which

g takes into consideration exchsnge and the strong coupling mngs - ngp, the wave
function describing the incideat and the vslence slectrons has the fora

0;.-2}'—-Fu.lf|)ﬂla‘fﬂYnu(ﬂ|ﬂ¢, ={r, =), (s)
. []
Fined®
vhare 4_is the momentum of the incident electrgn; t 1s the mogsnfum of
the atomic elaction; ¢ (LM is cthe proper lunctioo of operators t, 4, L
and N. —
The "+" sige refers to the symastrical (singlet) case; the “-" sign

rofery to the sncisymserrical (triplet) cass.
The following values of L and f are possible:

Ia ghohc o) dmpme, gm0
2} d=lmEl 4], t=); - &)
3) i=imL-], fel.

The first case corresponds to elastic scattering, the second corresponds
to axcitation of the n,p lavel with wave scattering vith momentum of L + 1,
and the third corresponds to excitation of the ngp lavel during whbich sn electr
with & momentum of L - L 1s scattered, The third case does not occur st L = 0
Thus at L > Q0 tha sum (5) comprises thres tarms, but at L = 0 it comprises tw
teras,
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Henceforth the subscript 1 will correspond to the first case, and

2 and 3 to the second and third. .

Siace we have to carry out solutions of Hartrae-Fock type equations (20],
ve have prepsred a systea of integro-differential equations, which can be

writtan briefly in the form

d  Lili+l)
T - -"—-T—'l'hf,]FI(’)-
3 -
'921*'-1"""1(’}3 qu"-f')F;‘(f'Wf'l-
-l L ] —
where ' i.j=1,23
RI=E -v), =gl Wm0

E 1s the energy of the twvo-electron system.
The matrix of the potentials is real acd hermitian:

v, . () =

31 vij(r); Gji(r.r') - cu(t',r) .

The expressions for potentials are snalogous to the expressions in the

cass of scattering on hydrogen [20].
The non-exchange potencials are equal:

Vuir)=Vir)+pe(l, i)
L+1

Vistr) = - mylll.ziﬂ:
L
Vit = Y gy 4 30
. L+2
Vit = Vir +44(2.2:0) 4 PTRAY y(2.2:r);
Ll +)
Vaylr) = - -—!—‘—""','*'H:ﬂ.a’u;'}:

512L+1)

-—

L 3.3,

L4 =\ . 3 e
nir i) +petd Al + SILe )

vhars

wdif, r) -fu.lx!\'ﬂr.xlu.uu)dx;
]

-f"""'l“, r>x;
@rgl=l . oy

yalr, x) {
“l")-'nln‘r); H:'“.l""R-.plf\-

Exchange potentials ¢:lj can be written in the form

. G lr. )y mu (riutr 1 Fyle, 7)),
vhere

ru“'- f') - rl'{'- ") - ru(f'. ’) H

i ') = Culdeo(2e—E) +yetr 1))

Tatr, r') = Cayeailn, F);

[1r, ') = Culbuiter+a—E) +vea{nol:

[atr, ') @ Caapeeatr. ') + Caa'® Br0i 200~ E) w2l )
Fatr. ¢} @ Cuveln,r): '

Fatr. o) = Calat2e—E) +yc-alr )]+ Cau'Pyetr. 7).

The matrix of coeffigients cij is symsetrical (ci.j - cjih
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The exchange potentials can be further transforued to the form

‘ 'EDu-NJu(f)Mn(f') . r>r,

G“(f. r') (15)

-?D“.M,. (4] N.,{!') rer,
whers

M, (r) =y {rirt; (19)
Nul’) ‘de)[f'l"-.- (lt"fl"E)au].

The exponent ) depends upon the subscripts 13 sysmetrically (_lu -2 ji)
and it is detarmined

A=L; Mpal+l;  du=Llel (20)
Iy=l+2  Mywids ig=L=-1

- . - (1), - (2)
Coefficisnts Di.ji. Cij' 0223 C,n i D]:Z c33 , but the remaining

D = 0.
118 4 note that at several values of L the systes of squations {7) doss
not quite determine the unknown functions wnambiguously with the boundary
conditions usually imposed (at finice distances). This is ralatad to the
smbiguous symaetrized (antisympecrized) sxpansion of the wave function of the
system according to atomic functions. Without changing the total function to
s parcial functiocs, atomic functions can be sdded (21].

Substituting into (3}

Faty= 24_(5”; n‘t’) IR..‘. (21)
wr

and requiring that the corresponding sus (whers ws also sus ovar quantum
apusbers n) idencically agual zero, we cbtain '

alnll; n'l) m F 8, (- 1) i-ta(n'tl rl). {22)

As is seen, the fuoctions corresponding to cases in whick the stomic and the
scattering electrons have the same moments are smbiguous. .

In the approximation ue used, the Eollowing sdmixturse of stomic statas
is possible: "

-12-

At ensrgies above the excitation threshold of the ngp level, which ar~
exasinsd in the presant work, one must find chres linearly independent soli
of system (7) with ssymptotic :

[
i

F‘uu(-)---—;—i:[6usin(hr--'-‘;) +K.,cus(h.r—-“—2’-‘-)]. . n

These solutions dsterming K“ - the elements of the K-matrix. The

effective cross sections are sxprassed as slsmants of the T-mattix, which we’
detarnine according te [33):

S Il (28)
At gero the solurions of system {7) are determined by boundary conditio

F’_(O) = 0 . (29)

. Por realization of the conditions of (29), it 1s necassary to bagin v
pumerical integration with T * 0 and st the same tims L0 choose tha
golution regular in zero.

At T+ 0 system (7) can be replaced by the equations

L Lilli+1)

2z . {30) .
T a +-'_-]F‘(r)-0. iwl, 2,3 . ;

The solution of (30) 1s found in the form of & saries

e 1@t )
Fury=a.r ‘.;.:n! AT ane. Gn -

Series (31) was used iu order to begin numerical integration close to ¥

“m‘Yrol axpression (18) for Gi; it follows chat ths systes of aquations
cootains integrala of the type and r . Substitutiag - l-
system (7) csn be rewriccen in tha forw £ T ¢
- i
Z"L.,F,lrl-té'ou.hl,.m [ Wi Eirrar, St
.

vhere Lgj 1s 0 1nr.¢gm-d1tur-ntul operator containing inteagrals of
type r E
[
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By the same spproximation as in the present article, 1i.e., with calculation,
of exchange and of the ngs - npp strong coupling, effective cross sections t
of elastic scattering and excitation of lithium by electrons at snergies of
2-3 eV wers found [36] by numerical solution of equation (7). 1In [3] scattering
lengths of electrons on sodium were calculated by a similar approximation.

The so-called exchange-polarizacion approximation is a simplified variant
of the system of equations (7), in which polarizatico is usually considered
as an adiabatic approximation. During determination of deformation of the atom,
the incident electron is considered as a stationary centar of force. 1If,
however, polarization of the atom is determined by first order parcurbation
theory, than the distorted funccions Fz and ?3 ace expressed in terms of

Fl [37]):

f, —F Fimm —mee Py (26)

(23 1] H—e

The equation for elastic scattering which we obtain by substituting (26) into
(7) and considering only Jipolar mewbers in the exchange-polarization part
{Gyy, Gyy) was solved for lithium in reference [38]. The suthors of reference
[39] examined electron scattering on cesium atoms by the same approximation,
but completsly neglecting potentials Gjy and Gy4. In [39] the computation
was also carried out in anuther variant of the adiabatic approximaticn, in
vhich polarization of the arom was determined by the variation mathod,

A comparison of the partial cross sectlons calculated in refersnces
{36, 3B] shows that substitution of (26) is not satisfactory at snergies -
exceeding the threshold of excitation. The applicability of the adisbatic {
approximation at energies below the sxcitation threshold is discussad in [40]. -

Siapler approximations, in which exchangs is not considered and the
polarized potential is determiped by semi-egpirical means, are used ip
teferences (41, 42, 67] in regard to elastic scattering on Cs, Na and K,

In conclusion, we mencion veference [43], in which only short-range
correlations of the incident electron and the atomic slectrons are consideved,
but nevertheless comparatively large effective cross sections wers obtained at
low energies (on the order of experimental cross ssctions), although as energy
incraased the calculated cross sections decreased too juickly. Tha last
agrees with the results of investigations [&4l, 42) into the role of long-range
interactions. .

METHODS OF COMPUTATION

The methods of solving integro~differential equations sre divided into
two groups: itarative and non-iterative. Itevative sethods were usad in
references [44 - 46] butr, as is seen from these articles, iterationa do not
" always converge well. The present article uses the non-iterative method of
Marriott and Percival, first proposed in Marriott's article {47]. This method
was used in feferences |48, 49]. We note that the non-iterative method proposad
sarlier by Drukarev [50| was Lln essence close to the Marriott-Parcival method.

1t is necessary to set apart the case in which a aystem of equatiouns 1»
integrated only from r = 0 or from both zero and largs distancas, and the
solutions are jolned at an intermediate point. Hare va set forth the msthod
for the case vhere integration proceeds only from zero., The methods of |o1utﬁL‘)
for integration with two limits are set forth in [40],

=10~

Computation of the cross section ngs - ogp of excitarion for Li,
and Cs in referguce [30] was carried out analogously to the computation
for Na in [29) . 1o [30] the sum of the elastic and o,s - n.p cross
sections for Li, Na, K and Ca at energies up to 50 eV was also
calculated. The sum of the elastic and inelastic cross sections was practic
aqual to the full cross section, since the excitation cross sections of the
uppar levels vere much less. The sum seened close to the experimental data.

In refersnce [31] other modificstions of Born's approximstion [32,33)
wera used, in which the Born macrix slements relate, not to the traasition
matrix (T-matrix), but to the reaction matrix (K-matrix) or to the proper
phase of the scattering mactrix. The T-matrix is then caliculated from thes.
Such nethods of caicularicn ensure observance of the theoretical limit for
partial cross sections. We note that in these scticles the K-matrix is
designated by the letrer R, which is not entirely suitable, sioce it could
be confused with Wigner's R-mscTix.

The modifications in parcurbation theory shown in [31] were applied to
Bathe's lpponimation {in interaction potentials only terms of the
type C r™° werc taken Into consideration).

The computation was carried out for elastic scattering and for n.s - r
axcitation of Na and Cs by elactrons at energies up to 100 V. Elastic
scsttering ie wholly caused by the presence of real inelastic procassss, anc
it disappears at enecrgies below tha threshold of excitation.

The results obtained in {26] for excitation of Na by the distorted
vave approximation and without exchange were evaluated in reference {}] by
s mathod 1o which the calculated matrix elements are analogous to the
K-matrix. This significantly isproved agreement with experimental uata. T

In [24) this method was used to calculate o(3s - 3p) for Na, also \.
the usual Eorn approximation, which decreasad the cross ssction aignificant
We note that this method of computation is often called calculating the strc
coupling by the Born approximation. The name refers to the fact that durin
calculation of the amplitude of transition for ons process, the matrix elewm
of othar processes are also usad,

In & much later reference [35] a system of equations snalogoua to (7],
but taking into consideration only long-range dipolar terms, was solved in
the following marner. In the first approximation it vas understood that k
(this condicion in {3%], just as in [21}, is called resonance). Then che
systea of aquations s solved analycically by known functions., The F ob
is further substituted into the equacion for Fy; and F,, which are then
solved without difficulty. The numerical computation in (35] was carried o
for 3s - Jp aexcitation of Na. ,

It may be noted that on the vhole the methods which consider only tha
long-rangs potentials give comparatively clossr results. Their spplication
valid for those energles at which a basic contribution to the affective cro
section is made bv partial cross sections corresponding to large momentus o
the incident electron, for which exchange and other short-range forces are
ismaterial,

* Cross sections of excitation of Cs were also calculatad by this approxi
in referenca [66].
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We note that, in contrast to the case of elastic scatrering, in which
poth in Born's approximation and in the distorted waves method the decreasing
static potential falls of§ rapidly, the transition matrix alement contains a g
slouly decrsasing (v %) potential in both approximacions for sxcitation . LH,,.
of the ngp state, and therefore higher parcial cross sections follow. F, == Fitagu +aniz+aats. FE)) :
Seaton [29] applied the following variation of Born's approximation: . o
1. 1In the Born matrix elssent, in potentisl npe = DpP of an interaction, ‘ -
enly a term of the type cr-? is considered, vhich corrasponds to substituting * According to (22), these can differ from zero . ‘
Bethe's spproximation for Born's spproximation, and 5!1- necessity for having ) A
atomic wave functions no longer arises, since at r~¢ the coafficient 18 :
sxprassed through the oscillator strangth, which can bea taken fros expsrimental ' at L = 0 ayi oui e,
2. For those partial cross sections for which Bathe's spproximation at L = 1 au-=-an*; S wan"; (24)
gives more than half of the cheoratical limit, half of the theoretical limit .
is taken as tha result. T L o= 2 an .
The results of such a semistatistical method seem significancly nearsr
sxperimental results than those of the ordinary Borm approximscion. In
reference [29] the 38 - Jp excitation in Ha was examined by such a method
at anergies up to 50 eV. .
An anslysis of the so-called schematic model which serves to subscancisce REVIEM OF THEORETICAL METHODS ,
the modified Born approximation is shown in {29] ~ a system of squations? E—— . e
Ona of the simplest methods is porn's apptoximation. The cross section: .

A ol{2e = 2p) for Li 18 calculated by this approximation in [22], and tha (m'l:ajé]‘.1
l-\+*l’)F|"-;;F:= on excitation of Na are {ntroduced in [23, 24]. Tables 8 and 9 show lom:@;&*
A (25} cross ssctions of slastic scattering and excitation of the ;nop\\".-lwcl of v 4%
S+ Fymes 1y alkali metals by alactrons, as calculated in the present articla.'. For ,l.ln'%rg:_'h"i? :
" @ Born cross seccion 3(3s - Jp) has & asximum more than twice that of tha’ pabe
. sxparimantal, = The sxperimantal cross ssction of excitation of the fesonance H
reflecting the basic features of the strang ngs = ByP coupling. * 1inss of potassiua [13] has & maxisus squal to 150 2 st energies of 5~ O°F ©
System (25) has an exact solution in known functions, 1f Ky = ko vhile ghat of gorn's approxisation has 191 '.02 at oV.  Experimantsl datdiy
Postulating in (25) that ki = ky and usicg an exact solutiom, the for sxcitation of Li are unkoown. The relative cross saction for Cs “hae "*“
authors of reference [30] calculated the offactive cross section of slastic been measured {10, 111; 1c has a gently sloping meximum st 7 oV. . Born's )
scattering of slecrrons on Li, Na, Kk and Cs, determining A a8 spproximstion ‘1\;;. a maxious at 2.75 - 3 e¥. - . o SR _'_i",:‘;!_"'.‘
. At low energiss the Born elastic cross section for Li and Na 1s close’d
1 ‘L to the ezperimental criss section, but for Kk and Cs it is significantly: #*
’ -;ﬂf ' grester, A decailed analysis of Born's partial cross ssctions of alastic - St
scartering oo LL 1 given in reference [25]. 1t appears that the céross - -
vhers S 1is the line strength for th cransiti section for the s-vave excetds the theoretical lialt, vhils cross ssctions
W hat el P i " n?,. . :“p Tane 1";' £ 1 for higher veves ar¢ too low. Born's approximation does mot taks into consides
« tote thet elascic scarceriog in the gchemacic modsl is of & polarized tion deformstion of the atom by the iacident electvom, which is important in
pature, i.e. it 18 caussd by the pressnce of virtual and real inelastic . alkali metsls. Furtheywors, the static potential of thess atoms is so0 bigh S
;;rgc;uu. and together with the inelascic cross saction it disappears at that the psrturbation theory is inapplicable. s
. In (26] the sxc:tation cross section of Na is calculated by numerical
The solution of the schesatic model at k) = kp has a physical msaning, mc.grltim]of the «quations in the distorted vaves apptoxiut!.on{ without S
if 2]. + 1 > 2 [A_- AL lesser 1 the pl‘tt.l crosd lCC!lolll in '[30] uare .‘cm.. Iy sesns '(¢‘:.r than the Borm one. Savaral Pll.'till cross ssctioos v
estimsted as in [29] - half the theoretical limit. - axceeded the theoreticsl limit. The full cross section had thres maxima. '
The method of calculation applied to elastic scattering in.[30] 1s - Exchange calculation withis the limits of this same approximation decreased th
inapplicable to imelascic scattering, since the sum of the inelastic partisl cross section significantly [24]. In the firsc approximation of the integral -
cross sections sscording to t in the schematic modsl diverges logarithmicelly aquation mechod, the Slstorced vaves squations for sxcitacion of Na vers solve
at ky = k. in [27], while those for elastic scattering cm Li vers solved in geference l
(28]. ' .
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At L >0, system (12) contains three equations and nine different inte-
grals: - .

-\'u,Ef.\'.,,(rl.F,trjdr, (33)
[ ]

A full set of linearly independent solutions of system (32) can be
conatructed from the three linearly Independent sclutiona of the homogeneous
system of equations

N

Ay
- M) =0, p=l,2.2 (34)

and the nine solutions ot t-¢ <vstem, in which ons of the integrals N is
replaced by some constant '._, but the remaining ones by zeros: nJ

)

-'..'F,""(f}-:D;"M"‘r)a"_ (35)

The unknown solution is represented in the form of & linear combination

e Ecumrlmn_ p=l1.2. (36)
e q=0.1,2,3.

Substituting (36) intw (12), considering (34) and (35), and eguating the
sultipliers with separate functions M, (r), we get a system from the nine
algebraic equations: ] ’

S
-—t f.\,,(r)F,lnn")dr-5,,.";;’.]-0_- (37)
»

’ =112, 3.

Since the number of un«nown coefficients c(pq) is equal to 12, three
additional conditions can 2e imposed,
We require that Fl ‘ave & determinate behavior near zero

Folr)~ byrhor, 118)

Supposing that

F et (r)~ g, 0ebphiel

(39)

_tqpultg,

-l4-

we get three additional equations

EC[!!IQ.IIﬂub'I iw],2,3 (40)

e

Thres linearly independent solutions can be obtained by varying by.
For unknown incegrals we get the expression

-
[:\_ (P F s wa, CUft

(41)
Functions N, tevrease comparatively quickly, and therefore with the
axchange calculaci... .t .vexs sufficient to integrate the system of equations
up to t = 27 atumi. .its. The interval of integration changes from 0.005
up to 0.16 stomir ~i:.. Tumerical integration was carried out by method X1
sccording te {51) ~i:* .1e evaluation. Integrals were calculated according

to Simpson's formu:!,.

After datermiegti~n of exact integrals of Ny sccording to formula (41},
systea (32) was solwe ance again with thea. The 1n:egratlon wvas carried out
up to t = 150, where the elements of the K-matrix were determined with the
aid of asymptotic .erics [44, 52).

For L =0 a4 susiem of two equations, containing five different integral:
was solved,

At L 22 eraoafcuracy of the computation during integration seems
unsatisfectory univ ir.m zero, The requivement of symmetry of Ki; = ‘jl is
poorly fulfilled., | . reason, apparently, is that errors of integ ation
increase more rapi.iv with increase of distance than linearly. Therefore at
L > 2 che computdi. .n uJaw malnly carried out by means of integration with
two limite., For (n:a wa gontrived a program which carrfied out this computatim
for snergles below ¢¢ excication threshold [40). We note that this progras
algo usad another - -mula of numerical integration - Vozheler's method,

More copvenient s+ s t.v this tomputation are set forth in reference [40).
All compuctations . tr rricd out on tie BESM-2Y at the P. Stuchka Latvian

State University . w.twr fentel.
RESULTS

Cosputations :a t e present article were carried out at incident slectron
snatgiae :

E < E < 5eVv ,
c z

vhere E, is the re. nance potential (excitation threshold of the ngp leve]

We Gsed semi-v-, 14l wave functions for Na, X and Cs{13], The pote:
due to the filled <-v@:a was detersined by Gaspar's method [53].

Hartree-Fock wave functions without full self-consistency (1.e., without
calculation of the cilect of the valence electron on the cora) wera used for
Li, The authors ot :«fcrence [14] were kind enough to give us their numerical

*
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Such functions were first calculated by means of numerical integration
{n reference [54]. The authors of reference [14] calculaced these functions
with the aid of an electronic computing pachive, and uged them im the capaclity
of an initial approximation for computation of atomic functions of Li with
full self-consiscency.

The resonance potentials

E, corresponding to the atomic functions of

Li, Ha, K and Cs that we used, aqual:
Li Na K Cs
E., eV 1.8 2.10 1.61 1.42

At energies above the excitation chreshold of the wngp level, the effective
cross sections are determined through elements of tha T-matrix.

The total cross section of elaatic scartéving

Qu=a f 1481 5in oda-% ZIQL-P 1L
]

(42)
where L(8) 1is the differential cross section of elastic acattering.
The Cotal cross section of excitation of the ngp level
h
Qup= 7 ; {2L+1 )(:l'u"'.’ ‘Hruu"ﬂ . {43)
The total cross section of scatcaring squals
Q = Qpt q“UP (44)
The effective cross sections of diffuslon and viscosity squal;
Qrela f 1(0) () —~cos ®) sin ddd=
[ ]
n
o LI T, (45)
)
QM mln fl(ﬂ (4 ~cos? §) sin 040 =
¢
A {(L+1N{L+2) 46
-FZ———-——'T..‘“-Tu“'*"l’. (48)

L 2L+3 !

Below the sxcitation thresheld, Tl1 is sxpressed through the phass of the

slastic scattaring:

T . - 21:‘“ sin n .

11

The differential cross section of

| 3
llﬂ)=ﬁ; ;tQLJ.-I}Tn'“P;(cosM .

The transition matrices !
through the matrices -t the 3
Jdir

r

“exch

During exchange valiculat
sccording to spin énc sumzed .

Total effective cross sections of collision of
cslculaced by the approximation of strong

i, Ns, X sod Csa,
are shown in Table I.
Puring celculation of to
{(L=0.1, . . . 8)
At L =4 [for
are practically equal to
Tharefore for Li, ™3

cthe
and

ate suamed, but for nlgher waves

used. For Cas exchange was
Tables 3 - b row part
axcitation of the n,p level

without axchange. ‘% single
according to spin, L.e.,
apd triplet by 3/&.

In ordet Lo evdluate the
the present ayxgicls Lie compu
with stomic funcriuns corresp
snergles. This patential vas
difference between treorecics
escillator strengtis = fe¢ WD
sigenfunctions &3 and bp o
spin-orbical interactians.

Table 7 shows partial <t

of the 6p level ct a v atom,

The full cross section of sca
(283 wa,® instead ui 238).
cross sections showed that th
did pot vary qualitacively.

~16-

LYY

elastic scartering can be writcen in the form

(48)

the direct and exchange scattering ars detarmined

inglet (+) and criplet {~) cases:

- Lt ety

it (49)
fon, cross sections (42 - 46) were averaged

alectrons with atoas of
coupling,

tal cross sections, all mnine parcial waves

were considered.
Li, Na and K,

the spin-aversged partial cross sections
cross sections obtained without exchange.
K upto L=23 the splo-averaged cross sections
(Lz4) non-exchange Cross sactions were
considered for L < 4.

ial cross sections of elastic scattering and

for che singlet (¥) and criplet (=) cases,

¢ and triplet cross sections are averaged

given singlet cross sections are multiplied by 1/4,

gifect of the choice of atoaic functioams, in
tacton of cross sections is also carried out
onding to Stone's potential for Cs at several

so constructed in reference [47] thst the

1 and experimental values of the snergy lavels and
ipal. Using Stone's potential, ve calculatad the
f the states of a cesiua stom without calculacing

oss sections of elastic scettering and excitation
calculated with Stone's vave functions.
ttering, calculated at 2 eV, diocreassd 12X
Addirional computations for sepatats partial

e depsndence of these crosa sections upon snargy
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ALLGNMENT AND ORTENTATION OF ATONIC OUTER SHELLS 1NDUCED BY ELECTRON AMD
104 IMPACT: SOME RECENT DEVELOPMENTS AND REMAINING PROBLENS

Nils ANDENSEN," Jean W, GALLAGHER and Ingolf V. MnteL’

Joint lnstitute for Laboratory Astrophysics, National Buresu of Standards
and University of Colorado, Boulder, Colorado 8030 USA

Alignment and orientation of atoms in collistion axperiments with planar
syametry hava now been studied for about 15 years and close to 500 papers
hive Deen produced, mainty devoted to Sop axcitation, Despite the Yarge
vartaty of slectron-atoa, jon-atom and dtom-alom colitsion systems consi-
dared, b unified framework for description of these phenomeny 15 now eMer-
ging. This framewors 15 8 penecalization of the original tdeas of Macek
and Jaecks and 15 based on consideration of symngtries, conservation laws,
etc. The kay parimeters are directly related to the shepe and dynamics of
the charge tloud of the excited @lectron as well as to superimental ob3ery-
sbles. A brisf review s givan of this framework, and SOwe Current pro-
pless a0d prospacts for the future are discussed,

). INTROOUCT 10N

The f1ald of sligneent and ortgatation in atomic collisions 13 devoted to

the Study of the shape and dymsaics of the slecironic charge clouds excited in
& colliston process. Obviously this kind of information, moBt sffactivaly ob-
tained from superiments with planar symmatry, provices a much more severs test
of our understanding of the axtitation mechanisms than sytermination of , say,
a probability or & cFois section for encitstion, As will be detailed below,

in favorable cases ¥ complets detarmination of the qunt.p-nnnlu‘l state of
the system Bay be obtained, thersby providing & so-callad “perfact scattering
sxperimnt,” the most tundementsl level ot which uaperiment and theory CaA be

1

otharwise oftgn tef-
urthersors, they
alls theorstical gescription in cases vhate

the cross sections show pnly minor wvaristions.

At pravious ICPEAC'S saveral symposis (1.2} ruviw popars (3.4) and pro-
gress reports (§), and & large Number of contributed papers have denlt with
various particuler sspects of this tield, The Data Canter of the Joint Insti-
tuts for Laboratory Astrophysics 18 currently undertaking 2 critical raview of
this whole flourishing field, restricted 1o sacitation of outer shells of
stoms in planar scattering eaperiments using unpolartzed besss. During this
review stveral parsiiel Tines of thought within the otherwise traditionally
separated fields of electron-aton and atom-atom collisions becass pvideat, In

pasad on relative Messuremen 3 ting ¢

- of accurate termind

i —

*parmanent addrEss: physics Laboratory 11, H.C. Prsted Institute, DX-2100
Copenhagen, and institute of Physics, university of Asrhus, DK-800D Aardus,

Denmark.
Tpermanent sddress: Institut Tlr Molekllphysik, Fachbereich thysik, Freis

universiths Berlin, Arnimalles }4, D-1000 Barlin 33, Nest Germany.

particular & unified framswork, or lsnguage for description of thess ]
eny, is developing though several "locsl dislects® n!gl axtst and ,,,’;';:,,‘,';‘
will persist, partly due to differences in naturs of the underlying physics
for specific problems, Below w shall firgt try to summarize this framework
mainly conceatrating on Sef excitation to which about 953 of the Tterature ;l
:ﬂntcd. Then some selected current probless will ba discussed within this
ramework and conclusions drawn concarning arads whare future afforts might be
most fruitfully can:entrned. The dis fgn willt be restrict

4]

of states decd T of thy Tdess can be sagily

2. FRAMEWORK
, Coordin frames, basts functd 1e
N dperiment, the €O on piane i1 determined by ¢.9. the two direc-

:::c‘l: ::o:n;::::q‘md outgoing gartlclu. theraby fixing the scat
» stas corrasponding to this scattering angle afe then stud )
.f minis of eithar the polarization propsriies or‘uu'lnguhr ﬂlst::bu:::ﬂ
ol i gacondary photons emitted when the sacited state decays, detected in
toinctgence with the scattersd particle, or, In time reversed snperiments
snal pu iy Of the scattered particles as function of the polarization pron;-tlu
1;:. ::.p::::;m‘-lgh: r‘uu::t:':I::"lu" mﬁturgu atoms prier to the colliston,
n recent reviews (1- -
W :mmmm L rtiries nere. tews (7-9), 30 = shatl just brief
ned symeiry propertiss of the forca(s) determining the excitstion
and tise gvolution of the charge cloud wil] be seen to plu'an assential role
we shall recsll the symmetry propartiss of the three eligenstates corrnpomﬂni
to & P-level, n;glu.t! st f1rst the affect of fine and hyperfine structure
whicn witl be tngluded later. Tha uppar pangl of Fig. 1 shows the sn ular '
rts of the charge clouds for the so-called "atomic physics basis® ('p.;l
perl, [Pa))s with |p.q! labelled according to the magnetic quantum number n.
Hare wi Quantizs algng the axis perpandicular to the collision plane since
this choice simplifiss the subsequent mathesatical description coasiderably.
The lower panel of Fig. 1 thows the siternative “molecular physics basis" cor-
Fesponding to resl-valusd wave functions (ipe)s Joy)e {p;)),, descriding p-
orbitals aleng the thrae coardinste axes, Inc s a!c |pn§ = |pg) has negative
reflection symetry with raspeci to this plane, while the other ones have
pasitive reflection s{—ury.

Notation for circularly polaryzad Vight variss in tha 1iterature. We hare
uss the definition of classical optics (m}. which vses the term left hand-
circularly (LHC) polarized Mght, if the o ectric vectar i seen 10 rotats
counter-clochwise when 1osking towsrd the 1ipht source, 1.e, LHC-photons have

sitive helicity, neferring to Fig, 1, decty of the state |pe;) will thus
esd to emission of LHG-photons in the +1 (RHC-photons in the -z} direction.

At this point 1% 15 usaful to recall soms important time scales:

{1) tcs the colltsion Lime, auring wnich the excitation takes place; 1 ~
.i;;cft'." o i3 a charactaristic watgraction length and v the callision
w ¥

(19} v¢5, The characreristic time for the fine structurs; tfy ~ Jefg.
whers Rugg 15 the Tine structurs splitting,

{111) s, the charactaristic tims for the hyperfine structurs; tnfy ~

ll-..{. whets Rupty 13 Cthe n‘parﬁu structure splitting.
{ v‘ Thats the tntuul) ifetime; 1 ~ L/A, vhere A 13 the decay
prabability.

. tlu) Touse the cbsarvation time for s atom in the actual experimental
atup.

Each specific situation requires consideration of these magnitudes. An
stom that #5 initially fa an § state has positive reflection symmetry.
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FIGRE 1

The total wave function describing the collision event conserves 1ts reflec-
tion symmelry with respect to the scattering plans. Often fine snd hyperfing
forces are 5o waak, they can ba neglected during the collision 3o that the
excitation {s caused by Coulomb mten:tlon only. In the simple Case where
the collisfon partner acts as & spinless, structureless particle, this fmplies
that the (spatial part of the) wave function of the stom that s excited pre.
servas ity reflection symmetry during the collision., Thus excitation to » P-
Tavel con only take place to two of the three states of Fig. 1: “Out-of-plame”
sxcitation of jpa) is forbidden. i

After the collision the 1solated, excited atom may develop further under
the influence of the fine structure (and possibly hyperfine structure) force,
which does not conserve refiaction sywmetry of tﬁa spatis] part of the mve
function, thereby allowing tha charge cloud to change shape tn time until the
decay tokes place. We shall trest these two regimes -~ excitstion snd time

' development -- separately, snd see how 1t {5 possible to recomstruct the

nascent charge cloud, the vbject of interest to collision physics, from tha
actus) observed radiation pattern and a knowladge of Ty, This. Tmgt o0d
Tobs+

2.2. S+P excitatio
7.2.1. The slnphsg case: Full coherence -- the Poincard sphers

e shall Tirst analyze the properties ?f the radiation pattern in the
simplest case in which the sxcited P-level of the stem can be describad by »
state vector, 1.e. ity coordinatas (Ber. 2.3, 88) in the baxly of Fig. 1,
Reflection symsttry conservation impliss s¢ = 0. Thi: si*wetlon may be an-
countered in, e.g., electron impact excitation of & He(n'P) Vevel.

Figure 2(a) shows an example of the angular part of the P-state slectron
density. Three coordinste frames are shown: (lrtlu colliston frome (x€,y¢,

. Wy

- e
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FIGURE 2

(= l!b.nl:p. L‘Dv
F) with 1€ In the direction Ein of the tncident partictes, (xC.€) 13 the (] quawlspfic
cotlision plane, and y© i3 paralle) to Bin « Boup. 3cq) s the scattering l r
angle, (11} the natural frame (x",y".z") with :“-x':. ,R..c_ My, finally, Caved
anather convenient frame (111} 13 the etomic frame (xd,y4.2%) obtatned from (¢ ° bped
the natural frame by rotation through 4n angle y sround 1™ s 4 g0 that 2d i
parallels the cajor symmetry axis of the charge cloud, which Is atso & ul;- hand
melry Juis for the radiation pattara., Assuming normalization, gy v el e,
then, apart from an arbitrary common phase factor, Lhe wavy functfon l; COm-

plately chacacterized by the two pyramaters: (v.L,), yhere v I3 Ehe aligment -
Ang1e'aNd L3 " ud a2, 15 the angular smentu ﬁ Ating alonguz®. [n the
atonie frome the wive function takes the simple form

R e (TN L TS LR (BN L L w




Using polar coordinates {8,¢) 1n the nitursl freme, the angular part T of the
charge cloud may be written as (omitiing & 3/40 normalization factor)

o4} -% [1+P o8 Z(o-ﬂ]lin’o . {2)
Figure 2{b) shows & cut through the charge cloud in the collision plane, given

T ¢ o § {1 e rgos 200)] - ()
P, the linear polarization, is thus & width parasmeter, with (lm)ﬂ and

1-P¢) atermining L major and minor axes of the charge ¢l in the
:e'l'lfsion plane.

The angular correlation psttern of the photons emitted from the excited
stoms and detected in the collision plane 13 given by (0 = s/2)

He) 3 - P, cos 20e-v} . (4

This pattern, Fig. 2{c}, 1s thus identical to the shape of the charge cloud,
Eq. (3) and Fig. 2(b), rotsted by 90°, as sxpacted from the properties of
alectric dipols radiation.

Alternatively one may measure the polarization ellipse cbserved in the
+2" direction with a 1inear and circutar polarizer, Fig, 2{d), or eguiva-
lently, the thrae Stokes psrameters (P1,Pz,Py) dafined by

1Py = 1{0°) - 1{%0%)
1P, o 1(45%) - 1(135°)
1.y o 1(RHC) - T{LKC)

where 1 is the total 1ight tmnm{ in the 2" direction, and 1{0) 15 the
Yight transmitted through an 1desl linesr polarizer tilted at an angle ¢ with
respect to x® [sometimes one may find the alternative sotation {njma.ma) @
{P2,-F2,P1)) Evidently

' - ('lnpz-FJ‘ - (Pl cosy, P' sindy, -Lli (5)

with the linear polarization P «{Py2¢P32)1/2 paing tnvarient under rotation
arcund 2N, Furthermore, the Itnm emitted 1y Tully cobsrent, such that the
degrae of polarization

L "I . {plz"'zz";:,”z . "’l"hz)ln (6)

in this case 93 unity, and Py thus fully detarmined from L,-

The Stokes vector (Py Ps, Pe) measured In the Y direction 13 {1,0,0} and
adds no further tnformation in this case.

A correlation experiment, Fig. Z{c}, determines {y,Pg)} while a cohersnce
experiment, Fig. 2{d), determinas (v.l1). Thus, here, & coherence enperinent
15 & "perlect scattering experiment” in the sense digcenied in the introduc-
tion, while a correlation sxperiment only determines ¥, leaving the sign of
L, undetermined. The parsmtters used in Fig. ¥ ave ‘.-ii', Ly*0.8 and P =0.6.

For Tater ganeralization we alse stite the deniity matrix pgy = aglp in the
natura) frame (tr pel)

o0 ea BP0 by

0 ey O <3 {0 0 . n
f n

oy 0 oy Py-th, 0 e

FIGURE 3
A succint way of summarizing this situstion 1s bi introducing the Poincarg

sphare (11), making use of the fect that the point P = (P, P
1P P
on & it sphare, cf. Eq. {E). Fi_ure 3 illustrates the .;oI:ri::u:n‘:gl':ge
corresponding to various points on the shhere, with M<(1,0,0) corresponding
to lp; or horizontal Vinear polarization in Flg. 2(d), V-I-l.o 0) correspond-
ing to |py} or vertical linesr polarization, the north pole to [p.1), and the
soyth pole to |pe1). Two gpposite points on the sphere correspond to ortho-
mg}o::::::.’x r:M:h :;nyugc. |lcol‘urcnu axperinent determings & point on
' e & correlation experigpent

Jection onlm squatorial plane, $ +iPy = rmlﬁ - ggl.{!:fcnim fis pro-

s LO rence

are severa] processes th arq in principle distinguishable comt

the excitation may no longer be cohersnt. For lnsnnu.'ln the Tow M:!huto.
alactron impact sacitation of a H{nIP} level, exchange effects lsad to :ﬂ-
ferent amplitudes for singlat and triplet scattering, and 1f no spin smalysis
13 performed before or after the colVision the corresponding density matrix
#lamgnts have to be added incoherently. This situation can no ) b Te-
pressntyd by 2 wave fupction, Positive reflection symmetry is still conserv-
. The light mmitted 1n the +1" direction i no longer fully coderent so
that P&, AlD Eos. (2)-(}) remain valid, Howmver, P, snd L =P, are mow in-
depandent parsmeters. Thug, in this case three parameters sre needed Lo spec-

11y the sitoation comoletely, 1y § correlation experiment onl
HLIN P e |19 alygs X _TATOASTTIN RN
Yramics [L,], whils cobaragce atalvals 31117 provides complety Information.

T+ 3. _Ihe ral case . 5 .
TR YRE general CITF TRE assumption for tha atowic wave function of positive

refisction symmtry gnly canngt be maintatned. This say ha for

in electron impact wncitakion of P Yevels of the heavy nrcp:::;s fnr“d\.l.:r'
spin-orbit affects are so strong that they play o role during the collision
{res~rc)s &t 1aast ot Jou enarpies. Equation {7) mat Then be replaced by

oy 0 oy py 0 e, 6 0 0
U < (gl $ {0 o o soido 1 o}
“:u 0 'El-l PstPy 0 Mepy 0 0 II'

(e)

I

oy W



fquation (8} shows the decomposition of the density matrix into two parts, one
having positive and one negative reflection symmetry. While Eq. (5) stiil
haldas, Eq. (2} 1s replaced by

T{o.4) » (l-.m)% [lﬂ".cu Z(.—yl]-ﬂnzc + .moccszl . (9}

ooe 1% thus & height perimetar, the determination of which requires observa-
tion from a direcihm 5ﬂhrmt from 1%, Here and below we adbreviste

pes * oBs = oflg. Within the positive reflection symeetry we defing explic-
1tly Pl w (Pydepyl)i/a, l‘l. « P, and Pt e (F;ﬂOP:'OP'RIla- {® lolll |,i‘
In the y" direction the Stokas paraseters ars now {Py,0,0) with Fyql. Then

(1+4,)01-F,)

00 * mﬁﬂ . {10}
The angular momentum is given by
LJ. . "’("Om) . l-l'"'.m} . (1

Similarly, tn a correlation experiment, determination of pgp requires obsers
vetions from at least two & anplas. The angular distribution of the tota)
intensity 15 given by

Ho.e) = {1-ppg) } [l'mzl-l"coszlo-t)-sinzo] + pw-ltn’l . 12)

replacing Eq. {4). Equation (12) mey be written as

1{nap) = B{o}[1-Alo)ecos 2(4=v)] {13)
where 2
1- P osi
Moy - —20] et (14)
(lwm)'(l—aoml-cos []
The value of A in the scattering plane is
» "‘oo
Aly) - Toogg * L A (1%)

1.0., & smaller mplitude than the amplitude Py for the corrasponding coher-
ence analysts atong 27, see Eq. (9). Equation (14) also implies that

M) = Pllepgy)i(3agq)  + (18)
Defining the ratio R = A{s/4)/A(x/2) one obtains
sgg * (R-D/Re1) un

The general case s thus described by four parsseters (v.l.'l.l’i.u.)‘ of which
the three first can be determined frow coherence analysis atong +zM. Motice
that one my still hawe full coharence within the positive reflection
‘symmetry, Plel,

The situvation fs susmarized in Fig. 4, which shows the shepes of the charge
clouds snd below, in comparable scales, tuts along the principal axer in the
atomic frame. In both casas (a) and (b) the aligrment angle 15 35° mnd the
width parameter Pg=0.6, but the helght parameter in (a) 15 pees0, 1.0, posi-
tive reflection symmetry, while pee=l/) in (b). The angular momentum has mo
influence on the shape, and Py can be anywhere In the reglon -0.B<Py<D.8, 30
that P*<l. The parsmetrization suggested above is & natural development of

FIGURE 4

the 1emiclssnical model put forward by Macwk and Jaecks 1n Sec. 111 of their
fundemental paper (12)
long to the

aTndo and colTeborators wire t irst to realize and formulate
[ ] plr:;tﬂutlon for the geners] case. Here wp sumsarize their mathematics
and give relationt to the peremeters defined sbuve. Again the atomic basis of
Fig. 1 is ysed, however this time quantired along 1° = x". The density matria
may be decompossd into two components with positive and negative reflection
symetry with respect to the scattering plane, sxpressibie in terms of the

" Stokes parsaeters in the following way (tr pel)

. c c*
% %00 %01 "0 1-2e; -7y

1 ,¢ ¢ 3 1,¢ ¢
i vl ’f—l} {! {eyp-en)  #ho b AUTRXIY
4 &
°fu L [ IS B |

R ISR I 1R
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i
'('fl“'fu)![f . f]
.}_u-r‘} lﬁ('"'"” -4 t1-0)
. (105305 )) - § IE(-rz-w,) 1, Jﬁuzm,)
T LEN l/i (rp-tpy)  § (14

1 0 1
’tigl'ﬂfn)%[? : ?l ]

where o§; ¢ o8y, = o34 1s detarmined by Py and Py; ¢f. Eq. (10). Following
Blus and Paixlo we now dafine

i 'I‘)ﬂ
xS sr’(nfu) . -M’Ilnal)

,IIZ ,ll!

cos o w |s5gl/050eTy )17 = logy 41500,

cosc 8 "{-1”‘1:1 - --f“lnfl
so that
(1-sg)ePy = § (3(3vcos o) - (1vcos o))
(L-agg)-Py = -Z[I(I-ﬂ]ln-“l 4scoyy

(1epgg)Py = 2(a(1-3)) Fecuy 4 « stn §

where pes » (1-3)}(1-cos «}/2. Hers Osaq}, Dcys2n, Dccosac), ~lccosccl. We
may require Ocacu/2 since sgnd has mo iiu’l seaning. Stmtlarly Occer since
sgne has 1o maaning, If pgge0 then oo,

. Yar

g.;.i. The effect of f1
When the collision 15 over, the ’snl.tgd atom dyvelops under tha Influance

of internal forces until the optical decay. Again, restricting ourselves to
an excited P state, we shal) first gnalyrs the simpiest case of electron spin
Se1/2, and see how the shape and dynsmics of the charge cloud changes i time,
resulting in a modification of the observed radiation compered to the
unperturbed cate, $=0.

Consider first the shape: Referring 1o Fig. & it 1z most conveniently
smalyzed in tarss of the molecular basis 1n the stomic frame for which the
relavant density matrix alements at the tise of excitstion t=0 are given by

ERURE TR OES NIRRT UL

which directly measure the relative length, width and height of the charge
cloud. The shape now develops in time sccording to [sEe, €.9., Ref. (uh

oR (1) = 68, (0) « 6, + § (6p6y)
#hylt) = o} (0) + & ¢ § (6ge5,)
O LY

whers Go ® Ga(t) » J and 63 = 6z(t) » 1/3[1+2 cosfupgt)); RMugg 15 the enargy
splitting betwesn the fine structure levels ?Pys3 and P73, Thus, as long as
we assume soa(0) = O, the height varies tn tims as

poolt) @ oly(t) « § [1-coslug t)) (12)

independent of ply(0)} and pfy(0). For the simple shape discussed previously
in Fig. 2 and Fig. 4(a) Maving Poe0.6, Fig. %{a) shows the (reversible) change
in time of the shaps, whare the five situstions correspond 10 wygt=0, v/2, ¥,
35/2, 2, respectively, showing the quantus-best phenomenon well known in ¢.g.
besm-foil spectroscopy. Since the symmetry axgs stay fiued in tiee the plot
has been made for y=0°.

Most colliston experiments only monitor the time average of thase baeats,
1.0, the Vimit 1qg €< vgpg, Lhough some intermediaie situstions, displaying
various aspects of Lhis best phenomencn, have been reported (15,16}, Aversg-
tng over time yialds a chargy Clowd corresponding to eyt = #/2 or /2 (mrs
we assume that 1eg €< taaee Su that the patters has time to develop before
decady); f.a.,
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thersby modifying the 1inesr polarizations
P20/} = F + 2y 5000

mvided:thnl the su-'of I:l two fine structure components, 2Py/g + ¥Sy72 and
P S is monitored.

|{|‘|0.tily:;n‘lution of the angular momentum 1 {t} I3 best analyzed in the
atomic basis, where the initial conditions ars

o110 = § )
St .
The time evolution 15 governsd by (14)
SACIES TRCNEE YOS 120
CIRCERS IRURS 108 &1

n Gy » Gi{t) = 1/9-[7+2 cos{wfst}]. Thus the spin-orbit coupling Causes
::l: l!l;l-llll'l(-)ﬂl'lll- companent atong N to vary in time a3

1
Lt) = ey = oly g o by s g (P2 cosleg )] (19)
The photon intensity I {t) n the I direction varies in time s
1,00 « oy ¢ 6%y = § 1792 contogti] (20

in agreement with Eq. {18). [mllﬂﬂl;i {1?) a:?‘ {23) slur that L, ;'} and

1) viry with the same soplitude, implying that Py = (o 1. 1en1
}:f,_li,?{} » oL; = -L;* stays constant fa time and 15 thus not aftected by
the fine structure:

Pyist12) = Py(seD) .

urement of the Stokes psrsmeters for a IP«35 transition allows
i:::o:s:::timmof the shape and dynmmics of the charge tloud crested in tl’n
collision by mitiplying the Vinear polarizations by a facter 1/3, while Py ‘
is unchanged. The uur.p1I ln::nsi:z : = (I (t)> = 1/9 15 reduced dacause o
hange in ton angular distribution.

""I:bleg: luu:::un tge {average) intenyity and the dﬁpﬂhriutfnm factors
¢; for circular and c3 for Tinesr polarization in the 3 direction for the
cases S+1/2 and S=1, including slso the individuai fine structure components.
General formulas may be found in {17).

2.3.2. Tre affect of hyperfine struCture

In analogy 10 the fine structure affect, the presence of nuclear spin
will cause further oscillatory behavior. We shall not present the details 1n
general but refer to the literature (14} and Mere just give as an exemple the
effect of further adding & nuclesr spin 123/2. The effact on the (time
averaged) circular polaritation (s » reduction to almast half the size, while
the linear polarization is reduced by slmost a factor of aight, cf. Table 1.

TABLE 1
Transition l1 D <
1=0; lpels 1. 1 1
HERS 79 1
¥y
Pz By, 29 1 o
'312 - SIIZ 879 1 35
:r . 3; 41/54 2141 1541
o * 3% 2/27 0 0
by + 351 14 172 11
3y o % 415100 45141 /41
Ted2: o 209/300 325/627 217209

Figure 5 11lustrates the affect on ths (time-averaged) shape by subse-
?ncntly adding an electron spin Se1/2, (b) « (c}, and & nuclear spin 1s1/2,
€) = {d), Teading to an almost {sotropic charge distributipm. This situstton
is closa to the case of the L{{2!P) state, wharg, howsver, affects dus to a
finite Vifetime, #tc., 2130 show up (16).

Fine and hyperfine structure a2y thus tause 2 severe raduction in measured
snisotropy compired to the nascent charge cloud, provided of course that they
have time to develop.

2.4. S+D excitation
“SFTEXTTINUTSN T 30 far only been Studied tn a few cases. A D state has
five substates of which, 1n the natura) frame, the atowic basis states with
M2, 0, -2 have positive reflection symsetry with raspect to the scattering
ptane, while Mel, -1 yleld nagative reflection symmgtry. In the simple case
where the excitation 1s fully coherent and the system posseszes positive re-
flaction symmetry, th amplitudes (dg,84.8.2) thus com into play. The nor-
malization condition |l *1 and an arbitrary phase factor lgave four real para-
seters o be deterwined. The dipole radiation patters for 3 subsequent DeP
decay i3 completely determingd by the four parameters #3,P2.P2,Py introduced
above. Ong might think that a coheremce anplysis giving these four Stokes
parsmetars setarmines the D state completely. However, this turns out mot to
be the Caca m{. Though characteristic parameters for the shape and dynamics
of the charge clovd, Vike v, Ly, Py and the relative height, sti)1 given by
Eq. (10}, can be evaluated, mnln’s shows that (n genera) two D-states exist
having tdentical dipole radiation patterns, one charge clowd being the mirror
of the other one in the {x8,18) plane. Here k¥ is st111 the symmetry axis of
the rudiation pattern, but the charge cloud does mot exhibit reflection sym-
Metry with respact to this plane (18). Application of external fields, which
break the symmetry sven further and influence the time development of the
charge cloud during the time from excitstion to decay, fs necessary in order

. to distinguith batween the two possibilities (19).

3. ORIENTATION EFFECYS

Ne shall now address some central, not yet resolved problems of current
interest, which may conveniently be discussed within the framework presented
above. Our aim {3 to attespt to understand orientation effects, & featurs
unique Tor planar scattering experiments, .
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