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Fine-structure effect for (e,2e) collisions

D. H. Madison, V. D. Kravtsov, and S. Jones
Physics Department, University of MissodRolla, Rolla, Missouri 65401

R. P. McEachran
Department of Physics and Astronomy, York University, Toronto, Ontario, Canada M3J 1P3
(Received 9 November 1995

For the case of inelastic electron-atom scattering, it has been known for some time that significant spin
effects may be observed even if spin-dependent forces on the projectile can be ignored. These spin effects
result from the Pauli principle and this phenomenon has become known as the fine-structure effect. Recently,
the question of whether or not these same types of effects should be observed for atomic ionization has been
considered and the initial indications are that significant spin asymmetries can also be expected for atomic
ionization if the final ion satisfiek S coupling and the final state of the ion can be resolved. In this paper, we
consider this problem for electron-impact ionization of inert gases. The theory of the fine-structure effect is
presented for ionization and first-order distorted-wave results are compared with very recent experimental data.

PACS numbds): 34.80.Dp

[. INTRODUCTION core is said to beriented The same is true for ionization so
if the final states with different values dfare resolvable in

The field of electron-impact ionization of atoms,2e) is  some experiment, one can say that it is equivalent in some
now two decades old. In that period of time, significantsense to having a target of partially oriented atoms. For sim-
progress has been made in several aspects of the problem apiitity, let us assume that a spin-polarized electron ionizes an
much has been learned as a result of this work. Over thinert gas leaving the ion in théP,,, state. Further, assume
years, both the experiments and theories have improved dréhat this state isompletelyoriented withm, =+ 1. This situ-
matically. Experiments are now able to measure absolutation is schematically represented in Fig. 1. For this case, the
triple differential cross sectionTDCS) for both in-plane  spin of the ion must be down, and as a result only a spin-up
and out-of-plane geometries. This work has focused mucklectron can be ejected. If the projectile electron also has
interest on understanding the final-state correlations of thispin up, then these two electrons are indistinguishable and
three-body problem where two continuum electrons emergéhere is interference between direct and exchange processes.
from a positively charged corel]. On the other hand, if the incident electron has spin down, the

Although there have been numerous studies of theelectrons are distinguishable so there is no interference. As a
(e,2e) problem, little attention has been paid to spin effectsresult, the cross sections for spin up and spin down will be
in these collisiong2]. For the case of electron-impact exci- different. Clearly the relative size of the exchange process as
tation of heavy rare gases, it has been shown in experimentalell as the amount of orientation of the core play a key role
[3] and theoretical4—7] investigations that a nonzero spin in the sizeof this spin effect.
up-down asymmetry may be observed. On one hand, this The purpose of the present paper is to investigate the spin
may appear to be not particularly surprising since relativistic
effects are known to be important for heavy atoms and rela-

tivistic effects would logically produce spin-dependent
asymmetries. On the other hand, it has been shown that sig- Yon =172
nificant spin asymmetries may be observed even if spin- E,
dependent forces on the projectile electron are ignored. This E
effect, which has become known as the fine-structure effect, t 7
is potentially observable if(i) the finalJ state of the atom
may be experimentally resolved; afiid) the atom may be
described byLS coupling. The question was raised of
whether the mechanism that produces these asymmetries for Final Ion E
atomic excitation will also be important ire(2e) electron- M, = 1 ’
impact ionization studies of the heavier rare gd&ds
X O . 97 M, =-1/2
This projectile spin dependence for ionization of heavy s

rare-gas atoms can be understood as follows. During the ion-

ization process, a vacancy is produced in the clqseshell. FIG. 1. Schematic representation of ionization of an inert gas by
Anderson, Gallagher, and Hertd] have shown that for a an electron with spin-up leaving the ion in a final stateJef1/2
quantization axis perpendicular to the scattering plane, thgnd M, =1. The axis of quantization is perpendicular to the scat-
cross section for exciting they =+ 1 magnetic sublevel of tering plane. The energy of the incident electroi jswhile E, and

the ionic 2P core is not equal to that fan,=—1, and the E, are the energies of the two final-state electrons.
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asymmetries that may be expected as a result of the fine- ) . .
structure effect for electron-impact ionization of xenon. The — 5V + Uaom Xi =Eixi' (4)
theoretical model we use is the first-order distorted-wave

Born (DWB1) approximation in which the final-state \yhereu,,,,is the static interaction of the incoming electron
electron-electron correlation is approximated using effectivyith the ground state of the atom. It is important to note that
charges. This model was proposed by Jones and co-workeggce we use a nonrelativistic Hamiltonidi, contains no
[10,11] and it has previously been applied to electron-gpin-gependent forces. As a result, exchange is the only pro-
hydrogen and electron-helium ionization. Here the model igess in this approach that can change the spin. The final-state
applied to ionization of the inert gases. In the spirit of the yisiorted wavesy; and y, are obtained using final-state

fine-structure effect, nonrelativistic wave functions are useqomC potentialsU, andU,,, respectively. Although these po-
for the projectile electron and the atom is assumed to satisfy, a5 in princ?ple can, be different, we have foufste

LS coupling. For the treatment of the atom, both relativistic g o¢ [11]) that a symmetric treatment with ,=U,=U; is
and nonrelativistic atomic wave functions are considered. a b f

The paper is organized as follows. Section Il contains a

description of our theoretical approach. In Sec. lll, the 1_, - -
present results are compared with experiment for both unpo- ( ~ 5V +Ur|xa =EaXa 5
larized electron beams and very recent spin-polarized mea-
surements and Sec. IV contains the conclusions. Preliminary 1
discussion of this work may be found in Ref$2] and[13]. ( - EV2+ Ut xp =Ebxp » (6)
Il. THEORY with
A.G I
enere case Us=2Uon* (1~ 2)Uatom Y

Consider the ionization of an atom in an initial state with
total angular momentum and projectidgM by an electron  HereU,q, is the static-exchange potential for the ion anid
with spin projectionu;. The final state will consist of two an effective charge that depends on the angle of observation
free electrons with spin projections,, u, and an ion with 8, between the two final-state electrons,
total angular momentum and projectidpM; . If we ignore
capture, thel matrix for this process can be expressed as 7= 1

=1- 2sin(0,,/2)°

The distorted waves obtained from E@4)—(6) are then
whereF andG are the direct and exchange amplitudes re.Orthogonalized to the bound-state orbital of the active elec-

spectively. The calculations reported here were carried OLEO” using a Gramm-.Schmldt algpnthm. Th'.s orthogqnallza-
using a refined versiofil0] of the distorted-wave Born ap- ion causes the matrix eleme_znts mvol_vmg_ smg_le-pamcle_ Op-
proximation(DWBA) model of Jones, Madison, and Srivas- erators_(e.g., nuclea_r interactions, static distorting potentials
tava[11]. In this model the capture amplitude is zero. Nev-© vanish. If we define

ertheless, the effects of capture are indirectly included, since YIRY _

the model includes electron exchange in the potentials and BUAM(L) = VN(dom,(2: N[, (1 N))— (©)
such a modelmplicitly includes the effect of capture4].
Our experience has been that capture is only important i
near-threshold €2e) reactions. The direct amplitude is

(8
MaM¢ _ pMaMs _GMAMf (1)
Hilaly  Hilalp Hitaty'

ILlhe direct amplitude 2 can be written as

oAt =(xa (0)xp (1)[Voy BMMi(1)x{" (0)).  (10)

given by Kikalty
sz’\:;b: m<X;(0)XE(1)¢Jfo(2' - N)| Vi Likewise the exchange amplitude may be written as
Sy (1 Ny (0). @ Cuant =(xa(Lxp (0)[PoiVerPor| (L)X (0), (1D

wherePy, is the operator that interchanges particles 0 and 1.

HereN is the number of electrons in the ato is o .
. . .%.AMA The B factor of Eq.(9) depends on the initial and final
the quantum mechanical wave function for the initial state of

h is th f ion for the final fth atomic states. Here we assume that the ground state of the
the atom.i,u, Is the wave function for the final state of the 5, a5 well as the final ionic state can be represented in the

ion, Xi is the wave function for the incident projectile, and LS Coup”ng scheméfine-structure approximatiOnConse_
Xa» Xp are the wave functions for the two continuum elec-quently,

trons. The nonrelativistic interaction potentigj, is given by
1 Yam,= 2 C(LSIiM{,Mg,Mp)ILM,SMg), (12
Vor=—, € MiMs

where |[LM_,SMg) is the properly antisymmetrized S
whererg, is the distance between particles 0 and 1. Thecoupled atomic wave function arf@{(l,l,,l5,m;,m,,ms) is
distorted wavey;" for the incident electron is a solution of a Clebsch-Gordon coefficient. This wave function can be ex-
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pressed in terms of single-particle wave functions by making the fractional parentage expab$ion
|LML,SM5>= S; | <apSpr,an|n|}aLS>|(aprSp,an|n);L|\/||_,SM5>. (13)
apoplpanlp

The coefficient of fractional parentage(iapSpLp,apl |} aLlS); Lp andSp are the total orbital and spin angular momentum

of the parent],, is the orbital angular momentum of the single-particle wave functian, «,, and « are any additional
guantum numbers necessary to describe the particular states completely; the single-particle wave function spin quantum
number, which is omitted in the coefficient of fractional parentage fot.tBeoupled atomic state is understood to be 1/2; and

|(apLpSp,anly)iLM ,SMg)= > C(LPlnL;MPvmn-ML)C(SPSnS;MSPu“n1MS)|aPLPMP;SPMSP>
MpmyMs_sn
X[ el My s Snn)- (14

The quantity|apLlpMp,SpM Sp> represents the antisymmetrized wave function of tNe-(l) particle parent state, and
|anl My, Spien) is the rth single-particle wave function. ThieS coupled final state for the ion may be expressed as

Yam,= 2 C(LSIiiMMg M) acl Mg :S:Ms ), (15)
MCMSc

where |a.L:M;SM Sc> is the antisymmetrized wave function for the final state of the ionic core with orbital angular

momentumL ¢ and spinS¢ . If we assume that the collision time is shorter than the relaxation time for the atom, this wave
function will be one of the parent states for the initial atomic sta®. Using the expressiond.3) and(15), it can be shown
that 8 reduces to

BMAMf<1>=mE A(Ma,M¢, My, n)| @l My, Sy, in(1)), (16)
nMn
where

AMA MMy g =N - 2 C(LeSedri MM M)C(LS ;MMM ) C(Lelnl; McmaM)

McMg MM

XC(ScSnS;MSCMnMS)<a'cSchaan|n|}a|-s>' (17)

Consequently, the direct amplitu@®) can be expressed as For the case of polarized electrons incident upon unpolarized
targets with no final-state spin polarization distinction, the
differential cross sectiofDCS) is given by

MM
ity ™ 2 AMAM Ml i) B B (18
(277)4 1 MaMs¢ 2
The amplitudefmn is a direct scattering amplitude that ‘TJf('“i)_ E, 2J,+1 MA%‘L&% |Tuiuaub| (22

depends on the orbital angular momentum projectignof

the atomic electron that is ejected, . . .
where the flux factor is for continuum waves normalized to a

_ _ S function in energy.
fm = (Xa (0)xp (1) Vo @l amy(1)x; (0)).  (19) 9

In a similar manner, the exchange amplitude can be ex- B. lonization of inert gases

pressed as In the present paper, we are interested in the ionization of
an electron from the outgr shell of an inert gas. For this
case, the fractional parentage coefficient for the parent cor-

MaM; ) . 79" ;
#i’;aﬂb—%n AMA MMy, 10)9m 8y O (200 responding to the residual ionic core is
(acSike;anlpltalS)=(a(1/2)1;a,1|}a00)= 6/N
where (23

gmn:<Xa_(1)Xk;(0)|P01V01P611|anlnmn(l)Xr(o)>- (21) and
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A(OM My, ) = (— 1) Mt s
X C[1(1/2)3¢; —my, — pun, Mi].
(24)

So far all our results are independent of the choice of
coordinate system. To obtain explicit expressions for DCS, &
we need to specify the reference frame. For an inert gas, the
final-state ion can havé=1/2 or 3/2. If(24) is used in(18)
and (20), it can be seen that in the natural fram# #éxis
perpendicular to the scattering plartee cross sections for
spin-up () or spin-down () incident electrons are given by

(2m)* 2
01/2(T)=Ti§(|f+1|2+|9+1|2+|f—1—9—1|2), (25

2
TDCS [a2/(Ry st?)]

1 0 T T T T T T T T T

() |
2m)* 2
Ullz(l):%§(|f—1|2+|971|2+|f+1_9+1|2), (26)

(2m)* 1 1
I

Angle 0, [deg]

FIG. 2. TDCS for 100-eV ionization of argon. The faster final-
4 state electron is scattered through an angle of 5° in the scattering
_(2m) ) 5 , 1 > plane. The horizontal axis of the figure indicates the angle of ob-
oy )= E; [Fral*H1ge ™+ §|f+1—g+1| + §|f‘1| servation for the slower final-state electron measured clockwise
from the beam direction. The coordinate system is chosen such that
1 2 2 the faster final-state electron is scattered to the left in the scattering
+ §|g_1| Hf1—9-al%) (28) plane when viewed from the top. The theoretical curves are as fol-
lows: dashed curve, DWBL1 and solid curve, DWB1C. The experi-
It is important to note that the,, subscript here refers to mental data are those {20] normalized to obtain the best overall
the orbital angular momentum projection for the active elec-agreement with theory. The different parts of the figure correspond
tron that is removed from the atom. The corresponding proto different energies for the ejected electréa: 20 eV; (b) 10 eV;
jection for the residual ionic cor®), is simply the negative () 5 eV. DWB1 results were multiplied by the factor @ 0.85;(b)
of this value since the sum of the two must be zero. 0.80;(c) 0.44.

In terms of these cross sections, the spin up-down asym- o ,
e i pin up y Substituting Eqs(18) and(20) into Eqs.(30) and(31) and
metry, A, is given by o T
f taking into account the fact that for the collision frame

l 2 f _ 2 2
+3|g+1| +f11—944/7], (27)

o1 (1) =os(]) f€(g%)=—f{(—g}) (the superscript is used to distin-
A, = R A (29) guish the collision frame from the natural framese obtain,
tooy () +oy(l) e.g., forJy=1/2:
For practical purposes it is useful also to obtain the ex- V2Im{f$gs* — g5 + g5 — f5gs*)

pression for spin. up_—down.as:ymmetry in the collision frameAm:|f8|2+|98|2+|fS—98|2+2|f§|2+2|g§|2+2|f‘1:—g§|2'
where the quantization axis is parallel to the momentum of
the incident electron. Bartschat and Madi$6hshowed that

the asymmetry function in the collision frame may be written (32)
as One may check that Eq32) is equivalent to Eq(29) by
. using the transformation from the natural frame amplitudes
_@m™1 1 f.1(g-1) to the collision frame amplitudek; (g5 o) [9]:
YOE 0, 2J,+1

1

* fo=%—=f5+if{. (33
MM MaM} *1 0 1
XMAMEfMaMb Im{TMi:1/2’MaMbTm:*1/2yﬂaMb}’ (30 \/E

. . o . Substituting Eq.(33) into Egs. (25—(29) we obtain Eq.
where g, is the DCS for unpolarized incident particles, (32).

which can be expressed in terms of DCS fr(@a): In the present approach, tie dependence in th& ma-
trix results primarily from using different atomic wave func-
o= o3,(1i). (31  tions and excitation energies for the two different final states.

i It is instructive to obtain relations ignoring all fine-structure
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04 T T T T T T T

DCS [a?/(Ry sr°)]
TDCS [a °/(Ry sr°)]

Angle 6, [deg]

FIG. 3. The same as Fig. 2 except that the faster final-state

electron is scattered through an angle of 15°. DWBL results were FIG. 4. Triple differential cross sections for ionization of xenon
multiplied by the factor ofa) 2.25; (b) 0.85: (c) 0.37. by 147-eV unpolarized electrons. The faster final-state electron has

an energy of 100 eV an@) corresponds to observing this electron
ptan angle of 28° anb) corresponds to 15°. The anglg corre-

effects, i.e., using the same wave functions for both final g
states and also using the same ionization energy Whethéf’onds to the observation angle for the slower electron measured
clockwise relative to the beam direction. The experimental data are

J;=1/2 or 3/2. If this is done, then the direct and exchangeih
amplltudes are mdependent of and some l.JserI relation- theory. The theoretical curves are as follows: solid, DWB1CR for
ships can be derived. For instance, summing the cross S€¢~_3/2: dashed-dotted, DWBIC ford;=3/2; long-dashed
tions over spinand dividing by twg gives the cross sections p\wge1cR ford;=1/2: and short-dashed, DWB1C fap=1/2. '
for unpolarized electronsr,;, and o3, which are related

simply by

ose of[20] normalized to obtain the best overall agreement with

to concentrate on two such effects—namely, the importance
03=2071. (34  of final-state correlations and the type of bound-state wave
functions that should be used to describe the atom and ion.
Then, the total cross section may be obtained by adding thesge will first consider final-state correlation. It is known that
two cross sections: the final-state interaction between the two outgoing electrons
is potentially very important and in the last section a method
for including this interaction using effective charges was de-
Furthermore, a particularly simple relationship exists be-Scribed. In this approach, the effective charges and conse-
tween the asymmetries fdr=1/2 or 3/2: quently the distorting potentials for the two _flnal-state elec-
trons depend upon the angular separation of the two
Aypp=—2Ag;, (36)  electrons. In the standard distorted-wave approach, on the
other hand, this interaction is not included in the description
which can be obtained by using Eq25)—(28) in Eq. (29).  of the final-state wave functions and the distorting potentials
depend only on the final state of the ion. The standard
Ill. RESULTS distorted-wave approadqidWB1) may be obtained from the
present formulation by setting=1 in Eq. (7). As a result,
the importance of the final-state correlations within this
There have been limited experimental measurements aghodel may be examined by comparing DWB1 results with
the TDCS for electron-impact ionization of the inert gasesthose obtained using the angle-dependent distorting poten-
and all reported measurements to date are relative. To gettils that we label DWBI1C. In Figs. 2 and 3, DWB1 and
better feeling for the value of experiments using spin-DWBIC results are compared with the TDCS measurements
polarized electrons, it is instructive to examine how well theof Ehrhardtet al.[16] for ionization of argon by unpolarized
theory predicts the TDCS for both unpolarized and polarizecklectrons. The experimental data were normalized to give the
electrons. One of the strengths of a distorted-wave calculébest overall agreement with the DWB1 results. Since the
tion is that the importance of different types of physical ef-magnitude of the DWB1 and DWB1C results were signifi-
fects can be readily examined. In this section, we would likecantly different, the DWB1 was normalized to the DWB1C

Otota™ T 127 T3p2- (39

A. Differential cross sections
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FIG. 5. Branching ratio for ionization of xenon by 147-eV un-  F|G, 6. Spin-dependent differential cross sections for ionization
polarized electrons. The faster final-state electron has an energy gf xenon by 147-eV incident electrons. The 100-eV faster final-state
100 eV and(a) corresponds to observing this electron at an angle of|ectron is observed at an angle of 28° with the final-state ion being
28° and(b) corresponds to 15°. The anglg corresponds to the |eft in the J;=1/2 state.(a) corresponds to ionization by spin-up
observation angle for the slower electron measured clockwise relasjectrons andb) corresponds to ionization by spin-down electrons.
tive to the beam direction. The experimental data are tho$gldf  The experimental data are those[dfl] normalized to obtain the
The theoretical curves are as follows: solid curve, DWB1CR anchest overall agreement with theory. The theoretical curves are as
dashed-dotted, DWB1C. follows: solid curve, DWB1CR; dashed, DWB1C.

to provide a comparison between the shape of the two thedive electron wave function for both thé=1/2 and 3/2
ries and experiment. Coefficients of normalization for thestates by the outermogtorbital obtained from this calcula-
DWBL1 are given in the captions. The present approximatioriion. For the second set, we obtained relativistic wave func-
for including correlation should be most accurate when thdions using the multiconfiguration Dirac-Fock code of Grant
two electrons leave the collision at 180° apart and this apet al. [18], which produces both b, and 55, orbitals for
proximation become less accurate as the angle between thige ground state. For the caseXkf 1/2 (3/2), the six elec-
two electrons decreases. In fact, Jones, Madison, and Hantr@ns in the outermost shell were treated gs @rbital and a
[12] suggested that the model should not be used for angular hole and both the hole and orbital were assumed to have a
separations less than about 50°. Consequently, the DWB1C of 1/2 (3/2). The correspondingl-dependentp orbitals
results are not shown for small angular separations betwednom Grant's code were then used for the active electron.
the two final-state electrons. From Figs. 2 and 3, it is seefThese relativistic wave functions, of course, have large and
that overall the shape of the DWB1C results are closer to themall components whereas the rest of the theory is nonrela-
shape of the experimental data. tivistic. To use the relativistic wave functions, we dropped
The next issue we would like to examine is the bound-the small component and renormalized the large component
state wave functions used to describe the atom and ion. THe unity. For xenon, the large component represented
simplest approximation for these wave functions would be t®9.99% of total wave function prior to renormalization.
use single configuration nonrelativistic Hartree-Fock. In this Nonrelativistic TDCS DWB1C results are compared with
approximation, the outermoptorbitals are the same for both relativistic DWB1CR results for ionization of xenon by un-
the J;=1/2 and 3/2 states. This was the approximation thapolarized electrons in Fig. 4. The figure contains results for
was used for the argon results presented in Figs. 2 and 8he final-state ion being left in both tlde=1/2 and 3/2 states
However, for the heavier atoms, the differehtevels be- and for two different fixed angles of observation for the
come more distinct and the procedure of using the spme faster final-state electron. The experimental data are those of
orbital for both states becomes more questionable. To inve$19]. These are relative measurements that have been nor-
tigate this issue, we have performed calculations for xenomalized to achieve the best overall agreement with theory.
using two different sets of wave functions. For the first set,Since the experiment is designed to measure the ratio of
we obtained single configuration nonrelativistic Hartree-TDCS for different] values, the same normalization factor is
Fock wave functions for the ground state using the computeused for all four curves at each angle of observation. Inter-
code of Froese-Fisch¢fL7]. We then approximated the ac- estingly, results obtained with the nonrelativistic and relativ-
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FIG. 8. Spin up-down asymmetry for 147-eV spin-polarized
electron-impact ionization of xenon. The faster final-state electron
has an energy of 100 eV an@) corresponds to observing this
istic wave functions are almost identical in some cases andlectron at an angle of 28° arftl) corresponds to 15°. The angle
different in others. When there is a difference, the results), corresponds to the observation angle for the slower electron
with the relativistic wave functions are closer to the experi-measured clockwise relative to the beam direction. The experimen-
mental data. tal data are those of1l] and the solid circles correspond to

The branching ratio is defined to be the ratio of J;=3/2 and the open circles correspondl{e=1/2. The theoretical
o3l 010. In the limit of degenerate states and the sgme curves are as follows: solid, DWBICR fad;=3/2; dashed,
orbitals being used for both states, E84) may be used and DWBICR forJ;=1/2.

the branching ratio is two. The branching ratio resulting from . . .
the nonrelativistic and relativistic wave functions are dis-perlment and theory. For the caseyf=1/2, there is a sig-

played in Fig. 5. It should be noted that the branching ratio ig]ificant difference between results using nonrelativistic and
independent .of.normalization and the figure represents a gl€élativistic wave functions and the relativistic results are con-

rect comparison between experiment and theory. For the ca§é5tently closer t(.) experlment. I.nterestm.gly for tﬂlp:3/2

of the nonrelativistic DWBIC calculatiordashed-dotted case(and these kinematigsthere is essentially no difference

the deviation from two results from using the proper ioniza-Petween the nonrelativistic and relativistic results. It is im-

tion energieg13.44 and 12.13 eV, respectively, faf=1/2 portant to note, however, that this is not a general rule for
: ) - ’ ' Y J;=3/2 and that for 15° scatteringnot shown, the nonrel-

or 3/2) in the calculation of the wave function for the two ~f~ * A - .

final-state electrons. For this parameter, there is a more dr tivistic and relativistic results were different with the rela-

matic difference resulting from the two sets of wave func- |V|Ist|T:.resglttshbe|ng closer o texperlment. ted for the t

tions and the relativistic wave functions clearly yield much N 9. 6, th€ Spin asymmetries are presented for the two

better agreement with experiment particularly for a ﬁxedscatterlng angles for the faster final-state electron and the

scattering angle of 28°. Although the agreement with experi%".’o i] S:at?ﬁ" Hfret_onh]/c thg DWAB_lCR tr_esults are shown.
ment is not quite as good for 15° scattering, the DWB1CR imilar o the situation Tor branching ratios, spin asymme-
ies are independent of normalization. The agreement be-

[ﬁ:u(ljt;t;re in good qualitative agreement with the shape Ottf/veen experiment and theory is quite good for 28° and quite

bad for 15°. This is particularly interesting in light of the
fact that from Fig. 4 we see that the agreement between
experiment and theory for spin-averaged cross sections is
Finally we would like to examine spin-dependent crossbetter for 15° scattering than for 28° scattering. It is clear
sections and asymmetries. Spin-up and spin-down cross settrat the spin-dependent results represent a more sensitive test
tions obtained using the nonrelativistic and relativistic waveof theory and for the case of 15° scattering, the present
functions are compared with the experimental datd1®] theory would appear to be inadequate. Since the present
for J;=1/2 in Fig. 6 andJ;=3/2 in Fig. 7 for a fixed scat- theory ignores relativistic effects for the projectile electron
tering angle for the faster electron of 28°. A single normal-(e.g., spin-orbit coupling the logical conclusion would be
ization factor was used for all four sets of data and the factothat this is the source of the problem. However, Mazevet and
was chosen to give the best overall agreement between ekicCarthy[20] have investigated the importance of including

FIG. 7. Same as Fig. 6 except thht=3/2.

B. Spin-dependent results
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spin-orbit coupling and they found that it was relatively un- paradox is that a proper theory should include relativistic

important. effects for the projectile electron. However, preliminary cal-
culations by Mazevet and McCartfig0] indicate that this is

V. CONCLUSION not the source of the problem. This is a very new field and

_ o ) we expect that additional theoretical and experimental inves-
A first-order model for ionization of inert gases by polar- ti%ations will help clarify this situation.

ized electrons was presented and the results were compare

with experiment. It was shown that nonzero spin asymme-

tries may be_ obta!ned using a relatively S|mple_theoret_|cal ACKNOWLEDGMENTS
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