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Angular distribution for the elastic scattering of electrons from Ar*(3s?3p° 2P)
above the first inelastic threshold
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The measured angular differential cross secti@CS for the elastic scattering of electrons from
Ar*(3s?3p°® 2P) at the collision energy of 16 eV is presented. By solving the Hartree-Fock equations, we
calculate the corresponding theoretical DCS including the coupling between the orbital angular momenta and
spin of the incident electron and those of the target ion and also relaxation effects. Since the collision energy
is above one inelastic threshold for the transiti@?3° 2P—23s3p® 2S, we consider the effects on the DCS
of inelastic absorption processes and elastic resonances. The measurements deviate significantly from the
Rutherford cross section over the full angular range observed, especially in the region of a deep minimum
centered at approximately 75°. Our theory and an uncoupled, unrelaxed method using a local, spherically
symmetric potential by MansdiPhys. Rev182, 97 (1969] both reproduce the overall shape of the measured
DCS, although the coupled Hartree-Fock approach describes the depth of the minimum more accurately. The
minimum is shallower in the present theory owing to our lower average value fai-te/e non-Coulomb
phase shiftr,, which is due to the high sensitivity ef, to the different scattering potentials used in the two
models. The present measurements and calculations therefore show the importance of including coupling and
relaxation effects when accurately modeling electron-ion collisions. The phase shifts obtained by fitting to the
measurements are compared with the values of Manson and the present method.
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. INTRODUCTION beam. There are measurements of the elastic DCS fof Xe
Xe®*, and B&" below 50 eV at scattering angles between
The angular differential cross sectidRC9) for electrons  30° and 9012], Ar* and Kr* at 3.3 eV in the angular range
scattered elastically by a bare nucleus is described by thef 120° to 170°[3,4], Na" [5], Cs" [6], Ar®" and X&*
Rutherford formula. If the ion contains electrons, howeverhere 3<(=6 in the increased angular range between 32°
the potential departs from the Coulomb form close to the iongnd 148° and at lower collision energifé] compared to
which causes additional non-Coulomb phase shifts relative tgheir earlier measuremenfg&], N%* with q of 1, 2, and 3
the Coulomb phase shifts. The structure produced by thE‘4,8], and Ar* and A [9]. Similar processes occur in fast
non-Coulomb phase shifts causes deviations from the Ruthon-atom and ion-molecule ionization studies, where the so-
erford cross section and is highly sensitive to the scatteringgjjed “binary encounter peak” is due to the elastic scatter-
potential used in the calculations. Electron-ion interactionsng of a quasi-free-electron in a neutral target from the pro-
are consequently more difficult to model theoretically thanjectile ion (see, for example, Ref[10] and references
electron scattering from the corresponding neutral isoeleq—herem_ The interpretation of the DCS is complicated, how-
tronic state and, hence, especially careful treatment of thgyer, py the effect of the host atom on the quasi-free-
exchange and polarization terms is requirgH Experiments  g|ectron.
are therefore required to assess the accuracy of the approxi- The measuremenf&—9] and calculations for various ions
mations used in the calculations, and the experimental DC§} 1115 apply, strictly, only to systems where the electron
presented here provides a more stringent test than measukg-atters elastically at energies well below the first inelastic
ments of the total cross section. The understanding of howhreshold. In the above-mentioned applications, however, the
electrons and ions interact is required to model high-energies of the incident electrons are frequently sufficient to
temperature plasmas, for example, which finds applicationproduce an excited state of the target ion, and so, as dis-
in a diverse range of fields including astrophysics, controllectussed in Sec. llI, the electron-ion interaction may be com-
thermonuclear fusion, the physics of the upper atmospherglicated by inelastic absorption processes and the formation
and x-ray lasers. of elastic resonances. For further simplicity, there is a ten-
In comparison to the scattering of electrons from neutradency in both experiment and theory to consider only closed-
atoms, there are few experiments or theoretical calculationshell ions, since it is then unnecessary to account for the
for electron-ion collisions. The measurements of the elasticoupling between the orbital angular momenta and spin of
DCS are especially scarce due to their difficulty, which isthe incident electron and those of the target {see Sec.
partly a consequence of the low density of target ions in thell B ). We therefore investigate a more challenging problem,
where an electron scatters elastically from an open-shell ion
at an energy above the first inelastic threshold.
*Present address: Department of Physics and Astronomy, Univer- As the charge of the ion for a given nucleus increases,
sity of Glasgow, Glasgow G12 8QQ, UK. measurementf8] and partial wave calculationsl6] show
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that the DCS approaches the Rutherford form. To obtain theounts and off (yielding the background counts onlio al-
most accurate information about the short-range electron-iolow the target ion signal to be separated from the background
interaction, we therefore study a singly charged ion. Thé Ar noise. The space-charge potential across the ion beam can
system is one of the most interesting of the singly chargedleflect the incident and scattered electrons. It is therefore
ions, since, due to a low-energy shape resonance, there is theportant to ensure that the electron beam is parallel rather
largest rise in tha-wave phase shift as the collision energy than sharply focussed, for otherwise the degree of deflection
increaseq11]. The d-wave phase shift for At is conse- can be significant. The background counts would then be
quently especially sensitive to the scattering potential used imeasured at a different scattering angle than the target ion
the calculations and, hence, the inclusion of coupling anglus background counts, which could lead to an inaccurate
relaxation effectgsee Sec. I)l and the accurate representa- estimate of the Af signal.
tion of polarization become more important. lon beams produced by different electron impact sources
In view of the above discussion, we present below theusually contain some fraction of metastable stéseg Hofer
measured DCS for the elastic scattering of electrons fronet al. [23] for Ar™, Kr*, and Xe"). Using the energy levels
Ar*(3s?3p® 2P) at an energy above one inelastic thresholdof Ar™ (Griffin et al.[24] and references thergjnwe expect
and, by solving the Hartree-Fock equations, calculate théhat the ground-state beam contains metastable states such as
corresponding theoretical DCS including the coupling and3p*(®P)3d “D-, (see Varga, Hofer, and Wint¢R5] for a
relaxation effects. To determine the importance of accuratelyuller list of the metastable states and discusgidine ECR
representing the scattering potential when modeling electrorsource was tuned to maximize the production of singly ion-
ion collisions, we compare the measurements with our calized Ar, and so the fraction of ions in more highly charged
culation and an uncoupled, unrelaxed theory. Finally, by fitstates is relatively small. The metastable states are therefore
ting to the measurements, we obtain the non-Coulomb phaseainly produced in single collisions, that is, by a direct tran-
shifts for comparison with the calculations of Manson andsition or after cascading from more highly excited states of
Turner[14]. Ar*, rather than from electron capture into states of higher
charge. The measurements of Ref5] for single collision
conditions can consequently be used, which show that the
Il. EXPERIMENTAL DETAILS metastable fraction in a singly charged Ar beam is less than

The electron spectrometer is described in other publicad% for all energies of the incident ionizing electrons. We
tions[5,6,17,18, and so only a brief discussion is given here. therefore expect that metastable states do not produce sig-
The Ar" beam producedyba 5 GHz electron cyclotron reso- nificant effects in the measurements presented below.
nance(ECR) ion sourcd 19,20 is transported to the interac-
tion region, where it is decelerated to 1 keV with a typical lll. THEORY FOR SCATTERING BY A MODIFIED
current of 1uA and focused to a spot diameter of 3 mm. The COULOMB POTENTIAL
electrostatically confined gun lens system is based on a de-
sign described by Bernius, Man, and Chutj[&1] that pro-
duces a near parallésee below 1 mm beam of electrons

In Sec. llIA, we begin by discussing the simplest sys-
tems, namely, where an electron scatters elastically from a
closed-shell ion at energies well below the first inelastic

Vn\?ltj:na(lt__;\lj\;r:&t)? r(;(f:i fggrgx r:ﬁgllétlgh; l\llwrlgtsr:)gf:t?\?gymaﬁch threshold. The physica_l (_:omplications arising when the inci-

intersects the target ion beam ét 90,° The energies of thdem eIectron he_ls sufficient energy .to excite a state of the
. o . & rget or the ion is open shelled are discussed in Secs. Il B to

electrons scattered from the interaction region are measurqﬁD

by an electrostatic hemispherical deflection analyzer, which L.-S coupling is used below, where the approximation is

uses two triple aperture electrostatic lenses and is similar to &ade that the ?otal orbital angL;Iar momentLrand the total

design discussed by Brunt, Read, and Kjag]. To observe spinSare conserved separately in the scattering process. The

at different scattering angles, the analyzer can be rotated bé? .
tween —20° and 85% Wi?h respect toythe direction of the Calculations of Johnson and Guydi for Cs" show that the

incident electron beam. The energy analyzed image at th%pln—fllp cross section is small. Since spin-orbit effects in-

exit plane of the analyzer is recorded by a position sensitive Ca>e_as approximately the second power of the nuclear

detector. The corrections for the transformation from theChargeZ fqr onv—charged many-elt_actron lons, we expect that
S coupling is accurate for the lighter ion Ar

laboratory to the center of mass reference frame at less thah’f
0.013 eV and 0.1° for the collision energy and scattering
angle, respectively, in the angular range studied are negli-
gible. The base pressure in the interaction chamber is 5
% 1019 mbar. For electron-ion collisions, the scattering potential is of
The density of ions in the beam at®16m 2 is very low  the Coulomb form at large distancedetween the scattered
compared to the typical values of ¥to 10" cm™3 for a  electron and the ion, but departs from a @lependence at
neutral gas target. Therefore, most of the counts recorded asenaller distances where the charge density of the target is
due to electrons scattering elastically from nontarget, resignificant. The potential is therefore written as
sidual gas in the chamber or metallic surfaces, and this yield
will be referred to as the background. The ion beam is con-
sequently switched or{giving the Ar" plus background

A. Elastic scattering from a closed-shell ion below the first
inelastic threshold

Z;
V()=V(r)——, (N
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% 1/3
a(t)dH—j @dt—:«;(%p(r)) :

®

whereV(r) is thespherically symmetricshort-range poten- Z 1 /r
tial; Z; is the charge of the target ion; and atomic units are V(r)=— F+ FJ
used in this section. Due to the short-range potential, there is
an additional phase shift; relative to the Coulomb phase
shift §;, and so the scattering amplitude becomes

0

L = where p(r)=a(r)/4mr? is the spherically averaged total
-~ 2i(5 o electronic charge density of the ion calculated using the
el )= W.Zo (21+ D[t~ 1]Py(cosf),  (2) wave function of neutral Ar with one8electron removed.
The approximation is made that the removal of theeec-
wherek is the wave numbet,is the orbital angular momen- tron does not produce a redistribution of charge in the re-
tum guantum number, arglis the scattering angle. The Cou- sidual ion, and so the charge densjtyr) and the corre-
lomb phase shift$, are calculated using sponding scattering potential/(r) are referred to as
_ unrelaxed or “frozen.” The last term on the right-hand side
s=argl'(I+1-iZ;/k). (3 of Eq. (8), proportional to the one-third power of the elec-
{ronic density, is docal potential that gives an approximate
representation of the effects of exchange averaged over the
total spin statesS [12]. The calculation using Eq$4)—(7)
and the non-Coulomb phase shifts by Manson and Turner
[14] is referred to below as the Herman-Skillma&HS)
Z method, and the resulting DCS will be compared with ex-
f(6)= mexm(zi 1K) In[Sirt(6/2)]+ 2i So} periment in Sec. IV. The phase shifts fer 0, 1, and 2 have
4) also been computed by Szydlik, Kutcher, and Gré&g|
using the independent particle model potentials of Green,
requires an infinite number of angular momehtdo avoid ~ Sellin, and Zachof27].
the summation fronh=0 to infinity in Eq.(2), it is therefore
mathematically convenient to separéig 0) into a Coulomb
termf.(6) and a term due to the short-range potentigb)

In contrast to most scattering problems where only the firs
few partial waved are significant, Eq(3) shows that the
partial wave decomposition of the Coulomb scattering am
plitude

B. Elastic scattering from an open-shell ion

by writing (see pp. 65 and 66 in R4R6] for further details For the present open-shell target, the orbital angular mo-
mentum| of the incident electron and that of the iofiP,
fe(0)=1c(0)+1s(6), S couple to form the total orbital angular momentluywhich
Where for I=1 givesL=1-1, 1, andl + 1, and the spins couple to

form a singlet or triplet state. To account for the orbital an-

1 = _ _ gular momentum of the ion requires a spherically asymmet-

f(0)==— >, (21+1)e?9[e??—1]P,(cosf). (6) ric potential, and to formally include the coupling between
2ik=o the spins necessitates the use of a nonlocal exchange poten-

tial (see, for example, Ref28)). In Sec. Il A, however, the
%rget ion is represented by a Coulomb field plutoeal,
spherically symmetripotential. To account for the coupling
"Lfects, we therefore calculated the phase shifts by solving

The non-Coulomb phase shifts approach zero with increasin
| in such a way that the partial wave expansionfgf6)
converges rapidly. The differential cross section is then give

by the Hartree-Fock equations for each partial wavef the
do incident electron in the self-consistent field of “Ar
d—QzlfC( 0)+14(0)|2=|f.(0)|2+]|f(0)]? (3s%3p® 2P). In the present approach, the Hartree-Fock po-
tential depends on the total orbital angular momentuand
+2 RefX(0)f(0)}. (7)  thetotal spinSusing a nonlocal exchange potential. Further-

more, the self-consistent field of the ground state of Ar
The non-Coulomb phase shifts for all net charges of adncludes the effects of relaxation. Our phase shifts for the
positive ion in its ground state with the nuclear chaifje first six partial waves and the allowed. andSare shown in
have been calculated by Manson and Turfief] for 2<Z  Table I. In the expression for the scattering amplitdigle),
<30. The spherically symmetric, Herman-Skillman the terms within the summation must be weighted by the

(Hartree-Slaterpotential[11] was used: appropriate factors, that is,
w 1+1
1 : o 2L+1) . oo
fei(6)=Te(0)+ 5| € %(e? 70 -+ > (T)ez'ﬁl(ez'“u—l)Pl(cose) : 9)
I=1L=I-1
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TABLE I. The non-Coulomb phase shiftg, (S) for the elastic  relaxation was found to cause the non-Coulomb phase shifts
scattering of electrons from A(3s?3p® 2P) at the collision energy  to reduce, especially for thitwave where the decrease after

of 16 eV calculated using the coupled HF method. averaging ovet. andSis 0.20 rad. Thes, reduce because
the electron cloud for the relaxed ground state of As

! L o (S=0) o (S=1) slightly less diffuse and, hence, the attraction by the potential
0 1 6.097 931 6.18335 is smaller.
1 0 4.105193 4.731643
1 1 4.475 451 4.475 451 C. Inelastic processes
1 2 4.504 555 4.577443 The method of partial waves witteal phase shifts dis-
2 1 0.373763 1.744 557 cussed in Secs. llIA and IlI B applies only to elastic colli-
2 2 1.443 881 1.443 881 sions. However, the impact energy in the experiment at 16
2 3 1.464 724 1.642 101 eV lies above one inelastic threshold due to the transition
3 2 0.071 966 0.183 89 3s?3p°® 2P—3s3p® 2S, which requires the excitation energy
3 3 0.040 775 0.040 775 of 13.48 eV[29]. To account for the resulting absorption
3 4 0.113 467 0.145 724 from the incident beam, it is a standard practice to introduce
4 3 0.031 656 0.043514 complex phase shifts,
Lo gmm omm
S 4 0.017 445 0.018876 For the present purposes, it is sufficient to use the uncoupled
5 5 —0.02517 —0.02517 formula (5) rather than the coupled expressi@). The scat-
5 6 0.010753 0.011357 tering amplitude for a modified Coulomb potential at ener-

gies above the first inelastic threshold then becomes

o

where the superscripts or — denote singlet or triplet scat-

tering, respectively. In our experiment the average over the fe(0)=fc(6)+ mIZO (21+1)e*?

four possible spin states is observed, and so the differential B

cross section is given by X[ 7,(k)e? Ré%1—1]P,(cos#h), (12
do 1 3 where 7,(k) is the absorption factor defined by
d(;v=z|f§|2+z|fe||2- (10

m(K)=exd —2Imo(k)]. (13

The singlet, triplet, and spin-averaged differential cross secrq getermine the effect of the inelastic process on the elastic
tions calculated using the phase shifts in Table | and Bjs. DCS, we therefore require the absorption factergk) for

and(10) are shown in Fig. 1. , _ _ each significant partial wavie The #,(k) are related to the
To determine the importance of including relaxation, Wepartial inelastic cross sectiomt?bs by

calculated the unrelaxed phase shifts using the “frozen” field
of the neutral Ar atom with one 8 electron removed. The e T )
af S=F(2I+1)(1—7;|). (14)

T T T T T T T T T T T T T

However, although the total inelastic cross sectiggs has
been calculated by Tayal and Her80], it appears that the
partial cross sections®* are unavailable in the literature.
We might consequently, instead, consider estimating the rela-
tive importance of the inelastic process by comparings
with the total elastic cross sectian, but o is infinite. We
therefore first make the approximation that the DCS for the
inelastic process is isotropic. Using the following value for
the total inelastic cross section at the collision energy of 16
eV [30]:

-
<
&

10" b

differential cross section (cm’sr”)

=
S

T b= 3.28x 10" cn?, (15)

20 40 60 80 100 120 140 160 180

the ratio of the inelastic DCS to that for elastic scattering
scattering angle (degrees)

from a Coulomb potential,f.(6)|?, is then given approxi-
FIG. 1. The singlet(short-dashed curyetriplet (long-dashed ~Mmately by

curve, and spin-average(solid curve differential cross sections

for the elastic scattering of electrons from"ABs?3p® 2P) at the doaps do—e'% Tabs If.(6)|2=0.5sif(6/2), (1)

collision energy of 16 eV calculated using the coupled HF method. dQ dQ  4x ¢ ' '
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which is negligibly small over most of the angular range . ¢ . ' T T
observed and reaches a maximum of 0.1 at 85°. We therefort % '
do not include the effects of the inelastic process in the ;g L\
analysis of Sec. IV. The neglect of the complex phase shifts«~

is supported by the elastic scattering of electrons from thes
neutral gases Ar, Kr, and Xe, where it is found that the com- ¢
plex potential has little effect on the DCS even at energies

well above the first inelastic thresholfi31].

ion (Ci

10 |

1047

D. Elastic resonances

differential cross

The elastic resonances are produced by the doubly excite:
states of neutral argon, which occur when the incident elec- o
tron is temporarily trapped in the attractive field provided by ' T
an excited state of the ion. The doubly excited states sc 20 40 60 80 100 120 140 160 180
populated can decay to the initial ground state™ Ar scattering angle(degrees)

(3s%3p° 2P) or the excited state Ar(3s3p® 2S), which are

referred to as the elastic and inelastic channels, respectivel‘\ga

Tayal an.d. He”?'{e’g]zca'w'at%dz the COIIISIOD strength§ for dashed curveand a Gaussian apparatus function of 0.6 eV full
the transition 3°3p~ “P—3s3p°® “S as a function of the im- ) . )
width at half maximum(solid curve. For comparison, the angular

pact energy, which shows that t'he resonances cover the. ®listribution without a resonance or convolution is includmhg-
ergy range of the present experiment. We therefore consid ashed curve

below the effects of such resonances on the elastic DCS.

In this section, for simplicity, we use the uncouplézty.
(5)] rather than the coupled expressidy. (9)] for the scat- couples to thed and g partial waves. In Fig. 2, the non-
tering amplitude. The elastic scattering amplitude when on&oulomb phase shifts are set equal to the values of Manson
or more partial waves' are resonant then becomesmilar ~ and Turner{14] as shown in Table II; the resonance energy
expressions without the Coulomb phase shifts are derived if is put at the impact energk to display the maximum

T T

FIG. 2. The theoretical differential cross section including=an
stic resonance observed with perfect energy resoldsbort-

pp. 604—607 of Refl32] and Appendix C in Ref[33]) possible effect of the doubly excited state; and we use 50
meV as an estimate fdr, since this value is typical of the
fe(0)=fc(0)+1(6) widths for the lower lying doubly excited states3°ns,
(21" +1) Ty 2+ np, andnd of argon in the energy range of 9.2 to 12.5 eV
-3 el __ P, (cos6), (relative to the ground state of Ay measured by Mitchell
2k E-E +il'/2 et al.[34]. To account for the imperfect energy resolution of

(17) the spectrometer, we show in Fig. 2 the theoretical curve
including theF° resonance convolved with a Gaussian appa-
where f(6) and f4(6) are defined in Sec. lllAE, is the ratus function of 0.6 eV FWHM and, for comparison, the

resonance energy, and the total widthis given by angular distribution without the resonance or convolution is
included. Clearly, the effect of a doubly excited state, al-
=T+, (18)  though potentially large for perfect energy resolution

, , . ) (FWHM=0), is significantly reduced when observed in the
with I'¢; and 'y, denoting the partial widths for the decay to resent experiment. Furthermore, the reduction in the influ-
the elastic and inelastic channels, respectively. The doubly

excited states decay predominantly to the elastic channel,

and therefore, to a good approximatidh, can be replaced

by T in Eq. (17). To the best of our knowledge the resonance[14] compared to the values obtained by least-squares fitting to the
parameters required to calculate the elastic DCS using Eéjfeasuremems and the correspondiifg The coupled phase shifts
(17) are unavailable, namely, the energigs widthsT’, and |L(S) (see Table ) averaged .over the total spfdand the total
classificationd ™ of the doubly excited states of neutral ar- orbital angular momenturt weighted by the factors @+ 1) (2L

. . . _+1) are included.
gon in the energy range of our experiment. The classifica-

TABLE Il. The calculated non-Coulomb phase shiftsof Ref.

tior)s of th_e doubly excited states are needed to determine Ref.[14] Least squares Average
which partial waves’ can couple to the ground state of the
ion, P°, to form the givenL™ and, hence, are resonant. ag 6.172 6.34-0.17 6.161
Figure 1 in Ref[30] shows that there is a broad resonanceo; 4.575 4.26:0.14 4,533
centered at the collision energy of approximately 16 eV. Too, 1.714 1.686-0.085 1.507
investigate the effect of such a doubly excited state withoutr, 0.0699 0.0699 0.110
knowledge of the resonance parameters, we calculated thg, 0.004 25 0.004 25 0.0123
elastic DCS for many different resonance energies, widthsg, 0.000 34 0.000 34 0.001 07
and classifications. As an example, we show in Fig. 2 thg2 49.53 36.08

theoretical DCS including &° doubly excited state that
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L weighted by the factors &+1)(2L+1). The average
values are compared to the phase shifts of Manson and
Turner[14] in Table Il, which shows that the; are similar
with the important exception af,. The coupled HF method
therefore describes the depth of the measured minimum
more accurately due, mainly, to the lower average value for
the d-wave phase shift. If a resonant state is present, how-
ever, then a shallower minimum could be produced using the
phase shifts of Manson and Turrjé@#], as discussed in Sec.
IIID and illustrated in Fig. 2 for a particuldr™.

In the HS and coupled HF methods, we consider next why
only the o, differ significantly. Ford-wave scattering from
o y ] Ar*, the potential consists of a double well separated by a
0 w0 e w10 120 barrier[35,36. The behavior ofr, is therefore atypical for

scattering angle (degrees) the following two reasong11-13,37. First, thed wave
starts to penetrate into the inner potential well as the colli-

FIG. 3. Comparison between the measured differential crossion energy increases from 0 to approximately 2 Ry, which
section (circles, the HS calculation(short-dashed curye the causeso, to rise rapidly. Due to the resulting low-energy
c_oupled HF calculatiottsolid curve, and the Rutherford cross sec- d.wave shape resonance; is more sensitive to the details
tion (long-dashed curve of the potential used in the calculations. A similar atypical

] . behavior occurs fof-wave scattering from Cs[1,13]. To
ence of the resonance is greater or smaller depending Qihderstand the second reason, consider the “effective poten-
whether the widthl" is narrower or broader than 50 meV, tia|” or the sum of the attractive electrostatic and repulsive
respectively. For perfect energy resolution, the effect of &entrifugal potentials. Owing to the partial cancellation be-
doubly excited state is only to add a constant phase shift tgyeen the electrostatic and centrifugal terms in the region of
oy, for each resonant partial wavée, and so the DCS can the double well, the effective potential is very much smaller

1 0-‘5 L

10" |

=
<,
3

differential cross section (cm’sr™)

still be parametrized by equations of the ty@e—(6). than the electrostatic or centrifugal potentials individually.
Consequently, small changes in the electrostatic potential
IV. THE COMPARISON BETWEEN EXPERIMENT AND cause large relative changes in the effective potential. Thus,
THEORY the double well and barrier leads to an increased sensitivity

) ) . even when the resonant trapping of the wave function in the

In Fig. 3, the measmzjrecé ?CS for the elastic scattering ofyner potential well becomes small, which explains the dif-
electrons from Af (3s°3p° “P) at the collision energy of terence of approximately 0.2 rad between theat energies
16 eV is compared to the HS methgsee Sec. IllA, the e apove thed-wave resonance. A related discussion com-
coupled HF approacfisee Sec. IlIB, and the Rutherford 41ing the HS and HF phase shifts for the photoionization of
cross section. The experimental data are normalized to thgg ytral Ar is given by Kennedy and Mans@8]. In sum-
coupled HF theory at the scattering angle of 35°. The ermrop5ry e suggest that the significant separation between the
bars represent the statistical reproducibility of the data at thgz is due to the high sensitivity of thd-wave phase shift to
90% confidence level and include the effect of subtractingpe gifferent scattering potentials used in the HS and coupled
the backgroundsee Sec. )L To account for the angular ac- L methods. In particular, as discussed in Secs. Il A and
ceptance of the electron analyzer, each theoretical DCS i, B, the use of a relaxed potential here rather than the un-

Fig. 3 is shown convolved with a Gaussian functlBrof 2°  ejaxed potential in Ref:14] is the main cause of our lower

FWHM, that is, average value forr,.
1804 To obtain the non-Coulomb phase shifts accounting for
_ (o) _ the angular acceptance of the electron analyzer, we least-
1(6) G(0—6p)d6,. (19 !
o dQ squares fitted the convolved expressi@8) for the DCS to

the measurements using the Levenberg-Marquardt method

The angular broadening causes a small reduction in the deptB9]. The three terms on the right-hand side of E9). for
of the minima centered at approximately 75°, and the sharpezach partial wave with different total angular momenta
the minimum the greater the reduction. The measurements|—1, |, andl+1 have the same angular dependence, and
deviate significantly from the Rutherford cross section overthe resulting degeneracy makes it impossible to fit to our
the full angular range observed, especially in the region of aneasurements using the coupled formula. We therefore opti-
deep minimum centered at approximately 75°. Both calculamized the uncoupled expressiee Sec. Il Ain which all
tions reproduce the overall shape of the measured DCS, athe terms, by contrast to E¢Q), are orthogonal when inte-
though the coupled HF approach describes the depth of thgrated over the scattering angle. In view of the limited angu-
minimum more accurately. lar range observed and the statistical uncertainties involved,

To understand why the minimum is shallower in theonly thes, p andd non-Coulomb phase shifts were opti-
coupled HF method, we averaged the coupled phase shifteized whilsto;, o4, and o5 were fixed at the theoretical
over the total spirg and the total orbital angular momentum values of Ref.[14]. Due to the large angular momentum
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elastic scattering measuremef4]. Table Il shows that the

s andd non-Coulomb phase shifts according to Manson and
Turner[14] and the fit are consistent within the quoted ex-
perimental uncertainties, although there is possibly a small
discrepancy for the wave. The fittedo, is closer to the
value of Manson and Turngt4] than the coupled HF result,
which seems to contradict the observation that the lower
d-wave phase shift describes the depth of the measured mini-
mum more accurately. However, we suspect that the fitting
procedure is compensating for a small systematic error due
to a data point or points away from the minimum at approxi-
mately 75°, which otherwise would give a value®f closer

100 |

=
o

counts (arbitrary units)

01k

to 1.507.
. . . The distortion of the ion by the incident electron during
20 40 60 8o 100 120 the collision alters the scattering potential, but the resulting
scattering angle (degrees) polarization effects are not included in the present static-

FIG. 4. The fit(solid curve to the measurementsircles and exchange method. The agreement between our measure-

the differential cross section calculated using the phase shifts ent_s ar_1d calculation SUQQ?StS: however, that the effect of
Ref. [14] (dashed curve polarization on the phase shifts is sm@#0.1 rad.

barrier forl =3, all the calculation$éRefs.[11], [14], and the V. CONCLUSION

present coupled HFshow that the phase shifis,~5 are

small (<0.1 rad and, hence, have only a slight effect on the Measurements of the DCS for the elastic scattering of
DCS. Therefore, fixingrs, o4, andos to theory has only a  electrons from At (3s?3p® 2P) at the collision energy of 16
very small effect on the fitted values of,, o;, ando,. The €V have been presented. We calculated the corresponding
optimized non-Coulomb phase shifts are presented in Tableon-Coulomb phase shifts; by solving the Hartree-Fock

Il and the corresponding fitted DCS is shown in Fig. 4. Theequations for the incident electron in the self-consistent field
DCS according to the HS method is included in Fig. 4, whichof Ar*(3s?3p° 2P). The coupling between the orbital angu-
has been convolved with a Gaussian function to account folar momenta and spin of the incident electron and those of
the angular acceptance of the electron analyzee Eq. the target ion are formally included in our model, since the
(19)]. For the nonlinear parametess, the errorss, in Table ~ Hartree-Fock potential here depends on the total orbital an-

Il are defined by40] gular momentumL and the total spinS using a nonlocal
, exchange potential. Furthermore, the self-consistent field of
X (omte)=x*(ojm +1 (200 the ground state of Arincludes the effects of relaxation. We

o o ) compared the measurements with our coupled HF calculation
and account for the statistical uncertainties, wheggis the  ang an uncoupled, unrelaxed theory using a local, spherically
value ofo, that gives the minimuny”. When using Eq(20)  symmetric HS potential. Both calculations reproduce the
to determineo |, for a particular partial wave, the non-  overall deviations of the experimental data from the Ruther-
Coulomb phase shifts,, for all the other partial waved ( ford cross section, but the coupled HF approach describes
<3) are reoptimized, and therefore the resulting error estithe depth of the measured minimum at around 75° more
mate also accounts for the correlation between the phasgccurately owing to our lower average value &oy.
shifts or the nonuniqueness of the fitting procedure. In addi- For d-wave scattering from Ar, the potential consists of
tion, there are probably also small nonstatistical errors, such double well separated by a barrier. Consequently, there is a
as those caused by removing the background as discusseddiwave shape resonance and small changes in the electro-
Sec. II, which are difficult to estimate and so are not includedstatic potential cause large relative changes in the effective
in the &;. The x? obtained when all ther, are fixed at the potential(electrostatic plus centrifugal teridherefore, the
values of Manson and Turngi4] is included in Table I, d-wave phase shift is highly sensitive to the details of the
which confirms the expectation that the agreement with exscattering potential used in the calculations, which explains
periment improves by optimizing the first three non-why only the o, differ significantly in the HS and coupled
Coulomb phase shifts. The number of degrees of freedom HF methods. In particular, the use of a relaxed rather than an
for the present analysis is 13, and so for good fitsis  unrelaxed potential here is the main cause of our lower
approximately normally distributed with a mean value of 13Thus, we have shown that the experimental DCS for
and a standard deviatiofi2v of 5.1[40]. The value ofy? electron-ion collisions in the energy range of a shape reso-
obtained here at 36.1 therefore suggests that the model aménce provides a stringent test of the accuracy of the ap-
the data are not quite consistent within the quoted experiproximations of the theory.
mental uncertainties, which is probably due to small non- The DCS is dominated by the Rutherford cross section at
statistical errorgsee above Similarly, values ofy? signifi-  low scattering angles. To obtain the most accurate informa-
cantly larger than the number of degrees of freedom are alstion about the short-range electron-ion interaction, the angu-
obtained when fitting the phase shifts to other electron-iodar distribution at larger scattering angles is consequently re-
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quired, particularly in the backward hemisphere (€@  proximations of the calculations and thereby advance our
=<180°). We therefore intend to modify the present apparaunderstanding of electron-ion interactions.

tus to allow observations over the full angular range (0°

sgs 180°). The detailed structure expected at Ierger scat- ACKNOWLEDGMENT

tering angles would permit phase shifts to be fitted with

greater accuracy and the optimization of higher partial We thank Professor S. T. Manson for comments on the
waves. The resulting,, would test more stringently the ap- manuscript.
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