
PHYSICAL REVIEW A APRIL 1999VOLUME 59, NUMBER 4
„e,2e… study of cadmium ionization in the 4d95s25p autoionizing region
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Cadmium (e,2e) energy spectra have been measured for incident electron energy 150 eV and scattering
angles 2°–18°, corresponding to momentum transfer 0.2–1 a.u. This choice of kinematics covers the transition
from the dipole limit at 0.2 a.u. to the binary collisions regime at 1 a.u. The data are presented as the sum and
difference of pairs of (e,2e) spectra with ejected-electron directions 180° apart. This analysis reveals trends in
the data and also provides a sensitive test of theory. Data sets for three special ejected-electron directions are
compared with plane-wave Born approximation calculations. The calculated spectral shapes are in good agree-
ment with all experiments when a simple phase correction is incorporated. The calculated difference/sum
relative intensities are in good agreement with one data set but are in very poor agreement with the other two.
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PACS number~s!: 34.80.Dp, 32.80.Dz
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I. INTRODUCTION

In this paper we present a comprehensive set of exp
ments on electron-impact ionization of a system where b
nonresonant and resonant processes are important. Her
former process corresponds to the direct ejection of an e
tron, whereas the latter involves intermediate autoioniz
states. Photoionization involving autoionization is w
known and understood: energy eigenstates are admixt
of discrete and continuum configurations, and interferen
between direct and indirect processes result in asymm
Fano line shapes@1#. Less well understood are the interfe
ences between orthogonal resonant and nonresonant c
nels that are coherently populated as a result of char
particle-impact ionization.

Detailed information about such processes can be
tained by the electron-electron coincidence, or (e,2e), tech-
nique in which an atomic beam is crossed with an elect
beam. Following ionization, the two outgoing electrons~1
and 2! are detected in~delayed! coincidence at predeter
mined angles and energies, subject to the energy bal
E05E11E21IP, where IP is the threshold energy of th
chosen final ion state. Several groups have carried out (e,2e)
experiments on helium in the 2l2l 8 autoionizing region
@2,3#. The experiments are difficult because of the small io
ization cross sections; theoretical interpretations are diffi
because helium is an extremely correlated system, which
fects, for example, the excitation mechanism for 1s2

→2l2l 8.
Paradoxically, cadmium, with 48 electrons and grou

state 4d105s2 1S0 , is a ‘‘simpler’’ system. The low-energy
ejected-electron spectrum is dominated by the 4d95s25p au-
toionizing levels, the gross features of which are well d
scribed in the single configuration independent-particle
proximation @4,5#. Excitation occurs via the optically
allowed single-particle transition 4d→5p with a cross sec-
tion two orders of magnitude larger than those of the heli
autoionizing levels@6#. Thus under similar experimental con
ditions, data with statistics ten times better than those
PRA 591050-2947/99/59~4!/2764~9!/$15.00
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helium (e,2e) experiments can be obtained with the sam
run times.

In previous work in cadmium we determined relativ
magnitudes and phases of monopole, resonant dipole,
quadrupole ionization amplitudes~i.e., J50,1,2 partial wave
amplitudes!, from (e,2e) experiments carried out with kine
matic conditions corresponding to small momentum trans
K;0.2 a.u.@7,8#. The experiments measured (e,2e) energy
spectra at carefully chosen pairs of ejected-electron di
tions 180° apart; the experimental data were presented a
sum and difference of each spectral pair. The differen
spectrum isolated the interference cross terms, which are
plicit functions of complex ionization amplitudes. Magn
tudesand phases may be obtained from such interferen
spectra because the energy-dependent ejected-electron
increases byp across an autoionizing resonance in a we
defined manner. The extra~approximately energy indepen
dent! phase due to scattering may then be extracted from
shape of the observed interference spectrum, and the siz
the interference spectrum yields the magnitude of the ion
tion amplitude. Details of this technique are given in Re
@7# and @8#. It was found that forJ50,1,2 ionization ampli-
tudes, the relative magnitudes differ by about a factor of
and that relative phases differ by aboutp/4, from a plane-
wave Born approximation~PWBA! calculation. A recent dis-
torted wave Born approximation~DWBA! calculation is not
in any better agreement with the experimental data@9#.

The interference effects at small momentum transfer r
resent small deviations from the dipole approximation; i.
the experiments were carried out close to the dipole limit.@In
fact, even in true Cd photoionization experiments, dipo
quadrupole interference effects can be detected, albeit
orders of magnitude smaller in size than in the (e,2e) experi-
ments @10#.# We have now extended our (e,2e) measure-
ments to cover a momentum transfer range up to 1 a
where this is no longer the case. The experiments are
interest because the rangeK50.2→1 a.u. covers the transi
tion from the dipole to the binary collision region. Thus o
experiments show the transition from the photoionizat
limit of ( e,2e) to the limit where the collision process mu
2764 ©1999 The American Physical Society
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be analyzed in terms of charged-particle scattering. For th
kinematics a partial wave analysis of the ejected elect
cannot be terminated atJ52 and therefore it is not possibl
to extract individual multipole amplitudes. However, for re
sons given below, we will still present the data as the s
and difference of (e,2e) energy spectra, as in the previou
work. In the absence of any more sophisticated theory,
compare our experimental results with PWBA calculation

The calculations are discussed in Sec. II. Section III gi
experimental details, and Secs. IV and V give the experim
tal results and the conclusions.

II. THEORY

One approach to the analysis of (e,2e) energy spectra is
to fit a generalized line profile@11,12# to individual spectra
and compare the fit parameters with calculated values. T

TABLE I. Cadmium autoionizing levels~above the 8.99-eV ion-
ization potential! labeled by their largestLScomponent. Most of the
J51 level energies are known experimentally. All other levels
ab initio calculated values, adjusted to give a tolerable fit to o
data. TheJ53 data are from Ref.@18#; LScoupling is inappropriate
for these levels. The 5p2 widths are from matrix elements calcu
lated at the 5p6p configuration average energy; these differ som
what from the local values.

Energy~eV! Width ~eV!

J50 5p2 3P 0.18 0.0007
1S 1.94 0.058

5p6p 3P 3.69 0.0001
1S 4.12 0.0014

5p7p 3P 4.49 0.0001
1S 4.77 0.0005

J51 4d95s25p 3P 3.07 0.041
1P 3.81 0.140
3D 3.94 0.003

5p6s 3P 2.87 0.054
1P 3.19 0.273

5p5d 3D 3.86 0.003
3P 4.03 0.008
1P 4.22 0.015

5p7s 3P 4.34 0.015
1P 4.53 0.088

5p8s 3P 4.82 0.021
1P 5.07 0.042

J52 5p2 3P 0.37 0.019
1D 0.88 0.767

5p6p 3D 3.70 0.009
3P 3.98 0.023
1D 4.09 0.130

5p7p 3D 4.54 0.025
3P 4.79 0.012
1D 4.86 0.098

J53 4d95s25p - 2.80 0.006
- 3.33 0.0002
- 3.77 0.004
se
n

e
.
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method only applies to the case of noninterfering overl
ping resonances, and is therefore not suitable for an ana
of our cadmium data where there is very strong interact
among the overlappingJ51 resonances@5#.

The analysis of our earlier small momentum transfer d
was based on a model constructed using the PWBA.
though a quantitative comparison of experimental a
PWBA ionization amplitudes showed disagreement, one
the cornerstones of the theory, the special role of the mom
tum transfer axis, appeared to be validated by observat
made at special ejected-electron directions with respec
this axis. In the present experiments at larger momen
transfer this axis is expected to have less significance. N
ertheless, our discussion of the analysis and presentatio
the new data will be framed in the context of the PWB
since this illustrates the salient points. What follows is bas
on the theory given in Ref.@8# but without the restriction of
small momentum transfer.

We wish to describe, with a PWBA model, the overa
electron-impact ionization process

Cd~5s2 1S0!1e0→Cd1~5s2S1/2!1eej1esc, ~1!

in the region dominated by the 4d95s25p autoionizing reso-
nances@6#.

We shall ignore electron exchange scattering, in wh
case the~slow! ejected electron and the~fast! scattered elec-
tron are distinguishable~exchange is discussed elsewhe
@13#!. Thus an electron of incident momentumkW is scattered
through an angleusc with final momentumkW8 and momen-
tum transferKW 5kW2kW8. The ionized electron is ejected wit
energyE and momentumkWej . The final asymptotic ion plus
ejected-electron stateu f &, corresponding to an ejected ele
tron of energyE at the detector~i.e., r→`!, is represented as
a coherent superposition of continua which are total ang
momentum and energy eigenstates

u f &5 (
LSJM

cLSJMu5sElLSJM&, ~2!

where thecLSJM are complex coefficients that contain theJth
multipole amplitude from the1S0 ground-state neutral. The
exclusion of basis states with energiesÞE is equivalent to
neglecting any effects due to post-collision interaction~PCI!,
a semiclassical description in which the scattered elec
interacts with the ejected electron after the ‘‘quantu
mechanical’’ collision leading to a ‘‘classical’’ exchange o
energy@14#.

In the PWBA the summation can be reduced by choos
the quantization axis along the direction of momentum tra
fer K̂, in which caseM50 only @15#. Parity unfavored pro-
cesses@16#, due to the presence of intermediate-coupled
autoionizing states@4#, may result in the population of triple
continua in addition to the singlet continua allowed
PWBA direct ionization. In terms ofLS-coupled continua,
the allowed final states are 5sEl2S11LJ , wherel 5L5J and
S50 or 1; from Eq.~2! it can be seen that there is thus
direct correspondence between a multipole expansion of

e
r
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TABLE II. Parameters of the coplanar (e,2e) experiments carried out with 150-eV incident electr
energy. The first three columns give the general kinematics; the last three columns list the actual an
each experiment: momentum transfer~MT!, P2 magic angle, andP3 magic angle. Scattering angles a
positive ~negative! for angles measured in a clockwise~counterclockwise! direction from the incident beam
direction. Ejected electron angles~both on the binary and recoil sides! are all given as positive and ar
measured in a counterclockwise direction from the incident beam. All kinematics are evaluated f
4d95s25p 1P1 energy level. The scattered and ejected electron detectors would overlap for aP2 experiment
at usc518°.

usc/u ej
bin/u ej

rec

usc K uK MT P2 P3

2 0.18 36 12/90/270
3 0.22 47 13/50/230 13/90/270
4.5 0.29 58 14.5/58/238 24.5/248/68 24.5/264/84
6 0.37 64 16/64/244 26/242/62 26/257/77
7.5 0.44 67 17.5/67/247 27.5/238/58 27.5/254/74
9 0.53 69 19/69/249 29/236/56 29/251/71
12 0.69 72 112/72/252 212/233/53 212/249/69
15 0.86 73 115/73/253 215/233/53 215/248/68
18 1.02 73 118/73/253 218/247/67
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scattering amplitude and a partial wave expansion of
ejected-electron wave function.

The angular distribution of electrons ejected with ene
E, measured in coincidence with electrons scattered thro
an angleusc, is given by a coherent sum overJ but an
incoherent sum overS @8#:

I ~usc;E,k̂ej!; (
S50

1 U(
J

bJS~usc,E!YJS~ k̂ej!U2

, ~3!

whereYJS( k̂ej) is a spherical harmonic whose argument
evaluated with respect to the momentum transfer direct
The complex coefficients describe the ionization process
incorporate the total phase as described below.

(e,2e) spectra taken for opposite ejected-electron dir
tions ~along1kWej and2kWej! differ because the parity of th
cross termsYJSYJ8S

* is given by (21)(J1J8). We shall denote
such pairs of spectraI 1 and I 2, where the positive~nega-
tive! sign refers to the binary~recoil! side of the electron
beam axis.

The sumanddifferencespectra are then

~ I 11I 2!; (
S50

1

(
J

ubJSYJSu2

1 (
S50

1

(
J

(
J8ÞJ

ubJSbJ8S
* YJSYJ8S

* u

~J1J8 even!, ~4!

~ I 12I 2!; (
S50

1

(
J

(
J8ÞJ

ubJSbJ8S
* YJSYJ8S

* u ~J1J8 odd!.

~5!

In our earlier work for smallK, the sum was approximate
by the dipole cross section and the difference was termin
e

y
gh

n.
d

-

ed

at J52 and contained only the (J51)3(J50) and
(J51)3(J52) interference terms. Experiments at two sp
cial ejected-electron directions then enabled the determ
tion of monopole and quadrupole magnitudes and pha
relative to the dipole amplitude.

For largerK it is necessary to retain more multipole am
plitudes in Eqs.~4! and~5!. Nevertheless, because the dipo
term is still the largest, it is worthwhile to form the sum an
difference spectra. The sum spectrum is dominated by
4d95s25p dipole cross section, but the difference spectru
contains only the odd parity interference cross terms wh
are dependent on both the magnitude and relative phase
the multipole amplitudes. This is true even if the PWBA
inapplicable, for the following reason. The breakdown of t
PWBA implies that the above relationships need to be
tended to allow for all sublevelsM52J→J; because of the
parity favored and unfavored processes this is nontriv
However, the parity of theYJM does not depend onM and
hence the parity of the cross terms is still determined bJ
1J8. The form of Eqs.~4! and ~5! is therefore similar. The
sum and difference spectra in cadmium thus provide a m
sensitive test ofany theory than a direct comparison of
spectrum at a single ejected-electron direction.

We have carried out extensive pseudorelativistic Hartr
Fock ~HFR! calculations@15# to model the sum and differ
ence spectra. PWBA matrix elements have been calcul
ab initio for autoionizing levels and appropriate continua
enable the construction of allbJS for J50→7, which proved
an adequate range forK<1. Since we are ignoring exchang
effects, onlyJ50→3 autoionizing levels may be excited
and hence forJ54→7 only nonresonant ionization occur
Autoionization is included by using Fano-type theori
@1,17#, in which we assume that all matrix elements are co
stant over the energy range of interest. The autoionizing
els are shown in Table I; with the exception of theJ53
levels @18#, the positions of these levels are those found
give good agreement with our earlier data@8#. For the dipole
and octupole ionization processes, both singlet and tri
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FIG. 1. Momentum-transfer axis experiments. (e,2e) energy spectra for 150-eV electrons incident on atomic cadmium with scatte
angles between 2° and 18°, and electrons ejected parallel~binary direction! and antiparallel~recoil direction! to the momentum-transfe
direction. The vertical bars represent the statistical uncertainties. The double panels on the left are the raw spectra. The central p
the sum and the right panels show the difference between the binary and recoil spectra; the positions of the 4d95s25p J51 resonances are
shown in the 3° sum spectrum. The solid curves in the sum and difference spectra are PWBA calculations with partial-wave am
J50→7; the dotted curves show the contribution ofJ50→2. Experiments and calculations are normalized to unity in the 4d95s25p 1P1

resonance position of the sum spectra.
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continua are involved; this is described in Refs.@5,18,19#.
The HFR calculations show that forJ50 and 2 autoionizing
levels there is negligible coupling to the triplet continua, a
hence the monopole and quadrupole processes may be
culated from the formalism of several levels that couple t
single continuum@1#. The PWBA matrix elements involve
single particle l i→ l f reduced matrix elements@15#
^ l f uu j J(Kr )uu l i&, where j J is a spherical Bessel function o
orderJ. Details of how this is done for the various autoio
izing levels is given in Ref.@8#. The complex coefficients

bJS5ubJSueidJS
T

involve the total phase@20#

dJS
T 5xJ2 1

2 Jp1sJ1dJS1DJS, ~6!
d
al-

a

wheresJ is the hydrogenic Coulomb phase anddJS is the
phase shift due to the unperturbed non-Coulombic ionic
tential. The phase shift due to autoionization,DJS, is the net
shift due to all levels that couple to the same continuum. T
collisional part of the phase is given in the PWBA byxJ
5Jp/2.

III. EXPERIMENT

The coplanar (e,2e) spectrometer has been described
detail elsewhere@8,21#. It consists of four main components
an electron gun, a metal-vapor atomic beam oven, a scatt
electron spectrometer, and an ejected-electron spectrom
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The electron gun is recessed in a side arm of the vacu
chamber which enables the ejected-electron spectromet
be positioned on both sides of the electron beam axis. T
(e,2e) spectra for two ejected-electron angles 180° ap
may be taken in a single experimental run at the same v
of usc. Auger peaks in the noncoincident ejected-elect
spectrum are used for energy calibration and alignment
intensity normalization; details are given in Ref.@22#.

The ejected-electron detector contains a resistive an
type position-sensitive detector~PSD!; this system enable
useful count rates to be obtained at an energy resolutio
40 meV. During an experiment, energies and angles
scanned repetitively to minimize the effect of any drift in, f
example, the electron beam intensity. Run times of about
days are necessary in order to acquire an (e,2e) spectral pair
with adequate statistics.

IV. RESULTS

We have measured coplanar (e,2e) energy spectra, in Cd
for an incident electron-beam energy 150 eV and scatte
anglesusc52° – 18°, which, for the 4d95s25p region, cor-
respond to momentum transferK'0.2→1a.u. Each experi-
mental run consisted of pairs of spectra for ejected-elec
directions 6 k̂ej and ejected-electron energiesE'2.5
→5 eV. At each scattering angle, spectra were obtained
three directionsk̂ej chosen with regard to the properties
the spherical harmonics present in Eqs.~4! and~5!. Table II
gives the parameters of all the experiments described be

A. Momentum-transfer axis experiments

The directions given byk̂ej•K̂561 lie along the momen-
tum transfer axis. These directions are close to the maxim
the binary and recoil lobes of the angular distribution. Int
ference effects are expected to be largest in this direc
since allM50 partial wave amplitudes are present and ha
their maximum values; the effects are expected to grow w
K.

Figure 1 shows a representative selection of
momentum-transfer axis experiments~including the 3° ex-
periment from @8#!. The leftmost panels show the (e,2e)
spectra in the binary and recoil directions. The spectra sh
a strong dependence on scattering angle, with small dif
ences at the smallest scattering angle and an almost va
ingly small recoil spectrum whenK51. The two right panels
present the same data, but in the form of sum and differe
spectra~and with an expanded energy scale!. All spectra at a
given scattering angle have been normalized to
4d95s25p1P1 maximum in the sum spectrum. It can be se
that theshapesof the sum and difference spectra are re
tively independent of scattering angle; the large change
the binary and recoil spectra can be ascribed to themagni-
tude of the interference effects revealed by the differen
spectra, which increase from 10% atK50.2 to 80% atK
51. The curves in the figures are PWBA calculations, n
malized to the experiment at the 4d95s25p 1P1 maximum of
the sum spectrum. In these calculations themagnitudesof
the multipole amplitudes are fixed at theirab initio values.
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Thephases, references toJ51, have been set as follows: fo
J.2 they are fixed at the PWBA values, but forJ50 and 2
they have been set at the fitted values taken from our ea
experiments. Thusx12x0 is 0.3p less, andx12x2 is p/4
more, than the PWBA relative phase. As can be seen f
the figure, these phase corrections, obtained at small sca
ing angles, appear to be valid over the full range of scatter
angles investigated. The solid line includes all partial wav
J50→7; the dotted line only includesJ50→2 for a com-
parison with our earlier work. At the larger scattering ang
the 4d95s25p J53 autoionizing levels can be seen in th
sum spectra; this has been discussed elsewhere@18#. The
main effect of the inclusion of the higher-order partial wav
is the appearance of a nonzero background; the intensit
the resonance features seems relatively unaffected. The
that the shape of the sum and difference spectra seems
proximately independent of scattering angle suggests tha
experiments can be usefully summarized by the value of
difference spectrum at the 4d95s25p 1P1 resonance. This is
shown in Fig. 2 and is compared with the full PWBA calc
lation. The agreement between theory and the moment
transfer experiments is remarkably good both qualitativ
and quantitatively.

B. P2 magic angle experiments

The angle defined byk̂ej•K̂5A1/3 is 54.7° away from the
momentum transfer direction. We call this theP2 magic
angle, since it is the angle for which the second-order L
endre polynomial~andY20! vanishes. Thus in the PWBA th
quadrupole amplitude is not present and, in our earlier
periments at small momentum transfer, we were able to
tract the monopole/dipole amplitude ratio from (e,2e) spec-
tra measured at theP2 magic angle. Although this is no
possible for largerK, sinceJ.2 are present, it is of interes
to monitor the behavior of these spectra as the scatte

FIG. 2. Difference/sum intensity ratio at the 4d95s25p 1P1 reso-
nance energy for the momentum transfer axis experiments.
solid curve is the PWBA calculation.
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FIG. 3. P2 magic angle experi-
ments. As Fig. 1, showing the sum
and difference spectra.
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angle is increased. Figure 3 shows a representative sele
of sum and difference spectra from theP2 magic angle ex-
periments~including the 2° experiment from Ref.@8#! com-
pared with the PWBA calculations.

At small scattering angles the sum spectra are equiva
to the photoelectron magic angle spectra@23# and hence are
proportional to the dipole photoabsorption cross section.
larger scattering angles this is only approximately true; n
ertheless, two trends are apparent. First the intensity rati
the 3P1 /1P1 decreases; this is thought to be due to electr
impact exchange processes and has been discussed else
@13# ~as noted above, the present PWBA calculations do
include exchange scattering!. Second, the broad1P1 peak
becomes asymmetric, which implies a finite Fano param
q; the PWBA calculations are in quite good quantitati
agreement, but overestimate theJ.2 contribution to the sum
spectra at the largest scattering angles.

It is remarkable that the shape of the difference spe
appears to be independent of scattering angle. We may
summarize these spectra by the value of the minimum in
1P1 region, as is shown in Fig. 4. Even more remarkable
that the magnitude of the interference, as well as the sh
ion
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e, FIG. 4. As Fig. 2, for theP2 magic angle experiments.
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FIG. 5. P3 magic angle experi-
ments. As Fig. 1, showing the sum
and difference spectra.
B

-
th

nc

th

ce

dre
m
le

is-
e
us,

v-
.,

tive

s.

BA
appears to be independent of scattering angle. The PW
calculations predict the shape correctly in all cases~with the
inclusion of the phase correction! but are in very poor agree
ment as regards the magnitude. In contrast to
momentum-transfer experiments, the inclusion ofJ.2 par-
tial waves changes the overall magnitude of the differe
spectrum~including the resonance features!, but has little
effect on the shape. At the smallest scattering angle
monopole/dipole magnitude ratio is 2.2 times too small@8#,
but at the largest scattering angle the predicted interferen
about the same factor too large.

C. P3 magic angle experiments

The angle defined byk̂ej•K̂5A3/5 is 39.2° away from the
momentum-transfer direction. We call this theP3 magic
A

e

e

e

is

angle, since it is the angle for which the third-order Legen
polynomial~andY30! vanishes, as does the contribution fro
the PWBA direct ionization octupole amplitude. Octupo
autoionization is present, however, because the 4d95s25p
J53 levels are strongly parity unfavored; this has been d
cussed in detail elsewhere@18#. Here we note that the thre
levels are extremely sharp and have a very local effect. Th
within the limitations of the PWBA, and providedK is not
too large, theP3 magic angle experiments probe the beha
ior of the J50,1,2 partial waves with scattering angle; i.e
the regime whereJ53 is significant but theJ.3 partial
waves are not yet important. Figure 5 shows a representa
selection of sum and difference spectra from theP3 magic
angle experiments compared with the PWBA calculation

The sum spectra show little background due to highJ
partial waves even at the largest scattering angle; the PW



c

t
h

ic
b

u
F
f t

e
h
n

ee

o
o
m

ri-
n-

ex-
the

not
wo
is

eri-
es.
i-

ent.
ex-
two

eri-

tra,

. A
e

g-
and
rac-
-
d-
ed-
be

uld,
li-
nd
t

irec-
he
y at
tain

he
ni-
e
ts
-

rt-
on
un-
l-

the

PRA 59 2771~e,2e! STUDY OF CADMIUM IONIZATION IN TH E . . .
calculations actually predict zero background. As in theP2
magic angle experiments, the finiteq parameter for the
4d95s25p resonance is apparent.

The difference spectra show a gradual trend as the s
tering angle increases: the interference maximum in the1P1
resonance region increases from 5% to 50% whereas
minimum remains approximately constant at about 7%. T
PWBA, which incorporates the phase corrections, pred
the shape of the interference spectra tolerably well; it can
seen that the inclusion ofJ.2 has little effect. However, the
PWBA does a poor job of predicting the magnitude, partic
larly at the largest scattering angles. This can be seen in
6, which shows the dependence on the scattering angle o
interference maximum.

V. DISCUSSION AND CONCLUSIONS

We have given the results of a comprehensive set of
periments on cadmium ionization by electron impact. T
data have been presented in the form of sum and differe
spectra, a form that highlights trends that would have b
obscured had the data been given as raw (e,2e) spectra. We
hope these trends will provide clues for the construction
scattering calculations that involve both resonant and n
resonant ionization by electron impact in the transition fro
the dipole limit to the binary collision region.

It is found that within each of the three types of expe
ment, theshapesof the difference spectra are fairly indepe

FIG. 6. As Fig. 2, for theP3 magic angle experiments.
nd
.
v,
at-

he
e
ts
e

-
ig.
he

x-
e
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n

f
n-

dent of scattering angle. This enables all three types of
periment to be summarized in terms of the magnitude of
interference. It is remarkable that for theP2 magic angle
experiments the magnitude of the interference does
change with scattering angle, in contrast with the other t
types of experiment. It is also remarkable that the PWBA
in such good agreement with the momentum-transfer exp
ments, but in such poor agreement with the other two typ
In fact it was found impossible to adjust the PWBA magn
tudes to obtain agreement with all three types of experim
Any change that improved agreement with one type of
periment tended to worsen the agreement with the other
types.

Perhaps the most notable result of comparing the exp
ments with the PWBA is the fact that theJ50,1,2 relative
phase corrections, obtained from the small-angle spec
lead to extremely good sum and difference spectralshapes
for all scattering angles and for all three experiment types
possible qualitative explanation for this ‘‘universal’’ phas
correction is as follows. The PWBA, by its very nature, i
nores the interaction between the two outgoing electrons
hence does not incorporate a phase shift due to their inte
tion potential; this will be approximately spherically sym
metric since it is given by a superposition of all ejecte
electron partial wave amplitudes. Thus, for a fixed scatter
electron energy, the phase corrections should
approximately independent of scattering angle. We sho
however, point out that for cadmium the situation is comp
cated by the very strong dipole transition to the bou
4d95s25p autoionizing levels, which will profoundly affec
this interaction potential.

The experimental results presented here suggest the d
tion of future experiments. It is planned to investigate t
phase corrections as a function of incident electron energ
small momentum transfer. Separate experiments will ob
coplanar (e,2e) spectra at ejected-electron directions6u
with respect to the momentum transfer axis, for which t
PWBA predicts identical spectra. Differences in the mag
tude of the spectra will quantify the breakdown of th
PWBA. There is also the possibility of observing PCI effec
as a small shift@24# in the position of the broad Cd autoion
izing resonance.
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