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Coherent excitation of cadmium J=0, 1,2 autoionizing levels by electron impact
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We have measured (e, 2e) energy spectra in cadmium for the 4d Ss Sp J =1 autoionizing region.
The ejected-electron energy range investigated was from 2.6 to 4.8 eV with an incident electron en-

ergy of 150 eV and a scattering angle of 3'. Small difterences were found in spectra taken at
ejected-electron directions 180 apart. We ascribe these diA'erences to interference terms arising
from coherent excitation of the J =1 and overlapping 5pnp J =0,2 autoionizing levels. A calcula-
tion of these eftects is presented that agrees quite well with the experimental data. We obtain exper-
imental excitation amplitude ratios and assign a previously undetected autoionizing level to

SPY D2.

I. INTRODUCTION

In a coherence experiment, the decay products of an
intermediate excited state are detected. The state may be
mathematically represented as a coherent superposition
of basis states and the experiment is designed to enable
both the magnitude and the relative phases of the basis-
state coefficients to be determined.

The best-known experiments on collisionally induced
coherence are those on the degenerate magnetic sublevels
of the He 2 'P state. ' Similar experiments have been car-
ried out on coherent excitation of the magnetic sublevels
of a single autoionizing level. In these experiments, an-
gular distributions of either emitted photons or ejected
electrons, measured in coincidence with scattered parti-
cles, yield relative excitation amplitudes and phases for
the magnetic sublevels.

Little work has been done on collisionally induced
coherences between states of different total angular
momentum. Such systems are of interest because they
provide the next step in the test of scattering theories
beyond that of the excitation of different sublevels of a
single level. For autoionizing levels, if the separations of
resonance maxima are comparable to the large widths as-
sociated with short-lived autoionizing states, interference
between the excitation amplitudes will affect the overall
line profiles and ejected-electron angular distributions.
Such effects have been observed in ion-He and slow (i.e.,
close to threshold) electron-He collisions, but in both
these cases the levels are normally well separated in ener-

gy; postcollision interaction (PCI) between the slow scat-
tered projectile and the ejected electron causes overlap
via substantial shifts and broadening of the levels.

Although these are true examples of coherent excita-
tion, in multielectron atoms many closely spaced autoion-
izing levels naturally overlap, and coherence effects do
not depend on PCI. Here we report such effects observed
using (e, 2e) spectroscopy on a cadmium target, with the
relatively high electron-impact energy of 150 eV.

The most prominent feature in the Cd ejected-electron
spectrum is the broad 4d 5s 5p 'P

j autoionizing line
profile at an ejected-electron energy of 3.81 eV. In previ-

ous work we measured (e, 2e) ejected-electron angular
distributions at this energy, for a range of scattering an-
gles 2. 5 —8. 5' and an incident energy of 150 eV. Each
angular distribution had maxima for directions parallel
and antiparallel to the momentum-transfer vector; these
features are known as the binary and recoil peaks, respec-
tively. It was found that the binary- to recoil-peak inten-
sity ratio increased with scattering angle, which implied
the existence of interference terms caused by the coherent
population of J&1 continua and the (resonantly popu-
lated) J =1 continuum. An analysis of the data showed
that the magnitude of the interference terms cannot be
accounted for by the direct ionization process alone, but
requires the existence of J&1 autoionizing levels that
overlap the J =1 level.

We have begun our investigation into these phenomena
by measuring (e, 2e) spectra for a scattering angle of 3'.
The reason for choosing this relatively small angle, for
which the interference effects due to coherent excitation
are small and di%cult to observe, is that it enables us to
construct a simple model (Sec. II) for the interpretation
of the experimental results presented in Sec. IV.

II. THEORY

A. Cadmium ( e, 2e ) angular distributions

The nominal ground-state configuration of cadmium is
(4d ' 5s ) 'So, but there is significant configuration in-
teraction and the outermost subshell includes 6% 5p .
This is of importance here since we are interested in the
coherent excitation, by electron impact, of the odd-parity
4d 5s 5p I =1 and even-parity 4d' 5pnp J =0,2
(n = 5, 6, 7) series of autoionizing levels. Both these types
of configurations can be populated from the ground state
by single electron promotion, the first by 4d ~5p and the
second by 5p ~np; autoionization occurs via
configuration interaction with the 5sEp and 5sEs, Ed con-
tinua, respectively, since only the ground-state ion Cd"
(5s) S&rz is energetically accessible from these autoioniz-
ing levels. The corresponding direct ionization processes
are 5s ~5sEp and 5s ~5sEs, Ed.
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The significant spin-orbit energies of the cadmium
outer-subshell electrons result in autoionizing levels that
are examples of intermediate coupling. For example, in
an LS basis the three 4d 5s Sp J =1 levels are each ad-
mixtures of 'P, , P, , and D&. Nonexchange electron-
impact excitation of all three levels is then determined by
the dipole matrix element for 'So ~ 'P, . Autoionization,
however, can take place from both the 'P& and P, com-
ponents into the corresponding singlet and triplet con-
tinua; from parity considerations the D& component is
inactive. In general, any Cd autoionizing level belonging
to a configuration with two nonequivalent electrons out-
side closed shells (or hole plus electron) may be excited by
a non-exchange-multipole transition via its LJ com-
ponent, and may autoionize into 5sEl +'LJ continua,
where l =L =J and S =0 or 1.

In the (e, 2e) experiments the ion and ejected-electron
spin are unobserved. In the formalism of angular-

momentum-transfer theory, autoionization into the sing-
let continuum is a parity-favored process with angular-
momentum transfer j,=0, whereas autoionization into
the triplet continuum is a parity unfavored process with

j,=1. The angular distribution of ejected electrons, ob-
served in coincidence with incident electrons scattered
through 0„, is then given by a coherent sum over J but
an incoherent sum over j,. In the present case j,=S and
this incoherence follows immediately from the inte-
gration over the unobserved reactants; i.e.,
(S'MASM& ) =5s s5, , so cross-terms between

S S
different spin states vanish.

Then, following coherent excitation of a number of au-
toionizing levels, the general form of the angular distribu-
tion of electrons ejected with energy E at angle (8„,$,„),
measured in coincidence with electrons scattered through
an angle 0„,may be written'

I(8„;E;8,„,$,„)—g g a JM(0„)A J&(E)(JS(M Ms)M—&l JSJM ) YJi~ M i(8„,$„.)
SMS &JM

—sin(kr +5JS ), (2)
I

where YI are spherical harmonics, and a Clebsch-
Gordan coefficient has been used to uncouple the unob-
served spin from the orbital angular momentum of the
ejected electron. In the independent-particle model used
here, y is a label that distinguishes different
configurations giving rise to the same value of J. The
a yJM are the complex excitation amplitudes of y 'LJ
(L =J). The phase and amplitudes of these coefficients
depend strongly on scattering angle, but, in the
independent-particle approximation, are independent of
E since they refer to discrete configurations. The AyJ$'
are complex coefficients that depend on the atomic au-
toionizing process but are independent of the scattering
process. Both the magnitudes and phases of these
coefficients are rapidly varying functions of E through
their dependence on the autoionization phase parame-
ter" AJs. (For a single level, of width I J and centered
on EJ, coupled to a single continuum,
= —arctan[ —,

' I I /(E EJ )] and—
l AJs l

o= sink&&
—cosh'/qJ. Here qJ is analogous to the Fano-Beutler
asymmetry parameter, "but is in general a complex quan-
tity which allows for a phase difference between the
electron-impact amplitudes for the resonant and direct
ionization processes. ) The phase of A &zs is given by the
asymptotic form of the ejected-electron wave function at
large radii

with

5Js — —J7T+o.J+5Jg+ 6Js

where k is the electron momentum, o.J is the hydrogenic
Coulomb phase, and 6JS is the phase shift due to the un-
perturbed non-Coulombic ionic potential. Both these
quantities are slowly varying functions of E. Note that
the phase shift due to autoionization, AJS, is the net shift
due to all configurations y that couple to the same con-
tinua.

B. Plane-wave Born-approximation limit

The (e, 2e) experiments reported below were carried
out in Cd for an incident electron energy of 150 eV,
0„=3,and E =2.6—4. 8 eV. Previous work' has shown
that under these conditions the plane-wave Born approxi-
mation (PWBA) is valid, in which case Eq. (1) may be
simplified by choosing the quantization axis along the
direction of momentum transfer K, and thus M =0 only.
Also, in the PWBA limit, the relative phase of the ay Jo is
given by the factor' i . Then, coplanar measurements
(i.e., $„=0) at 0„=Ox and Ox. +180' (i.e., along +K),
which vary E and the corresponding scattered electron
energy, yield (e, 2e) energy spectra:

I (3',E)—g (+1) + ([J][J']) la&JpA&apl lay I'pA~gpl cos[5Jp 5Jp+ z~(J J')]
y Jy'J'

(4)

where [j]=2j+1 and we have omitted constants com-
mon to all terms. The argument of the cosine is the rela-
tive phase due to both excitation and autoionization.
Only parity-favored (S =0) terms are present; all parity-

unfavored terms (S = 1) vanish because (a) Y, (0,0)=0 if
m %0, and (b) ( J100 J 1JO) =0 since J+ 1+J is odd. '

The factor (+1) + occurs because YJp changes sign
for J odd when 0„0„+180.Thus cross-terms with
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J+J' odd lead to different magnitudes of the binary and
recoil peaks in (e, 2e) ejected-electron angular distribu-
tions.

We now make the assumption that, for our experimen-
tal conditions, the multipole excitation amplitudes for

I

J ~ 3 may be neglected, and of the remaining amplitudes,
the dipole process (J = 1 ) dominates. Thus, we also
neglect the product of two small amplitudes and obtain
the relationships

(I +I ) 6laioAiol
0, 2

) -4&3 la io ~ io I g[J]' 'glar Jo A, Jo Icos[hip
—5Jo+ —,'vr(1 —1)],

J r

(5)

where, because the dipole-allowed spectrum is dominated
by the 4d 5s 5p configuration, we have dropped the label
y from the J= 1 terms.

Thus, manipulation of (e, 2e) spectra taken along +K
enables different terms to be isolated. The summed spec-
trum (I++I ) strips off the crass-terms to yield the
parity-favored part of the dipole process, whereas the
difference spectrum (I+ I ) re—veals the interference
cross-terms caused by the coherent excitation of overlap-
ping autoionizing levels.

I

function normalization leads to the same n scaling for ex-
citation and autoionization matrix elements (and also
that for direct ionization), " but is probably not a good
approximation here. However, we employ the scaling be-
cause it enables us to eliminate two of the three unknown
a„oo by using the ab initio V, ratios. We choose to keep
the n =6 amplitude since this configuration has the larg-
est energy overlap with the J = 1 levels. Then
Ia ppl =( V„ /V6 ) Ia6pp I

~ Using the theory of a number of
discrete states coupled to a single continuum, " we then
obtain

C. Calculation of the sum and difference spectra

We wish to calculate the 2 rJo for the range
E =2.6—4. 8 eV. In order to obtain numerical estimates
that contain the minimum number of arbitrary parame-
ters to be fitted to the experiment, we shall make a num-
ber of assumptions and approximations in what follows.
The single most important of these is that any matrix ele-
ments used in the calculation are independent of energy
over the range of interest.

The positions and widths of the 4d 5s 5p J =1 levels
that dominate this spectral region are well known from
photoabsorption spectroscopy, ' ' but those of the opti-
cally forbidden even-parity levels are uncertain. Avail-
able ab initio calculations of positions' and widths
show that we need to consider the 5pnp (n =5,6,7)
J =0,2 levels.

The J =0 levels of 5pnp (positions E„„and widths 1 „„,
where r =1,2) may be expressed in terms of LS-coupled
basis functions as Inr0) =g c,b„lbb), where b =1
denotes 'S and b =2 denotes P. Excitation from the
ground state occurs via the singlet component of each
level and the excitation amplitudes may therefore we
written c,„i la„opl. [Notice that the definition of a&JM an-
ticipated this result; the label y refers to a configuration
(here y =n) rather than an individual level n, r; the
coefficients c„„are then incorporated in the A„pp. ] Each
level couples to the single continuum 5sEs 'So to produce
a width I „„=trlu„„l via the matrix element u„„=c„„iV„,
where V„=(5pnp 'Spl V 5sEs 'Sp). Thus, for each level
within a configuration, the ratio of the excitation matrix
element to that for autoionization is given by Ia„ppl/V„,
and is independent of r. We now make the assumption
that the value of this ratio is the same for each of the
three configurations n =5,6, 7. This is true for the upper
members of a well-behaved Rydberg series, where wave-

tank( o
=

„,E —E,„
and

a6oo
Xl oo~ ool

= (s' ~oo cos~oo/qo) .~v, (8)

Thus, because of our n-scaling assumption, Eq. (8) has ex-
actly the same form as the isolated resonance case, " but
with the phase shift due to autoionization given by Eq.
(7).

The J =2 levels of 5p are admixtures of P, 'D and
those of 5p6p, 5p7p are admixtures of P, 'D and D.
Thus 5p only couples to the 5sEd 'D2 continuum,
whereas the other configurations can, in addition, couple
to the D2 continuum. However, the ab initio calcula-
tions show that the coupling to this latter coupling is
very weak and can, to a good approximation, be ignored.
Thus, with our scaling assumption, we use Eqs. (7) and (8)
with J =2 and the single excitation amplitude a62O.

The number of unknown parameters may be reduced
by establishing an approximate relationship between
Ia6ppl and la6zol. The PWBA calculation involves known
angular factors and a radial integral in a spherical Bessel
function of order J for electron promotion, '

J P6&(r)j J(Kr)P&&(r)dr. For our experimental condi-
tions the momentum transfer K is 0.2 Bohr radii. Assum-
ing that the largest contribution to the integral is from
the radial region where Kr is small, we expand the Bessel
function in the integrand ' and obtain, to first order,
jo= 1 —(Kr) /4, where the integral over the first term
vanishes since the P„& are orthogonal, and j2 = (Kr) /15.
Combining this result with the angular factors we finally
obtain
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e'"'~++&++~d~), &+@ (e ~d~yo& . (10)

The matrix elements are proportional to the 'P, com-
ponents of 4—;the excitation amplitude ~a&o~ may there-
fore be factored out in Eq. (10). Grouping the asymptotic
form (rF ~~ ) of 4' ' into singlet and triplet terms then
yields expressions for

~ 4,o ~
and b, &o.

We are now in a position to calculate
~
A zo ~

and b,Jo
for J =0, 1,2. The necessary input parameters for J =0,2
are obtained from the ab initio calculations' ' and those
for J= 1 are taken from the analysis in Refs. 24 and 25 of
the experimental photoabsorption cross section. Table I
lists the energies and widths of the levels. To complete
the calculation of the sum and difference spectra [Eqs. (5)
and (6)], we require the J dependence of the phases crJ
and 5Jo. Those of the former are readily found from the
properties of Coulomb functions:

1 1
(TJ+ ] o j arcta J+1 v'E

where E is in Ry. Estimates of 6Jo may be found by ex-

~a6oo ~ 1 15

la6201 +2 4

The three 4d Ss 5p J = 1 levels couple strongly to both
the singlet and triplet continua. The theory of several
levels interacting with two continua and its application
to this configuration has been described elsewhere; only
an outline is given here. The discrete-continuum interac-
tion replaces the two unperturbed S =0, 1 continua with
two new orthogonal energy-dependent wave functions
4+ and '0, each admixtures of singlet and triplet con-
tinua and prediagonalized discrete states. The J =1 com-
ponent of the final state following dipole excitation (d)
from the ground state (yo) is then

trapolating the quantum defect behavior of 5snl (1=J)
Rydberg series across the ionization potential ~ The avail-
able spectroscopic data ' for L =0, 1,2 show that all
these quantum defects are n independent (except for the
lowest members of each series) to within +0.02. Further-
more, this small variation is randomly distributed and
thus appears to be due to experimental error rather than
any systematic trend as n increases. We have therefore
taken 5JO to be independent of energy from threshold to
the ejected-electron energy range of interest, and we ob-
tain

5)o—52O=0. 83m and 6(o—5OO= —0.56~ . (12)

The uncertainty of 0.02m (=4') has negligible effect on
our calculations.

Figures 1 and 2 show the calculated interference terms
in I+ I —separately for (J= 1)X (J =0) and
(J =1)X(J =2), respectively. To illustrate the effect of
overlapping autoionizing levels, the solid lines assume
that direct ionization is negligible for J =0, 1,2 (i.e.,
qJ= ~); this is experimentally true for J =l. 's'2" The
vertical scales are arbitrary, except that the relative scales
of the two figures are given by Eq. (9). The dotted curves
correspond to J =1 autoionization, but only direct ion-
ization for J =0,2, i.e., h~o=0 and

~ A6Jo ~

=const, where
the values of the constants have been arbitrarily chosen
to make the curves equal the solid curves at the 'P, in-
terference maxima.

The two curves in Fig. 1 are similar in the region of the
P& resonance because this resonance lies in the high-

energy tail of the broadest of the J =0 resonances, which
acts as a quasicontinuum. The equivalent is true in Fig.
2, except that the solid line is inverted because the
discrete-continuum matrix elements for J =2 and 0 differ
in sign. The greatest difference between the solid and
dotted curves in both cases occurs in the region just

TABLE I. Cd autoionizing level energies (above the ioniza-
tion potential) and widths used in our calculations. The J =1
values are from photoabsorption data (Refs. 18 and 24). The
J =0,2 energies are from Ref. 19 and their widths are from Ref.
20).

5p2
4d 5s 5p

I

5p 6p
I

5p 7p

Cd

J=2

5p 2

5p 6p

4d 5s 5p

5p 2

5p6p

5p7p

's
3p
's
3p
's
P

1p
3D

1D
3D
3p

D
D

3p
1D

Energy (eV)

1.94
3.69
4.19
4.49
4.77

3.07
3.81
3.94

0.88
3.50
3.89
4.02
4.42
4.71
4.81

Width (eV)

0.184
0.0007
0.006
0.0007
0.006

0.041
0.140
0.003

F 1
0.013
0.023
0.137
0.026
0.012
0.098

Cf)

CD
Q

W 0
IJJ
Q
4J
4
Q
WI—

3.0 4,0
EJECTED ELECTRON ENERGY (eV)

(ENERGY LOSS MINUS IP)

FIG. 1. Calculated (J=0)X (J = 1) contribution to the in-
terference spectrum given by Eq. (6). The solid line assumes
only autoionization, and the dotted line assumes only direct ion-
ization for J =0.
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5p2
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FIG. 2. As Fig. 1 (with the same vertical scale), but for
(J = 1)X (J=2).

III. EXPERIMENT

The experiments were carried out using a coplanar
(e, 2e) spectrometer which has been described previous-
ly. It consists of four main components: an electron gun,
a metal-vapor atomic-beam oven, a scattered-electron

above the 'J', resonance. The highest 5p6p J =0,2 levels
cause the interference terms to be negative, whereas for
the direct ionization case they remain positive.

spectrometer, and an ejected-electron spectrometer (Fig.
3). The electron gun is recessed in a sidearm of the vacu-
um chamber, which enables the ejected-electron spec-
trometer to be positioned on both sides of the electron-
beam axis. Thus spectra for two ejected-electron angles
180 apart may be taken in a single experimental run at
the same value of 0„. The coincidence count rate was
fairly low (2 s ' in the 'P& peak) and long run times are
required for acceptable statistics in the difference between
two spectra. To minimize the effect of any drift in the ex-
perimental parameters (electron beam, cadmium beam,
detector efficiency, etc. ) energies and angles are scanned
sequentially in the following manner. With the ejected-
electron detector set at 0,„=0+, the energy is scanned
over the desired range (5 s at each of 110 steps in the
present experiment). A stepping motor then rotates the
detector to 0&+180, where the energy scan is repeated.
The detector is then rotated back to 0& for the start of
the next sequence. The data presented below are the re-
sult of a continuous experimental run lasting 11 days.

Our data analysis involves the subtraction of two near-
ly identical (e, 2e) spectra and great care has to be taken
to ensure correct alignment of the two energy scales.
Misalignment can occur because small residual magnetic
fields (in our case a few mG) noticeably aff'ect the pass en-
ergy of hemispherical electrostatic energy analyzers when

0j +0' + 1 80'. The effect of misalignment is to distort
the interference spectrum by introducing a component
which is the derivative with respect to energy of the near-
ly identical spectra: I (E +5E) I (E)= (dI—/dE) 5E,
which is proportional to the alignment error 6E. Align-
ing the scales by using the maxima in the two (e, 2e) spec-

-270'
l

UM CHAMBER

FARAD
CUPRP~
Mba

ECTR
TER

TE
TR

RO

K
j jC3232323+~~l

C3C323236m
ELECTRON GUN

FIG. 3. The (e, 2e) spectrometer K, cathode' 0, deflector; A, hemispherical-sector electrostatic analYzer, CP, microchan

plate electron detector.
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tra is not necessarily appropriate since interference effects
could cause significant shifts from their natural positions.
In the present case the energy scales were aligned by ex-
amining the noncoincident ejected-electron energy spec-
tra due to the random part of the coincidence counts that
lay outside the true coincidence time window. (These
spectra are, in fact, the product of the scattered and eject-
ed count rates; since the energy resolution of the scat-
tered detector was set to -0.5 eV, we actually obtain an
ejected-electron spectrum modulated by a broad en-
velope. ) Since these ejected-electron spectra are uncorre-
lated with scattering angle, interference effects due to
coherent excitation are, to some extent, averaged out. By
using the J =1 resonance positions we believe we have
aligned the two spectra to better than 5 meV.

7500- 6) +go

8„=(-50')+ (-230')

o

!p
I

3p
I

o~~

I I I

3,0 4.0
EJECTED ELECTRON ENERGY (eV)

(ENERGY LOSS MINUS IP)

Cd

4d 5s 5p

IV. RESULTS AND DISCUSSION

Figure 4 shows (e, 2e) spectra for 8„=+3' and
6„=—50' and —230' (i.e., along +K to obtain I ), for-
an incident electron energy of 150 eV. The spectral range
is E =2.6—4. 8 eV with corresponding scattered-electron
energy 138.41 —136.21 eV, since the ionization potential
of cadmium is 8.99 eV. Small differences in the spectra
can be seen; most obvious of these are the different
widths at the base of the main peak. Figure 5 is the sum
of these two spectra. The statistical uncertainties are ap-
proximately the same as the size of the data points in the
figure. The summed spectrum was used both to calibrate
the energy resolution of the apparatus and to test our cal-
culated ! A io! . The solid curve is thus the parity-favored
part of the dipole excitation cross section [Eq. (5)j folded
with a Gaussian of full width at half maximum (FWHM)
0.15 eV, and normalized to the data in the main peak.
Agreement with the data is satisfactory in that the rela-
tive intensity of the singlet and triplet resonances is
correctly predicted and our neglect of small terms in Eq.
(5) appears to be justified.

Figure 6 is the difference between the two spectra of

FIG. 5. The sum of the two spectra in Fig. 3. The statistical
errors are about the same size as the data points. The dotted
line is the calculated parity-favored J=1 spectrum, folded with
a Gaussian of 0.15 eV FWHM and normalized to the data.

esc- +&"" e„=(-50')-(-2~0 )

Cd

Fig. 4. In order to improve the statistics the data shown
have been smoothed by simple three-point averaging.
The vertical scales in Figs. 5 and 6 differ by a factor of
30, which is a measure of the interference contribution to
the total signal. The solid line is the calculated I —I
assuming no direct ionization (the sum of Figs. l and 2),
folded with a Gaussian of 0.15 eV FWHM. Considering
the approximations and assumptions we have made in the
calculations, the agreement with experiment is remark-
ably good; the only adjustable parameter is the overall
normalization constant. Quantitatively, the agreement is
best in the 'P, resonance region. Provided that Eq. (9) is
valid, we can extract PWBA amplitude ratios from the
experiment. From Figs. 5 and 6 we find

Z'.

O
C3

esc = +3
!9E~ — -50

esc = +3
8E~ 2So

Cd
LLI

LrJ

C5

II
II

ll l I

I

)
LLI

-250—

~ ~ V

0 ~Ps~ el

3.0
-~~e

I I

4,0

o+ 'o
~ ~

o~
I I

4,0

3.0 4.0
EJECTED ELECTRON ENERGY (eV)

(ENERGY LOSS MINUS IP)

EJECTED ELECTRON ENERGY (eV)
(ENERGY LOSS MINUS IP)

FIG. 4. Coincidence spectra for 0„=—50 (binary peak) and
—230 (recoil peak), with 0„=+3, 150 eV incident energy.

FIG. 6. The difference between the two spectra in Fig. 3.
The data have been smoothed with simple three-point averag-
ing. The solid line is the calculation described in the text, fold-
ed with a Gaussian of 0.15 eV FWHM and normalized to the
data in the main positive peak.
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Ia6pp I I & 'Sp e' 'I 'Sp ) I

I&''p le'"'I's )I
=0.21

and

a62o

la&pl I&'I' le'"'I's ) I

=0.08,

where the matrix elements are between the ground state
and the singlet basis states of the discrete configurations.

Qualitatively, there is excellent agreement between the
calculated curve and the data. The experimental posi-
tions of the various maxima and minima are faithfully
reproduced by the theory; the minimum just above 4.0 eV
is clear evidence that direct J =0,2 ionization is, on its
own (see Figs. 1 and 2), unable to explain the data. No-
tice, in particular, the point of inAection in the theoreti-
cal curve at 3.5 eV due to the lowest Sp6p J =2 level (see
Fig. 2). This corresponds to a similar point of infiection
in the data at 0.08 eV lower energy. We have seen this
feature in three separate experiments and therefore be-
lieve it to be real, in which case we may make the assign-
ment

E(5p6p D2)=3.42+0.02 eV .

This is the only previously undetected level that we can
assign, the interference features above 4.0 eV consist of
the smoothed-out contributions from many J =0,2 levels.

The largest quantitative discrepancy occurs in the P&

region of Fig. 6, where, although the calculated shape
agrees with the data, theory and experiment are vertically
offset. This disagreement is presumably due to the large
number of approximations and assumptions made in our
calculation. However, we are unable to improve the
overall agreement either by introducing direct J=0,2
ionization or by varying the Ia6ppl/Ia62pl value from that
given by Eq. (9). The most likely source of error in our
calculations is n scaling applied to 5p, which is the
configuration primarily responsible for the interference
spectrum at low energies.

One effect that we have omitted from our calculation,
which may provide a possible explanation of the
discrepancies, is postcollision interaction (PCI) between
the scattered and ejected electrons. It is known from
ion-atom —collision calculations that PCI can produce
substantial shifts and broadenings (accompanied by dis-

tortion) of natural autoionizing line profiles, even at ion
velocities comparable to those of the scattered electrons
in our experiment. The magnitude of these effects is ap-
proximately proportional to the natural width and is also
strongly dependent on the ejected-electron direction. In
addition (and of particular relevance here), the phase
shift across a resonance can increase by substantially
more than the natural value of ~. Clearly, PCI effects
would manifest themselves most strongly for the very
broad (1.1 eV) 5p 'D2 level, which is responsible for the
low-energy J=2 contribution to the interference spec-
trum.

V. CONCLUSIONS

We have observed interference effects in (e, 2e) spectra
in Cd due to the coherent excitation of a number of over-
lapping autoionizing resonances. The experimental re-
sults are in quite good agreement with calculations, but
there are noticeable discrepancies. Ab initio values of
PWBA matrix elements for all the discrete configurations
and continua would be helpful and would enable a calcu-
lation of the interference spectrum containing no arbi-
trary parameters. The calculation of PCI effects for the
present system is also desirable. In future experiments we
intend to investigate the (2-eV region of the spectrum in
order to find the previously undetected 5p 'Dz level.
Since this level is expected to be very broad, a direct mea-
surement of PCI effects as a function of ejected-electron
angle may be possible.

At present, experiments are underway to repeat the
type of measurement described in this paper, but at larger
scattering angles. Preliminary results indicate that the
difference between the +K spectra increases, over the en-
tire spectral range investigated, with scattering angle; i.e.,
the (J=0,2)/(J=1) amplitude ratios increase, and
therefore the interference terms become more important.
Analysis of the data is more complicated than in the
present case, since the breakdown of the PWBA not only
allows the population of states IMI )0, but also intro-
duces changes in the relative phases of the excitation am-
plitudes.
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