
ngland

nd

PHYSICAL REVIEW A AUGUST 1997VOLUME 56, NUMBER 2
Strong interference effects in the triple differential cross section of neutral-atom targets
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Recently a striking structure has been observed experimentally in the ionization of helium in symmetric
out-of-plane geometry. We will show that this structure, a very sharp dip, is well represented in a distorted-
wave Born approximation calculation and that it is the result of a strong interference effect between incident
and final channel distorted waves. We have located similar structures in other targets, in particular
Li(2s), Ar(2s), and Ne(2s). No such structure was found for hydrogenic targets. For Ar(2p) and Ne(2p)
targets we predict that such interference effects will be masked by the different behavior of the magnetic
sublevels.@S1050-2947~97!06308-7#

PACS number~s!: 34.80.Dp
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I. INTRODUCTION

The study of (e,2e) processes on helium at impact ene
gies of 100 eV and below has yielded a wealth of experim
tal data and has contributed greatly to the understandin
the Coulomb few-body problem. The great advantage of
incidence measurements is that one can manipulate the
ometry of the experiment to study delicate processes
yield striking structures in a particular arrangement, but
largely masked by stronger effects in virtually all other s
ups. Quite recently Murray@1# identified a very strong struc
ture in the ionization of helium at an impact energy of 64
eV in a very specific out-of-plane geometry. In this paper
will show that this structure is well represented in
distorted-wave Born approximation~DWBA! calculation and
we will interpret it as an interference, that is to say a pu
quantum, effect. We predict that similar structures will
present in the triple differential cross section~TDCS! for
some targets but not for others.

II. THE IONIZATION OF HELIUM

It will be helpful to fix our notation and to define th
geometries used. In Fig. 1 we show the collision geome
We assume that an electron, wave vectork0, is incident on a
target and two electronsk1 and k2 are collected in coinci-
dence. Letc define the angle of the incident electron wi
respect to the plane defined byk1 andk2 and letq12 be the
angle between the electrons. We take our origin at the ta
and ourz axis to lie in the direction of the projection of th
incident vector on the detectors plane. The two exiting el
trons will be detected at anglesq1 andq2 right and left of
this z axis, i.e.,q11q25q12. If c50° we will describe the
arrangement as being coplanar, ifc590°, perpendicular, and
out of plane otherwise. We describe it as a symmetric m
surement ifq15q25q12/25: q and uk1u5uk2u.

Murray and his collaborators@1,2# reported results on he
lium in symmetric perpendicular plane geometry at imp
energies ranging from 44.6 to 104.6 eV. Excellent agreem
with experiment was achieved by Whelanet al. @3# who used
a distorted-wave Born approximation. The TDCS is giv
561050-2947/97/56~2!/1379~5!/$10.00
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for an arbitrary atomic target by

d3sDWBA

dV1dV2de
52~2p!4

k1k2

k0
(
mb

@ u f mb
u21ugmb

u2

2Re~ f mb
* gmb

!#, ~1!

where

f mb
5 K x2~k1,r1!x2~k2 ,r2!U 1

ur12r2uUx1~k0 ,r1!fmb
~r2!L ,

~2!

gmb
5 K x2~k1,r2!x2~k2 ,r1!U 1

ur12r2uUx1~k0 ,r1!fmb
~r2!L .

~3!

mb denotes the magnetic sublevels of the target wave fu
tion. In the case of heliummb50 and the wave function
fmb

(r2) was taken from Ref.@4#. The distorted-wavex1

was generated in the static-exchange potential of the at
the distorted wavesx2 were each generated in the sta
exchange potential of the ion and each orthogonalized tof.
Exchange was included using the spin-singlet local excha
approximation of Furness and McCarthy@5# for the final
states and the closed-shell equivalent for the incident e
tron.

At energies above 100 eV the DWBA as defined in E
~1! also gave excellent agreement in coplanar symmetric
ometry~see Refs.@6–8#!, however, for energies of 50 eV an
below agreement was very poor. This disagreem
prompted Whelanet al. @9# to suggest that it would be valu
able to carry out a series of measurements relating the co
nar symmetric geometry of Ro¨sel et al. @8# with the perpen-
dicular plane geometry of Murrayet al. @2#. Murray @1# did
this and while rotating the plane came across a deep m
mum in the TDCS for an impact energy of 64.6 eV a
c567.5°, which is the subject of this paper. A full discussi
of the TDCS for all gun anglesc will be given elsewhere
@10#. Here we only remark that there is quite some eviden
that the shape of the TDCS in the coplanar case is the re
1379 © 1997 The American Physical Society
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of a delicate interplay between three-body effects in the
cident and final channels~see Refs.@3# and@11–14#! while in
the perpendicular plane the three-body effects tend to
hance existing structures and not to interfere. For the sph
cal case we are interested in here, the deep minimum
served has a different origin.

In order to see how such a structure can arise we ma
number of calculations. Firstly we performed a DWBA ca
culation, as defined by Eqs.~1!–~3!, then we considered a
number of model calculations, i.e.,~i! a plane wave in the
incident channel but distorted waves for the two outgo
electrons;~ii ! plane waves for the outgoing but a distort
wave for the incident electron. The results of these t
model calculations are shown in the figures for all ato
considered here. A sharp dip is only found when we ha
distorted waves in both the incident and final channels. T
dip is thus clearly an interference effect and only exists wh
we allow for elastic scattering from the atom in the incide
channel and from the ion in the final channel. It should
emphasized that we have not allowed for either the polar
tion of the target or postcollisional interaction in the fin
state. We may to some extent allow for the latter by
inclusion of a multiplicative factor in the TDCS, i.e.,

d3s

dV2dV2dE
5Mee

d3sDWBA

dV1dV2dE
, ~4!

where d3sDWBA/dV1dV2dE is given by Eq.~1! and the
Mee factor is that introduced by Ward and Macek@15#, i.e.,

Mee5Neeu 1F1~2 in3,1,22k3r 3ave!u2, ~5!

where

Nee5
g

eg21
, with g5

2p

uk12k2u
~6!

and

n352
1

uk12k2u
. ~7!

The parameterr 3ave is given by

FIG. 1. Shown is the general setup for an (e,2e) experiment.
k0 , k1, andk2 denote the incident and two outgoing electronsc
denotes the angle by which the incident electron gun is raised o
plane.
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16e S 11
0.627

p
Ae lne D 2

, ~8!

wheree is the total energy of the two exiting electrons.
The Gamov factorNee, defined in Eq.~6! above, has been

used to represent the final-state electron-electron interac
in a number of calculations@3,11,14,16#. The Gamov factor
was first used in the theory of alpha decay and is intimat
related to the normalization of the Coulomb function; it pla
an interesting role in the Brauner-Briggs-Klar approximati
of Ref. @17# where it corresponds to the Coulomb normaliz
tion of the third wave function, i.e., the electron-electr
wave function, in the zero energy limit. The problem with
is that it does not represent well the absolute size of the c
section at very low energies. It predicts a yield that goes
zero exponentially as the impact energy approaches thr
old in direct contradiction to the power law predicted b
Wannier@18#. Nee does very well at predicting the shape
the TDCS over a wide range of geometries and kinema
@3,11,13,14#. The Mee factor is chosen to give the Wannie
behavior near threshold. There is little difference betwe
the shapes of the TDCS with theMee or Nee factors, but we
use the former rather than the latter since it gives a be
normalization.

In Fig. 2 we compare calculations of DWBA1Mee and
the experimental data of Murray, together with the calcu
tion of Berakdar and Briggs@19#, which we will discuss
below. We note that the DWBA, DWBA1Mee, and the Be-
rakdar and Briggs@19# calculations all agree with respect t
absolute size. Murray@1# normalized his data with respect t
the absolute coplanar value of Ge´lébart and Tweed@20#. This
value was later scaled down by the Brest group@21# and the
latest results from the Brest-Kaiserslautern collaborat
have suggested that it may be necessary to reduce it
further @22#. The experimental determination of absolu
cross sections is an extremely delicate and difficult task,
very slight differences in the setup can produce very la
errors~@23,24#!. We have used a normalization of the Murra
data consistent with the new preliminary results of the Bre
Kaiserslautern experiments and which gives the best ag
ment with DWBA1 Mee over all geometries, i.e., not jus

of
FIG. 2. TDCS for helium in symmetric equal energy shari

geometry at an impact energy of 64.6 eV. Electron gun raised
c567.5°. Shown are DWBA1Mee ~solid curve! compared with the
Berakdar and Briggs results~dashed-dotted line!.
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56 1381STRONG INTERFERENCE EFFECTS IN THE TRIPLE . . .
the present out-of-plane case. We remark that many theo
can predict reasonable shapes for the TDCS in a rang
geometries~@17,19#, our own work! but differ wildly in ab-
solute size. It is now the case, in our view, that only absol
cross sections can discriminate between the models e
cially when final-state Coulomb interactions are importa
We strongly encourage our experimental colleagues to fo
their attention on this very difficult problem.

The correlated final-state approach of Berakdar a
Briggs @19# starts from the TDCS given by

d3s

dV1dV2dE
5~2p!4

k1k2

k0
^C f

2uVi uF i&, ~9!

where the initial asymptotic wave function is given by

F i~r1 ,r2 ,r3!5
1

~2p!3/2eik0•r1f~r2 ,r3! ~10!

and f(r2 ,r3) represents the He~1s! bound state~see Ref.
@19# for more details!.

Berakdar and Briggs@19# then approximate the exac
wave functionC f

2 by

C f
2~r1 ,r2 ,r3!'

1

~2p!3 eik1•r1eik2•r2f11~r3!

3)
j

Nj 1F1„ia j~k1 ,k2 ,k12!,1,

2 i ~kj r j1k j•r j !… ~11!

whereNj5ea jp/2G(11 ia j ). The momentumk12 is defined
ask125(k12k2)/2 and its conjugate coordinate asr125(r1
2r2)/2. f11(r3) is the hydrogenic wave function with
chargeZ52. The parametersa j are Sommerfeld paramete
and are defined in Ref.@19#.

The initial channel interaction potential in Eq.~9! is taken
to be

FIG. 3. TDCS for neon(1s) in symmetric equal energy sharin
geometry at an impact energy of 2170.2 eV. Electron gun raise
c572.5°. Shown are DWBA~solid curve!, DWBA with incoming
plane wave ~long-dashed curve!, DWBA with outgoing plane
waves~short-dashed curve!. All calculations include theMee factor.
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1

ur12r3u
. ~12!

Due to the fact that this potential consists of three terms,
has to add three complex amplitudes, which need to canc
produce the dip. Since the third term represents interac
with the remaining target ‘‘spectator’’ electron, Berakdar a
Briggs @19# argued that such a dip could not be observed
a hydrogen target. We note that the Berakdar and Briggs@19#
approximation proceeds through its ansatz given by Eq.~11!
and places strong emphasis on including the asympt
three-body interactions. Our calculation on the other ha
includes postcollisional interaction~PCI! effects only
through theMee factor, in the region of the dip theMee
factor has only a marginal effect, which inclines us to t
view that PCI is not significant in this region. The DWB
calculation does, however, take into account the elastic s
tering of the incident and exciting electrons in the field of t
atom and the ion. Thus the role of the spectator electro
automatically included to all orders in this part of the calc
lation. In order to test for the significance of the specta
electron we performed DWBA calculations on H and He1.
For hydrogen we found no evidence of a dip out of plan
nor could we find such a structure in He1. However, it is
possible to observe such a structure in an open-shell sys
such as Li(2s) as shown in Fig. 7. Since the impact energy
very low ~22.4 eV! it remains to be seen if this is actually
real effect and will not be swamped by polarization, whi
may be strong at this energy. There are also a numbe
differences. The dip occurs at a much higher ratio of imp
to bound state energy, at about 4.15 and at a much la
angleq. Furthermore since Li does contain extra electron
would be interesting to see if a Berakdar and Briggs@19#
style calculation would reproduce a dip in this case.

In Fig. 2 we compare the calculation@19# with the
DWBA1Mee calculation. We see that the DWBA calcula
tion is in better agreement with the experiments in that
calculation@19# has the location of the dip shifted somewh
to the left of the experiment and predicts an additional str

to
FIG. 4. TDCS for neon(2s) in symmetric equal energy sharin

geometry at an impact energy of 110.5 eV. Electron gun raise
c542°. Shown are DWBA~solid curve!, DWBA with incoming
plane wave~long-dashed curve!, and DWBA with outgoing plane
waves~short-dashed curve!. All calculations include theMee factor.
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1382 56RASCH, WHELAN, ALLAN, LUCEY, AND WALTERS
ture at around 100°, which is neither in the DWBA calcu
tions nor in the measurement.

It is of interest to see if such sharp interference effects
to be observed in other systems. We have performed ca
lations on Ne(1s) at an impact energy of 2170.2 eV wit
c572.5°, Ne(2s) at an impact energy of 116.5 eV wit
c540° and on Ar(2s) at an impact energy of 826.3 eV wit
c550° and predict that very strong interference structu
should be observable~Figs. 3–5!. Switching off any of the
distorting potentials in either the initial or final channe
causes the dip to disappear. There are a number of sim
ties between the atoms. This applies to the ratio of the imp
to bound state energy, gun anglec and angleu2 at which the
dips occur~see Table I!.

It is interesting to see if similar interference structures c
be observed in open-shell systems. Mathematically we
merely dealing with a six-dimensional integral over a high
oscillatory argument and as such destructive interference
fects may yield very small values for certain cases. Indee
pure DWBA calculation for hydrogen reveals a sharp dip
symmetric coplanar geometry at 29 eV. However, as
mentioned earlier, polarization effects are very importan
the coplanar case and if we include these in our calcula
the dip disappears, in contrast to the out-of-plane He c
discussed here where the sharp dip persists in the presen
the very strong polarization potential of@3# ~for more details
see Ref.@24#!.

Finally we look for such structures in closed-sh

TABLE I. Similarities in the occurrence of the interferenc
structure in different closed-shell atoms. First column: ratio of
impact (E0) to bound state (Eb) energy; second column: gun-ang
c; third column: angle at which the minimum of the dip occurs.

E0 /Eb c q2

He(1s) 2.63 67.5° 68.0°
Ne(1s) 2.49 72.5° 64°
Ne(2s) 2.28 42° 51.0°
Ar(2s) 2.53 50° 58.0°

FIG. 5. TDCS for argon(2s) in symmetric equal energy sharin
geometry at an impact energy of 826.3 eV. Electron gun raise
c550°. Shown are DWBA~solid curve!, DWBA with incoming
plane wave~long-dashed curve!, and DWBA with outgoing plane
waves~short-dashed curve!. All calculations include theMee factor.
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p-state targets such as Ar(2p), Ne(2p): no dip was found.
However, if we look at the individual magnetic sublevels w
see a slightly different behavior. Since the experiment can
normally distinguish between the scattering of differe
bound state sublevelsmb one has to average over them, i.e
sum over all final channels in Eq.~1!.

Figure 6 shows a DWBA calculation for Ar(2p) that in-
cludes calculations for particular sublevels. It is interesting
see that the sublevelmb50 exhibits such a strong structur
at the sameq2 point; however, the sublevelsmb521 and
mb511 do not exhibit this structure so that a summati
over all three sublevels lets the dip disappear.

III. CONCLUSION

We have demonstrated that the sharp dip observed
Murray @1# in symmetric out-of-plane geometry can be we

e

FIG. 7. TDCS for lithium(2s) in symmetric equal energy shar
ing geometry at an impact energy of 22.4 eV. Electron gun raise
c577.5°. Shown are DWBA~solid curve!, DWBA with incoming
plane wave~long-dashed curve!, and DWBA with outgoing plane
waves~short-dashed curve!. All calculations include theMee factor.

to
FIG. 6. TDCS for argon(2p) in symmetric equal energy sharin

geometry at an impact energy of 849 eV. Electron gun raised
c547.5°. Shown are DWBA calculations for different magne
sublevels: averaged over all sublevels~solid curve!, and for the
magnetic sublevelmb50 ~long-dashed curve!, mb521 ~short-
dashed curve!, the calculation formb511 is equal to the one for
mb521. All calculations include theMee factor.
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56 1383STRONG INTERFERENCE EFFECTS IN THE TRIPLE . . .
represented in a distorted-wave Born approximation. The
exists even in the simplest calculation of this type wh
neither polarization nor postcollisional electron-electron
teraction is included. It is necessary to allow for elastic sc
tering of the incident electron from the atom and elastic sc
tering of the exiting electrons from the ion if this structure
to manifest itself. The DWBA calculations automatically i
clude the effect of the spectator electron as well as
nucleus on these channels and it is impractical to try to se
rate them. Results of simpler calculations seem to indic
that both play a part and this is partially confirmed by t
nonexistence of such a dip in hydrogenic systems.

We have predicted where similar structures are likely
be found for other atoms. Interference effects of this kind c
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only be sensibly interpreted in quantum mechanical ter
and arise when we integrate over wave functions and as s
are important to identify and study.
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