PHYSICAL REVIEW A VOLUME 56, NUMBER 2 AUGUST 1997

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(3). No such structure was found for hydrogenic targets. For py(@nd Ne(d)
targets we predict that such interference effects will be masked by the different behavior of the magnetic
sublevels[S1050-294P7)06308-1

PACS numbds): 34.80.Dp

I. INTRODUCTION for an arbitrary atomic target by
The study of €,2e) processes on helium at impact ener- d*g e :2(2w)4k1k22 [fm [24]gm |2
gies of 100 eV and below has yielded a wealth of experimen- dQ,dQ,de kKo ™ Mo
tal data and has contributed greatly to the understanding of .
the Coulomb few-body problem. The great advantage of co- —Re(ff Om) 1, (1)

incidence measurements is that one can manipulate the ge-
ometry of the experiment to study delicate processes thawhere
yield striking structures in a particular arrangement, but are

largely masked by stronger effects in virtually all other set- , _/ - - 1 +

ups. Quite recently Murrall] identified a very strong struc- fmb_<X (kyro)x~(ka,r2) [ri—ro]|X (ko,r1)<;bmb(r2)>,
ture in the ionization of helium at an impact energy of 64.6 2
eV in a very specific out-of-plane geometry. In this paper we

will show that this structure is well represented in a o _ 1 n

distorted-wave Born approximatigBWBA) calculationand ~ 9m~ | X (kyr2)x™ (kz.re) [ri—ryl|X (ko’r1)¢mb(r2)>'
we will interpret it as an interference, that is to say a pure 3

guantum, effect. We predict that similar structures will be .
present in the triple differential cross secti6hDCS) for M, denotes the magnetic sublevels of the target wave func-

some targets but not for others. tion. In the case of heliunmy,=0 and the wave function
ém,(r2) was taken from Ref[4]. The distorted-wavey*
Il. THE IONIZATION OF HELIUM was generated in the static-exchange potential of the atom,

the distorted wavey~ were each generated in the static

It will be helpful to fix our notation and to define the exchange potential of the ion and each orthogonalized. to
geometries used. In Fig. 1 we show the collision geometryExchange was included using the spin-singlet local exchange
We assume that an electron, wave ve#tgris incidenton a approximation of Furness and McCarth§] for the final
target and two electrons; andk, are collected in coinci- states and the closed-shell equivalent for the incident elec-
dence. Lety define the angle of the incident electron with tron.
respect to the plane defined ky andk, and letd,, be the At energies above 100 eV the DWBA as defined in Eq.
angle between the electrons. We take our origin at the targéf) also gave excellent agreement in coplanar symmetric ge-
and ourz axis to lie in the direction of the projection of the ometry(see Refs[6—8]|), however, for energies of 50 eV and
incident vector on the detectors plane. The two exiting elecbelow agreement was very poor. This disagreement
trons will be detected at angle¥; and ¥, right and left of  prompted Whelaret al. [9] to suggest that it would be valu-
this z axis, i.e., 9+ 9,=94,. If y=0° we will describe the able to carry out a series of measurements relating the copla-
arrangement as being coplanaryit90°, perpendicular, and nar symmetric geometry of Rel et al.[8] with the perpen-
out of plane otherwise. We describe it as a symmetric meadicular plane geometry of Murragt al. [2]. Murray [1] did
surement ifd; = 9,=9,/2=: ¥ and|kq|=]k,|. this and while rotating the plane came across a deep mini-

Murray and his collaboratoid,2] reported results on he- mum in the TDCS for an impact energy of 64.6 eV and
lium in symmetric perpendicular plane geometry at impacty=67.5°, which is the subject of this paper. A full discussion
energies ranging from 44.6 to 104.6 eV. Excellent agreemeraf the TDCS for all gun angleg will be given elsewhere
with experiment was achieved by Whelanal.[3] who used [10]. Here we only remark that there is quite some evidence
a distorted-wave Born approximation. The TDCS is giventhat the shape of the TDCS in the coplanar case is the result
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FIG. 1. Shown is the general setup for am2g) experiment. angle 9, [deg]
kg, ki, andk, denote the incident and two outgoing electrois.

denotes the angle by which the incident electron gun is raised out Oéeometry at an impact energy of 64.6 eV. Electron gun raised to

120 150

FIG. 2. TDCS for helium in symmetric equal energy sharing
plane. - ; K )
$=67.5°. Shown are DWBA M. (solid curve compared with the

. . . . Berakdar and Briggs resultdashed-dotted line
of a delicate interplay between three-body effects in the in- 99 ¢ r)

cident and final channe(see Refs[3] and[11-14]) while in 2
the perpendicular plane the three-body effects tend to en- r3ave:7T_
hance existing structures and not to interfere. For the spheri- 16e

cal case we are interested in here, the deep minimum ob- : .
served has a different origin. wheree is the total energy of the two exiting electrons.

In order to see how such a structure can arise we made a 1€ Gamov factoNe, defined in Eq(6) above, has been
number of calculations. Firstly we performed a DWBA cal- psed to represent the f!nal—state electron-electron interaction
culation, as defined by Eq$l)—(3), then we considered a N & n_umber of_ calculationf3,11,14,16. The Gampv_fa_ctor
number of model calculations, i.&i) a plane wave in the was first used in the_the_ory of alpha decay and is mpmately
incident channel but distorted waves for the two outgoing€/at€d to the normalization of the Coulomb function; it plays
electrons(ii) plane waves for the outgoing but a distorted 2" interesting role_m the Brauner-Briggs-Klar approximation
wave for the incident electron. The results of these twg®f Ref.[17]where it corresponds to the Coulomb normaliza-
model calculations are shown in the figures for all atomdion Of the third wave function, i.e., the electron-electron
considered here. A sharp dip is only found when we havéVave f_unctlon, in the zero energy limit. The pr_oblem with it
distorted waves in both the incident and final channels. Thé& that it does not represent well the absolute size of the cross

dip is thus clearly an interference effect and only exists wherf€ction at very low energies. It predicts a yield that goes to
we allow for elastic scattering from the atom in the incidentZ€"© exponentially as the impact energy approaches thresh-

channel and from the ion in the final channel. It should beP!d in direct contradiction to the power law predicted by
emphasized that we have not allowed for either the polarizal/annier[18]. Nee does very well at predicting the shape of
tion of the target or postcollisional interaction in the final e TDCS over a wide range of geometries and kinematics
state. We may to some extent allow for the latter by the3:11,13,14 The M, factor is chosen to give the Wannier

\/Elne

1+ (8)

ks

0.627 )2

inclusion of a multiplicative factor in the TDCS, i.e. behavior near threshold. There is little difference between
the shapes of the TDCS with tiM.. or N, factors, but we
d3c d3gPWBA use the former rather than the latter since it gives a better
40,d0,dE Meedﬂldﬂzd E’ (4)  normalization.

In Fig. 2 we compare calculations of DWBAM . and
where d30°VBA/dQ),dQ,dE is given by Eq.(1) and the the experimental data of Murray, together with the calcula-
M .. factor is that introduced by Ward and Mackds], i.e.,  tion of Berakdar and Brigg$19], which we will discuss

below. We note that the DWBA, DWBAM ., and the Be-
Mee=Ned 1F1(—iv3,1,— 2Kar 309 |%, (5)  rakdar and Brigg$19] calculations all agree with respect to
absolute size. Murralyl] normalized his data with respect to
where the absolute coplanar value of I8leart and Tweed20]. This
value was later scaled down by the Brest grp2p] and the
2T ©) latest results from the Brest-Kaiserslautern collaboration
k1 —Kj| have suggested that it may be necessary to reduce it even
further [22]. The experimental determination of absolute
and cross sections is an extremely delicate and difficult task, and
very slight differences in the setup can produce very large
B 1 errors([23,24]). We have used a normalization of the Murray
V3= [ki—Ky| () data consistent with the new preliminary results of the Brest-
Kaiserslautern experiments and which gives the best agree-
The parameters,is given by ment with DWBA+ M over all geometries, i.e., not just
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FIG. 3. TDCS for neon(4) in symmetric equal energy sharing

FIG. 4. TDCS for neon(8) in symmetric equal energy sharing

geometry at an impact energy of 2170.2 eV. Electron gun raised tgeometry at an impact energy of 110.5 eV. Electron gun raised to

=72.5°. Shown are DWBAsolid curvg, DWBA with incoming
plane wave (long-dashed curye DWBA with outgoing plane
waves(short-dashed curyeAll calculations include th .. factor.

y=42°. Shown are DWBA(solid curvg, DWBA with incoming
plane wave(long-dashed curye and DWBA with outgoing plane
waves(short-dashed curyeAll calculations include th/ . factor.

the present out-of-plane case. We remark that many theories 1 2 1

can predict reasonable shapes for the TDCS in a range of Vi:m_r_ m
geometries[17,19, our own work but differ wildly in ab- roreb fr s
solute size. It is now the case, in our view, that only absolute
cross sections can discriminate between the models esppue to the fact that this potential consists of three terms, one
cially when final-state Coulomb interactions are importanthas to add three complex amplitudes, which need to cancel to
We strongly encourage our experimental colleagues to focugroduce the dip. Since the third term represents interaction

(12

their attention on this very difficult problem.

with the remaining target “spectator” electron, Berakdar and

The correlated final-state approach of Berakdar andriggs[19] argued that such a dip could not be observed in

Briggs[19] starts from the TDCS given by
d3

dQ,d0,dE

kiko
4—0<‘I’f Vil i),

=(2m) "~

9)

where the initial asymptotic wave function is given by

1 )
<I>i(r1,r2,r3)=We'ko'rl¢(r2,r3) (10

and ¢(r,,r3) represents the Hés) bound state(see Ref.
[19] for more details

Berakdar and Brigg419] then approximate the exact
wave function¥; by

Wi (ry,ra,ra)=~ selfnghkarzgti(ry)

(2m)
XH NJ lFl(i aj(klyk21k12)'1’

where Nj=e“J”’2F(1+iaj). The momentunk, is defined
askq,=(k;—k5)/2 and its conjugate coordinate Bg=(r,
—r1,)/2. ¢*Y(ry) is the hydrogenic wave function with
chargeZ=2. The parameters; are Sommerfeld parameters
and are defined in Ref19].

The initial channel interaction potential in E@) is taken
to be

a hydrogen target. We note that the Berakdar and Bfitigks
approximation proceeds through its ansatz given by([Eq.

and places strong emphasis on including the asymptotic
three-body interactions. Our calculation on the other hand
includes postcollisional interactionPCl) effects only
through theM,, factor, in the region of the dip th&lq,
factor has only a marginal effect, which inclines us to the
view that PCI is not significant in this region. The DWBA
calculation does, however, take into account the elastic scat-
tering of the incident and exciting electrons in the field of the
atom and the ion. Thus the role of the spectator electron is
automatically included to all orders in this part of the calcu-
lation. In order to test for the significance of the spectator
electron we performed DWBA calculations on H and*He
For hydrogen we found no evidence of a dip out of plane,
nor could we find such a structure in HeHowever, it is
possible to observe such a structure in an open-shell system
such as Li(3) as shown in Fig. 7. Since the impact energy is
very low (22.4 eV it remains to be seen if this is actually a
real effect and will not be swamped by polarization, which
may be strong at this energy. There are also a number of
differences. The dip occurs at a much higher ratio of impact
to bound state energy, at about 4.15 and at a much larger
angled. Furthermore since Li does contain extra electrons it
would be interesting to see if a Berakdar and Brigd9]
style calculation would reproduce a dip in this case.

In Fig. 2 we compare the calculatiofl9] with the
DWBA+ M, calculation. We see that the DWBA calcula-
tion is in better agreement with the experiments in that the
calculation[19] has the location of the dip shifted somewhat
to the left of the experiment and predicts an additional struc-
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FIG. 5. TDCS for argon(8) in symmetric equal energy sharing FIG. 6. TDCS for argon(f) in symmetric equal energy sharing
geometry at an impact energy of 826.3 eV. Electron gun raised tgeometry at an impact energy of 849 eV. Electron gun raised to
¢=50°. Shown are DWBA(solid curvg, DWBA with incoming =47.5°. Shown are DWBA calculations for different magnetic
plane wave(long-dashed curye and DWBA with outgoing plane sublevels: averaged over all sublevélid curvg, and for the
waves(short-dashed curyeAll calculations include th .. factor. magnetic sublevem,=0 (long-dashed curye m,=—1 (short-

dashed curve the calculation fom,=+1 is equal to the one for
ture at around 100°, which is neither in the DWBA calcula- M= —1. All calculations include thé/.. factor.
tions nor in the measurement.

It is of interest to see if such sharp interference effects arg-state targets such as Ag2, Ne(2p): no dip was found.
to be observed in other systems. We have performed calcyyowever, if we look at the individual magnetic sublevels we
lations on Ne(%) at an impact energy of 2170.2 eV with see a slightly different behavior. Since the experiment cannot
$=72.5°, Ne(3) at an impact energy of 116.5 eV with normally distinguish between the scattering of different
=40° and on Ar(3) at an impact energy of 826.3 eV with hound state sublevels, one has to average over them, i.e.,
=50° and predict that very strong interference structuregsum over all final channels in EqL).
should be observabl@igs. 3—5. Switching off any of the Figure 6 shows a DWBA calculation for Ar(9 that in-
distorting potentials in either the initial or final channels cjydes calculations for particular sublevels. It is interesting to
causes the dip to disappear. There are a number of similarkee that the subleveh,=0 exhibits such a strong structure
ties between the atoms. This applies to the ratio of the impagit the samed, point; however, the sublevels,=—1 and
to bound state energy, gun angland angled, at whichthe ) = 11 do not exhibit this structure so that a summation

dips occur(see Table)l over all three sublevels lets the dip disappear.
It is interesting to see if similar interference structures can

be observed in open-shell systems. Mathematically we are
merely dealing with a six-dimensional integral over a highly l1l. CONCLUSION
oscillatory argument and as such destructive interference ef-
fects may yield very small values for certain cases. Indeed
pure DWBA calculation for hydrogen reveals a sharp dip in
symmetric coplanar geometry at 29 eV. However, as we
mentioned earlier, polarization effects are very important in
the coplanar case and if we include these in our calculation
the dip disappears, in contrast to the out-of-plane He case
discussed here where the sharp dip persists in the presence ¢ 0.01
the very strong polarization potential [&] (for more details
see Ref[24]).

Finally we look for such structures in closed-shell

We have demonstrated that the sharp dip observed by
ﬂ/lurray [1] in symmetric out-of-plane geometry can be well

0.001

TDCSina.u.

0.0001 |
TABLE |. Similarities in the occurrence of the interference

structure in different closed-shell atoms. First column: ratio of the
. -5

impact (Eg) to bound stateK,) energy; second column: gun-angle 107
; third column: angle at which the minimum of the dip occurs.

: I ) )
120 150

EO/Eb l// 192 s 80 angle \%2 [deg]
He(1s) 2.63 67.5° 68.0° FIG. 7. TDCS for lithium() in symmetric equal energy shar-
Ne(1s) 2.49 72.5° 64° ing geometry at an impact energy of 22.4 eV. Electron gun raised to
Ne(2s) 2.28 42° 51.0° y=77.5°. Shown are DWBAsolid curvg, DWBA with incoming
Ar(2s) 2.53 50° 58.0° plane wave(long-dashed curye and DWBA with outgoing plane

waves(short-dashed curyeAll calculations include thé .. factor.
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represented in a distorted-wave Born approximation. The dipnly be sensibly interpreted in quantum mechanical terms
exists even in the simplest calculation of this type whereand arise when we integrate over wave functions and as such
neither polarization nor postcollisional electron-electron in-are important to identify and study.
teraction is included. It is necessary to allow for elastic scat-
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