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Observation of Interference in Charge Exchange Scattering inHe21 1 He1 Collisions
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We report the first observation of interference in charge exchange collisions between two ions.
Employing the crossed-beams technique in conjunction with signal recovery methods, angular
differential cross sections have been measured for charge transfer in He21 1 He1 collisions at
barycentric energies between 0.5 and 10.2 keV. The oscillatory structure observed is in agreement
with quantum calculations and can be interpreted in terms of interference between scattering into
gerade and ungerade molecular states, which arise due to the identity of the nuclear charges.
[S0031-9007(97)03776-9]

PACS numbers: 34.70.+e, 52.20.Hv
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In this Letter, we report on the first measuremen
of angular differential cross sections for charge trans
between a bare and a singly-charged He ion:

He21 1 He1s1sd ! He1s1sd 1 He21. (1)

This reaction exhibits unique features since it represe
a one-electron, charge-symmetric collision system re
nant for1s ! 1s electron transfer.

In contrast to ion-atom collisions, where electron cap-
ture processes have been studied in great detail over m
decades, experimentally as well as theoretically, in ion-ion
collisions there prevails Coulomb repulsion both in th
incoming and outgoing reaction channel. Therefore, t
collision system studied provides an ideal testing grou
for the study of the effect of long-range Coulomb intera
tion in the quantum three-body problem.

The results obtained show that it is virtually impossib
to predict the differential cross section of reaction (
by scaling the pioneering data available from the pa
thirty years for the isoelectronic ion-atom collision syste
H1 1 H [1–5].

In this paper we also present quantum calculatio
based on a partial wave analysis using a molecular ba
and taking into account rotational coupling. These calc
lations are in good agreement with the experimental d
whereas the comparison with a semiclassical calculat
[6] shows some discrepancies. The oscillations observ
in the differential cross section for scattering angles ran
ing from 0± to approximately 5± are due to interference
betweengerade and ungerademolecular states. These
interferences between different molecular states have fi
been observed in the pioneering experiments of the c
lisions of H1 or He1 projectiles with H or He gas tar-
gets [1,7,8]. This effect also occurs inK-K shell vacancy
transfer in collisions between highly charged ions a
atoms [9,10]. The oscillations cannot result fromrain-
bow scatteringsince there is no attractive potential due
the Coulomb repulsion in all channels.
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For the experiment we have employed the crosse
beams technique in conjunction with coincident detectio
of both reaction products. However, in order to measu
the scattering distributions of the He1 reaction products,
we had to upgrade essential features of the Giessen ion-
crossed-beams facility described previously [11]. Firs
the entire ion-optical beam preparation and analysis syste
was replaced to change the intersection angle between
two ion beams from 45± (used previously) to 17.5± (used
now). This gives access to lower collision energies. Se
ond, we optimized the beam transport system to provid
intense ion beams of high brightness. Third, we installe
a position sensitive detector (diameter 4 cm) and applie
list mode techniques for data acquisition. This new setu
is described in full detail in Ref. [12].

The He ion beams collide in an ultrahigh vacuum o
less than10210 mbar. The main difficulties stem from
low signal rates of a few events per sec. This low signa
rate is distributed over a position matrix of typically100 3

100 channels. This leads to an average count rate of abo
1024 1023 events per channel per sec, which is maske
by up to 4 orders of magnitude higher background rate
due to ion-residual gas reactions of the1012 times more
intense primary beam. For signal recovery, we make u
of the coincident detection of both reaction products.

Extraction of differential cross sections from measure
scattering distributions requires the transformation be
tween lab- and c.m.-system as well as appropriate know
edge of the primary ion beam profile. The c.m.-lab
transformation does not conserve rotational symmetry d
to the crossed-beams kinematics. The primary ion bea
profile (beam radiusr ø 0.8 mm, divergence half angle
Da ø 0.1±) broadens the observed scattering distribu
tion and smears out structures. In order to compare r
sults obtained experimentally with theoretical calculation
the experimental data can be deconvoluted with respe
to the primary ion beam profile or theoretically calcu
lated differential cross sections can be convoluted with th
© 1997 The American Physical Society
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corresponding primary ion beam profile. For the decon
volution procedure, often Fourier-transformation method
are applied. These methods have been successful w
noise content in the degraded signal distribution is mo
erate or small. However, at increased noise or decreas
signal levels Fourier methods have failed to produce re
able deconvoluted data [13]. Therefore an iterative se
correcting deconvolution technique based on Bayesi
deconvolution [13] was applied to this problem. The ide
of this method is to vary a reasonable start distribution fo
the deconvoluted result until the convolution of this dat
yields the original measurement. We used smoothed e
perimental data as start distributions.

We measured the ion beam profile in one dimension o
an absolute scale by moving a horizontal slit at the in
teraction point across the collision plane. In two dimen
sions we measured He1 ions produced only in fast (e.g.,
Elab ­ 15 keV) He21-residual gas collisions by detuning
the time coincidence window. In contrast to ion-ion reac
tions, where Coulomb repulsion at low c.m. energies (e.g
Ec.m. ­ 2.5 keV or less) plays an important role, fast ion
residual gas collision products are scattered only by sm
polar anglesu, independent of the azimuthal anglew. As-
sessment of the absolute ion beam profile is achieved
combining the absolute information in one dimension an
the relative information in two dimensions.

Figure 1(a) shows a smoothed scattering distributio
measured atEc.m. ­ 2.5 keV. The apparent structures are
smeared out by the primary ion beam profile. The deco
voluted result [Fig. 1(b)] is obtained after 100 iterations
The z axis of both plots is drawn on a natural logarith
mic scale. The minimum in the forward direction is sur
rounded by symmetric structures with rapidly decreasin
amplitudes. For large scattering angles numerical fluctu
tions due to very low signal rates are introduced by th
deconvolution algorithm. After integration over the azi
muthal anglew when extracting angular differential cross
sections from Fig. 1(b), the influence of these fluctuation
on the angular differential cross section is reduced. Th
scattering distribution shown in Fig. 1(a) contains abou
1 million events collected in 24 h. Typical ion currents
of 1.2 nA for the He21 and 13mA for the He1 ion beam
lead to a count rate of about 10 events per sec. The
tal cross section was normalized to our previous measu
ments [11] as5.2 3 10216 cm2. Figure 2(a) shows the
angular differential cross sectiondsydV obtained by in-
tegration of the data in Fig. 1(b) over the azimuthal ang
w as a function of the c.m.-scattering angleuc.m.. The de-
convoluted data for c.m.-scattering angles up to 3.2± show
an oscillatory structure including four maxima. In addition
to the minimum in forward direction, another four minima
are resolved experimentally. The oscillation period in
creases with scattering angles. Figure 2(a) also compa
the present experimental data with both the semiclassi
eikonal calculation [6] (dotted line) and the present qua
tum calculation (solid line) described below. In the sem
classical impact parameter method [6] the electronic wa
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FIG. 1. Three-dimensional view of the scattering distribu
tion of He1 ions produced in He21-He1 collisions atEc.m. ­
2.5 keV, drawn on a natural logarithmicz scale. Channel num-
bers onx and y axes equal 0.156 mmychannel, i.e., 0.00815±y
channel. (a) Smoothed raw data; (b) deconvoluted data.

functions are expanded in terms of atomic orbitals. Ta
ing into account Coulomb trajectories a two-state expa
sion was used employing the eikonal approximation. F
small scattering anglesuc.m. up to the second maximum
there is fair agreement between experiment and the se
classical calculation. For larger scattering angles, how
ever, this theoretical approach [6] shows a longer perio
for the following structures, resulting in a kind of “phase
shift” between the experimental and theoretical curve.

The remarkable oscillatory structures in the differentia
charge-transfer cross sections can be interpreted as in
ference betweengerade and ungeradeelectronic states
of the ionic molecule. This effect, predicted long ag
[14,15], was widely discussed mainly on the basis of th
impact parameter approach and was calculated for t
isoelectronic H1-H collision system using the three-state
molecular expansion [4,5]. For reaction (1), we employe
a quantum approach based on a partial wave analy
using a molecular basis. We also include the nonadiaba
rotational2psu-2ppu coupling describing the capture into
the excited2p state and related scattering matrix-elemen
corrections.
1003
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FIG. 2. Angular differential cross sections for th
charge transfer process He21 1 He1 ! He1 1 He21 at
Ec.m. ­ 2.5 keV (a) andEc.m. ­ 0.5 keV (b); ≤: experiment,
solid line: present calculation, dotted line: semiclassic
calculation [6].

Thus, the problem is reduced to solving the radial equ
tions in the total angular momentumJ representation (ig-
noring the electron spin), subject to theS-matrix boundary
conditions. For the rotational coupling matrix element w
use the Bates and Williams result [16] which accoun
for the correct asymptotic properties of the rearrang
ment problem at infinity. The differential cross sectio
for charge transfer to the1s and2p states is as follows:

ssud ­ s1ssud 1 s2psud , (2)

s1ssud ­

É
1

4ik

X
J

s2J 1 1dPJ scosud

3 sei2d
J
0 2 SJ

11ei2d
J
1 d

É2
, (3)

s2psud ­
k2

k

É
1

4ik

X
J

s2J 1 1dPJscosudSJ
12eisdJ

1 1d
J
2 d

É2
.

(4)

Hered
J
i are the phase shifts of pure elastic scattering

the uncoupled channelsi ­ 0, 1, 2, corresponding to the
1ssg, 2psu, and2ppu states, respectively;k ­ k0 ­ k1
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and k2 are the wave numbers of the relative motion
Sii0 are the scattering matrix elements resulting from th
rotational coupling between the channels 1 and 2.

The cross section for capture into the ground state (3
expressed in terms of the Legendre polynomials beca
the electron orbital momentum in channel 0 and 1 is equ
to 0. Capture into the excited2p state (4) represents
small corrections tos1s. The phase shiftsdJ

i were
calculated with the help of an approach discussed ear
[17]. The sums of (3) and (4) were restricted to7 3

103 terms. The nonadiabatic rotational coupling wa
found to be important for the positions of the cros
section maxima and minima in the range ofuc.m.Ec.m. .

5 (deg keV). For smaller angles, the differential cros
section is defined by interference of the1ssg and 2psu

states only. For example, at the maximum collisio
energy of 2.5 keV, presented here, the additional pha
due to the rotational coupling leads to the shift of the fift
maximum position by about 0.2± towards larger angles.

The quantum theory described above shows go
agreement with the experimental data atEc.m. ­ 2.5 keV
[Fig. 2(a)]. A phase shift for larger scattering angles is n
observed here, in contrast to the semiclassical calculat
(dotted line) which can be applied to scattering throug
small angles only as depicted in [6]. Figure 2(b) show
the angular differential cross section atEc.m. ­ 0.5 keV.
There seems to be a structure within the fourth maximu
around uc.m. ­ 4.5±. This cannot be interpreted as a
additional pattern of oscillations arising from the nuclea
symmetry due to the identical4He nuclei as has been
observed by Aberthet al. [18] in 4He1 1 4He ion-atom
scattering at large scattering angles, since this struct
is within the statistical error of the raw data, as indicate
for one point, and since the influence of the indistinguis
ability of the 4He nuclei is expected to be negligible fo
the range of small scattering angles depicted here. Co
paring Figs. 2(a) and 2(b), the decreasing c.m. ener
pronounces larger scattering anglesuc.m.. Fair agreement
exists between experiment and present calculation, wh
the semiclassical calculation [6] is running “out of phase

Comparison between theory and experiment has a
been studied on basis of the convolution of the theoretic
calculations with the respective apparatus function: Aga
experimental data are in good agreement with present c
culations whereas the atomic basis semiclassical eiko
approach [6] leads to deviations from experiment esp
cially at larger scattering angles.

Besides the collision energies 0.5 and 2.5 keV discuss
here in detail we have also measured angular differen
cross sections for 14 additional energies between 0.62
10.2 keV. Maxima in the course of the angular differen
tial cross section as a function of the c.m. energy are nu
beredk ­ 1, . . . , 5 from small to large scattering angles
Figure 3 gives an overall view of the maxima’s location
on a plotEc.m. (maximum) vsuc.m. (maximum). For most
of the 14 additional measurements (open symbols) the s
tistics have not been sufficient fork ­ 3 andk ­ 4. In
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FIG. 3. Locations of the maxima in the angular differentia
cross section, plotted onEc.m. (maximum) vsuc.m. (maximum).
Starting from zero degree scattering, maxima are numbe
k ­ 1, . . . , 4 with increasing scattering angle; circles:k ­ 1,
triangles:k ­ 2, squares:k ­ 3, diamonds:k ­ 4, solid lines:
present calculation; full symbols represent measurements w
better statistics [see Figs. 2(a) and 2(b)].

addition, results of our quantum calculation are include
in the plot as solid lines fork ­ 1, . . . , 5. In the region
where experimental data exist the location of maxima
shifting towards lower scattering angles with increasin
energy, roughly satisfyinguc.m. ­ akyEc.m. 1 bk , where
ak and bk are specific constants for each maximumk.
Clearly seen fork ­ 4 and k ­ 5, the theoretical curve
indicates that the maximum is smeared out over a wide a
gular range. A symmetry curve, shown as a broken line
Fig. 3, seems to appear arounduc.m.Ec.m. ø 9 sdeg keVd
which means a constant impact parameter. This phenom
non is known for the isoelectronic H1 1 H system [1] and
also for the He1 1 He system [7]. Nevertheless, there is
qualitative difference between those ion-atom systems a
the ion-ion collision system (1) discussed here. In ion-io
collisions, the locations of maxima in the low energy rang
are shifted towards smaller scattering angles with incre
ing energy while this phenomenon is missing in ion-ato
collision systems due to the lack of Coulomb repulsion
large internuclear distances. For ion-atom collision sy
tems the locations of maxima are nearly independent
energy in the low energy region causing vertical lines
Fig. 3 for the different maxima at low energies, which i
not valid in ion-ion collisions.

In summary, the present Letter is the first report on e
perimental angular differential cross sections in an io
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ion collision system. The results for the charge transf
process in He21 1 He1 collisions are in fair agreement
with the partial wave quantum calculation using a quas
molecular approach. In conclusion, we note that ang
lar differential cross sections are more sensitive than to
cross sections to the physical parameters of the proce
For example, it is barely possible to establish a scalin
law which could estimate the differential cross sectio
in He21 1 He1 collisions using the data available for
H1 1 H collisions. In ion-atom collisions, the internu-
clear potential shows an attractive outer region, while th
inner region is repulsive. This leads to the oscillator
rainbow scattering,which is absent in ion-ion collisions.
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