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Interference structures associated with the emission of electrons fsdog fast K" ions (v/c= 0.3) are
found to exhibit oscillations of second order superimposed on the main oscillatory structure. The secondary
oscillations occur with about twice the frequency of the main oscillations. While the primary structure is
produced by the coherent emission of electrons from the two atomic centers, similar to Young’s two-slit
experiment, our theoretical analysis indicates that the frequency doubling is a second-order effect, where the
electron wave emitted at one center interferes with the wave backscattered at the other center.
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Single ionization in atomic collisions is a fundamental Recent theoretical studi¢$4,17—19 revealed additional
process that has attracted considerable interest for sevenaloperties of the interference effects in.HCalculationg18]
decades since Bethe conducted his pioneering work in thisased on the semiclassical approximation showed explicitly
field [1]. While considerable attention has been paid to théhat the frequency of the oscillation decreases as the emis-
ionization of molecular hydrogefsee Refs[2,3], and refer- ~ sion angle increases up to 90°. Moreover, the frequency was
ences therein comparatively little is known about phenom- found to depend mainly on the momentum component of the
ena associated with coherent electron emission from the irgiected electron parallel to the beam direction. This predic-
distinguishable atomic centers. In the simplest caselion was esger?tially confirmed by furf[her measurements of
ionization of H, resembles Young's two-slit experiment €lectron emission from pby fast Kr impact[16], where

where the atomic H center®@r slits simultaneously emit good agreement was also found with calculations using the

radial waves, leading to interferences in the electron emisE0rM approximation. However, various specific structures in

sion. Such interference effects consequently reveal the Wanelrf?ﬁgt;?e;eerszsgk u;%g,?géeig found for interferences of
aSFI)E(;CrtIyOfSI?JSiCet;Og? .collisionally induced interferences from second order in CO”'.S lons of 68-MeV/u R with H,.
These second-order interferences occur when the electron
Ha fo_cus_ed on the processes of electron capl4reand . wave emitted at one center interferes with this same wave
ph0t0|on|zat|o_n[5]. These studies were followed by addi- afer it is hackscattered at the other center. The experimental
tional theoretical work(see Refs.[6,7] and references reqits show an interference pattern, superimposed on the
therein, whereas experimental work remained imits&l.  ain interference structure, with an oscillation frequency
Related effects have been observed in investigations ofphout double that of the first-order oscillation. The observed
heavy molecules with synchrotron radiati¢®,10, where  doubling of the oscillation frequency is supported by model

one atomic center 'iS phOtOiOhized in an inner shell fO"OWed(.:ak:u'ationS obtained with the Born approximation and meth-
by electron scattering at the other center. Each of these vargds known from wave optics.

ous studies can be attributed to scattering processes of first or |y the Born approximation the cross section for ion in-

second order as discussed in detail by Mesfldft duced electron emission from,His proportional to the

~ Interference effects of first order were recently observedsquare of the transition matrix elemeatomic units are used
in H, electron emission spectra induced by fast Kr projectileghroughout if not otherwise stated

[12]. The spectra obtained at forward observation angles

=20° and 30° exhibit oscillatory structures in good agree- doy
ment with model calculations. More recent data for 3 and 5 2 [ |€9| o), (1)
MeV H* impact show similar interference effects in electron dqdQ de

emission from H [13]. It has been recognized that dipole

transitions and binary encounter processes play fundamemherer is the electron coordinate arglis the momentum
tally different roles in the ionization process leading to inter-transferred in the collision. The solid anglé) and the en-
ferenceg 12,14. Interference effects are favored by dipole ergyde refer to the outgoing electron. The initial wave func-
transitions which are dominant at forward angles, especiallyion ¢, represents the electronic two-center state of the H
for fast projectiles. Neaf=90°, binary encounter collisions molecule and the final wave functiap, describes the out-
are strongly enhancefd5] and, hence, first-order interfer- going electron of momenturk. When the initial H state is
ences are expected to diminish in importaft2,16|. approximated by thgnormalized linear combinationey
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=[@1r) + ¢15(r—d)]/N of atomic 1s states separated by 160 =
the internuclear distancd, it can be readily shown that I

[12,17,14 o 140
g E
TH, doay c 120
dgdde ~ dgdds (1 Tcodk=a-dll @ g
& 1.00
The cross sectiodo,y/dqdQde describes electron emis- 4§
sion from the two H atoms acting as independent particlesg 0.80 |

(denoted by 2W The term in parenthesis represents the in-
terference caused by theo H centers.

To compare the theoretical results with the measured i -
cross sections it is necessary to average over the orientatio  1.00 & %211\~
of the H, molecule. This average is performed in closed form

yielding 0.95 :

sin(|k—q|d)
lk—qld

1.05 |

M TSN S P I IR P I R I U G G T O
o1 2 3 4501 2 3 450 1 2 3 45
3 Electron Velocity (a. u.)

dUHZ d0'2H

dqdQds dqdQde

The remaining oscillatory term shows that the averaging pro- FIG. 1. Ratios of experimental to theoretical COW-EIS cross

cedure preserves the interference features of the electrd] ectians for electron emission by 68-MeV/rRf impact on H for
. P c{i]ﬁerent electron observation angles. In the upper diagrams the ra-
emission spectra.

. . . . .. tios are shown together with fits to an analytic functisee text

For comparison with experiment, a further INtegration IS¢ ratios are divided by the corresponding fit functions and plotted
required with respect to the momentum trangfeFollowing i, the lower diagrams together with a second-order fit.

the work of Bethd 1], the cross section given by E) can

be separated into dipole and binary encounter terms. Thesing the continuum-distorted wave—eikonal initial state
terms can then be integrated by means of “peaking” approxiycpw.-g|s) method[20] for electron emission by two inde-
mations[12] by setting pendent H atoms as described in more detail in [RES].
The results for the electron observation angles 30°, 60°, and
90° are shown in the upper part of Fig. 1. These cross-
section ratios are plotted versus velocity since the inter-
ference term is governed by the momentiifor velocityv)

where p; is the initial momentum of the bound electron. Of the ejected electror{see Eq/(3)]. _
Hence, the binary-encounter process leads to a rather con- The cross-section ratio exhibits oscillatory structures
stant term, so that the oscillatory structure in the cross sed€:9-, at 30°) that are well outside the experimental uncer-
tion is associated primarily with the dipole term. The furthert@inties of the relative cross sections, which are better than
analysis by Nagyet al. [18] noted above, in which Eq3) +59%. Due to spurious instrumental effects larger uncertain-
was integrated over the momentum transjershowed that ties exist for energies below abay{vO.G a.u.i.e., 5°e\/) so
the interference term is governed primarily by the electrorfhat no data are shown below this value. For 30° the statis-
momentum component parallel to the beam direction, i.e_ycal error, increasing with velocity, becomes larger than 5%
k=K cosé. above~4 a.u. The observed oscillatory structure has been
The data acquisition and analysis have been described ftributed to first-order interference effe¢t?]. The experi--
our previous work12,16. The experiments were performed mental results indicate that the frequency of the oscillation
at the Grand Acdérateur National d’lons LourdéGANIL) ~ Varies with the electron emission angt&6] in consistency
Caen, France. A beam of 68-MeV/u Rf ions with a cur- ~ With the prediction by Naggt al. [18].
rent of 1-2uA was collimated to a size of about 2 To obtain information about additional spectral structures,
X2 mn? and directed onto a Htarget of~4-mm diameter the cross-section ratios were fit by an oscillatory function,

obtained from a gas jet. Electrons emitted from the targefimilar to expressioi3), with a variable frequencll6]

were measured with a parallel-plate electron spectrometer for )
energies up to a few hundred electron volts and for several _ sin(kc d)
eai f(k)=F —_— |+

electron emission angles. kcd

The measured cross sections are found to vary by several
orders of magnitude with the electron enefgy3]. Since the whereF andG (with F+G=1) are the interfering and non-
variation due to the interference term is expected to be lesimterfering contributions to the normalized cross section, re-
than a factor of Zsee Eq.(3)], this strongly varying energy spectively, anct is an adjustable frequency parameter. The
dependence must be removed in order to examine the interesults are shown as the solid lines in the upper diagrams of
ference structures. This was done by dividing the measureHig. 1, and are seen to agree well with the overall structure of
cross sections by the corresponding calculated cross sectiotige data for each angle.

g~0 for dipole transitions,

g=k—p;=k for binary encounters, (4)

1+
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Careful inspection of the cross-section ratios plotted in the First Order
upper part of Fig. 1 shows, however, evidence for higher-
frequency oscillations superimposed on the main oscillatory
structure for each of the angles displayed. Indeed, by divid-
ing the cross-section ratios by the fit curves just described,
these secondary oscillations are clearly revealed as seen in
the lower part of Fig. 1. In addition to a higher frequency,
these secondary oscillations appear to have nearly equal fre-
quencies for the electron emission angles considered here.

An attempt was made to reproduce the secondary oscilla-
tions by using a fit function similar to E@5). To allow for a
phase shift in the oscillation, the quantkg d was replaced
by kc d+ ¢, where ¢ is the phase shift. The resulting fit
curves are given as the solid lines in the lower diagrams of
Fig. 1. The fit parameters were set to have the same values

for all angles, yieldingc=2.5 and¢= = with fitting uncer- Projectile
tainties of aboutt 15%.
To interpret the present observations, the interference pat- Birst and Second Order

terns are deduced from phase differences using methods
known from wave optics. First, it is shown that E&) can

be recovered from this method, and then the second-order
contribution is analyzed. The important aspect of the present
analysis is that we interpret the Born operatii" in Eq. (1)

as an electromagnetic wave interacting with the two H cen-
ters. Thus, as shown in the upper diagram of Fig. 2, the
centers labeled andb each emit outgoing waves of momen-
tum k associated with théfirst-ordey amplitudesA, and

Ap, respectively.

From wave optics it follows that the intensity at large
distances is equal to the coherent styw|A,+Ay|%. For
identical centers|A|=|A,|=|A,] we obtain |,;=2|A|?(1
+c0sd), where 6 is the relative phase between the ampli-

tudes. Now,6= 6— d,, where 5, and J, are (additiona) Proiectile
phases created along the paths crossing the ceatams b, d
respectively(Fig. 2). It is readily shown thaB,=q d cosq, FIG. 2. Wave diagrams to visualize phase differences relevant
=(-d and 5= kd cose,=k-d so that for interferences in first and second order.
11 =2|A[*{1+cog (k—q)-d]}. (6)  tionalities for the amplitudesA,~ (@€ | @.s) and B,

~<‘Pk|VH|<Pkd><<Pkd|eiq'r|<Pls>, where ¢, is a Coulomb

P 2_
Consequently, by setting|&|*=do,/dqdQ de we re- 0 propagating along the internuclear veatandV is

COY\Ier Ifq.(Z). ider the interf f the first dthe (screenefd Coulomb potential representing elastic elec-
ext, we consider the interierenceé of the first- andy,, scattering at a single H center.

second-order amplitudes, which are shown in the lower dia- "¢ |tter expression indicates that the backscattering am-
gram of Fig. 2. The Q|agram IS restrlcted.to one b'rar!ch dI'plitude B, depends on the alignment of the, lholecule.
rected at centea, which _shall be treated fl_rst. The incident Thus, the average df over the orientation of the molecule
wave of momentuny emits at centea the first-order wave cannot be carried out in closed form, as was done to arrive at
with amplitudeA, which is backscattered at centeto pro- . P .
duce a second-grder wave of amplitu@eand the outaoin Eqg. (3). Nevertheless, to obtain a qualitative understanding
plituce 90N ¢ the oscillation frequency produced in second order, we

moi:ngn;ir?rlf. \l/\r/l \t/he Iratter ;?Se’frthn? pr?as?aztk?tlstﬁc- h neglect this dependence and focus our attention instead on
quire € wave propagales rom one center to the otgh, phases involved in the cosine function of Ef). The

and the interference is obtained from the phase differenc . : :
5= 8~ 6,. The intensity in second order restricted to thegverage can then be performed in closed form by integration

th i i ivisi ieldi h
brancha is given byl 5=|A,+ B,|2, which yields the expres- ?(;/sedlt e orientation ofi and division by 4r yielding the
sion

— , ) sin(2k d)
13=|A,/2+|B,|>+2|A,B,| cogk-d—kd).  (7) 12= A"+ [Bal*+2|AsBal—5 5 ®

An additional analysis, performed in analogy with thelt is seen that the frequency of the oscillation is doubled
second-order treatment by Mess[dli], revealed the propor- when the primary wave is backscattered. Also, the doubling
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appears to be independent of the electron observation angle.g., 30°, we expect a secondary oscillatory contribution
These results essentially agree with our experimental obsewith a frequency doubling from the first term in parenthesis,
vations(Fig. 1). and this result is also seen in the data of Fig. 1.

When the primary emission from the second ceiités It is recalled that the frequency doubling involves a phase
included, two additional waves with amplitudég andB,  shift by abouts in Eg. (5). This finding shows that further
are created and the intensity in second order is deduced froMork is needed to examine additional phase shifts produced
|,=|A,+ A,+ B+ By|2. After integration over the molecu- during the primary emission and secondary scattering at the

lar orientation(neglecting again the angular dependencies of€Nters. Moreover, the angular dependence of the back-
B, andBy) this gives scattering amplitudes has to be considered to allow for an

adequate integration of the second-order expressions over the

I_:|_+ B.+B 2+2 Al(IB.|+1B H2 Ol’ientation._ ) o )
2= 117 [Bat Byl [AI(1Bal +[Bo]) In conclusion, interference effects originating from
sin(2kd)  cogk d)sin(q d) second-order scattering at the two atomic centers .oaté¢
+ ) observed. The frequency of the second-order interference

kd qd pattern is predicted to be larger by a factor of 2 than the

wherel - is the first-order interference given by EG). frequency obtained in first order for forward angles. This
Thusl the sum of the terms inside the square bracketgrediction is confirmed by the experimental results acquired

appears as an oscillatory structure superimposed on the firg! various electron observation angles. Second-order effects
are most clearly seen at electron observation angles near

order structure described By. The first term in parenthesis ggo '\here pinary-encounter collisions dominate the electron
indicates that the frequency of the second-order structure igmission and first-order interferences are small. Hence, evi-
dogbled In comparison V;{'th ”:je resulfts of Eéq)' TTe S%‘f' Jence is provided that first- and second-order interference
ond term is more complicated. For forward angles, dipo €patterns can be observed at different observation angles in

transitions withq~0 dominate so this latter term has the y,q gpecira of electrons ejected from by fast projectiles.
same frequency as the first-order term, however, the sine

function is replaced by a cosine. For binary encounter colli- We are indebted to Uwe Becker and Ladislau Nagy for
sions withg~Kk, the second term is also doubled in the os-fruitful communications. We acknowledge support from the
cillation frequency and adds directly to the first term. German-French Collaboration Program PROCOPE, the Hun-

Hence, the most pronounced oscillation of the double fregarian OTKA-Grant(Grant No. T03294p the German-
quency is likely to occur at 90° where electron emission byHungarian S&T CollaboratiofiTeT-D-17/99, the U.S. De-
binary encounter processes dominates. Indeed, from Fig. dartment of Energy Office of Basic Energy Sciences, the
the second-order oscillations are most clearly revealed foNational Science Foundation International Program, and the
90°. The same is true for 60° where binary-encounter colli-Transnational Access to Research Infrastructures Project
sions retain importance. However, also at smaller angle§Grant No. HPRI-CT-1999-00019
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