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Interference effects in electron emission from H by 68-MeV/u Kr 33+

Dependence on the emission angle
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Angle- and energy-dependent cross sections for electron emission were measured for 68-M&Viarisr
impacting on H. These results show, in accordance with our earlier observation, that interference effects are
produced by the coherent emission of electrons from the two H atoms, in analogy with Young'’s two-slit
experiment. Furthermore, the present results demonstrate that the observed oscillatory pattern varies with the
electron observation angle, contrary to our earlier expectations but in agreement with recent theoretical pre-
dictions.
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Studies of particle-induced ionization have devoted parference effects. It was recognized that dipole transitions and
ticular attention to the molecular targey Hvhich is the sim-  binary-encounter processes play different roles in the ioniza-
plest molecule composed of two atoms. While the overaltion process leading to interfereng®4,18. In |, due to the
ionization is well understoodi1-5], little is known about high projectile velocity, model calculations focused on dipole
phenomena associated with the indistinguishability of theransitions at forward angles, which seemed to indicate that
atomic H centers. In this case, the contributions to ionizationthe interference pattern is quite independent of the electron
from each center add coherently, and interference effecteémission angle. However, at 90°, electron emission is
may be expected in the ionization spectra. Such electrostrongly dominated by binary encounter collisid2§] and,
emission from H may be closely related to Young’s two-slit consequently, the interference structures are expected to di-
experiment, which played an essential role in the early deminish. Moreover, a new theoretical wdrk7] shows explic-

velopment of quantum mechanics. itly that the frequency of the oscillation should decrease as
In the past decades, effort has been devoted to reveghe emission angle increases up to 90°.
these interference effects in atomic collisions with Early In the present work, we provide decisive experimental

studies of collisionally induced interferences from Een-  evidence for interference effects in electron emission from

tered on the processes of electron capféiieand photoion-  H, resulting from 68 MeV/u K ion impact. Specifically,

ization[7]. These studies were followed by additional theo-measurements with improved statistics reveal pronounced

retical work(see Refs[8,9] and references thergirwhereas  oscillatory structures at forward and backward angles. More-

experimental work was limited10]. Related experimental over, the measurements exhibit a previously unexpected de-

investigations with synchrotron radiati¢f1,12] focused on  pendence of the interference structures on the electron emis-

heavier molecules where one atomic center is photoionizedion angle, indicating a varying oscillation frequency. This

(e.g., in an inner shellfollowed by electron scattering at the result is shown to be consistent with a new model prediction

other center. These scattering phenomena differ, howeve17] and calculations based on the Born approximation.

from Young's experiment, where both slits simultaneously In accordance with previous woikl4,16,1§, the cross

emit radial waves. The different cases are discussed by Mesection for electron emission fromykelevant for the present

siah[13]. experiment is given byatomic units are used throughout if
Recently, experimental evidence for interference effectsiot otherwise statgd

has been found in Helectron emission spectra induced by

very fast projectileg14]. In that work, hereafter referred to

as |, the analysis indicated that the use of a high projectile dUH2 do,y

velocity is important because it enhances interference effects. dQde ) dqdQde

The spectra obtained at forward anglesg., 30°) exhibited

an oscillatory structure in good agreement with model calcu-

lations. Results obtained at backward andkesg., 150°) in- where the solid anglel() and the energye refer to the

dicated a similar trend which, however, was not conclusiveoutgoing electron. The cross secti@wv,,/dgdQde de-

due to limited statistics. More recent data for 3- and 5-MeVscribes incoherent electron emission from the two indepen-

H*+H, collisions also show evidence for interference ef-dent H atomgdenoted by the label 2Hbut with mutually

fects in electron emission specfrEb]. altered effective charges. The term in parentheses represents
The experimental work motivated various theoreticalthe interference caused by coherent emission from the two

studies[16—19 that reveal detailed properties of the inter- centers, wherel is the internuclear distance of the, Ifol-

sin(pd)
pd

dz@h ) 1
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ecule andp=|k—q| is the difference between the electron 68 MeV/u Kr** + H,
momentumk and the momentum transfer 107Fme 7 T e T

(@ H,

Equation(1) is obtained after averaging over the random __
orientation of the internuclear Haxis. The presence of the
interference term shows that the averaging procedure pre
serves the oscillatory features of the electron emission spec‘E i
tra. Moreover, Eq(1) must be integrated over the momen- £10™f
tum transfer vector, perpendicular to the beam direction. 3
As discussed below, this integration was carried out using% 102k
analytic cross sectiondo,/dqd() de for independent H % E
atoms obtained from the Born approximatii. -

To investigate specific ionization mechanisms, in | the 107F o Experiment
cross section was split into dipole and binary terms following F Theory: CDW-Eis i
the early work of Bethg¢21]. The dipole term was derived il el il

B el
- 10
[+} F

using a peaking approximation, i.e., settigg0, whereas '% [ T
the binary encounter process contributes only a constant in ‘:é 15L
terference term. Thus, in | the integrated cross section wa: & | 90’
obtained as §
» | 80
dow, do@P[ sin(kd)] dobi , gop
dQde  dQde kd | dade>  ©

2 510 30 100 2 5 10 30 100 400

where do3iP/dQ de and dobl1/dQ) de are integrated cross
sections referring to the dipole and binary parts, respectively,
ands=~1.6 is a constant. Equatiai2) suggests that the os- FIG. 1. Cross sections and ratios for electron emission by
cillatory structure in the cross section is produced solely bys8 MeV/u Kr*®" impacting on H and He as a function of the
the dipole term. This term predicts a full sinusoidal oscilla-ejected electron energy. l@) and(b), experimental and theoretical
tion when the produckd varies from O to Zr. With d cross sections are compared for &hd He, respectively, obtained at
=1.42 a.u. for H, this oscillation is governed by the elec- the observation angles 30° and 90°. () and (d), cross-section
tron momentunk varying within the range of 6 4.3 a.u. It ratios of experimental and theoretical results are given fopahd

is noted, however, that the d|po|e approach is limited primaj.'ie,-respectively. The peaks labeled “Ai” are attributed to autoion-
rily to forward and backward angles. Ization.

In an extended model, Naggt al. [17] evaluated cross
sections with an interference term that is governed by th
momentump; =k —q; parallel to the beam direction. This is direction
plausible, since theg, integration in Eq(1) tends to dimin- :

ish the perpendicular components due to averaging effects. Auxiliary measurements were performed with a He target
Thus, it follows[17] that as a benchmark for the Hesults, and to put the cross sec-

tions for both targets on an absolute scale. This was done by
int . non normalizing the He cross section for 90° to theoretical re-
dow, — doay Sinl(kj— Qmind] | doay sults obtained by means of the continuum-distorted-wave
) : e o .
dQde dQde (K|=dmind dQde eikonal-initial-state approximatiofCDW-EIS) [22]. Earlier
. He ionization measurements with fast projectil@8] have
wheredoy/dQ de and dobRd( de are, respectively, in-  shown that the experimental data at 90° are well reproduced
terfering and noninterfering parts of the cross secfibr. by these CDW-EIS calculations.
The componenk =kcosé is determined by the electron  |n Figs. 1a) and 1b), typical results for electron emission
ejection angled, andq is equal to the minimum momentum from H, and He, respectively, are shown for observation
transferqp,i,=AE/v, obtained from the energy transf&lE  angles of 30° and 90°. Also plotted are theoretical CDW-EIS
and the projectile velocity,. For the highv, used here, cross sections obtained for atomic targets. As in I, the He
dmin Is small. Thus, Eq(3) predicts that the frequency of the data were calculated using Hartree-Slater wave functions for
oscillatory structure varies approximately with @bs the initial and final electron stat¢g2]. The calculations for
The experiments were performed at the Grand Agee  H were performed using an initial hydrogenic wave function
teur National d’lons Lourd§GANIL), Caen, France. The with an effective target charge of;Z1.19 in accordance
scattering chamber and the electron spectrometer were thgith Ref.[18].
same as those used in I. A beam of 68 MeV/i#*rions The cross sections are seen to vary strongly by several
with a current of =2 wA was collimated to a size of about orders of magnitude with the electron enefgys]. Since the
2x2 mn? and directed onto an Harget of~4 mm diam-  variation due to the interference term is less than a factor of
eter obtained from a gas jet. Electrons emitted from the tar2, it is important to remove this strongly varying energy
get were measured with a parallel-plate electron spectromeomponent. This is done by dividing the measured cross sec-

Electron Energy (eV)

Ster for energies ranging from about 2 to 500 eV and for
angles of 30°, 60°, 90°, and 150° with respect to the beam
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tions by the corresponding CDW-EIS cross sections. The re- 68 MeV/u Kr*® + H,

sults for 30° and 90° associated with Bind He are given in

Figs. Xc) and 1d), respectively. The He data indicate a dis- 16

tinct peak labeled Ai near 33 eV produced by autoionization-2

[23]. Apart from this peak structure, the He data show a g

smooth and nearly monotonic dependence on the ejectec 1.4

electron energy. P
On the contrary, the 30° cross-section ratio for $thows

a non-monotonic behavior suggestive of an oscillatory struc-

ture. This structure is well outside the experimental uncer-

tainties of the relative cross sections which are typically © 44

+10%. Larger uncertainties up to 30% may exist for en-

ergies below about 5 eV, where the measured cross sectior

Sectio

1.2

ross

can be affected by spurious instrumental effects. A crucial 0.8

point of the H analysis is the possible contribution of auto- 16

ionization electrons. In |, autoionization was estimated to -2

contribute negligibly to the measured, Klectron spectra. o [ P~ i
Nevertheless, we attribute the reproducible peak structure 8 § 14 4 \"\ B
about 13 eV to autoionization electror(svhich, to our 5 X ¢ *% K
knowledge, have not been observed before in the electror$ \.
emission from H). However, as outlined in |, the presence g 121 i
of the autoionization peak is not likely to alter the essential S - -
features of the interference pattern. © 10

In Fig. 1(c), the H, cross-section ratios show an overall
decrease with increasing energy. This decrease is contrary t
the ratios obtained in I, which increased with energy. The 08/ttt ot Lot 1 1
difference is caused by the use of the effective chatge 2 s 4 0 1 2 3 4 5
=1.19 for the initial state in the present work insteadZef Electron Velocity (a. u.)
=1.05 in the earlier CDW-EIS reference calculations. We  rig 2 Ratios of experimental to theoretical CDW-EIS cross

found thatZ;=1.19 (due to a variational treatmeffi8])  sections plotted as a function of the ejected electron velocity for the
better reproduces the nonoscillating behavior of the crosglectron observation angles indicated. The solid lines represent
sections than does;= 1.05(which follows from the binding  Born calculations from Eq(1) and the dash dotted lines are ob-
energy. Thus, the corrections to the cross-section ratios thagained from fits to an analytic functiofsee text

were required in | are not needed here.

From Eq.(2), we recall that the interference term is gov- | p__ 1) are interfering and noninterfering cross section frac-
erned by the momentum for velocity v) of the ejected yjons respectively, and is an adjustable frequency param-
electrons. Accordingly, we plot the cross-section ratios Versusiar For simplicity, the fractions and B were set equal to
velocity vin Fig. 2, where results for different electron emis- o 5 (The Born calculations were based on similar fractipns.
sion angles are given. Figuretaand 2d) show sinusoidal 1he actual values are of minor importance, since we are
oscillations at forward and backward angles, respectivelyymarily interested in the oscillation frequen,cy. The func-

The data for 30° are in good agreement with the previousigns fitted to the experimental data are shown in Fig. 2, and
measurements in |. From inspection of the results for the,q . values are given in Table | in comparison with st

other angles, it appears that the frequency of the oscillatory recajled from Eq(3) that nearly equal values are expected
structures varies with the electron emission angle. for ¢ and cog)

To understand more quantitatively the interference struc- For the electron emission angles of 30° and 60°, there is

tures, the expv_anmental data are compared with _theoret'cﬂxcellent agreement between the experimental data and the
results. Numerical calculations were performed using(Ey. normalized Born results as seen from Figé)2and 2b).

in conjunction with analytical Born cross sections for atomic
hydrogen5]. These calculations were normalized to the cor- i val fihe functi
responding integrated Born cross sections and are shown t())¥tEAB'|-E I Fit ‘g" ues of the req‘;‘;r‘cy Fl’aramfmas a ““th'O“
the solid curves in Fig. 2. For all emission angles and veloci- e electron observation anghe The values of cos are shown
tiesv=1, the Born results are found to be in excellent agreefoIr comparison.

ment with the calculations obtained from E). Therefore,

the results from Eq(3) are not showrtkeeping in mind that o cos? ¢
they are very close to the Born results 30° 0.87 0.96
To gain more information about the oscillation frequency, 60° 0.5 0.52
we used an analytical fit function based on the interference  9g° 0 0.29
term that is common to Eq$2) and (3). This function has 150° 0.87 1.46

the form A[1+sin(kcd)/(kcd]+B, where A and B (with A
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Accordingly, the experimental data are well reproduced by In conclusion, the present experiments confirm oscillatory
the analytic function with a frequency parametenearly  structures in H electron emission spectra attributed to the
equal to cod (Table |). This finding supports the prediction Young-type interferences. Furthermore, evidence is provided
of Eq. (3) that the interference term is governed by the mo-for the fact that the oscillation frequency of the interference
mentum componerk; [17]. pattern varies sigificantly with the electron ejection angle.
On the other hand, for the 90° ratio in FigcR there isa  Theoretical approaches provide insight into the nature of the
significant deviat_ion between the experimentfcll results an@pserved interference structures. The predicfiof] that the
the Born calculations. Consequently, thealue differs from  ggcillation frequency is governed mainly by the electron mo-
cosd (Table ). For 90°, the models predict the cross-sectionmentym component parallel to the beam direction is found to
ratio to be essentially constant. This constancy may be Unggree with Born calculations, and is generally confirmed by

derstolod Jro”.‘ thed faé)ct tbh_at electron emission até§0° 'Sexperiment, although finer details remain unexplained. In
strongly dominated by binary-encounter proce_s$ . particular, neither theory explains fully the significantly
Then, Eq.(2) predicts the normalized cross sections to be, . . o . :
. . higher frequency that is observed for 150°. This latter find-
equal tos~1.6, in agreement with the Born results. The. : )
. . . ing can be the starting point for the future work to better
experimental data decrease with velocity, however. Never- . S X o
. R determine the origin of the apparently varying oscillation
theless, the experimental 90° data show the weakest depep- S
L o - frequency of the oscillation pattern.
dence on the electron velocity in qualitative agreement with
theory. We are indebted to John Briggs, Roberto Rivarola, and
The experimental data for 150°, acquired with improvedLaszlo Sarkadi for very fruitful discussions. We are thankful
statistics compared to I, show an extended sinusoidal oscito Ladislau Nagy for providing us with his theoretical results
lation giving rise to a distinct interference pattern. The ex-prior to publication. We acknowledge support from the
perimental data and the fitted function are seen to oscillat&erman-French Collaboration Program PROCOPE, the fi-
faster than the Born results, and accordinglis found to be  nancial support of the Hungarian OTKAGrant No.
larger than co® (Table ). The Born results exhibit a higher T032943, the German-Hungarian S&T Collaborati@@rant
frequency at 150° than at 30°, in accordance with@gfor  No. TeT-D-17/99, the U.S. Department of Energy Office of
Jmin=0. However, the experimental data at 150° still exhibitBasic Energy Sciences, the National Science Foundation in-

a significantly higher frequency. This striking observation isternational program, and the transnational access to research

not yet understood. infrastructures projedtGrant No. HPRI-CT-1999-000)9
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