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LETTER TO THE EDITOR

Quasi-discretization of the electron continuum emitted in
coltisions of 0.6 MeV u~' Au''* with noble gases
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Abstract. We have measured relative doubly-differential cross sections for electron emission
in collisions of 0.6 MeV u ' Au''" projectite ions with He, Ne and Ar targets for laboratory
electron-detection angles between 17° and 80° and electron energies from 100 eV to well
above the classical binary encounter region. We observe that, independent of the target
Z,, the electron spectra display three characteristic peak-like structures whose energies are
nearly invariant with observation angle. These structures are attributed to the diffraction
of quasi-free target electrons in the potential of the projectile.

Continuous electron spectra, also called 8 clectrons emitted in the collisions of swift

projectiles with neutral targets generally exhibit three distinct promincm features

{iManal 1070 DuAdAA and Manal 107') anltarpn]'\f et n.' 10711\ a monoto
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mately exponentially decreasing contmuum, dominantly due to soft collisions; the
sharp cusp, or equal velocity peak (v.= v,, where v, and v, are the projectile and
electron velocities respectively) at 8, =0° observation angle, called electron loss peak
from the projectile at 8, #0°; and the broad binary encountei (Bg) peak which is due
to target electrons ionized through hard collisions with the projectile. The simplicity
of the last process results in a BE peak energy given kinematically by

m
Ege=4— E, cos® 6, 1
BE Mp P lab (1
and a cross section which was thought until recently to be treatable theoretically as

the collision between a point projectile core charge and quasi-free target electrons.
Althouch thic traatment is successful for bare nuclear proiectiles e, g. for F** on He
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(Lee et al 1990), the results of Richard et al (1990), Quinteros et al (1991) and Jagutzki
et al (1991) for lower charge states of fluorine and Cu projectiles incident on H; and
He showed that the ionization cross section at (° laboratory angle increases rather
than decreases with decreasing ionic charge. This behaviour was interpreted {(Olson
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et al 1990, Shingal et al 1990) to be the result of electronic screening of the projectile
potential which causes an enhancement of the differential cross section for electron
scattering at large angles in the projectile frame (small 8,,,) over the bare nucleus cross
section.

A more dramatic violation of the simple interpretation of the BE peak was the
observation of a dip-like structure in the BE peak at one well defined observation angle
in 1.4 MeV u~' U and 1.0 MeV u™" U*'* incident on Ar (Schmidt 1987, Kelbch et
a1 1080} This rasult was suhsenuently internreted (Kalboh ot 2] 1090 Beinhold or of
1991, Kelbch 1991) as being caused by marked diffraction maxima and minima in the
elastic differential cross section for the scattering of target electrons from the partially
stripped projectile ion.

Both of the above observations suggest that the parameter ¢/ Z,,, the ratio of ionic
to nuclear charge of the projectile, has a strong influence on the shape of 8-¢lectron
spectra, and that the most pronounced diffraction patterns should appear when this
ratio tends to zero and Z, is sufliciently large. In elastic scattering of electrons from
Hg—which is the associated kinematically inverted collision for the classical binary
encounter mechanism in Hg-ion-atom collisions—Kessler and Lindner (1965) find
strong diffraction patterns in the differential cross sections for electron velocities
3au<wvp,<6au. Partially guided by these results, we chose Au projectiles and the
collision energy range associated with the strongest features in Kessler and Lindner’s
difiraction pattern, 200-1900¢V incident electron energy, that is 0.4-3.6 MeV u '
collision energy for heavy ion projectiles, to investigate the doubly differential Be
electron production cross section.

In the present letter, we present electron energy spectra measured between labora-
tory observation angles of 17.5° and 80° for 0.6 MeV u ' Au''" projectiles incident on
He, Ne and Ar targets. These spectra show pronounced structures. These features
persist over a wide range of bombarding energies (0.4-3.6 MeV u™') and ¢ values (9+
to 23+), as will be presented in a longer forthcoming publication. We interpret these
observations as resulting mainly from diffraction of the target electron from the
projectile.

The experiment was performed at the Emperor Tandem accelerator of the Max
Planck Institut fiir Kernphysik in Heidelberg (0.4-0.6 MeV 1 '), and at the accelerator
of GSI-Darmstadt (1.4 to 3.6 MeV u~"). Highly collimated beams of Au ions in various
preselected charge states traversed a target gas cell (at the MPI) or a gas jet (at GSI)
whose pressure was kept in the 107 to 10~° mbar range. Electrons emitted in the target
zone were energy analysed using a double focusing hemispherical sector analyser
whose energy resolution was set at 5% and then detected with a channeltron. The
electron analyser could be rotated around the target zone from 15° to 110°. The beam
current was integrated in a shielded Faraday cup and the integrated beam current was
used to advance the voltage on the spectrometer plates in steps of equal amounts of
integrated charge. Details of the experimental procedure are given elsewhere (Kelbch
et al 1989). '

Figure 1 presents the doubly differential cross sections (ppcs) for the production
of electrons from the collision of 0.6 MeV u~" Au''" with Ar. Three broad structures,
peaking around 330 eV (peak I), 600 eV (peak I} and 1000 eV (peak III) dominate
the ppcs. The corresponding spectra for He, Ne and Ar targets are very similar, as is
shown in figure 2, suggesting that the target is mainly serving as a source of electrons
to be scattered by the projectile, While the strengths of the three peaks vary strongly
with the angle of observation, their positions stay nearly fixed. In figure 1, it is observed
that the nominal se locations (equation (1)) indicated by the broken lings lie above
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Figure 1, Double differential cross section for the production of electrons from the collision
of 0.6 MeV u~! Au'"* with argon. The linear vertical scale, in arbitrary units, is the same
for all angles. The centre positions of the BE peak calculated with a nCTMC code are
indicated by arrows, the kinematic BE peak positions from equation (1) by broken lines.
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Figure 2. Comparison of double differential cross sections for the production of electrons
from the collision of 0.6 MeV u~' Au''" with He, Ne and Ar for laboratory observation

angles of 17.5° (a), 27.5° (b} and 35° (¢}
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all three peaks. An ncTMcC calculation was performed for Au''" incident on He, The
approximate positions of the ncTmc BE pezk, indicated by arrows in figure 1, are
located well below those given by equation (1), indicating the importance of target-
binding-energy effects. The ncT™Mc BE peak position agrees well with the position of
the high energy structure III at angles around 20° and with the position of the
intermediate energy structure 11 at angles around 40°. Tt appears that the BE peak
intensity is being gradually shifted, with increasing observation angle, from peak 111
1o peak Ii and from peak 11 to peak 1. We further note that, whenever the position of
the ncT™MC BE peak happens to coincide with the centre of peak I1I or peak 11, that
peak reaches maximum intensity.

For further discussion it is helpful to plot the experimental electron peak energy
positions in a universal velocity diagram where the transformation from the projectile
rest frame to the laboratory rest frame is easy to visualize. In this plot (figure 3) the
experimental peak positions are shown as open circles with the size of each circle
proportional to the measured peak intensity. The full curve {circle around P with length
v,) indicates the expected locus of free electrons elastically scattered from the projectile
with a velocity equal to the projectile velocity. The crosses connected by the chain
curve represent the positions of the Be peak from the rcTMmc calculation.

Figure 3. Universal velocity diagram for the collision of a 0.6 MeV u™' Au*'™ projectile
(reference frame centred on P) with velocity v, incident on an Ar target (reference frame
centred on L). The full curve {(circle around P with length v,) indicates the expected locus
of free electrons elastically scattered from the projectile with a velocity equaito the projectile
velocity. The experimental electron peak positions are shown as open circles with the size
of each circle proportional to the experimental intensity. The crosses connected by the
chain curve represent the positions of the 8E peak from the ncTMC calculation. The angular
positions of the diffraction minima (V) and maxima (A} for the scattering of free electrons
from Hg (2) (Kessler and Lindner 1965) and from Au''* (b} are indicated on the outer
semicircles.

A calculation for the elastic scattering of electrons with energies between 175 eV
and 530 eV on Au''™ was performed using the method previously given in Schultz and
Olson (1991). The calculated diffraction patterns show strong maxima and minima,
quite similar to the experimental data of Kessler_and Lindner (1965) for the elastic
scattering of electrons with energies between 200 eV and 500 eV on neutral Hg. The
location of the maxima and minima for electrons of v.= v, are indicated on outlying
rings in figure 3 by outwardly and inwardly directed arrowheads respectively. Ring a
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indicates maxima and minima of Kessler and Lindner’s experimentat data. If the
angular locations of the maxima and minima for the Au''" case were only weakly
dependent on the electron energy in the energy range of interest within the present
context, the locus of the corresponding ridges and valleys for other free electron
energies would be approximately represented in figure 3 by lines extending from the
point P radially outward to the arrowhead locations on the outer indicator ring b.
In the experimental data, the target Compton profile roughly accomplishes a scan
of the effective electron energy (from 175 eV to 530 eV approximately) so as to cover
a large range in velocity space in that figure. It is seen that the experimental peaks
move roughly within the confines of the calculated diffraction minima as would be
expected from the diffraction interpretation. As the laboratory angle is increased the
average intensity moves slowly to lower electron energies as would be expected from
the kinematic shift of the BE feature, but the presence of diffraction minima at angles
which move only slowly with the electron energy causes this to be observed as a slow
shift of intensity from peak III to peak 1I and from peak II to peak I. The locations
of the peaks are determined not by kinematics but by the diffraction structure.
Closer observation reveals that the peak locations follow laci which are centred
not on the projectile centre P in figure 3, as would be expected on the basis of this
simple single-centre diffraction model, but roughly on the laboratory centre L, corres-
ponding to the observed invariance of peak energies in the laboratory frame L. Tt is
- shown below that this is satisfactorily explained in a single collision diffraction process.
However, this behaviour would also be expected if, after scattering from the projectile,
the target electron is rescattered elastically from the residual target ion from which
that electron originally came. Such a rescattering would redistribute any feature
originating at one location in the velocity space diagram of figure 3 over a curve of

constant velocity centred on the noint I, The redistribution would ocenr becauge a
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broad range of impact parameters of the electron relative to the residual ion came into
play. In this picture, it would be the diffraction maxima originaily generated by
scattering in the screened potential of the projectile potential which are being redis-
tributed. It is not certain how this contribution could be identified experimentally
beyond doubt.

We have investigated whether the main features of the experimental data can be
predicted by the classical binary encounter theory (Be) (Brandt 1983, Richard er al
1990). The elastic differential cross sections of electron-Au''™* collisions were calculated
within the Hartree-Fock atomic model that included the zere-order relativistic mass
velocity and Darwin corrections and the exchange of the free electron with the bound
orbitals (Bhalla and Shingal 1991). The doubly differential cross sections in atom-Au''*
collisions were obtained by folding the Compton profile of the target atom with the
differential cross sections. In this impulse approximation the bound electrons of the
target are considered as ‘quasi’ free with the momentum distribution given by the
Compton profile of the target. Figure 4 contains a comparison of BE calculations with
experimental data for helium at laboratory angles, 17.5°, 27.5° and 35°. The relative
experimental data were scaled by a common factor for all angles to compare with the
absolute theoretical cross sections. We note that the low-energy electrons produced in
these collisions can also arise from soft collisions. Such contributions are only partially
included in BE theoty, and these can be better described either by a proper quantum
calculation or by a ncTMmcC calculation. It is clear from figure 4 that the locations of
the maxima and the minima are well described by the binary encounter theory without
invoking the double-collision mechamsm as discussed earlier.
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Figure 4. Double differential cross sections in au for the production of electrons in
0.6 MeV u™"' Au''*-He collisions at laboratory observation angles 17.5% 27.5° and 35°, Full

curves, theory, triangles, scaled experimental data {(see text).

We attribute the discrepancy between experimental and theoretical relative
intensities of lines partially to non-inclusion of soft collision electrons, especially at
low electron energies, and to possible breakdown of the impulse approximation.

In summary, we have measured double differential cross sections for §-eleciron
emission in 0.62 MeVu™' Au''" +noble gas collisions and shown that the observed
quasi discretization in the continuum can be explained as diffraction of target electrons
scattered in the projectile potential. Further, more detailed, experiments are in progress.

The following authors would like to express their gratitude for financial support during
the course of the present investigation: SH to the Kultusminister des Landes Hessen
for an appointment to a Gastprofessor for $SS1991 at the Institut fir Kernphysik in
Frankfurt and the atomic physics group and to Professor P Mokler for the hospitality
extended to him during his stay at GSI; JLS to the Fullbright Commission and the
Alexander von Humboldt Foundation for research fellowships; HEW to the Conselho
Nacional de Desenvolvimento Cientifico ¢ Tecnologico (Brazil) for a post-doctoral



Letter to the Editor L293

feliowship. This work was supported by BMFT and the Chemical Sciences Division
of Basic Energy Sciences, US Department of Energy.

References

Bhalla C P and Shingal R 1991 J. Phys. B: At Mol Opt. Phys. 24 3187

Brandt D 1983 Nucl Instrum. Methods 214 93

Jaguizki O ef af 1991 J. Phys. B: At. Mol Opt. Phys. 24 2579-88

Kelbch C 1991 PhD Thesis Universitdt Frankfurt (M) and GSI-Report 91-12

Kelbch C, Hagmann 8, Kelbch S, Mann R, Olson R E, Schmidt S and Schmidt-Bécking H 1989 Phys. Lett.
1394 304

Kessler J and Lindner H 1965 Z. Phys. 183 1

Lee D H, Richard P, Zouros T J M, Sanders J M, Shinpaugh J L and Hidmi H 1990 Phys. Rev. A 41 4816

Macek J H, 1970 Phys. Rev. A1 235

Olson R E, Reinhard C O and Schultz D R 1990 J, Phys. B: Ar. Mol Opt. Phys. 23 1455

Quinteros T B, Gonzdlez A D, Jagutzki O, Skutlartz A, Lee D H, Hagmann S, Richard P, Kelbch C, Varghese
S L and Schmidt-Bocking H 1991 J. Phys. B: At. Mol Opt, Phys, 24 1377-84

Reinhold C O, Schultz D R, and Olson R E 1991 J Phys. B: At. Mol Opt. Phys. 23 1L591

Richard P, Lee D H, Zouros TJ M, Sanders J M and Shinpaugh § L 1990 J. Phys. B: At. Mol. Opt. Phys.
23 L213

Rudd M E and Macek J H 1972 Case Stud. At. Phys. 3 47

Schmidt S 1987 Diploma Thesis Universitit Frankfurt(M)

Schultz D R and Olson R E 1991 J. Phys. B: Ar. Mol. Opt. Phys. 24 3409

Shingal R, Chen Z, Karim K R, Lin C D and Bhalla C P 1990 J Phys. B: Ar. Mol Opt, Phys. 23 L637

Stolterfoht N, Schneider D, Burch D, Wiemann H and Risley S 1974 Phys. Rev. Lett. 33 59



	Quasi-discretization Of The Electron Continuum Emitted In Collisions Of 0.6 Mev U−¹ Au11+ With Noble Gases
	Recommended Citation

	tmp.1691503138.pdf.QSzFa

