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PHYSICAL REVIEW A, VOLUME 63, 062724

Two-center effect on low-energy electron emission in collisions of 1-MéeW¥ bare ions with atomic
hydrogen, molecular hydrogen, and helium: 1. H, and He

Lokesh C. Tribedi* P. Richarcf L. Gulyas? and M. E. Rudd
1Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai-400005, India
2J.R. Macdonald Laboratory, Department of Physics, Kansas State University, Manhattan, Kansas 66506-2601
3Institute of Nuclear Research of the Hungarian Academy of Science (ATOMKI), P.O. Box 51, H-4001 Debrecen, Hungary
“Department of Physics and Astronomy, University of Nebraska, Lincoln, Nebraska 68588-0111
(Received 25 September 2000; published 17 May 2001

We have studied the energy and angular distributions of low-energy electron emission in collisions of bare
carbon ions of 1-MeV/u energy with He and lthrgets. The double-differential cross sectigB®CS’s) are
measured for electrons with energies between 0.5 and 300 eV emitted within an angular range of 15° to 160°.
The large forward-backward asymmetry observed in the angular distributions is explained in terms of the
two-center effect. Single differential cross sectid®CS’y and total cross sections are also derived by
integrating the DDCS’s over emission angles and energies. The data are compared with different theoretical
calculations based on the first Born, CDWbntinuum-distorted-wayeand CDW-EIS(eikonal-initial-state
approximations. The angular distributions of DDCS’s and SDCS's are shown to deviate largely from the
predictions of the B1 calculations, and are in much better agreement with both the continuum distorted-wave
models. The CDW approximation provides a better agreement with the data compared to the CDW-EIS
approximation, especially at higher electron energies. The total ionization cross sections for all three targets are
shown to follow a scaling rule approximately.

DOI: 10.1103/PhysRevA.63.062724 PACS nuntber34.50.Fa

I. INTRODUCTION ergy. The CDW-EIS model was recently improvgg] to
include realistic or numerical Hartree-Fock-Slat¢i1FS)
Collisions between bare ions and helium atoms can prowave functions for an active electron in the initial and final
vide important information on the ionization dynamics be-states. It was also demonstrated that the inclusion of such
yond the case for atomic hydrogen. Helium is the simplestvave functions in the calculations improves the agreement
two-electron system in which to study ion-atom collisions,with the experimental dati,3] at higher energies.
and can be used as a prototype for describing ionization of As discussed in paper |, the two-center effEBCE) can
many electron systems. The measurements of the energy abd studied by measuring the forward-backward angular
angular distributions of electron double-differential crossasymmetry in low-energy electron emission using conven-
sections(DDCS’s) in the ionization of He by different high- tional electron spectroscopic techniques. The recoil-ion-
energy(1.8—-5 MeV/y bare ions have been reported recentlymomentum spectroscodRIMS) technique, using cold tar-
[1-3]. Different approximate models have also been develgets, was also used recently to study the two-center effects
oped to specify the wave function to be used either in firsiand its influences on the emission of low-energy electrons
Born or the continuum-distorted-way€DW) calculations. and recoil iong7]. The relation between electron spectros-
Two such distorted-wave calculations are commonly used iopy and RIMS was also addressed recefly10] in order
studies of ionization, namely, the CDW-E[8ikonal initial  to study the ion-atom ionization mechanism. The observed
statg [4,5] and CDW calculations. As discussed in paper I,shift in the recoil-ion and electron longitudinal momentum
the main difference between the CDW-EIS and CDW ap-distributions in the opposite directions is believed to be as-
proximations lies in the forms of distortions applied in the sociated with such two-center effe¢fisl], which is shown to
initial channel. The former accounts for the distortion in thebe stronger with higher values of the perturbation strength
initial channel by using an eikonal phase, while the latterS,;=Z,/v,, whereZ, andv, are the atomic number and
similar to the final channel, uses a continuum distortion. Thevelocity of the projectile, respectively. A large shift, and
eikonal phase corresponds to the asymptotic behavior of thieence a large post-collision interaction, is observedSpr
continuum distortion at asymptotic distances, thereby reduc=2.0, whereas a negligible shift in the electron and recoil-
ing the role of the two-center character of the distorted-waveon longitudinal distributions is noted in the case of much
functions on the electron emission. However, a stringent tesgmaller values o5,(=0.6) [8]. However, in spite of a neg-
to these models can be provided by comparing them again&gible shift in the momentum distributiongl0], a large
the measured energy and angular distributions electroforward-backward asymmetry was observed in the electron
DDCS’s. Moreover for two-electron or multielectron atoms, emission for € +He with S, quite small, i.e., 0.63] and
it is quite common to use a H-like wave function with an 0.4 [2]. The goal of the present measurement is to explore
effective atomic numbeZ.¢; derived from the binding en- the TCE by measuring the forward-backward asymmetry in
the angular distribution of low-energy electron emission in
fast ion-atom collisions with He andtHfor which the per-
*Email address: lokesh@tifr.res.in turbation strength is nearly 1.(5(=0.94).
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Molecular hydrogen is also a two-electron system. Thearget gas while moving toward the spectrometer entrance.
investigation of the ionization mechanism of ki heavy-ion  The correction factor was found to be less than 3% and
collisions can serve as a basis for understanding the ionizd-0% for He and H [16], respectively. However, for higher-
tion of more complex molecules in such collisions. Molecu-energy(30—300 eV scans a higher gas pressife3-0.45
lar hydrogen data are not only required for deriving the crossnTorr) was used. The pressure dependence was also studied
sections for atomic Hsee Eq.(1) in paper |, but are also to ascertain the region for single-collision conditions. To
important to test the model calculations, which are used in aachieve a “static” gas pressure in the chamber, a paddle was
attempt to explain the ionic collision with this simple mol- used on the top of the pump to reduce the load on the pump.
ecule with the help of the independent-particle approxima- To put the measured electron yields on an absolute scale,
tion. The experimental data and model calculations for thave measured, at different angles, the electron energy spec-
interaction of ions with molecular hydrogen are also requiredrum from the ionization of He in a collision with 1.5-MeV
to gain a knowledge of many other physical systems in naprotons for which the cross section data are knddi].
ture, including the astrophysical and laboratory plasmas. Oufrom these measurements a normalization factor was ob-
theoretical treatment is based on an independent-electrdained which was energy and angle independent within about
model, which ignores electron-electron interaction. Further+7%.
more, we simplify the molecular hydrogen target as an effec- The statistical error was low<{5-10%) except for the
tive one-electron hydrogenic target with chaifyg;=1.064, extreme backward angles for which the cross sections are
where Z2,,/2 gives rise to the ionization potential of,H very low. For these anglesd¢=120°) the statistical error
Such a simplification of the multielectronic targets relies onwas 5—-15 %. The absolute errors in the cross sections, which
the fact that the ionization potential has proved to be one oWwere typically 25-30% between 5 and 100 eV, resulted
the most crucial parameters in accounting the main featureisom the normalization procedure, the counting statistics, and
of ionization process. The sensitivity of emission of ex-the background subtraction. For electron energies below 5
tremely slow electrons to the use of different effectiveeV and above 100 eV the absolute errors could be as large as
charges warrants more elaborate calculations using molec30—-50 %. The lowest-energy electrons easily could be de-
lar wave functions in the future. The testing of molecularflected by stray fields, and may cause additional systematic
target effects in the single ionization of,Mvas carried out errors. Extreme precautions were taken to ensure the clean-
extensively in the pagtL2]. At high collision energies, total liness inside the scattering chamber to remove any source of
single-ionization cross sections for, Harget are essentially electrostatic fields. The magnetic field was reduced to about
twice the atomic ionization cross sections. To our knowl-5 mG or less by using.-metal shielding and an external coil.
edge, such calculations have not been done for doubleFhese were required to detect the lowest-energy electrons
differential cross sections. The total cross section of dissof<1 eV). Above 100 eV statistical errors were relatively
ciative ionization and double ionization is only about large because of the substantial background and low ioniza-
5-10% of the total ionization cross section, for the presention cross sections, especially for the backward angles. A
collision systemg13,14] and therefore single ionization is slight fall in the cross sections below 1 eV, for a few angles,
the main reaction channel. could be due to the stray fields.

IIl. RESULTS AND DISCUSSION
Il. EXPERIMENTAL DETAIL

Th . tal detail ready d ived i The results are discussed in three sections. First we
| de ﬁxpenmgl? a tialj' were adrer? y Zﬁctr;] edin p""p‘:“ﬁresent the energy distributions of the electron DDCS'’s at
, and nence will not be discussed here. € measur€qittarent angles. In Sec. V, we display the angular distribu-

”.‘l?t”t.s \Q/r?r% cl:qarlr:/led gm 6}; tCebvant de Gtrzaff accgltertatcbr f."’ﬁons of the electrons having different energies. The single-
clity in the J.R. Macdonald Laboratory at hansas State Unlyite rantial distributions derived from the DDCS's are also

versny(KS_U). The same hemispherical ana_lyz_er was used 'Niscussed. The total cross sections derived for all three tar-
the experiment to measure the angular distributions of th ets, along with our recent data at higher energies, are then

low-energy electron emission. The angular distributions o -
) shown to follow a scaling rule suggested by \&ual. [18].
electron DDCS’s are measured in small angular steps. The 9 99 y [18]

electrons with energies between 0.5 and 300 eV are detected
at different angles, namely, 15°, 20°, 30°, 45°, 50°, 60°,
70°, 80°, 90°, 95°, 105°, 120°, 135°, and 160° for &hd In Fig. 1 we display the electron energy distributions of
He targets. The spectrum was taken with and without thehe measured double-differential cross sections for several
target gas in the chamber. The spectrum collected withouorward and backward angles. The measurements are com-
gas was used to subtract the background, which mainlpared to the three theoretical calculations. In the case of
arises due to slit scattering and the beam interaction with themission at 30°, the first Bor(B1) calculations in general
residual gas atoms. The chamber was flooded with He,or Hfall much below the experimental data. The deviation in-
gas at a low pressur®.1-0.15 mTory for the low-energy creases gradually above 10 eV, and underestimates the ex-
scan(0.5-50 eV. The low pressure was required to mini- perimental data by a factor of 6 at 300 eV. The post-collision
mize the rescattering of the low-energy electrons from thénteraction between the projectile and the electrons largely
gas molecules. The data were corrected to account for thiefluences the emission in the extreme forward angles. The
loss due to the scattering of low-energy electrons from thdowest-energy electrons are affected less, since they are pro-

IV. ENERGY DISTRIBUTIONS OF DDCS'’S
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duced in large impact parameter collisions, and hence thealues compared to the CDW-EIS calculations at 150° and
large deviation from the B1 calculations with higher energy135°, respectively. A very similar trend is observed in the
electrons are observed. The CDW-EIS model, on the othetase of the extremely large angle of 160°, as shown in Fig.
hand, explains the data much better than the B1 model, bui(h).

still underestimates the cross section by25—50% Figure 2 shows the similar energy distributions of the
throughout the energy. The CDW model gives a better agreedDCS’s for H, targets. At small forward angles 15and
ment, and the calculations reproduce the data over the enti#5°), the deviation of the Bl calculations from the data
energy range. In the case of slightly larger forward anglesabove 5 eV is obvious. The B1 results fall well below the
i.e., for 60°, all three calculations reproduce the data set vergata indicating a large influence due to the two-center effect
well. The B1 calculations, however, show some deviationsn the forward-electron emission. The CDW-EIS results also
above 50 eV. Both of the distorted-wave calculations reprofall below the observed cross sections whereas the CDW
duce extremely well the data measured at 90° over the entinesults show a much better agreement. At 80° and 90° there
energy range, i.e., between 0.5 and 300 eV. The Bl calculds a better agreement among all three calculations and the
tions overestimate the DDCS’s over the whole energy rangeneasured DDCS's. At large backward angles 135° and 160°,
from 25 to 250%. The behavior remains almost the same ithe CDW-EIS model reproduces the data between 2 and 100
the case of small backward angles such as 95°. At 105° anelV, beyond which the calculations start falling below the
135° the B1 calculations overestimate the data by a factor aheasured trend while the CDW model remains good even up
2-4. Both the CDW and CDW-EIS calculations reproduceto 300 eV. The first Born calculations, however, overesti-
the absolute values and the energy dependence quite wethate the measured DDCS’s up to about 100 eV, above
except for higher-energy electrons for which the CDW-EISwhich the calculations seem to be in good agreement. It may
calculations fall below the data. In fact, both the continuumbe noted that the low-energy part of the spectra at all the
distorted-wave calculations give almost the same cross seangles are not reproduced by any of the theories used here,
tions below 100 eV for 105° and below 50 eV for 135° whereas, in the case of the He target, the same calculations
above which they start differing from each other, and CDWprovided a better agreement with the data at lower energies,
calculations closely follow the data. The difference betweerat least in the forward angles. Apart from the low-energy
these two calculations becomes quite large at 300 eV, fodata, the spectra at all the angles are much better reproduced
which the CDW model predicts factors of 3 and 6 largerin the case of the He target compared to that fgr Fhis
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FIG. 2. The double-differential cross sections
of electron emission for Htargets. The lines
have the same meaning as in Fig. 1.
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may reflect the inadequacy of the approximate representatidmgher electron energies, however, a humplike structure is
of the H, target in terms of the independent-electron approxi-observed around 60°. This behavior is slightly different from

mation, especially for the low-energy electrons. the earlier observations of a sharp peaking at around
70°-75° at higher-energyv&10-15 a.u.) collisions of
V. ANGULAR DISTRIBUTIONS OF ELECTRON DDCS'S C°"+He[3,2]. In the present collisions, the velocity being

lower (v=6.35 a.u.), the projectiles have enough time to
In Fig. 3 we show the angular distributions of the DDCS’s drag the low-energy electrons into a small forward cone.
at some fixed energies for the He target. The data for He As mentioned in paper I, the peaks in the angular distri-
targets also can be found in Table I. The electron energiebutions are due to the binary collisiofmmmonly known as
are chosen to be 10, 40, 100, 200, 240, and 300se¥ Fig. the binary encounter approximatijonetween projectiles and
3). The distributions at all the energies shown fall sharplyelectrons. The widths of the peaks are due to the initial mo-
above 60°. At small forward angles the distributions increasenentum distributions of the electrons. In the case of He, the
slowly with decreasing angle, or remain almost flat. AtCompton profile being wider compared to that for H oy, H

TABLE |. Some of the measured electron DDC8is Mb/eV sp for 1-MeV/u C°* + He at some selected
energies £) and emission anglegy. Typical errors are about 25% except fo=5 eV, for which the errors
could be 40-50%. For backward angles the uncertainty is léabeut 30—40 % for higher-energy £
=100 eV) electrons.

e
N 5eV 10 eV 40 eV 100 eV 150 eV 200 eV 240 eV 300 eV

15¢ 7.3 4.60 0.76 0.162 0.0743 0.104 0.0311 0.0220
30° 6.51 3.6 0.71 0.147 0.0686 0.0396 0.0283 0.0184
45° 6.12 345 0.68 0.156 0.080 0.0475 0.0341 0.0239
60° 4.11 2.58 0.64 0.200 0.113 0.0763 0.0583 0.0427
75° 3.38 2.00 0.53 0.165 0.087 0.045 0.029 0.0147
85° 2.8 1.51 0.37 0.082 0.0301 - - -
90° 2.19 1.4 0.27 0.040 0.0112 0.0036 0.00156 7.29E4
95° 2.06 1.25 0.223 0.031 — - -

105° 1.32 0.74 0.096 0.0076 0.00193 6.36E-4 3.16E-4 1.55E-4
120° 1.14 0.58 0.054 0.0039 8.59E-4 3.27E4 2.01E4 1.31E4
135° 091 0.445 0.038 0.0019 597E-4 2.36E-4 1.36E-4 7.67E-5
160° 0.80 041 0.043 0.00180 4.47E-4 2.78E-4 1.39E4 1.01E4
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FIG. 3. The angular distributions of electron
DDCS'’s for He targets measured at different
electron energies as indicated in different panels.
The different calculations are also shown by solid
(CDW-EIS mode), dashed(CDW mode), and
dotted (B1 mode) lines. (a)—(f) 1 MeV/u C*
+He. (g) 2.5-MeV/u G + He. The data for 300
eV in (g) are taken from Ref.3] (see Ref[19]).
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the peaks are relatively broader. The results from the It may be noted that at a higher beam energy the CDW-
distorted-wave theories show that the effects of the TCE apEIS model gives better agreement with the DDCS daifa
pears mostly at the tails of the peaks by drastically changindgor the backward angles for high-energy electrons. For ex-
the asymmetry character. The large asymmetry between tre@mple, in Fig. 8g) we display the angular distributions of
forward and backward emission is obvious, since the DDCP®DCS'’s of electrons emitted with 300-eV energy in a colli-
in the extreme forward angles is larger than that for the mossion of 2.5 MeV/u €* + He (taken from Ref[3], and cor-
backward angles by a factor of 12 at 10 eV, and by a factorected for a few typographical mistakgk9]) (see Table I\.

of 90 at 100 eV. This factor increases to about 220 at 300t is obvious that the CDW-EIS results fall below the data at
eV, indicating the existence of a strong two-center effectlarge backward angles only by a factor of about 1.5-1.7,
The B1 calculations, which do not include the two-centerwhich is much smaller than that for 1-MeV/u collisiofsee
effects, predict a much more symmetric distribution aboutFig. 3(f)].

the peak. For example, according to the B1 calculations, the The angular distributions of the DDCS's in the case of the
ratio between the DDCS’s at 15° and 160° is found to beH, target are shown in Fig. 4 for different electron energies
about 1.2 at 10 eV, 3.1 at 100 eV, and to increase to onlysee Table IlJ. It may be noted that the distributions gradu-
about 12 at 300 eV. Both continuum-distorted-wave calculaally take the shape of a peaklike structure around 70° with
tions reproduce the angular asymmetry much better than theigher energies, and this behavior is quite different from that
B1 calculations although one finds small discrepancies. Thebserved for He targets, in which flat distributions in the
CDW-EIS results give the best agreement between 60° anfdrward angles are observed instead. This difference arises
105°, and fall below the data at small forward and largefrom the difference in the Compton profiles betweenatd
backward angles. For example, at 10 eV the CDW-EIS reHe, which affects the width of the binary peaks. Also, the
sults fall below the data by about 40-50% at the lowesdeviations from the theories are larger fos than for He or
angles, and by about 25% at large backward angles. A simiH targets(see paper)l The B1 calculations deviate strongly
lbaurtd;tvtl)?é:cl)(?/v:asr J{O,:r?; east Ig;wgg\j/igtri]g;eissfgrgh (Ia%_h(.?rh:n: ;%ISIZ’__ TA_BLE Il. The corrected19] double;differential Cross sectipns

. . in units of Mb/eV sj for 2.5-MeV/u C* +He at a few energies
tions underestimate the data at backward angles by a fact [d two backward anales. taken from R
of 1.5 at 40 eV, and this deviation increases to factors of' g'es, i

about 3.0 at 200 eV and about 6.0 at 300 eV. The CDW ° o

. el, 0— 105 160
calculations, on the other hand, reproduce the forward-
backward angular asymmetry and the absolute magnitudes 210 eV 9.50E-4 1.99E-4
much better at all the energies. In fact, the calculated cross 240 ev 5.60E-4 1.33E-4
sections pass through almost all the data points within error 270 eV 3.22E-4 1.06E-4
bars. It may indicate that the CDW model is more suitable to 300 ev 2.68E-4 6.23E-5

describe the TCE in heavy ion-atom collisions.
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FIG. 4. The angular distributions of electron
DDCS's for 1-MeV/u &* +H, measured at dif-
ferent electron energies as indicated in different
panels. The different calculations are also shown
by solid (CDW-EIS mode)l, dashed (CDW
mode), and dottedB1 mode} lines.
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from the measured data at forward as well as backwardistribution clearly shows a maximum value at the smallest
angles. Of course, for higher-energy electrons the B1 calcuorward angle, and decreases slowly up to 60° for He target
lations come closer to the data at large backward angles. FéFig. 5. Beyond this angle the SDCS data fall very sharply,
30, 50, and 100 eV, both the CDW-EIS and CDW calcula-and then level off above 150°. The B1 calculations show an
tions fall below the data at small angles and at large backentirely different distribution, in which the cross sections are
ward angles. The CDW model, however, continues to give alistributed almost symmetrically in the forward and back-
better agreement in backward angles, and shows a slight derard angles. The calculations predict a cross section that is a
viation from the data in small forward angles. The deviationsfactor of 3.0 smaller than the measured one at 15°, and over-
in both distorted-wave calculations from the data are larger

for H, targets than for He targets for similar energies. At ——

higher energies, i.e., for 100, 150, and 250 eV, the CDW-EIS ] C% + He
calculations underestimate the data by factors of about 4.0, % (12 MeV)
8.0, and 20, respectively. In contrast, for He targets the %%

CDW-EIS model falls below the data only by factors of 4.0
at 200 eV and 6.0 at 300 eV, indicating a stronger deviation
from the theory in the case of,Hargets. The comparison of
the data with the CDW calculations at higher energies can
also be found from Figs. (d), 4(e), and 4f). The CDW
calculations, which reproduce the He data for backward
angles very well for higher energies, now fall below the H
data by a factor of almost 1.7 at 100 eV, 2.4 at 150 eV, and

4.0 at 250 eV for the most backward angle measured. This 1 B1 \ H
might indicate the inadequacy of the approximation used to 1 —— CDW-EIS ®~o [ﬁ’; 28]
describe the molecular hydrogen wave function using the 1 ----- CDW '

independent-electron model. T T T T T 1
0 20 40 60 80 100 120 140 160 180
Angle (deg.)
VI. ANGULAR DISTRIBUTIONS OF SDCS'S

) ) ) ) FIG. 5. The angular distributions of single-differential cross sec-
The single-differential cross sectiofSDCS'9 (da/d€)) tions for &+ +He (1 MeV/u,v,=6.35). The different calculations
were derived by performing numerical integrations over thegre also shown by solitlCDW-EIS model, dashed CDW mode),
electron energies, and are shown in Figs. 5 and 6 for He anghd dottedB1 mode) lines. The circles joined by lines represent
H, targets, respectively. These data for all three targets, i.ethe SDCS forp+ He at the same projectile velocity, and are taken
H, H,, and He, are also tabulated in Table IV. The angularfrom Refs.[17,20.

062724-6



TWO-CENTER EFFECT ON LOW- ... PHYSICAL REVIEW &3 062724

oo T T the different Compton profiles for these molecules and the
binary nature of the collisions. To compare the distributions
(for same target atopwith similar data in proton collisions,

in Fig. 5 we plot the SDCS’scircles joined by lineg for

100+ ] p+He at the same beam velocity € 6.35), for which the

g perturbation strength is quite smalf=0.16) (taken from

2 Refs.[17,20). It is obvious that in this case, i.e., in collisions
P with light particles, the distribution peaks at 60°, and falls at
4 small forward angles as well as large backward angles. The
S difference in the shape of the distributions in the case of

heavy-ion collisions compared to that for proton collisions
0 20 40 60 80 100 120 140 160 180 could ari;e due fco the two—ce_nter effect, which is stronger for
Angle (deg.) a heavy ion projectile fqr WhICISp"v 1.0.
) It is obvious that the finer details of the energy and angu-
FIG. 6. The angular distributions of single-differential cross sec-|5, distributions of electron DDCS'’s in collisions with He or
tior_ls for H, targets. The different calculations are also shown byH2 are better reproduced by the CDW calculations compared
solid (CDW-EIS mode], dashed(CDW mode), and dotted(B1  ¢,"the cDW-EIS calculations, as also observed in collisions
mode} lines. with atomic hydrogen targésee paper)! This shows that a
more detailed description of the ionization mechanism can-

estimates for large backward angles by almost the same fagot be made without considering the electron as moving in a
tor. The two-center effect causes this enhancement in th&vo-center field created by the heavy particles during the
forward angles, and a depletion in the large angles compareghtire time of collision. In the CDW-EIS model, as men-
to the B1 prediction. The CDW-EIS prediction also falls tioned earlier, the two-center character is emphasized mostly
slightly lower than the data in the case of small forwardin the outgoing channel. Thus the present results show that
angles, underestimating them by about 30—70 %, but the cabetter agreement and finer details on the DDCS’s can only be
culations reproduce the data for the rest of the angles. Thachieved by including the two-center dynamics of the elec-
CDW model reproduces almost all the data points, givingtron in the incoming path of the collision, as is done in the
very good agreement with the entire angular distribution. ACDW model. These observations are similar for all three
similar comparison holds good for the SDCS data of H targets studied i.e., H, Hand He.
targets as shown in Fig. 6. The CDW-EIS results fall about
20-30 % below the measured data at the extremely forward
and backward angles, whereas the CDW model provides the
best agreement while the Bl results are entirely different The total cross sections are also derived by integrating the
from the observed cross sections. The difference in the shapggular distributions of the SDCS’s over the whole angular
of the distributions for the He andjHargets, especially in range. The measured cross sections for He atoms is 679 Mb,
the forward angles, is to be noted, since the peaklike struawhich is in excellent agreement with the earlier observations
ture around 70° in the case ofHs missing in the distribu- by Shinpaughet al. [21], who measured the total cross sec-
tion for He targets. The peaking at about 70° is also observetion to be 668 Mb for the same collision system. The calcu-
in collisions with H targets, as discussed in paper |. Theated values are 777 MtB1 mode), 595 Mb (CDW-EIS
difference in the peak shapes for He and(dr H) is due to  mode), and 687 Mb(CDW mode). The CDW model pro-

104

VII. TOTAL CROSS SECTIONS AND SCALING RULE

TABLE lIl. Same as in Table |, except for®@ H,.

6,e 2eV 10eV 30eV 50eV 80 eV 100 eV 150eVv 200eV 250eV 300 eV

15° 530 258 0.72 0.257 0.081 0.0374 0.0164 0.0088 0.0073

20° 545 493 033 0.102  0.058 0.0207  0.0108

30° 714 493 1.03 0.367  0.120 0.073 0.0267  0.0137  0.0069

45° 6.13 500 1.15 0.445  0.169 0.107 0.0446  0.023 0.013

50° 542 450 111 0.47 0.195 0.132 0.0596  0.0359  0.026

60° 542 505 1.38 0.662 0.316 0.214 0.119 0.083 0.063

70° 542 519 153 0.81 0.436 0.328 0.175 0.120 0.084

80° 421 405 1.30 0.70 0.337 0.228 0.0922  0.0388

90° 419 320 0.91 0.368 0.124 0.068 0.0146  0.00448 0.0015

105° 2.77 164 0.204 0.0540 0.01182 0.00557 0.00137 4.54E-4

120° 228 095 0.066 0.0159 0.00419 0.00206 5.28E-4 3.14E-4 1.6E-4

135° 193 0.77 0.041 0.0107 0.00325 0.00137 6.5E-4 2.33E-4 1.34E-4 5.22E-5
160° 1.16 0.79 0.035 0.0095 0.00227 0.00127 4.82E-4 1.4E-4 1.1E-4  3.4E-5
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1000 TABLE IV. The single differential cross sectionsl¢/d(}) in
(a) (b) units of Mb/sr, measured at different angles, for 1-MeV/fi' C
] +(H,He,H,). Typical errors are about 25%.
Angle H, H He
H, | 15° 100.8 58.8 138
20° 122 - -
30° 126 - 113.5
4 45° 125.1 84.6 121.9
3 50° 119.8 75.1 -
60° 154 90.9 100.5
T 70° 164 110.9 —
. ©] = - - 79
@&@ E 80° 1345 - -
vV o#2 01 85° - - 51.5
A VO o 90° 89.3 59.4 44.3
104 B O O C"+HHeH, (1) i 23"50 oy i 4201-47
—_ 1 2+ 0 13+ ] . .
2] AV O HL"HE ] 120° 20.63 10.2 16.24
=3 © B C"0"+He(2) 1 135° 15.8 8.1 12,5
m\C>'1 | A Li**+He (3) 1 160° 12.9 6.1 115
= A O CYIO™+H (4) 3
X+ ATIACH (5) studies along with our previous results for 2.5 MeV'C
A C*/N™"+He (6) 1 +(H,H,,He) targets can be used to check the proposed scal-
0.1 ® ® C"/N"/0%+He, F"+He (7) : ing rule up tov~9.0. We show such a plot in Fig(d, in
T T v ———— which we also include some of the published results on the
1 / I1/2 1/4 10 ionization of H and He by different ions such as He, Li, C,
\Z ( q ) O, and Ar with a variety of charge states. It can be seen that

FIG. 7. The total ionization cross sections fot'G-He (a) and  most of the data points seem to bunch together to follow a
C®" +H,and C* +H (b) (paper | and Refg§22,3)) at two collision  universal scaling rule, which also holds good at much lower
energies. The scaled cross section vs the scaled velocity. The digcaled velocities, as shown by Wu and co-workdig,23.
ferent sets of data are taken from the following referenég¢s:  The data points used in Fig(¢J belong to different collision
present andi22,3], (2) [27], (3) [26], (4) [25], (5) [24], (6) [18], and  systems, as listed here:+QH,He,H,) (v=6.35 and 1D
(@) [21]. [22,3, (N"",C®")+He (v=1.58) [18], Ar’"# +H (v

=1.2-3.2) [24], (C*",0*"+H (v=5-10) [25], Li®"
vides the closest to the experimental valwgithin about +He (v=1.4-3.2) [26], (He*",Li®",C°",0®")+He (v
1%). In the case of b molecules these values are 1001 Mb =5-9) [27], and (C*,N"*,0°",F°*)+He (v=3.2-9)
(measurel) 907 Mb(CDW-EIS mode), and 992 Mo(CDW  [21].
mode), the CDW model being the closest to the data. The
measured data are shown in Figéa)7and 1b) along with VIll. FORWARD-BACKWARD ASYMMETRY
the different calculations. The data at 2.5 MeV/u are taken PARAMETER
from our earlier measuremeni3,22]. It may be noted that . .
all three calculations reproduce the measured cross sections The forwar_d—backward asymmetry in .electron emission
quite well. This clearly indicates that the total cross sectiong@" be quantitatively estlma_lted by studying the asymmetry
are not sensitive enough to test the finer details of the theoqarameter[a(s)] as a functlon_ of elgctron energy. The
ries or mechanisms of ion-atom ionization such as tWO_anguIar asymmetry parameter is defined is
center effects. D(0)—D( )

It was shown by Wu and co-workef$8,23 that the total a(e)= D)+ D7)’ 1)
ionization cross sections for ion-atom collisions for different
targets(H and He follow a scaling rule in the low- and whereD(#6) represents the measured DDCS at an emission
intermediate-velocity regions. The scaled cross sectionangled. AlthoughD(0) andD(#) were not measured, they
(o) for different targets and different projectiles with vari- could be deduced by extrapolating the angular distributions
ous charge states seem to fall on a universal line when plosince the distributions vary smoothly near 0° and 180°. At
ted against the scaled velocity ) for vs., up to about 4 present, we use the DDCS’s at 15° and 160° to calculate
a.u. The scaled cross sections and velocity are defined, ia(e) from experimental data as well as from theoretical
terms of the ionization potential (n a.u) and charge states cross sections. It is obvious that the limit @~ 0 denotes a
(), as os=0l'¥q and ve.=v/(1¥%q'¥). The present symmetric distribution, and— 1 signifies a large asymme-
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1.5

In Fig. 8b) we display the comparison between the de-
rived values ofa for C8% +He collisions at two different
beam energies, i.e., 1 and 2.5 MeMbtained from Ref.
[3]). ltis clearly seen that the angular asymmetry is larger for
low-energy collisions at all electron energies. However, part
of the difference could be explained by the existing differ-
ence in the B1 model itself; the remaining part is due to the
TCE which is stronger in the case of lower velocity colli-
sions. The CDW-EIS calculations are in good agreement

o C*+ Hel 1 MeV/u
o C™+ H,

0.5

Ol . : with both sets of data. The CDW model, however, provides
3, ‘ 1.0 ‘?° results almost identical to the CDW-EIS model, and is there-
o 1MeViu fore not shown.

IX. CONCLUSIONS

We have measured the absolute double-differential cross
sections of low-energy0.5—-300 eV electron emission for
bare carbon ions colliding with helium and molecular hydro-
gen. The angular distributions are measured on a wide range
of emission angles. The two-center effect is found to have a

" large influence on the forward-backward asymmetry of the
Energy (eV) electron DDCS'’s. A comparative study is presented for He
and H, targets. The present studi@scluding the experiment
with H targe}, covering three reduced velocitigse. v/v,
=4.7, 5.9 and 6.35 provide a stringent test of the perturba-
tive calculations based on B1 and continuum-distorted-wave

lations are indicated in the figuré) The asymmetry parameter in appmx'mat'ons' The Bl calculations are shown to have
the case of a & + He collision at two different beam energies, as failed largely to reproduce the large forwardfbaCkward
indicated. The CDW-EIS calculations are shown as gdliteV/u) asymmetry observed. The CDW-EIS mpdel proyldes a' rea-
and dashed2.5 MeV/u lines. The dotted and dash-dotted lines SOnable agreement, although some discrepancies exist for
represent the B1 calculations at two different beam energies i.e., &€ctron emission in extreme forward and backward angles.
1 and 2.5 MeV/u, respectively. The discrepancy is quite large in the case gftétgets com-
pared to that for He targets. The CDW calculations are found
. to provide a better agreement with the data, especially at
try. m Fig. 8@) we showa(e) for He and 'i targets as a higﬁer electron energigs. The two-center electron Smissign is
function of thes. It may be seen that(s) is very small  petter represented by the CDW model compared to the
(=~0.5 for C'* +He) in the zero-energy limit, and increases cpw-EIS model. The forward-backward angular asymmetry
with the electron energy. It approaches 1.0 at about 100 eVy5s also studied for He and,Hwhich provides a quantita-
Fainsteinet al. [5] showed that, apart from the TCE, the {jye estimate of the two-center effect. The total ionization
forward-backward asymmetry can also result if ionized eleczyoss sections, derived for different target projectile combi-

tron moves in a non-Coulomb field, as in the case of anyations, are shown to follow a scaling rule, as recently pro-
multielectron targetlike He, in the present caseAs aresult  ygged.

the B1 model also shows a forward-backward asymmetry

i.e., nonzerowa, for e—0. In th(_e present case thes fror_n ACKNOWLEDGMENTS
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FIG. 8. (a) The forward-backward asymmetry paraméte(s) ]
as a function of electron energg) for 1-MeV/u C6+ ions collid-
ing on He(squaresand H, (circles targets. The dashéddolid) line
is the CDW-EIS calculations for the He gHtarget. The B1 calcu-
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