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Electron-electron interaction in the ionization of O’* by He
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Contributions of the electron-electron and electron-nucleus interactions to the ionizatidi dfyGHe are
experimentally separated using recoil momentum spectroscopy. The electron-electron contribution is found to
produce much smaller recoil momenta, both longitudinal and transverse. The momentum distributions of the
two mechanisms are in good agreement with theoretical predictions. The comparison between the experiment
and the theory suggests that electron-electron interactions in the projectile ionization can be understood in
terms of free-electron impact ionization of the projectile idi&1050-294{®7)09702-3

PACS numbe(s): 34.50.Fa, 34.80.Dp

I. INTRODUCTION et al. [7] reported enhancements in the ionization cross sec-
tion for C°" and O™ in collisions with He and Kabove this
The ionization of a hydrogenlike projectile by a He targetthreshold velocity, and showed that the excess of the cross
can be driven by two different interactions. The first is thesection above what one would expect for g ionization
interaction between the projectile electron and the screenecbuld be attributed to thee contribution. Further evidence
He nucleugeN interaction, and the second one is between for the ee process was observed by Montenegtal. [8] in
the projectile electron and target electroe interaction  the ionization of HE by He and H at high velocities where
[1-6]. TheeN interaction is understood here as the interacthe ee mechanism dominates.
tion with the screened target, which is left in its ground state A clear separation of thee andeN processes relies on
after collision, and implicitly includes some projectile- differential cross-section measurements. Monteneggral.
electron—target-electron interactidiscreening Generally, [9] reported evidence for the influence of the interaction
this is the more important process, which is historically morein the scattering anglérojectile transverse momentime-
thoroughly studied. In thee interaction, the target electrons pendence for the ionization of°C and 0" by He and H.
act as quasifree electrons and obey kinematic conditions apAore recently, theee and eN processes were completely
propriate to the interaction of nearly free electrons with theseparated by Dmer et al. [10] and Wuet al. [11] by mea-
projectile. suring the recoil longitudinal momentum transfer. The basic
While the importance of thee interaction has been theo- physics for the separation of the two mechanisms is that the
retically recognized within the Born approximation since eN interaction throws the recoil He ion forward while the
1953[1], experimental evidence was not seen until 1PB9 interaction leaves it nearly at rest. The momentum and en-
The ee process has a threshold at an ion velocity approxiergy transferred to the projectile electron in thN interac-
mately equal to the threshold electron velocity in the corretion are supplied by the He atom acting coherently as a
sponding free-electron impact ionization. The “approxima-whole. Conservation of momentum and energy leads to the
tion” in the ion-atom case is caused by the motion of theresult that the He recoil is thrown forwards with a longitudi-
target electron in the target nuclear potential:ldidtter — nal momentunP, given by Q/v for small-angle scatterings
[10,11). Herev is the projectile velocity an® is the mag-
nitude of the electronic energy that the projectile must re-
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O™ + He — O% + He 4 o~ events due to double collisions and random coincidences are
important for this experiment because the cross section for
target ionization is about 2 orders of magnitude larger than
that for projectile ionization. These corrections were made
possible by using our rather complete magnetic and electro-
static charge analysis system to isolate double collision con-

eN(He?) tributions. The main beam was prevented from reaching the

projectile detector by a beam block so that only projectile
O™ + He — 0% + He 4 2e~ ions that had lost one electron were detected. The flight time

between the detection of the projectile and the recoil, and the
position at which the recoil hit on the recoil detector, were
used to determine the recoil charge state and all three com-
ponents of its vector momentupa?2].

eN(He") ee(He*)

Ill. RESULTS AND DISCUSSION
O™ 4 He — 0% 4+ He?t + 3e™

A. Longitudinal momentum distributions
Recoil longitudinal momentump(,) distributions for pro-
jectile ionization accompanied by target single ionization
(He™) and double ionizatioHe?*) are shown in Fig. 2.
They are plotted inQ-value space @=p,v) so that posi-

tions corresponding to ionization of an electron from the
projectile into a particular continuum state are aligned for
. ) , different projectile energies. Thee threshold energy for the
FIG. 1: Illustration _of _reagtlon c7hanne|s and possible processegy7+ system is 26 MeV, and the Hedata reveal the growth
that contribute to the ionization of O by He. of a second peak attributable to this process mgar0 (Q

=0) for projectile energies above this energy. The feature is
close to the He nucleus in order to be ioniZEd, the ionizatiOﬂess pronounced in the %ChanneL The experimenta] reso-
of He by the projectile is a very probable process in thejytion in p, was measured to be 0.6 a[tull width at half
intermediate velocity region. As the projectile energy in-maximum(FWHM)] [12]. The broader peak widths seen for
creases, the relative importance of these high-order mechgoth theee ande N mechanisms are caused by target ioniza-
nisms decreas€$,10]. tion that involves the electrons in the target continuum. Such

In this work we report momentum distributions ®eand  proadening is expected to be broader for théHehannel
eN processes up to a bombarding energy of 75 MeV, whergnan for the Hé channel because the former involves one
the contribution from theee process becomes more pro- more electron in the target continuum. This partially explains
nounced. We further provide quantitative analyses of thesghy the separation between tae andeN mechanism is less
distributions in both transverse and longitudinal momentumpronounced when a Hé is produced. At higher collision

energies where thee contribution overtakes theN contri-
Il EXPERIMENT butions, a cleare distribution nearQ=0 emerges in the
He?" channel.

The experiment was carried out in the J. R. Macdonald We now suggest quantitative models for the description of
laboratory at KSU. ®" beams of 20—40 MeV were obtained those spectra of Fig. 2 in which Heis produced. If the
directly from the Tandem Van de Graaff accelerator, andorojectile is ionized by theN interaction, thiseN channel
higher-energy @ ions were obtained by further accelera- will be hereafter referred to as loss ionizatidn, Fig. 1, eN
tion through the LINAC. The experimental apparatus andHe")]. Within the independent electron approximation for-
technique have already been described in detail elsewherealism, LI can be described as projectile ionization due to
[12]. Briefly, the projectile ions passed through a target Hethe screened He nucleus, accompanied by the target ioniza-
jet collimated so that the thermal momentum of the targetion via interaction between the projectile nucleus and one of
along the beam direction was limited to approximately 0.6the target electrons. TheN process for projectile ionization
a.u. He ions produced in the collision region were extracteds caused by interaction of the projectile with the screened
at right angles to the beam by an electric field of 5 V/cm andHe nucleug 13,14, but the screening is nearly negligible in
sent onto a position-sensitive channelplate detector. The prdhis case because the’Ocan only be ionized for impact
jectiles were charge-state analyzed and detected by a secopdrameters well inside the He screening radius. Neglecting
position-sensitive channelplate detector lodaem down-  this screening, we thus carried out a SGEmiclassical ap-
stream. The major charge-state selection was accomplishguioximation calculation[15] in the projectile frame using an
by magnets located 0.5 m before and after the collision reunscreened He nucleus. The resulting differential cross sec-
gion. Additional charge-state selection was provided by twdion is shown in Fig. 3 as a solid line for the collision energy
electrostatic deflectors, with opposite polarity, positionedof 20 MeV, where the total cross section has been normal-
0.05 m before and after the jet and deflecting in the planézed to 1. The threshold & =32 a.u. is the ionization po-
normal to that of the magnetic deflection. Corrections fortential of O'*.

eN(He*) ee(He™™)
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e e If the projectile ionization accompanied by Heroduc-
» 20 F : ' ' 7S tion is caused by thee mechanism, no further interaction is
= 150} ¢ 75MeV |1 %H neededFig. 1, ee (He")]. The recoil HE for this mecha-
5 100 X nism can be treated as a spectator. The measured pgdsil
5 } . e
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FIG. 2. Longitudinal recoil momentum spectra fof'Oon He. doed He")
Q=P is the endoergicity of the collision if the projectile electron T =0 o[ Ee(P3)13(P3) = 0al[ Ee(—P)1I(— P,
z

energy is measured in the projectile frame.

D
The spectrum calculated above should reflect the momen-
tum distribution of a neutral He recaoil, not that of the recoil- where o (E,) is the cross section for the ionization of the
ing He" ion. Thus an additional broadening of tQespec-  projectile by a free electron with ener@y, andJ(p?) is the
trum of Fig. 2 due to the momentum carried away by thedensity of target electron at a momentyrfy which is asso-
target electron must be included. We have taken this inteiated with the target Compton profile. The kinetic enegy
account by assuming that the experimemptadlistribution for ~ for the target electron in the projectile frame can be written
target single ionizationwhere the projectile remains un- from energy conservation considerationgiasatomic unit$
changedl is the same as that for target single ionization ac{18]
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FIG. 4. Model spectra for thee mechanism of the ionization of
O'* at different collision energies. The inset is the CBE calculation 400
for free-electron impact ionizatiofell) of O’". Waves seen for the 200
20- and 24-MeV data are due to the statistics of the experiment
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. S . . . spectra for theeN process(short dashed lineand theee process
thter:]rel He IS t?le |on|éailt|0.n F[)r?tem'ﬁl g)tf H?t;‘S tthe Ve,'[lc.m% (long dashed line Solid lines are fits to the present data obtained
of the projectile, and-v is the velocity of the target in the by adjusting theee/eN ratio.

projectile frame. The signs for the velocity and momentum
are retained in the equation to show that a target electrones, corresponding to target electrons with velocity larger

moving towards the projectile has bigger kinetic energy inthan threshold velocity in the projectile frame, contribute.

the projectile frame than an electron initially moving in the  The final model distributions for theN andee processes
opposite direction. The electron impact ionization cross secwere compared to the experiment by adjusting deteN

tion oy, was calculated from the Coulomb-Born-exchangecross section ratio so that the model fit the experimental
(CBE) model[19]. We used the experimental distribution for distribution visually. The results are shown in Fig. 5. The
target single ionization a¥(P,), since this is expected to be overall theoretical distribution for each spectrum was nor-
close to the results of folding the Compton profile with the malized to the experiment. The agreement in shape between
experimental resolution function in this case. The resultinghe experiment and the model is very good. The shape for the
differential cross section for thee interaction is shown in ee distribution is well accounted by the theory, while the
Fig. 4, whereP, has been converted @ following Q=P,v.  agreement for theN shape is not as good as that for the

The important feature of this model is that the peak positiorpart. The results indicate that the SCA is a good approxima-
for the ee process is shifted towards positiv@ by an tion for the eN process, and thee process can be under-
amount that decreases with increasing projectile energy. Thistood in terms of the free-electron impact ionization of the
is consistent with the experimental spectra shown in Fig. 2projectile, modulated by the target Compton profile. The
The reason for this is the strong onseta®f, at velocities conclusion is a step beyond our earlier analysis on @l
near the threshol(Fig. 4 inse}. Thus, a target electron mov- and eN cross section$11,20, where we showed that the
ing towards the projectile has a bigger cross section than eontribution of theee interaction relative to the totadN
target electron moving away from the projectile. For 20- andprocess was in good agreement with the plane-wave Born
40-MeV projectiles, whose velocities are below the thresholdapproximation and impulse approximation calculatiphs],

for electron impact ionization of &, only positiveP, val-  and that the total cross section for the process was nearly
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- PO jectile through theeN interaction. Because the projectile
59MeV O +He — O +He +2e electron is much more tightly confined than the target elec-
1500 1 tron, it is unlikely thatP;(b) varies much over the range of
impact parameters whefe,\(b) is important. ThusP,(b)
can be simplified by using an impact parameter averaged
probability (P;) for target ionization, P (b)=2P;(1
—P;j)Pon(b). Within this approximation, the shape of the LI
probability distribution is the same as ta& contribution to
the projectile ionization. The same nonscreened target poten-
tial used for longitudinal momentum analysis in Sec. Il A
was assumed anB.\(b) was calculated within the SCA
approximation6].

The ee process is the incoherent ionization of the projec-
tile by the target electrongl3,14). The probability for this
" process to occur can be written as an SCA ionization prob-
! ability, which is a function of the impact parameter between
“ projectile nucleus and the various parts of the target electron
cloud [5,6]. To obtain this probability as a function of the
R impact parameter relative to the target nucleus, be.we
500 - Y ] folded the former probability with the square of the target

v\ wave function. The result is that this process can occur at
ANANA 2 (b)

1000 R

1500

do/dP, (counts)

1000 }

ee

quite largeb. The broader range of impact parameters where
. 20 % the eeinteraction is effective, compared to te& contribu-
tion, is indeed an important signature of the mechanism.
Py (au) Previous measurements by Montenegtal. [9] indicated
_ o the preponderance of tleee over thee N contribution at large
_FIG. 6. Transverse recoil momentum spectra for ionization ofimpact parameters. However, in order to have experimental
O in coincidence with a He caused bya) two-electron—nucleus  access to the shape of tee distribution, it would be nec-
interactions, loss-ionizatiofl1), and(b) one singleee interaction essary to measure projectile scattering angles smaller than

(e€). Dashed lines are the model distributions, and solid lines arg -2 mrad, which was not possible with the experimental

Edenloec)itel distributions convoluted with the experimental resomtlonarrangement used in Ré8]. With the present measurements

of the transverse recoil momentum, we are able to measure
identical to the corresponding cross section for free—electrort1he impact parameter distribution correspor_1ding to projeptile
impact ionizatior{20] scattering angles as low as me'rad, aIIowmg a more di-
' rect comparison with the theoretical calculations.
The next question to be considered concerns the connec-

B. Transverse momentum distributions tion between the measured differential cross sedliofdp,

In Ref.[11], we showed that thee interaction can be and the theoretical distributiomP(b). Both LI andee pro-
separated from theN process in the two-dimensional recoil cesses are four-body collision processes with two electrons
longitudinal-transverse momentum spectra. This allows us téft in the continuum after the collisiofef. Fig. 1. Thus, in
isolate the transverse momentum, ) distributions, and to  Principle, the transverse momentum balance among the He
obtain the impact parameter dependence foreb@ndeN  recoil, the projectile, and the two electrons has too many
interactions separately. Here we present and analyze tho§€grees of freedom to give a simple relation between the
separately. Th@, distribution for the ionization of 59-MeV Impact parametet and the transverse momentuin . How-

O’* accompanied by Heis plotted in Fig. 6, wherda) is ~ ever, early stud_ies of the recoil transvergze rg:omentum distri-
for the (LI) process caused by two electron-nuclear interacb;ﬁ'on for various systems such as®%" +Ne [21],
tions, and(b) is for the process due to a singleinteraction. F  +He[22], and H' +He[16,23,24 suggest that, although
The comparison shows that tlee process peaks at smaller there is no unique relation between andb, the transverse
p, than theeN process, indicating that thee process is recoil momentum is more closely related to the impact pa-
important at relatively larger impact parameters. The explatameter than is the projectile scattering angle. We follow the
nation is the following. analysis of[22] in which a “frozen-electron” model was

The LI process can be considered as a product of twéleveloped. In this model, the relationship betweeandp,
electron-nucleus ionizationdig. 1, eN (He")]. Following IS obtained assuming that the role of the target electrons in
an independent electron description, the impact parametéletermining the momentum exchange between the two inter-

(b) dependence of the LI probability?,,(b), can be ex- acting nuclei is to screen the nuclear field of the recoil
pressed as nucleus. Under this assumption, the relationship between

andp,, p,(b) can be obtained using a Bohr-like potential
PL(b)=2P;(b)[1—P;(b)]Pcn(b), () Vyu=2Z,Ze PRIR, wherep andt refer to the projectile and
target, respectively3=2.206 a.u. is the screening constant
where P;(b) is the probability for ionizing the He by the characterizing a bare projectile nucleus interacting with a
projectile andP.\(b) is the probability for ionizing the pro- neutral He atom, andR is the internuclear distance2?2].

(=]
¢
-
aH
o
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described in the beginning of this section also clearly appear
in these figures. Ab~0 theee probability is about 10% of
the LI due to the nonlocalized nature of the He electron
cloud. Essentially for the same reason, #eprobability is

E more than an order of magnitude larger than the LI one at
b~1 a.u., showing clearly a flatter distribution.

On a linear scale, the broader impact parameter distribu-
tion of the ee process results in a sharply peaked model
distribution nearp, ~0, as the dashed curve in Fig(b§

E shows. For large impact parameters and sipallour trans-

(a) formation of p, into b, which includes only the nuclear-
, nuclear repulsion, is only an approximation, both because it
‘ is not correct here to associape with a classicalb and
because the transverse momentum imparted to the He atom
1072k ee 4 can depart substantially from that finally carried off by the
He" ion. The observed shape for thee process in the
present experiment is, however, largely due to the experi-
mental resolution, which hides to a considerable extent these
shortcomings of the model for thee process(cf. the solid
. line, which is the model distribution convoluted with the
experimental resolution The LI distribution, on the other

59MeV O T+He — 0% +He +2e”

bP(b) (a.u.)

(b) hand, is not so much affected by the experimental resolution
because large, is involved. This feature is common to
Impact Parameter b (a.u.) mechanisms dominated by close collisid2g].

FIG. 7. Impact-parameter-dependent probabilities for the loss-
ionization(LI) processa) and theee procesgb). Dashed lines are IV. CONCLUSION
the model distributions, and solid lines are the model distributions

convoluted with the experimental resolutitsee text In summary, the importance and the main dynamical fea-

tures of the electron-electron interactions in ion-atom colli-
sion have been investigated for projectile ionization using
recoil momentum spectroscopy. The contributions to the ion-

Knowing the deflection functiom, (b), the impact param- ization of O by the nucleus and the electrons of a He target

eter probabilities can be obtained by the relation were experimentally separated. The electron-electron contri-
bution was found to produce much smaller recoil momen-

1 do 1 |dp,(b)| do tum, longitudinal and transverse to the beam direction. We

bP(b)= 27 db 27| db dp; (4  have presented quantitative models that account for the lon-

gitudinal and transverse recoil momentum distributions for
the projectile ionization accompanied by a Heecoil. This
Ichannel can be reached by two-electron—nucleus interactions
gr by a single electron-electron interaction. For &¢ con-
tribution, comparisons between the model and the experi-
ment show that the ionization of ‘O by He is very pertur-
ative and the semiclassical calculations explain the major
eature of theeN distributions, both longitudinal and trans-

The experimental probabiliti?(b) obtained from Eq(4)
has a built-in experimental resolution. To make a prope
comparison, the theoretical calculations must be convolute
with the experimental resolution distribution. Assuming that
thex andy components of the transverse momentpmand
py, have a Gaussian resolution distribution with the sam

variancel’, the resolution distribution for the transverse mo- I :
N . . e verse. For thee contribution, a model based on the impulse
mentump, = \/pX2+ py2 is given by the Rayleigh distribution L : . o
2 approximation reproduces the experimental recoil longitudi-
[25] R(p,)=(p, /T'?)e P1"". The theoretical probability nal momentum distributions very well, indicating that the
P(b) was transformed into the, space using Eq4), con-  process can be understood in terms of free-electron impact
voluted with the Rayleigh distribution, and transformed backijgnization of the projectile, modulated by the target Compton
into b space. In the present measuremelits0.85 a.u., cor-  profile. A full understanding of the recoil transverse momen-
responding to @, width of 2.0 a.u(FWHM). tum distribution foree process is limited by the experimental
Figures 6 and 7 show the recoil transverse momentum angsolution, but its main signature, i.e., its broad distribution
the impact parameter differential cross sections for the Lin the impact parameter space, is clearly identified.
and ee processes in 59-MeV O+He collisions. The nor-
malization is such that in Fig. 6 the theoretical curves give
the total number of experimental counts, and in Fig. 7 the
experimental points give the total theoretical cross section. It
can be seen from Fig. 7 that good agreement is obtained We would like to thank K. D. Carnes, T. J. Gray, and V.
between the model calculations described above and the ekleedham for providing the LINAC beams, and D. Traut-
perimental data transformed inbospace. The main features mann and F. Reel for making their SCA code available to
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