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Structure in differential cross sections for electron-impact ionization
of LiT(1s?) in the coplanar equal-energy-sharing geometry
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The triple-differential cross section for electron-impact ionization of &(ILs%) ion is considered in the
coplanar equal-energy-sharing kinematics at an incident energy of 135.6 eV. The emergence of structures in the
calculated cross sections is explained in terms of isolated two-body final-state interactions and three-body
coupling. The cross section shows two peaks originating from “classical” sequential two-body collisions. The
position of these peaks is determined by two-body final-state interactions. In addition, it is demonstrated that
the signature of three-body interactions is carried by the magnitude and ratio of these two peaks. The direct and
exchange amplitudes are also considered.
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I. INTRODUCTION Theoretical as well as experimental works regarding the
(e, 2e) triple-differential cross sectiondDCS) for ionic tar-

The understanding of the collision process involving ionsgets are scanty. The additional difficulty that arises in study-
is particularly important as atomic ions are bound in very hoting the electron-impact ionization of an ionic target, as com-
environments such as fusion or astrophysical plasmas. Urpared to the neutral one, is the presence of a long-range
fortunately, they are not present under normal conditions ofoulomb interaction. Roy, Roy, and $il1], in their calcu-
the surface of the Earth. Thus it is with considerable diffi-lation of (e,2e) triple-differential ionization cross sections
culty that they can be produced in sufficient quantities forfor the He" ion, did not include the electron-electron corre-

laboratory experiments. Theory is therefore of particular im-Jation in th_e final channel,_ and as a result their final-state
wave function does not satisfy the proper three-body bound-

portance in this case for the following two reasons: to pro- . ) ) .
vide accurate data for cases where the experiments have n%?]’ conditions. Biswas and S'n.mz] sugges.ted a model In
been done and to provide the framewaork for interpolafimn ¥V ich theksc?ttﬁreo‘isteb Ioutgomg ele(_:tron |i_tlreart]ed n thed
extrapolation of the relevant data that exists. ramework of t € eikona approximation, while the ejecte
Experiments for the ionization of ionic targets are limited (sIower)_ electron is represented b_y a Coulomb_ wave. 'I_'he
S ) : . .~ correlation between the two outgoing electrons is taken into
to the total ionization "and smgle-d|ff_erentlgl Crpss-sectlonaccoum through the eikonal phase term and Coulomb param-
measurementfl—4]. Muller et al. [3], in their refined ex- eters. In an earlier papdil3] we extended the Brauner-
periment (error ~0.01%), have studied correlated two- Briggs-Klar (BBK) model [14] for hydrogen and helium
electron transitions in the electron-impact ionization of & Li ions, in which the incident electron is described by a Cou-
ion, and were able to observe the resonant and nonresonagmb wave in the presence of a screened ionic nucleus, and
double excitation leading to single ionization. They notedthe final channel is represented by the BBK wave function.
that interference by resonance and direct ionization channefphe basic difference between the Biswas and S[ii2hap-
leads to a considerable enhancement of resonant featurespfoach and our approadi3] lies in the choice of the pre-
the single-differential and total ionization cross section.scription for the final-channel wave function. The final-state
Marrs et al. [5] have achieved the production of stationary wave function is chosen as the three-body Coulomb con-
hydrogenlike bare uranium ions, along with the measuretinuum [14], which satisfies the proper three-body
ments of the electron-impact ionization cross section. Thexsymptotic boundary condition. The prescription of the final
ionization cross sections of ‘Si and St* ions have been s superior in the sense that the former is mainly appropriate
measured by Thompson and Gregfy;, and because of the for asymmetric geometric only, while the latter is suitable for
absence of theoretical data they had to compare their crossth the symmetric and asymmetric geometries and hence is
section with that calculated using the semiclassical Lotz formore versatile.
mula[7]. The shape of the cross-section curve is in agree- The BBK model[14] should be regarded as a significant
ment with that obtained using the Lotz formula, but the mag-advance in the theory of(2e) processes, in which a three-
nitude of the measured cross section~20% above the Coulomb (3C) product wave function was first used to de-
predictions of the calculations. Brdg] proposed the con- scribe the final state. This 3C wave function was quite suc-
vergent close-coupling approximation for studying thecessful in reproducing the TDCS for electron-impact
electron-impact ionization of ions and calculated the totalionization of hydrogen{14] and helium[15] at high and
ionization cross sections for Heand O" ions. Their results  intermediate energies. However, for low incident energies,
are in good agreement with the experimental results of Pertthe calculated TDCS using the BBK wave function are not in
et al.[9] and Defranceet al. [10]. agreement with experimefit6]. The major limitation of the
BBK model lies in the fact that the dynamic screening of any
two-body Coulomb interaction, i.e., the influence on the
*Email address: jiaxf@dns.sxtu.edu.cn strength of the interaction of any two particles by the pres-
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ence of the third one, has not been taken into account. This Feo(k ,ra):(zw)—3/2emi/2r(1+ iarp)
deficiency was first corrected by Berakdar and Brif§] .
through the introduction of new Sommerfeld parameters for xekifa Fo(iai; Li(kira—ki-ra)  (4)
the symmetric case in which the two outgoing electrons have . . .
equal energiegtherefore we refer to this model as DS3C With @i=1/k;. 1Fy(a;bic) is the confluent hypergfoméatrlc
Chenet al. [17] have extended the work of Berakdar and function. The ground-state wave function of the’{1s®)
Briggs by both symmetric and asymmetric cases and the re?i(Tb."c) in Eq. (3) is chosen as the simple Hylleraas form
23Irt:rrtltérnr§(i70i1tléo be in quite good agreement with the mea- Bi(rp.re)=u(rp)u(ry),

The TDCS caused by electron-impact ionization depends
on the geometry as well as kinematics, and therefore, a u(r)=(
proper understanding of their roles is essential for explaining

the collision dynamics. An investigation of electron-impactwith A =(z,— 1)+ 0.6875.Z, is the charge of the heliumlike
ionization of ionic targets would therefore be quite usefultarget ion.

and interesting. Therefore, the present work investigates Pperturbation corresponding to this initial state is given by
mainly the ionization of L using the DS3C model sug-

gested by Berakdar and Brig§i$6]. The TDCS for ioniza- VoV V. 4V I ) N 1 ©
tion has been determined in the coplanar equal-energy- boeen TenT TeC rob la Fac’

sharing kinematics at an incident energy of 135.6 eV. As our

aim is to explain the physical processes underlying structure®ith ro,=[r,—ry|, rac=|ra—r¢[. Hence, Eq.(2) may be
observed in the TDCS, only the major features of the theoryewritten as

used are briefly summarized in Sec. Il. In Sec. Ill we con- B - 4 _ .

centrate on the interpretation of the angular pattern of the F=Teet Tent Tec= (Vs [Ved Vi) +( W [Ved ¥i7)
TDCS and in Sec. IV conclusions are drawn. Atomic units F (VT Vod W5, 7
(a.u) are used unless otherwise specified.

)\3 1/2

e—)\r’ (5)

w

Here Toe, Ten, and Tg. representT-matrix elements in
Il. THEORETICAL MODEL which the initial scattering is off the activ@onized elec-
tron, nucleus, and passive electron, respectively. Hence the

In this section we briefly sketch the theoretical model.sum T+ To.= T.ore represents the initial scattering of the
Here we consider a [i(1s?) target being single ionized by incident electron off the 2" core.

the impact of an electron with incident momentkmn The In order to construct the wave functich; for the final
spin-nonresolved TDCS for the coincident detection of twWochannel, which involves four particles, the following as-
continuum electrons escaping with momektaandk, and  symptions have been adopted. We have reduced the four-
emerging into direction defined by solid angleg and(), is  phody problem to a three-body one in the sense that the bound
given by passive electron plays no other role than to screen the
nucleus from the two outgoing particles. The final-channel

d’c Kakp correlated wave functio®’; is given b
m=(277)4%[%“('(51,kb)—g(ka,kb)|2 rsd y _
200d(kp/2) | W (Fa o fo) = (2m) %720 (1 + i ag)elkaTa
+71f(Ka ko) +9(Ka kp)[?], ) X Fy(—ian:1;—i(Kal at Ko Ta))
where f(k,,k,) andg(k,,k,) are the direct and exchange X €72l (14 agp)
amplitudes, respectively, with(ky, k) =g(k,,k,). The di- X (Fy(—iagy:Li—i(Kapl apt Kap: Fap)

rect amplitude is

X(rp,re), ®)
wherek = (k,—Kkp)/2, and

b(rp.10)=[ i (16 (1) + i (1) i) 12, (9)

f(kaykb):<\lf;(ra1rbvrc)|vi|\pi+(ravrb1rc)>r (2)

wherer 4,1y, ,r. denote the position vectors of the incoming

electron “‘a” and the two bound electronsb” and “c,”

respectively, with respect to the nucleus. —
The initial channel wave functiow;" in Eq. (2) is chosen bi, (1) = i (1) = (P Jupu(r). (10)

in the framework of the Coulomb-Born approximation as _ )
The wave functiong(ry,r.) of the two-electron ion (Lf)

W (g, ro)=Fo(Ki,ra) di(rp.re), (3)  subsystem in the final channel has been represented by a
' symmetrized product of the one-electron{L) ground-state

where F, represents a Coulomb wave function due to theVave function ¢) for the bound electronr¢) with the con-

long-range Coulomb attraction between the incident electrofinuous wave functiorp, for the ejected electron with mo-
and the screened target ion and is given by mentumk, [orthogonalized to the ground-state orbitét)].
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FIG. 1. The TDCS in atomic

units (a.u) for the ionization of
Li*(1s?) by electron impact in
the coplanar equal-energy-sharing
kinematics at incident energk;
L L =135.6 eV,E;=E,=30¢eV, asa
0 60 120 180 240 300 360 0 60 120 180 240 300 360 function of ejected electron angle
dn(deg) dp(deg) 0,. The scattering angled, is
fixed to (@ 6,=20°, (b) 6,

0.005 0.003 =30°, (c) #,=40°, and(d) 6,
) (@) =50°. The solid curve represents

S the present results, the broken
curve and dotted one correspond
to the calculations of the direct
f(ky,k,) and the exchange
d(ka,kp) amplitudes, respec-
tively.
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It should be noted here that in CalCUlating the matrix elewhere the ang|@ is defined a§:(cos_l|za. Rb)/z! and ef-
ment corresponding to the second tefie., the exchange fective charge Z; of the Li?* (19 core seen by the escaping
term) in Eq. (9), we have also replaced the coordindtend  glectrons is taken g20]

c in the remaining part of the expressionwt (r,,r,,r¢) in
Eq. (8) for the sake of consistency.

The ejected electron is described by the following

screened Coulomb wave function:

Zett=(Z;—1)+0.5052 2549 (13

The ionization amplitude as described in Eg) finally
involves a three-dimensional integration, which has been
i, (1) =(2m) %™ T (1+iap)el o " evaluated numerically. For numerical integrations we have

adopted a technique similar to that of our previous wWd
X Fi(—iap;1;—i(kgrp+kp-rp)). (11  with necessary modifications.

In Egs.(8) and (1)) «; [_i e (a,b,ab)] are Sommerfeld pa- _ IIl. RESULTS AND DISCUSSIONS
rameters. The assumption that the three-body system consists
of three spatially independent two-body systems leads to the We have computed the TDCS for electron-impact ioniza-
representation of the Sommerfeld parameters in the BBKion of the Li*(1s?) ion at 135.6 eV incident electron en-
model[14] as a,=2/k,, a,=2/K,, anday,=—1/2K,p. ergy. The coplanar equal-energy-sharing geometry has been
However, the Sommerfeld parameter is a measure of thetudied by taking account of electron exchange in the final
strength of the Coulomb interaction between charged parchannel. The results have been displayed in Figg—1(d),
ticles, and the strength of the interaction of any two particlesvhere the present TDCS have been plotted against the angle
in the three-body Coulomb system is affected by the presef ejection (f,) of the ejected electron and the deflected
ence of the third one. Having recognized this, Berakdar angrojectile electron is detected at fixed angles 6f
Briggs suggested16] the DS3C model to modify the 3C =20°,30°,40°,50°, respectively. Since no TDCS measure-
wave function by formulating the effective Sommerfeld pa-ments have yet been performed for the ionic species, we are
rameters. Here we cite the explicit functional form for the not in a position to compare our results with experiments.

case of equal energy sharing,Ek,=k) as In all cases we notice a double-peak structure in the an-
i ) gular distributions. Before we proceed with analyzing the

e g HFermSING _—1+sire (12  dynamical origin of these structures, it is advantageous to

a—ob 4k ' ab™ 2ksing study the classical kinematical properties of the collisions
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FIG. 2. (8 The recoil-ion momentunk;,, as a function of the 0n(deg)

emission angle 4,). The full, broken, dotted, and chain curves
refer to the cases whem,=20°, 30°, 40°, and 50°, respectively. FIG. 3. The same collision P—

- ) .3 geometry as in Fige)+1(d) stud-
(b) The magnitudey (solid curve anq the angle, (dgshed curve ied in the approximationga) the first Born approximatioriFBA)
of the momentum transfer are depicted as a function of the scattef 4 (b) the independent Coulomb particle mod2C). The curves
ing angled, in the range investigated here. (full, broken, dotted, and chajircorrespond to different fixed scat-

tering angles ¢,=20°, 30°, 40°, and 50°, respectively

that are common to all dynamical models. Investigating the

spectrum of the recoil-ion momentum can elucidate this. Weiarget ion is increased as a evident from Figp)2Thus the
note that_as a consequence of the translational invariance el erall magnitude ok, is enhanced with increasirgy, . As
the_rgactl_on the Ilnea_r momentum is conserved c_iurmg theyident from Figs. @) and 2b), the broad peak if;,,( 6;)
collision, i.€.,Kion(0) =ki—Ka=ky, wherekion(0h) is the g jocated in the direction where the ionized electrons emerge
recoil momentum of 1" (1s), which is assumed to be ini- opposite to the direction, i.e., atd,= f,+180°. The link
tlaIIy_ atrest. As seen in Fig.(3), 'Fhe ang_ular behavior of the otween the structure &,.(6,) andq supports the identi-
recoil-ion momentum can be directly linked to the momen-g.ation of the minima and maxima appearing in Fi(R)2s

tum transferred to the targgt during the cqllision, which Webeing the results of certaifsequential two-body classical
cAjefme agy=k;—kj, . If the ejected electron is emitted along . jisions. In the single-binary region, whekg|q, the two

d, the momentum transferred to the target is mainly absorbeg|ectrons collide almost independently of th&{1s) ion

by the secondary electron and little momentum is transferregnd hence there is a minimum momentum transferred to it.
to the LF*(1s) (only via initial-state binding Thus a mini- | j2+(1s) is a spectator to the electron-electron collision.
mum occurs ink;,,(6,) at Hbzaqzcos‘l(ki-d). This is  Classically the momentum transfer to?{1s) vanishes in
seen nicely by comparing Figs(#2 and 2b). With increas- this case, provided the initial-momentum distribution of the
ing scattering angled, of the projectile electron the ionic electron is neglected. The peak appearink;ip(6,) at
momentum-transfer directio& moves away from the inci- the recoil region, i.e., atl?{b-fq)z—l, can be assigned to
dent directior{cf. Fig. 2b)]. The position of the minimum in  double-binary collisions where the secondary electron scat-
kion(6,) exactly follows this behavior. Besides, with increas- ters off the nucleus after a binary encounter with the projec-
ing 6, the magnitude of the momentum transferred to thetile. The broadness of the peaks and minimekgf(6y) is
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FIG. 4. The same geometry as in Figall The incoherent con-
tributions to the TDCSsolid thick curve of the scattering ampli- (b)
tudesT . (broken curvg, T, (dash-dot curve T, (dotted curve,
and the coherent surtbetweenT,, and T¢o) T.ore (light solid
curve.
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due to the initial-momentum distribution of the three-body
system. This broadening is more pronounced the lower the
impact energy and tends to flatten the structur&;in(6,).
Nevertheless, it has been shown by Berakdar and Bfi2ftjs
that for the electron-impact ionization of atomic hydrogen,
even at excess energies as low as 2 eV, the behavior of
Kion(6p) as described above can still be seen.
The information onk;,,(6,) can also be linked to the 0 . . . . .
structure of the spin unresolved cross section, as shown in 0 60 120 180 240 300 360
Figs. 1a-1(d). Here we observe the emergence of two v(deg)
peaks at positions near the binary and recoil emission direc-
tions as discussed above. However, only the positions of FIG. 5. (@) TDCS for electron-impact ionization of Hegd) at
these peaks can be traced to the structuré;gf(6,) and incident energ_yEi:64.6 eV in the coplanar_ equal-energy-sharl_ng
thus to the collision-ionization mechanisms outlined above3e0metry for fixed angle of,=—30°. The circles are the experi-
This is evident by comparing results of different dynamicalMental measurements of Bray al. [22]. The solid thick curve is
models: DS3cf. Figs. Xa)—1(d)], first Born approximation the present resglts, while the others_ are the same as Fig. 4. The
: T . present calculations have been multiplied by a factor of O(bg.
(FBA) [in Eq. (8) ay=a,,=0] and independent Coulomb The anaular distributi .
. ' - gular distribution of the recoil-ion momentum in the case
particle model(2C) [in Eq. (8) a4,=0] [cf. Figs. 3a) and depicted in(a).
3(b)] where the kinematics are the same. The shift of the
positions of these peaks is readily understood by comparing From the preceding discussion and by comparing the
Fig. 1 and Fig. 3. In the FBA model, where the ionized heights of the peaks in different dynamical models, it is ob-
electron occupies a target-continuum state, the position ofious that the magnitudes of the peaks are a subtler feature
the peaks coincides with the positions of the classical binaryhan their positions. In fact, viewed in the present theory, the
and recoil peaks. The heights of the peaks decrease monactual shape of the cross section is determined by three-body
tonically asq increasescf. Fig. 3a)]. In the FBA, the elec- coupling, as the only difference between the approximations
trons, although of identical energy, are treated unequally. IrBC and DS3C is the inclusion of three-body coupling in the
the 2C model, in which the two continuum electrons movelatter one[16]. Three-body interactions control the interfer-
independently in the Bif(1s) ion field, the binary peak is ence pattern of various scattering amplitudes by differently
shifted away from the scattered electron direction, whereaweighting these amplitudes. This is evident from Fig. 4
the recoil peak appears nearer-t@. The angular distribu- where the magnitudes of the scattering amplitudes from the
tion predicted by the 2C cross sectiaf. Fig. 3b)] shows a  bound electrofT and the ion (L#*) T, e are examined
new peak nea#,>330°, i.e., the two electrons emerge pref- separately. As expected, the major contribution to the cross
erentially in nearly the same direction but well away from section around the binary region comes frdiy, whereas
the position of maximum 4" recoil. Finally, including the  T¢oe (the coherent sum of the scattering amplitu@iggand
electron-electron final-state interactioffigs. 1a-1d)] T, dominates ovefl, in the recoil regions. Although ex-
squeezes the angular distributions of the ejected electronzerimental data do not exist for the ion target here, there are
away from the direction of the scattering electron. data that show the appearance of precisely such a structure.

| Kion | (a.u1.)

—
T
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In this case the data are for a helium target and the emerging the recoil regions. The exchange effects become more im-
electrons are measured at fixed angle= —30° and with  portant asd, increases. The effect of antisymmetrization on

energieE, = E,=20 eV|cf. Fig. 5a)]. The extension of the the final outcome for the spin-unresolved TDCS is important.
theory presented in the preceding section to a helium targétherefore, the indistinguishability of the two electrons plays

can be obtained through;=0 andZ,=2. The results are a major role in determining the shape of the angular distri-
shown in Fig. %a). The information concerning the mecha- bution.

nisms responsible for scattering into different angular re-

gions can be gleaned from an examination of the recoil-ion IV. CONCLUSIONS

momentum as a function of the scattering angle. The recoil- In this work the TDCS for the electron-impact ionization

ion momentum spectrum is shown in Figbbfor helium. . . )
The curves showF())nIy two features: a mingiimum in the recoil-.Of Li* (15%) in the coplanar equal-energy sharing has been

ion momentum wherg. —330° i.e.. the electrons emitted investigated at an excess energy of 60 eV. It has been shown
b— , LE.,

symmetrically with respect to the beam directidhe single- that the cross section reveals a double-peak structure. The
binary configuration and a broad maximum for the back- positions of these peaks are primarily determined by classi-

ward emission of both electrons. The peak of maximum OC_cal single- and double-binary collisions and are modified by

curs até, = 152°. This supports strongly the identification of final-state interactions. It is demonstrated that the relative

. S e i X height of the peaks is the signature of three-body coupling in
the processes leading to ionization in the configuration. The three-body Coulomb system. If the coupling is neglected,

cross section is calculated as a coherent sum of contribution(;asnl a2 poor description results. In addition. the exchange
of electron-electron Toe) and electron-ion T.,,e) Scatter- yap P I ' g

) X . el = effects have also been considered. We have shown the situ-
ing. In Fig. 5a) the separatdincoherenk contributions of

. . ation in which the exchange effects are crucial.
electron-electron Too) and electron-ion T;,,e) ScCattering . .
: ) . . It is worth nothing that there have been several successful
are also displayed. Incoherent scattering amplitudes can still : : : L
noonperturbatlve theories for electron-impact ionization of

be traced to two-body scattering processes. The observeneutral atomgsee Refs[24,25). Good agreement has been

cross sections, however, are determined by the interferen?gund between theory and experiment. It would be very in-
patter_n of th_ese ampll_tudes, which is decided by three'bOdYeresting to apply these theories to electron-impact ionization
coupling. Th's theoretlgal stL_de has peen c_onflrmed by furs f ionic targets. As there are no other results available, we
ther experimental data in a different kinematical arrangement 1o wait for them to test the reliability of the pres’ent

23] results
Another point that warrants investigation is the effect of '

the indistinguishability of the escaping electrons. It is worth-
while to consider the exchange amplitude in the coplanar
symmetric energy-sharing geometry. From Figs)11(d) it This work was supported by the Natural Science Founda-
can be seen that around the binary region the TDCS artion of Shanxi ProvincéGrant No. 20001008and the Sci-
mainly contributed by the diredtand exchangeg scattering ence Foundation for Returnee of Shanxi ProvihGrant
amplitudes, whereas the direct amplitdfddominates oveg N0.(99)13] of China.
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