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Double-ionization mechanisms and asymmetry parameters fo¢e,3e— 1e) reactions
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In this work the cross section for the coincident detection of two electrons following double ionization of
helium by fast electrons is analyzed. Structures arising in cross sections are associated with ionization mecha-
nisms. The role of electronic correlations is elucidated. The theory is compared with available experimental
data and suggestions for future experiments are made where results can be analyzed in terms of generalized
asymmetry parameters and directly linked with well studied asymmetry parameters for double photoionization.
Further, a method of calibrating relative,Be— 1€) cross sections to double photoionization cross sections is
proposed.

PACS numbe(s): 34.80.Ht, 34.80.Dp

I. INTRODUCTION most suitable to analyze electronic correlations and colli-

Recent advances in coincidence detection technique ha\felzonal lonization mechanisms. However, the analogy to DPI

rendered possible the measurement of fully differentialcr°SS sections is lost, since integration over the scattered
double-ionization cross sections of atoms by fast electroﬁIeCtron |mp||cate_s an integration over the momentu_m—
impact. These so-callece@e) experiments have been per- transfe_r vector, whlc_h usually c_orrt_—zsponds to the polanz_atlon
formed using argon and krypton targéts-3]. The projectile ~ VECtor In DPI experiments. This kind oé@e— 1e) experi-

collisions. The major aim of these studies is to investigatéheoretical model. To restore the connection to DPI reactions

electronic correlations in initial and final channels. In prin-the momentum-transfer vector has to be fixed. This can be
ciple, the €,3e) technique can also be used to obtain anachieved by integrating over one secondary electron and de-
estimate of the electron-momentum profile in the initial statetermining the momenta of the other ionized electron and the
Under the above described kinematical condition th&d) scattered projectile, simultaneously. In this case the cross
process is closely related to double ionization by one linearlygection of €,3e— 1e) reactions can be calibrated to DPI data
polarized photodDPI) [4—7] and electronic correlations can and analyzed in terms of generalized asymmetry parameters
be equivalently studied by DPI methods. The3g) tech-  that connect to well known asymmetry parameters of DPI
nique, however, offers a different approach to electronic corfeactions. In addition, as shown in Sec. IV, this case is ap-
relations by assigning collisional ionization mechanisms tapropriate to systematically study the optical limit as well as
structures arising in the cross sectitsee Ref[8] and be-  electronic correlations. The results of this work can also be
low). This gives a clear visual picture of the fragmentationgeneralized to the case of double ionization by arbitrary,
process. structureless charged projectiles using the scaling formula
The fully differential cross section of theBe) processis presented previousil7]. Atomic units are used throughout.
obtained by an energy- and angle-resolved detection of the
two ionized electrons in coincidence with deflected projec-
tile. For helium only the solid angle of the scattered projec- [l. THEORETICAL CONSIDERATION
tile has then to be resolved. Such measurements are unfortu- We consider the double ionization of the helium atom in
nately hampered by low counting rates so that only some_ " .
specific atomic targets are experimentally accessible IS smgle‘g ground state by a fast ele(_:tron with momentum
present. In particular, such experiments are not yet feasiblg! (fast with respect to the Bohr velocity of the bound elec-

for the helium target, which constitutes the simplest case ogronsj. Further, we assume little momentum being transferred

such reactions. Thus, one has to resort to the less technicalym the projectile to the target atom so that a Born-type

elaborate case, the so-callezj3e— 1e) reaction, where only
two of the three electrons present in the final state are d
tected in coincidenc§9—11]. It is the aim of this work to
analyze possible arrangements and outcomes of
(e,3e—1e) experiment. Details ofd,3e) cross sections have
been investigated by numerous theoretical modls-17,§.
Since three electrons are present in the final channel differe
types of experimental arrangements fex3—1e) experi-
ments are possible. For example, one could perform an
energy- and angle-resolved detection of the two ejected elec-

8
trons and integrate over the scattered projectile. Such cross d"o :(277)4kakbk°
sections are dQ,dQpdQdELdE, N

pproximation in the projectile-target potential can be em-
eQloyed [18—20. The z axis is defined by the directiok; .
Assuming the nucleus to be infinitely heavy compared with

e electron mass, the multiple differential cross section for
he two atomic electronsd” and “b” being ejected into
directionsdQ) , andd(},, with energies, andE, and for the
Ijﬁrojectile being scattered into the solid andl® is given

| Tal? . (U]
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The momenta of the ionized electrons are given bynalized wave functions converge to the same limit. For small
ka=\2E,, ky,=+2E,, whereas the momentum of the pro- momentum transfeq the exponentials in Eq$4,5 can be
jectile electron in the final channel is labeled ky. The expanded with respect p leading to the optical relation
two-particle transition matrix elemeiit; can be expressed as _ B .
the sum of three terms, Ti= =10, k,(Ta:To)|A(rat o) @(ra,rp)) +0(g?).

()

From (7) it is clear that, to the first order ig, the (e,3e)

The transition amplitude3+,T,, T, describe direct scatter- cross section is closely related to cross sections of double
ing off the nucleus, electroa, and electrorb, respectively,  photoionization by linearly polarized light in length formu-
le., lation. The electric vector is pointing into tleedirection. In

the optical limit initial and final states are always orthogonal
o(r, ,rb),k0> because or_lly the odd parity part of the fina_l-state contributes

to the matrix element, and this odd-parity final state is auto-

matically orthogonal to the even initial state. The energy bal-

4
= 7 (W (raml2le(ram), (3 ~ ance can be expressed as

Ei_€= Eo+ Ea+Eb' (8)

Tfi:TT+ Ta+ Tb . (2)

_ -2
TT:< lpka,kb(ralrb)!kilﬁ

@(fa-rb),ko> In Eq. (8) the energies of the projectile electron in the initial
and final channels are designatediyyandE,, respectively.
T ) Further, the energy of the recoiling nucleus has been ne-
== Ez(tﬂka,kb(ra,rb)lexmq ra)le(ra.rp)), (4 glected due to the massive nuclear mass. The positive bind-
ing energy of the target electrons is denoteddsy2.9037
a.u. The translational invariance of the whole experiment
go(ra,rb),ko> leads to the conservation law of the linear momentum

Ta:< wk_a,kb(ra-rb),ki m
a

Tb=<l//ka,kb(fa,rb),ki Tro—Tal
4aq ) q:ka+kb+kiona 9

=- _2<‘/’ka,kb(ra1rb)|eXF(|CI'rb)|<P(ra,rb)>- (5 ) ) _
a where K, is the recoil momentum of the nucleus that is

In Egs.(3)—(5) the momentum-transfer vectqek; — kq has assumed to be initially at rest.

been introduced. The vectorg,ry,,rq refer respectively to
the positions of the two target electrons and the projectile lll. (e,3e—1e) REACTIONS

with respect to the nucleus. The two-electron bound-state pye to the presence of three electrons in the final channel
wave function of HetS) is denoted byp(r,,rp), whereas gp (e,3e—1e) experiment can be carried out in different
the wave functiony,_  (ra.rp) describes two outgoing ways. At first we consider the case where the two secondary
electrons in the double continuum of the #leatom. Within  electrons are angle- and energy-resolved in coincidence with
an exact treatment of the motion of the two secondary electhe ion-charge state, i.e., the scattered electron is not de-
trons the scattering amplitudg;, given by Eq.(3), vanishes tected:
identically, since the wave functionﬂxk’a,kb(ra,rb) and

6
¢o(r,,r,) are then eigenfunctions of the same Hamiltonian Oap'= d—a
for different eigenvalues. The exact forms of these wave dQ,dQpdE.dE,
functions are, however, not known and the overlap of ap- d8o
roximate expressions faf, fp) ando(r,,ry) is, in = .
p Xl Xp SSl S (Wka,kb(ra b) ()D( a b) IS, 1 andeondEadEbdQO (10)

general, finite. Nevertheless, approximate initial- and final-

state wave functions can be orthogonalized by defining &ross sections obtained according to Exf) are suitable to
final-state wave function as analyze ionization mechanisms and electronic correlations,
" as we will see below. However, these cross sections cannot

- — T be related to fully differential DPI cross sections, e.g., as
Yiey ko (TaTo) = Wi i (TarTo) = 5 ¢(Failo). - (6) given by Refs.[4—y7], since the integration involved ingEq.

) ) ) (10) runs essentially over the momentum-transfer vegtor

Thus, the ternr,_as given by Eq(3), vanishes when using  gome limited interval. This would correspond to integration

the wave functiony,_ . (ra.rp) to describe the final state of over polarization vectors in DPI experimenfsompare

the secondary electrons. Note, however, that the nonphysic&lg. (7)]. Such DPI data are not availables,8e—1e) cross

overlap (lpl:a‘kb(ra,rb)w(ra,rb)) still enters in the wave sections that compare with existing DPI data will be inves-

function[Eq. (6)]. Results obtained using orthogonalized andtigatéd in the next section. To analyze the structurerof
nonorthogonalized final-state wave functions are, in generalVe employ for the wave functiogy_  (ra.rp) of the two
different anda priori it is not obvious which wave function slow escaping electrons the same symmetric approximate ex-
is the better approximation. Nevertheless, for declining mofpression, and its orthogonalized form, as used in a previous
mentum transfer, results of orthogonalized and nonorthogowork [8]:
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e,k (TarTp) = (27) 73N explika ra+iky ry)1Fa(i aapl, 0.30

—i[Kaprapt Kap rap))1F1(i@tal,—i[Kar 4
+Ka ral)1F1(i @7y, 1, = i[Kpry+Kp-rp])

(D 028

with the normalization factor

k,, (a.u.)

N=exp(— ma,/2)T (1—ia,p)exXp — mat4/2)
XF(l— i CYTa)eXFX_ WaTb/Z)F(l— i Ct’Tb).
0.26

Here k,, is the momentum conjugate to the interelectronic

coordinater ,p,=rp,—r,. The Sommerfeld parameters are de-
fined as

1 -2 -2
®ab™ ' dT1a™ ' ATp= . 12 0240 ' gc;o ' 18I00 ' 272)0 T 360.0
2Kap Ka Kp : - - - :

0, (degree)

The singlet ground state of helium is described by a
Hylleraas-type wave function that contains radial and angu-
lar correlationd21], i.e.,

.- ~q

@(ra,rp)=N{exg —Cura—Cprp]+exgd —Cyry
- Car b]}eXF{Cab| Ma— rb|]: (13)

whereN is normalization factor an€,, C,, andC,, are

positive real numbers used to minimize the binding energy of

He(*S?). As a prototype we examine the experimentally in-

vestigated collision geometifil1] in which the incident en-

ergy is fixed toE;=5525 eV and one electron, say electron i

a, is detected at a fixed angle perpendicular to the incident

direction. The energy transferred to the target is fixed to

E.+E,=35 eV. Further, coplanar geometry is chosen in

which casek; ,k, andky, are linearly dependent. The angular K,

distribution of electrorb has three limiting cases, namely,

Ep>E, Ep=E, or E;>Ey. Basically, in all cases a maxi- FIG. 1. (a) Average momentum transferred to the nuclkysas

mum in the cross sectiom, j, is expected whenever the Be- a function of 6, =cos k; -k, . The collision geometry is chosen to

the sphere, as defined previougl§], is approached, i.e., be E;=5525 eV, E,+E,=35 eV, E,=0.2 eV, k;-k,=0, and

when the energy and momentum transferred to the target a(g;xk,)-k,=0. (b) Angular distributiono ,(8,) with respect to

directly absorbed by the ionized electrons. As we integrat; [see Eq.(10)]. The collision geometry is the same as(@. An

overq to obtaino, , [Eq. (10)] the Bethe sphere conditions orthogonal final-state wave function has been employed. The inco-

[8] are not directly applicable. However, the integrated quanherent contributions off,,, i.e., T;=T, (dashed curveand of

tity Ta, i.e., Tf=T, (dotted, are shown along with their coherent sum
(solid curve.

I(av(Qa'Qb’Ea'Eb):f Kion(Qo, 4,0y, B4, Ep)dld, nuclear charge. Hence, the direct projectile scattering off
(14)  electrona is almost structureless and yields a minor contri-
bution to the binary peak located af~70° [compare Fig.
is well defined and indicates the average momentum transt(b)]. This double-ionization mechanism, as explicitly dem-
ferred to the nucleus at certain geometry. Thus, a minimunpnstrated here, has been previously predicted in Ff.
in Ky, ({2p,) corresponds to a maximum in the angular distri- Clearly, for He this mechanism depends strongly on the de-
bution o, n(Qp). This is demonstrated in Fig.(d), where  scription of the initial state, which decides the amount of
E,=34.8 e\>E;=0.2 eV. The minimum okj, as function  shake-off[22,23 and is less sensitive to the electronic cor-
of 6,:=cos k;-k, is located atf,~64°. Correspondingly, relations in the final statg8]. The actual shape @f, h(6y) is
the direct scattering off electroh that provides the main determined by the coherent sum of the amplitudigsand
contribution too, ,(6p) peaks atd,~70° [see Fig. b)]. T, as given by Eq(2). The interference of these amplitudes
This means, predominantly, that the projectile electron di4s still remarkably strong due to the relatively small energy
rectly hits electrorb, which escapes carrying away almost separatiorE,—E,. The caseE,>E, yields similar results
the whole momentum transferred to the target. Elecras  [24] with the interpretation as above, except that the roles of
then shaken loose by the sudden change in the effectivelectrona and electrorb are interchanged. It is important to
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kﬂ
0.3 T T r T r T r FIG. 3. Angular distributiorns, ,(6,) in the caseE,=7 eV for
(b) (e,3e—1e) on He(S). The experimental setup is the same as in

Fig. 2(a). Calculations using orthogonalizésolid curve and non-
orthogonalized(dotted curve wave functions are depicted along
with experimental datdsquares[11]. Experimental data are rela-
tive. The magnitude of the cross section calculated with the nonor-
thogonalized form is equal to 2.5%30°% au. at ki-kg
=cos(m/2).

dom of the target initially at rest. The momentum distribution

of the nucleus in the initial bound state is exactly cancelled
to a zero linear momentum by the presence of the bound
electrons. When the electrons are directly ionized and no
momentum is transferred to the nucleus during the collision
the nucleus recoils with a momentum equal to the initial

binding momenta of the electrons before the collision. This
fact can be used to actually image the momentum distribu-
02 . L . L - L ; tion of the bound electron&Compton profil¢, as done in an

00 %00 0 (lf;fe) 2700 360.0 analogous way ind€,2e) experimentg25].

’ Now we consider the case of equal-energy secondary
electronsE,=E,. In this case, the scattering amplitudes
T.,T, from electronsa and b are of the same order and
coincide atf,=90° due to symmetrjfig. 2(a)]. That means
in this case that the projectile ionizes the two target electrons
simultaneously. From Eqg3)—(5) it is evident, however,
that only single-particle perturbation operators are present
and the projectile does not directly interact with the center-
of-mass of the two electrons. Thus, double ionization must
occur via a coherent superposition of the amplituéiggnd
Ty, [Fig. 2@)]. The cross sectiowr, v( 6y,) [Fig. 2(a)] exhibits
a minimum atf,~72°. This minimum is due to interference
of T, andT, and incidentally coincides with the minimum of
the average momentum transferred to the nuclieys at
0,~72° [Fig. 2(b)]. This could be inferred from the structure
of the incoherent contributions af, and Ty, which reveal
Y%road maxima arounéd,=94° and#,=84°, respectively. At
0,=0 the cross section vanishes due the electron-electron
repulsion in the final state. Obviously, in the case of Figs.
2(a)—(c) the cross section is very sensitive to the weighting

k., (a.u.)

FIG. 2. (a) Same collision geometry as in Fig(kl; however,
E,=E,. Wave functions and curves are also the same as in Fi
1(b). (b) The angular distribution of the average momentymfor
the case depicted ifa). (c) The same collision arrangement as in
(a). Results of orthogonalizeolid curve and nonorthogonalized
(dotted curve wave functions are displayed. Experimental data : . .
(squareshave been provided by Rdfl1]. The relative experimen- of the coherent amplltud_él'sa andT,, which are determined
tal data have been normalized to theorykatk,=cosr/6). The DY the wave functionsjy  (ra,rp) and ¢(ra.rp). There-
magnitude of the cross section calculated with the nonorthogonalfore, the scattering amplitude from the nucl@us which is
ized form is equal to 1.7810°5 a.u. atk;- k,=cos@m/2). mainly due to a poor description of the three-body state,

strongly affects the cross section because it considerably al-
notice here thatk,, does not vanish even on the Bethe ters the interference behavidfig. 2(c)]. Therefore, orthogo-
sphere. This is due to the fact that the momentum conservaralized and nonorthogonalized final-state wave functions
tion law [Eq. (9)] is the result of a translational invariance of yield in this case quite different results. The experimental
the system and does not account for internal degrees of freéinding is qualitatively reproduced by the orthogonalized
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form that seems to better fit the experimental data. 4 * A
The intermediate situation between the cases displayed rgm 47TZO B/Z/—+1

Fig. 1(a) and Fig. Zc) is shown in Fig. 3. The agreement
with the data is satisfactory. From the above arguments it is

comprehensible that the terfiy does not severely affect the / .

cross section as in Fig.(®@. The ionization amplituder, X 2 dQ, Y, m(Ka) Y2m(Q)
provides the major contribution td; in the vicinity of the m=-7

maximum. This leads to the interpretation as in Figs)4
(b). The scattering ternT,, although smaller thaif, (i.e.

o /
1
|Tol>|Tal), still considerably interferes witff, . = 16772/20 B/m;_/ 2,711 9/0%mo0, 17

IV. ASYMMETRY PARAMETERS
FOR (e,3e—1e) REACTIONS which lead to

In the preceding section it was shown how information on
1 d*o
the double-ionization process can be extracted fioyy, . (q,E.)=
However, the link to DPI reactions through the optical limit & 167 dQodE,dEy”
Eq. (7) is lost after integrating oveg. To compare with well
studied DPI data and to analyze partial waves contributing tdhus, it is advantageous to renormalize the coefficiBntto
the cross section, it is, therefore, appropriate todiand  Bg to end up with dimensionless generalized asymmetry pa-
measure the angular distribution of one secondary electromametersBS=B,/By:
ie.,

(18

1 d*o
_ d% T 49™ 17 d0gdELdE, / 2 [1+87
792"~ 40,d0.dE.dE,

P, (cos9,)]. (19

The equivalent parametrization dfa°P/(dQ,dE,) is lim-
8 ited to two terms due to the definite angular momentum im-
d°o QO (15) parted to the system by the photon and to the polarization
dQ,dOQ,dQdEdE, b vector entering bilinearly in the cross section, i.e., the polar-
ization vector actually defines an axis rather than a direction,

Hereafter, all angles are measured with respectqto
which defines the axis. The cross section , is propor-
tional to the cross sectiond®o/(dQ dQOdE dE,) and dQ . dE,
db¢/(d3qdQ,dE,). The latter one reveals the connection to
DPI measurements with linear polarized light, where only

d30.DPI *
= 477/20 B2P'P,(cos,)

one photoelectron is resolved in energy and angle 1 do —[1+ BP,(cosd,)].
d3ePP7(dQ,dE,), the so-called asymmetry-parameter ex- " 4w dE,
periments 6,26 —24. (20

Due to the cylindrical symmetry of g ,({2,) with re- -
spect toq the cross sectiomr, , [Eq. (15)]’ can be param- Here 6, refers to the emission angle of the photoelectron
etrized in the forn{29] 94 with respect to the polarization vector which can be chosen

to coincide withg. Hence, the angular distributions of pho-
toelectrons are essentially characterized by only one param-
dbo A eter, theasymmetry parameteB e[ —1,2]. Thus, the com-
WZMTZO B, P(d-Ka), (1)  parison of the asymmetry paramet@&S and 3 gives direct

information on the optical limit. To establish a relation be-

tweenB, andB°"' we consider a DPI and &(3e) reactions
where B,(q,E;) are angle-independent coefficients andleading to the same final state of secondary electrons, i.e.,
P,(§-k,) are Legendre polynomials. The coefficient k2”'=k, andk2”'=k,, wherek2”' k> are the momenta of
Bo(q,E,) is related to integrated cross sections. This followselectrons produced in a DPI process. Assuming length for-
from the relations mulation the cross section, given by EB0), reads

o

d3O_DPI

d0.dE, =4772awkakbf Kthe, i (TarT)|G(rat o)l @(ra,rp))PdQy, (21)
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¢ 10’ au.)

B, /4n (107" a.w.)

0.0 90.0 180.0 270.0 360.0
0, (degree)

(]

ES

B, /4w (104 au)
B, /4n (107 a.u.)

o

FIG. 4. (a) Cross sectionrg 4(6,), as defined by Eq(15), as a function off,= cos’ld-lza. The incident energy i&€; =8 keV. The
scattered projectile is detected under an angle of 1° with respdct amd with energyEy=7.8 keV. The momentum transfer is then
g=0.509 a.u. The secondary electron is detected with ertefgy0.01 eV. Results of orthogonalizédashed curvyeand nonorthogonalized
(solid curvg wave functions are shown. The dotted curve displays the corresponding DPI cross section, as giveri2by, Bat with
coefficientsBPP! [see Eq(22)]. The DPI asymmetry parameter is equajde 0.297 28.(b) The asymmetry coefficier, as a function of
/ [compare Eq(16)]. The collision geometry is chosen as(@). For DPI we obtairB5"/4m=1.34x 103, BY"/47=0.3984x 10 ° (note
B=B3"BE"'=0.297). (c) The asymmetry coefficier, as function of/ for the same collision arrangement as(&); however, the
secondary electrons are emitted with equal energies. An orthogonalized wave function is used to describe the final state of the two secondary
electrons.BY"/4m=9.04x 104, BYP/47=—0.49<10"*. (d) The same asc) but the final-state wave function is not orthogonal to the
initial bound state of HEE?).

where w is the light frequency and is the fine-structure A typical example is depicted in Fig.(@. The momentum
constant. According to Eq$7,1,2]) the parameterB, tend  transfer is moderate and the optical limit is approached. Con-
to scaled DPI-expansion coefficie8S"' in the optical limit, ~ sequently, orthogonalized and nonorthogonalized final-state
where wave functions yield almost the same, 3e— 1e) results, as
predicted above. All cross sections are symmetric with re-
spect tod,= 7. In addition,d3¢°"/(dQ,dE,) is symmetric

— 4k
DPI_ 4 0 RDPI
B/=(2m) B/ (22) to the line perpendicular to the polarization vector. The

kig°aw
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latter symmetry is destroyed in the case of tleg3¢—1e) to fix the parameters o®%,8%%¢ and d%o/
reaction since, unlike the situation in DPI where the polar-dQ,dE,dE, and hence the whole angular distribution
ization vector defines an axis leading to the reflection symoy ,(Q,). The most appropriate geometries under which
metry atd,=90° and 270° q fixes a direction. This fact is these measurements can be conducted are, the secondary
reflected byBD" being identically zero, whereaB, [Eq.  electrona is detected under a direction perpendiculamgto
(15)] is finite [Fig. 4(b)]. Apart from this differencB, and [0, : =0 4(c09,=0)], parallel to q [o;:=0qa(COH,

B>"', /#1 are almost equal, as can be seen in Fig).4 =1, and antiparallel ta) [0 : = 04 a(cOH,=—1)]. From

Thus, the asymmetry parametBf=B,/B, can be inter- & simple algebraic manipulation the fo_llowmg relations for
preted as indicator for the “memory” of the ionized electron the asymmetry parameters can be derived:
to the initial incident direction. The paramet®} is directly 2_ oy

linked to 8. To understand its physical meaning we assume pBe3e= ,
q<1,Bi<L1.If B8 (and correspondingl3) vanishes electron 1+2x
a has an isotropic angular distribution that reflects the sym- 3 _
metry of the initial target state, and hence, this electron is gete—2 T (25)
emitted by a shake-off process, whereas the other electron is 2oy toyt20,

knocked out after a direct encounter with the projectile. This 4
case occurs whek,/E,<1 [see Figs. @, b]. Reversal of d"o _ 4_77
the roles of the two secondary electrons, iE,/E,<1, dQodEdE, 3
leads toB=2, which means that electram is directly ion-

ized by a binary collision with the projectile, and hence, Wheréx:=2a, /(o +0y)). Note that Eqs(24)—(26) are
appears predominantly under the directignin these two &S0 E}QE“C&‘bIe to DPI processes. From E2p) it is evident
cases the ejected electrons are weakly correlated. Howevert3@ta”" characterizes the “memory” of the ejected electron
negative value of3 indicates that electroa is emitted under 'O the incident direction and thus vanishes identically for a
a direction considerably different from (perpendicular to PP reaction ¢y =o;). From Eq.(24) it is obvious that

q for B=—1). In this case the double ionization occurs Viatheeseasymmetry parametgs™" is limited to the interval
electronic correlations. That stronger electronic correlationd €[~ 1,2]. In case the secondary elecgg(gns are predomi-
lead to a negative value @&, is evident by comparing Fig. nantly ‘i}iﬂed along the direction x—0) ™ takes on the
4(a) and Figs. 4c),(d), where the two target electrons escapeV@/ueé 8°"=2 signifying double ionization by single-binary
with equal energies. However, since the excess energy gollision of the prolectllt_a with electroa and a shake—off_ of
relatively highE,+ E,=120 eV the electronic correlation js €lectronb. If electrona is shaken loose fror731 aB state its
less prominent when the two electrons are separated ingular distribution is isotropic, and hen¢3é"‘, e=0,3as can
angles. This situation changes drastically for lower exces§€ deduced from Eq24). In both cases*°=2,8°=0)
energies and$ tends to— 1. From the preceding we con- emitted secondary electrons are weakly correlated. In con-

clude that the asymmetry parameR§ is a measure for the tras_t, ifx._’oo electrona is ejected mginly perpendicular to
electronic correlations. g, in wh|qh case a strong corr(asta\tlon between secondary
As obvious from Eq(19), the coefficientB, determines electrons is acquired, leading f87°°=—1, as can be seen
the absolute value of the cross section. Thus, relativérom Eq:(24). .
(e,3e—1e) cross sections can be calibrated to DPI data by. A major advantage O.f expressing,ge—1e) cross sec-
extrapolating the coefficier, to the quantitylggp' as de- tions in terms_of g_en_erallz_ed asymmetry parameters is that it
. ' allows a detailed insight into the optical limit. For example
fined by Eq.(22). from Fig. 4a one could conclude that DPI and
%e,Se— 1e) cross sections are still substantially different and
tum transfer, results with orthogonalized and non_rz\e;ec;ﬁ);lcatlhlgplt tlﬁ enOtO?]K/Ite (;iifaecrke]?]?: ey Etk') ;\?vvggxer’DF;?))tn d

orthogonal?zed wave function_s diverge f_rom ea_ch othe_r an((ie 3e—1e) reactions in this geometry is the existence of the
an increasing number of partial waves is required to fit the).’

. : . direction ¢, i.e., a nonvanishing value d@; or «®® [Eq.
cross sectiong24]. T_h|s behawor occurs, however, very (25)]. Apart from that, absolute values of cross sections and
slowly. More extensive calculation§24] show that for

g<1 the significant contributions to the series, given by Eq the amount of electronic correlations described By and

(19), originate from the first three terms. Thus, assuminng’ respectlvely, are _much the same et anq
(e,3e—1e) reactions. This means the various respects in

s . .
#=0Y7>2 the series given by E¢L9) takes on the form which the optical limit is approached can be studied by com-
paring DPI and ¢,3e—1e) asymmetry parameters. This

(24)

1 d*o . . . . . .
40~ 7 GOdEd [1+ a®€P,(codd,) comparison yields far more detailed m_formatlon on differ-
4 dQodEadEy ences between DPI an@,Be— 1e) reactions than the con-
1 5P, (cosh, )] 23 ventional optical formula, given by Edq7).
2 a’l-

In order to express Eq$19) and (20) in unified form we V. CONCLUSIONS

introduced in Eq. (23) the redefinition a®°=Bj, In this work integrated cross sections ie,3e) reactions
B%°=B3. From Eq.(19) it is clear that, under the assump- have been analyzed. When integrating over the angular dis-
tion BS=0,Y/>2, only three measurements are necessarfributions of the scattered projectile, two ionization mecha-
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nisms are dominant according to the energy sharing of then the range of validity of the Born approximation for the
ionized electrons. It has been explicitly shown that a knockyprojectile-target interaction.

out collision of a fast ejected electron and a shake-off of the

slower one is the dominant mechanism in an asymmetric-
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