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Doubly differential cross sections for single and multiple ionization of Ne by electron impact
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We present doubly differential cross sections for single and multiple ionization of the outer shell of neon by
750 eV electron impact. The distinction between single and multiple ionization was achieved by performing a
charge state analysis of the recoil ions in coincidence with forward scattered, energy analyzed electrons. By a
comparison to photon impact data, the contribution of the second-order double ionization mechanism is
estimated and found to be neglible at this impact energy. Following a similar procedure adopted by J. A. R.
Samsor Phys. Rev. Lett.65, 2861(1990], the importance of the first-order TS-1 double ionization mecha-
nism is also estimated. As a result it is found that for large energy losses shakeoff is the dominant double
ionization mechanism.
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INTRODUCTION METHOD AND RESULTS

Interactions between electrons are one of the most funda- The experimental setup has been described in detail in
mental interactions in nature. For decades, a substantial epreviously published papersl2-15. Briefly, an electron
fort was expended to study inelastic collisions involving beam is produced via secondary emission from the surface of
electron impact. Most of the experiments found in the litera-a tungsten moderator coupled to”Ma source. The beam
ture deal with total cross section$1-3] and references intersects a jet of neon gas emerging from a needle source.
therein. On the other hand, differential measurements ard he forward-scattered projectiles are energy and angle ana-
quite rare in the literature, even though they provide mordyzed by an electrostatic spectrometer and recorded by a mi-
detailed information concerning the dynamics of the singlecrochannel plate position sensitive detector located at the
and multiple ionization. focal plane of the analyzer. The ionized recoil ions are ex-

The theoretical description of multiple ionization is far tracted from the collision region by a weak electric field
from a simple task mainly due to the complexity of the many(10 V/cm). They are separated according to their mass-to-
possible pathways involved. Double ionization of atoms bycharge ratio by a time-of-flight spectrometer and detected by
charged particles can result from either a single or a doublanother microchannel plate detector. The information about
interaction of the projectile with the target electrons. Thissingle and multiple ionization is obtained by coincidences
constrasts with photoionization in which the incident photonbetween recoil ions and scattered electrons.
interacts with only one of the target electrons after which a Doubly differential cross sections are shown in Fig. 1 for
second electron is removed via either the so-called shake-of50 eV electron impact on neon. The data are for electrons
or TS-1 mechanism. In the shake-off mechanigth the  scattered into vertical and horizontal angles between 0 and
ejected electron leaves the atom very fast. This instantlg8° and 0+6.5°, respectively. The single ionization cross
changes the field seen by the second electron and causessgction has a maximum at small energy loss and then de-
ejection. The fast electron carries away almost all the transcreases roughly adE™2 for energy losses up to 150 eV.
fered energy, while the energy of the second electron is ohligher energy losses, up to 460 eV, have roughlgE*
the order of the double ionization potential. In the TS-1dependence. For energy losses above 460 eV, the depen-
mechanism, the first electron is ejected due to the absorptiotlence is flat. This is because at very large values of energy
of a photon. As it departs, it knocks out the second electronoss there are increasingly stronger contributions from
Thus the second electron has an energy distribution similagjected “target” electrons.
to that found for impact ionization by electrons having ener-  The fractions of single and multiple ionization of neon by
gies given by the photon energy minus the first ionization750 eV electron impact, corrected by the corresponding de-
potential. It is important to note, however, that these mechatection efficiencies, are presented in Fig. 2. As seen, at large
nisms are model dependdi] and it is not possible to dis- projectile energy losses the fractions of single and multiple
tinguish TS-1 from SO. ionization remain fairly independent of the amount of energy

Most of the papers in the literature studying the dynamicdost by the projectile. For small energy loss, as one ap-
of double ionization are devoted to the helium atfBn11]. proaches the threshold, the fractions of double and triple ion-
On the other hand, papers devoted to a quantified study otation drop. By integrating the present doubly differential
heavier targets are quite scarce. In this paper we presentoss sections in Fig. 1, we find a quite good agreement with
doubly differential measurements for electron impact ionizathe fractions of total cross sections measured by Almeida
tion of neon valence shell electrons. et al.[1], indicated in Fig. 2 by the horizontal arros;, F,,
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FIG. 1. Absolute doubly differential singlésquarey double =96 eV O o
(circles, and triple(triangles ionization cross sections of neon by
750 eV electron impact as a function of the projectile energy loss. 0 : ! ! !

Data are for electrons scattered into vertical and horizontal angles
between 0 and +8° and 0+6.5°, respectively. The experimental data
are normalized to total cross sections from Réf.

6 (deg)

FIG. 3. Doubly differential single ionization cross sections of
Ne by 750 eV electron impact as a function of the projectile scat-

and F) (note that the major contributions to the total cross, . b
tering angle for many projectile energy losses.

sections comes from the low energy loss pdfigure 2 also
compares the present measured fractions with those from .
photoionization data. Due to the large discrepancies betwee?f neon. Small energy losses lead to a maximum at 0°. For
the experimental datfl6-25, only the recomended data larger energy losses, the angular distributions become
from Bizau and Wuilleumief16] for F, are shown in Fig. 2. Proader with the intensity at 0° decreasing rapidly until the
The F, fractions for photons above 280 eV were extrapolatedj'_smbl_‘“o”s become isotropic in the angular range studied in
from Ref.[16]. For triple ionization, the data are from Refs. this Brief Report.
[17.,18. o COMPARISON TO PHOTOIONIZATION

Figure 3 shows the angular dependence of projectile elec-
trons for different energy losses leading to single ionization The connection between inelastic interactions induced by
charged particle impact and photon impact is well known.
The connection exists because the perturbation experienced
by the target due to the interaction with an incident charged
particle may be regarded as tantamount to a photon pulse,
with the Fourier transform of the electric field providing the
frequency components. However, in order to compare
charged particle and photon impact data, information about
the projectile energy loss is required since the energy loss is
equivalent to the energy of the absorbed photon. For a
charged particle with velocity and impact parametds, the
sharply pulsed electric field in the time domaih~b/v is

Fractions
°h
I—# -
F

0L B I - . . . ;
GENe"ﬁi} equivalent to a flat continuum in the frequency domain. Also,
Ll ne* it is important to remember that such comparisons are most
10“0 1(')0: 260 3(')0 460 51')0 660 700 valid when the energy loss is small compared to the initial

energy due to the high frequency cutoff to the virtual photon
Energy Loss (eV) field wma~ At™* and in the limit of small momentum trans-
fer (i.e., small scattering angl¢26,27]. The minimal impact
(triangles ionization of neon atoms as a function of the projectile parametebminllfzor distant collisions can be estimatg2B] as
energy loss for 750 eV electron impact. Vertical arrows indicatePmin=7(2M1) ™%, Wherel IS lonization energy ahdn thg
thresholds for single, double, and triple ionization. Data are forelectron maSSb_min is of the order of the Ne radius. USIhg
electrons scattered into vertical and horizontal angles between 0 arfBose assumptions, the energy loss range where the virtual
+8° and 0+6.5°, respectively. Vertical lines indicate the bindingPhoton field is valid is up to 250 eV. The reader should keep
energies ot shell. The horizontal arrows indicate fractions of total this in mind when referring to Fig. 4 where we extend the
single (F,), double(F,), and triple (F3) ionization cross sections comparison past this limit.
from Ref.[1]. The lines indicate the fractions of single, double, and  As stated earlier, double ionization of atoms by photons is
triple photoionization of neon from Refg16—23. frequently considered in terms of two first-order mecha-

FIG. 2. Fractions of singlésquareys double(circles, and triple
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/fﬁi‘%}—ﬁ‘{—%—j—f l where g3t .q4eiS the first-order contribution which includes
}{H{ the shake-off and the TS-1 mechanismyy. orqeriS the 2nd-

e order TS-2 mechanism, andf; is the term due to the inter-
ference between the first- and second-order mechanisms

e 10%f i 3
ii [29].
C rrwon It is possible to estimate the relative importance of the
T various terms by dividing Eq(2) by the single ionization
10°F f 3 cross section. Doing so yields
0 100 200 300 400 500 600 700 R2(€7) = Ry 1st-order™ Rz, 2nd-ordert Re,int 3
Energy Loss (eV) where Ry(e¢7) is our measured double ionization ratio for

FIG. 4. Double-to-single ionization cross sections of neon as electron impact. Next, we use the well established fact that
o to-sing Jor 1st-order interactions, the double ionization cross section

function of the projectile energy loss. Data are for electrons scat- - . R .
proportional to the single ionization cross section and the

. . . I
tered into vertical and horizontal angles between 0 and +8° an - 2 .
0+6.5°, respectively. Closed squares, present data; full line, first(-fonStant of proportionality is essentially the same for both

order double ionization fractions obtained from photoionizationCharged particle and photon impact. Thus E8). can be

data from Ref[16]; dotted line, estimated TS-1 fraction obtained rewritten as
from single ionization cross sections of Nieom Ref.[25] normal- Ro(€7) = Ry(hv) + Ry ong-ordert Re,ints (4)

ized to the photoionization branching ratio at 30 eV. . . .
where Ry(hv) is the double ionization ratio measured for

. . ‘ : photon impact. Keep in mind that in E@}) the ratios are for
nisms. These mechanisms are shake®@) where the first articular energy losses which are related to the photon en-

electron is suddenly ejected which dramatically changes thg gy byhv=AE. Thus, using Eq(4) and taking differences

field seen by the second electron causing it aiso to be ejeCtE'lod’etween the double ionization ratios measured for electron

zl%téze dggiﬁﬁg%@f&?’&gﬁf ;e thhoeto::rztn delselfgs?: lﬁ:nt nd photon impact we can estimate the relative importance
J P P q 2nd-order interactions plus any interference terms to the

collides with and knocks out the second electf@@a]. For ﬁleectron impact double ionization cross section.

ger p double-to-single ionization ratios are compared to similar

E;orpnhsét;'ﬁ?ﬁ]%if csallrrlgtlai ?/\?rcijtt(é?\uglse onization cross Sectiong, i, oy photon impact taken from R¢L6]. The relatively
little difference between those two sets of data implies that
the TS-2 mechanism plus interference effects are minimal for

Uﬁ:= Rz(hV)UﬁV, (1) 750 eV electron _impacp In add!tion_, one can als.o. estimate
the TS-1 double ionization contribution by normalizing elec-
tron impact single ionization cross sections of‘Ne photo-

whereRy(hv) is the measured ratio of double to single ion- ionization double ionization fractions at low photon energies
ization by photon impact and is a measure of the relativavhere the TS-1 mechanism is expected to domifede Ref.
importantance of the sum of the first-order processes, shakg30]). This is also shown in Fig. 4 where the single ionization
off and TS-1. Note thaR,(hv) is dependent on the photon cross sections of Netaken from Ref[25] are normalized to
energy butindependenbf the projectile, i.e., should be the the double-to-single photoionization cross sections ratio at
same for photons and electrons. Also note that the TS-1 pra30 eV. For neon, the normalizing const&nwas set equal to

cess should be maximum when the velocity of the first(1142 M™% By setting k=(mb?™, one findsb=2 a.u.,

ejected electron matches the orbital velocity of the seconavhich is twice the N& average radiu§l4]. Comparing the

electron that is removed. On the other hand, SO takes pladecommended data from R€fl6] with the present double-
when the first electron is ejected rapidly thus causing a sudto-single ionization data, as seen, at higher energy losses
den change in the Coulomb potencial seen by the secorfubth the TS-1 and the TS-2 mechanisms are negligible and
electron. Hence, the SO mechanism is expected to dominateence shake-off is the dominant mechanism for producing
at high photon energies. doubly ionized neon.

For charged particle impact, besides those above men-
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