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Doubly differential measurements for multiple ionization of argon by electron impact:
Comparison with positron impact and photoionization
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Doubly differential cross sections for single and multiple ionization of Ar have been measured for 500, 750,
and 1000 eV electron impact. The cross sections were measured as a function of projectile energy loss and
scattering angle. The energy loss range was 0—85 % of the initial projectile energy and scattering angles were
between+22°. The data were put on an absolute scale by normalizing to total ionization cross sections
available in the literature and found to be in good agreement with the absolute electron impact cross sections
from DuBois and Rudd. For 750 eV impact, a comparison was made between the present electron impact data
and positron impact data obtained using the same experimental conditions. The same energy dependence and
yields for single ionization were found for both electron and positron impact. On the other hand, the double-
and triple-ionization yields are smaller for positron impact as compared to electron impact. Comparisons with
photoionization data showed that for outer shell ionization the fractions of double and triple ionization of argon
by photon impact are in quite good agreement with the present electron impact data.
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[. INTRODUCTION Unfortunately, to understand these effects requires a de-
tailed description of multiple ionization. This is far from a

At high velocities, the Born approximation predicts that simple task due to the complexity of the many possible path-
the inelastic cross section depends on the square of thgays leading to it and due to the presence of many bodies
charge of the incoming particlg, and on the impact velocity mutually interacting through the long-range Coulomb force.
v asq?v 2Inv? Therefore, the single-ionization cross sec-For instance, the double ionization of atoms has been inter-
tions are expected to be the same for electrons, positrons, apdeted in terms of either the shake-off or two-step process,
protons traveling at the same spejed. Nevertheless, for but also occurs after a postcollisional Auger decay as a con-
velocities near to 10 a.u., differences between equal velocitgequence of inner-shell ionization. Despite the fact that mul-
electrons and protons have been reported for increasing tatiple ionization of atoms by electrons has been exhaustively
get atomic number in the single-ionization cross secti@fs studied for decades, many of its features are still rather un-
Whether this is a result of changing the sign of the projectileknown and to date comparison between differential multiple
charge, because of the vastly different projectile masses, donization cross sections for particle and antiparticle impact
associated with an unknown source is uncertain. is nonexistent in the literature.

One method of answering this question is to isolate charge Another impetus for the present work is the connection
effects and study them independently, as can be done Hyetween the impact of fast charged particles and photoab-
comparing particle and antiparticle impact data. For this andorption that has long been mgdé. In fact, the perturbation
other reasons there has been a rapid growth in the number ekperienced by the target in the interaction with the incident
studies comparing particle and antiparticle impact in recentharged particle may be regarded as tantamount to a photon
years[3—13]. This growth can be attributed in part to ad- pulse, with the Fourier transform of the electric field granting
vances in the availability of positron sources. From thesdhe frequency components. In this sense, the projectile en-
studies, remarkable features have been observed in the togigy loss is equivalent to the energy of an absorbed photon.
cross sections for particle and antiparticle impact. For exHowever, they may not be identical due to the fact that the
ample, Anderseet al. [10] measured multiple ionization of ejected electron, as a rule, is slower for charged-particle
light noble gases by protons and antiprotons and found thampact than for high-energy photon impa@], and the
the single ionization cross sections of He, Ne, and Ar argearrangement process is strongly sensitive to final-state
identical within experimental uncertainties at energies fromcorrelations.

0.5 to 5 MeV. On the other hand, double ionization by anti- To address some of these questions, we have measured
protons was found to be a factor of 2 larger than the corredouble-differential multiple ionization cross sections of ar-
sponding ionization by proton impact. As pointed out bygon by 500, 750, and 1000 eV electron impact. Data are
Paludaret al.[8,9], who measured single and double ioniza-obtained as a function of scattered projectile energy and
tion by positrons and antiprotons and compared with existingngle, using coincidence techniques, for energy losses rang-
electron and proton data, the negative charged particles amg from 0 to 85% of the initial electron energy, and for
favored as compared to the positive ones due to the increaseattering angles between22°. The results are compared to
ing static interaction between the projectile and the targe?50 eV positron impact data obtained using the same experi-
nucleus. However, to date, little information concerning themental conditions. For this comparison, the previously re-
dynamics associated with changing the projectile charge anported positron impact cross sections have been slightly ad-
mass is available. justed to account for additional information regarding
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detection efficiencies. In addition, the data are compared to
photoionization data.

II. EXPERIMENT

The experimental setup was described elsewbtel 5.

In brief, an electron beam produced by secondary emission
from a tungsten moderator coupled to a positron source in-
tersects a gas jet of argon emerging from a needle source.
The forward-scattered projectiles are energy analyzed by an
electrostatic spectrometer and recorded by a microchannel
plate position sensitive detector. The spectrometer focuses
electrons onto the detector, which is located at the focal
plane of the analyzer. The horizontal location of the focus is
dependent on the final energyof the scattered electrons and
the vertical location depends on their scattering angles.

For the present studies, the horizontal and vertical accep-
tance angles for scattered projectiles weré.5° and=+22°,
respectively. The vertical angles were calibrated by deflect-
ing the beam with a known electric field and measuring the
vertical position on the detector after the deflected beam
passed through the entrance slit at a known position. The
angle calibration was found to be linear in the vertical angu-
lar range*12°. For angles between approximately 12° and
22°, all scattered projectiles arrived at roughly the same ver-
tical position on the detector due to fringing fields and the
Iarg'e acceptance ar)g_le of the spectrometer. Due to the beam Time-of-Flight (arb.units)
collimation used a finite spot size is formed on the detector,
giving an angular resolution of 1°. FIG. 1. Bottom: Time-of-flight spectrum of multiply charged

To calibrate the spectrometer plus detector energy resolwrgon ions for 1 keV electron impact in the energy-loss range from
tion, the following procedure was used. First, the injected253 to 352 eV. The vertical lines indicate the region of interest used
beam energy and resolution were measured by inserting @8 software restrictions with regard to sorting list-mode data. Top:
channel plate detector in the beamline and using the retar@D plot of scattered projectile electrons as a function of projectile
ing field method to sample the energy distribution and toenergy loss and vertical scattering angle. Data are for 1 keV impact.
establish the mean energy. It was found that our secondar'?m indicates the position of the main beam afgHP (ionization
emission source had an energy spread of roughly 12—15 eRpotentia) the threshold for single ionization of argon.

(full width at half maximun). Then, using beams of known

energy, the position on the detector was recorded as a funtesses. The ionized recoil ions were extracted from the col-
tion of spectrometer voltages. A linear dependence betweelision region by a weak electric fieldl0 V/cm). After pass-

the beam energy and the detected position was found. Thigg through a high-transmission grid located at the entrance
linear dependence was also shown to be the same for alf a time-of-flight(TOF) mass spectrometer, they separated
“energy-loss” ranges that could be observed for specificaccording to their mass-to-charge ratio and were detected by
spectrometer voltages. Because of the diameter and energymicrochannel plate detector biased-&800 V. A position
spread of the electron beam, the large range of scatteringensitive anode provided information about their origin. This
angles accepted by the spectrometer, and lensing effects @ded in isolating “target” from “background” ionization

the spectrometer, scattered electrons of a given energy f@vents. The recoil ions were used to start a time-to-digital
cused to an extended region on the detector, rather than toc@nverter, which was stopped by the signals from the projec-
single point. Due to the above-mentioned facts, the preseriile detector. Using a time-to-digital converter and a PC, list
energy resolution is roughly 15 eV or larger. This low energymode data were collected. The total number of recoil ions
resolution introduces uncertainties near the thresholds fowas also used to normalize data recorded at different energy-
single and multiple ionization but does not influence theirloss ranges and to place the data on an absolute scale. Typi-
overall behaviors and relative importance as a function otal coincidence signal rates were of the order of 10-30 Hz or
projectile energy loss. smaller depending on the energy-loss regime.

Data acquisition was as follows. Electron beams with in- With target gas present, the chamber pressures were
tensities between 20 and 40 kHz and diameters of 2 mni1—2)x 10 ° Torr and the target densities were roughly 60
were injected. Energy-loss spectra were recorded by placingmes higher. For these conditions, the coincidence TOF sig-
appropriate voltages on the spectrometer plates and using timals yielded comfortably separated peaks for different charge
projectile detector to measure electrons scattévetbnized  states of the recoil ions, as shown in Fig. 1, plus small con-
into forward angles and having a specific range of energyributions from residual gas impuritieg.g., N *, O, ",

Counts
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H,O"). The areas under the peaks were integrated and cor- 10 . . . .
rected by the corresponding detection efficien€ies. After .
subtracting a background, also shown in Fig. 1, the peak 10
areas provide information about the single- and multiple-
ionization yields. Then, by placing software restrictions on
the projectile detector positions, which is analogous to se-
lecting particular energy losses, information about the differ-
ential ionization yields were obtained. Figure 1 also shows a
three-dimensiona{3D) spectrum of scattered projectiles in
coincidence with Af ions. Decreases in signal as a function
of both scattering angle and energy loss are clearly seen.
To convert the measured coincidence signals to absolute

d’s/dEdQ (meV sr)
S

25 1 1 1 1
cross sections the following procedure was used. The num- 10 1.0 0.8 0.6 0.4 0.2 0.0
ber of projectiles scattered into a solid an§leand having a E/(E_-P)
final energyE that are in coincidence with the recoil ion with °
charge state, N9"(Q,E), is proportional to the beam inten-  FIG. 2. Doubly differential cross sections by electron impact on

sity Np, the number of target atondé;, the solid angle, the argon at 0°, as a function of scaled energy of scattered projeEtile.
energy range accepterE, and the recoil ion detection effi- is the postcollision projectile energl,, is the incoming beam en-
ciencye?". Thus, the double-differential multiple-ionization ergy, and IP is the ionization potential of argon. Dashed line: DDCS

cross section is given by for 250 eV electron impact extrapolated to 0° from DuBois and
Rudd [14]; solid line: same for 500 eV electron impact; closed
d2g9t NI (Q,E) circles: single ionization of argon by 500 eV electron impact, this
deE: s . (1) work; open circles with dotted line: same for 1000 eV electron
€ NPNTAQAE impact.

Rather than measufé, andNy dlrectlyé,+we measured the . hajization process. By scaling the projectile energy loss
number of recoils with charge statg Ng ™ . These are re- 55 \yas done, it is seen that as the projectile energy increases,
lated to the total cross sections for multiple ionizatiofi,  the distribution becomes narrower and is more peaked near
by small energy losses due to the increasing probability of scat-

NEF = NoNagd* el 5 tering at forward angles. Also, the cross sections decrease in
R piNTO™ €7 - (2) magnitude with increasing impact energy, as expected.

When multiplied by the charge and summed, these partialzaggnufSSaSPu%VgESEGO?erﬁg:?g:nogrs'n%lﬁ dagcri]er:\ultllpol sslolnn_
multiple-ionization cross sections are equal to the tOtafaddition the present da!t)a for Zlectro%yim act aregJ >(/:om éred
(grosg ionization cross sections which are available in the ' P P P

. I to our previous measurements for positron impact as well as
— 0,

literature[17 2].1 and known to within 10%. Therefore Eq. with photoionization data frorf23]. The relative yields were

(2) can be rewritten as

obtained from

% qNﬂJ:NPNT; qodteat, (3) e NO+/dt

- ’ (4)
> (Nit/e™)
J

Equation (3) and knowledge of the gross ionization cross
section were used to determine the product of the target den-
sity and the beam current and to place our data on an absgrerefd" is the fraction ofy times ionized argore®" is the
lute scale. detection efficiency for A", and N9* is the number of
recoil ions with charge statg recorded for a particular en-
Ill. RESULTS AND DISCUSSION ergy loss. For 500 and 1000 eV electron impact, the angular
) ) acceptance range was¢=*+6.5°,A0=+8°; for 750 eV
. Usmg' the proce_dures outllned,' ab§olgte _ dOUble'eIectron and positron impact the ranges wetep
differential cross section€DDCSS9 for single ionization of —=+17° Af=+17°; for photoionization, total cross sec-
Ar by 500, 750, and 1000 eV electron impact were deteryjons were used. ’
mined. Data for 0° are graphed in Fig. 2 as a function of the
relative amount of projectile energy loss for electrons scat-
tered into a forward cone of angles comprised around 0° in
order to show projectile energy systematics. Also shown are Figure 3 shows that single target ionization dominates
250 and 500 eV electron impact cross sections from DuBoigver the entire range of energy loss and that its contribution
and Rudd[22], which have been extrapolated to 0°. The decreases slowly and monotonically as a function of the pro-
good agreement between the present data and those frgectile energy loss. As was found previously for positron im-
DuBois and Rudd, even at larger energy losses, demonstratpact[14], the amount of double ionization increases rapidly

the reliability of the present apparatus and of our absolutdor the first 100 eV of energy loss and then more slowly up to

A. Impact energy dependence
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B. Comparisons between electron and positron impact

In the middle part of Fig. 3, positron and electron impact
data are compared. Because of the lower statistics and more
scatter, smooth curves have been drawn through the positron
data as well as some representative error bars. No differences
are observed between the single-ionization fractions result-
ing from electron and positron impact. But for double ion-
ization, the relative amount of double ionization is system-
atically larger for electrons than for positron impact. This
charge effect has been observed in total double-ionization
cross sections for particle and antiparticle imdaet9] but is
now shown to be independent of energy Idse., impact
parameter—at least for the forward-scattering angles inves-
tigated here. Much more noticeable is the huge enhancement
observed for triple ionization by electron impact. Also, triple
ionization for positron impact was not observed below 250
eV, i.e., until theL shell was ionized, whereas it is quite

% noticeable for electron impact. A possible explanation may
be that for electron impact both the scattered projectile and
\ the ionized target electron contribute to the energy-loss spec-

Fraction

trum whereas for positron impact only the scattered projec-
tile contributes.
Understanding of some of these double-ionization fea-

i tures can be obtained in terms of the following mechanisms
J & \ [14]: the so-called shake-off process and the two-step mecha-
10 0 100 200 300 400 500 600 700 nism. Shake-off is where the first electron is ejected in a

direct interaction with the projectile while the second elec-
tron is ionized by the final-state rearrangement. In contrast,
the two-step mechanism is where both electrons are simulta-
FIG. 3. Fractions of single and multiple ionization of argon as aneously ejected by a direct interaction with the projectile.
function of the projectile energy loss for 500, 750, and 1000 eVAnother double-ionization mechanism involves ionization of
electron impact as a function of the projectile energy loss comparegin inner-shell electron followed by a postcollisional Auger
with 750 eV positron impact and photoionization. Data are for dif- decay.
ferent angular acceptances. See the text for details. Present data for goth shake-off and inner-shell ionization plus Auger de-
electron impact: closed squares, single ionization; open circle%ay yield a double-to-single ionization cross-section ratio
double ionization; closed triangles, triple ionization; stars, quathat s independent of the projectile velocity. Generally, the
druple ionization. Positron impact data from Ref$4,15: thin .4 step process is dominant in the intermediate-velocity re-
solid line, single ionization; thick solid line, double ionization; thick ime and drops fast with the increase of the projectile veloc-
dashed line, triple ionization. Some representative error bars havl%y due to the fact that it is a second order process. But it has

been drawn for positron impact. Photoionization from Hef]: . : N
dotted lines, double ionization by photon impact; dashed lines, repbeen suggested that this mechanism can remain significant

resentative curve of triple ionization. The up arrottsp graph even at high imp?‘“ energies since the velocity of t_he_first
indicate the appearance energies of AArZ*, Ar®*, and Af* electron is rather independent of the energy of the incident

while the down arrowgbottom graph indicate the binding ener- partic'eff?]- ) )
gies. The hatched area indicates the portion of the spectra not ac- MCGuire [24] suggested that the difference in the double
cessible for the 500 eV electron impact. ionization by electrons and protons was a charge effect. That

difference arises due to quantal interference between the
shake-off and two-step mechanisms, giving rise to a term

300 eV, after which it remains constant. This is true for all 55 rtional tog®. The distortion of the target electron wave
impact energies investigated. A faster increase between S0nciion with respect to the presence of a positive or nega-

and 150 eV is observed for 1 keV and 750 eV impact than afjye particle has also been used to explain that differ¢@e

500 eV electron impact. In the case of triple ionization, afast The difference in the triple ionization of gases by electron
increase is seen for 500 eV impact but a much slower inand positron impact has been also observed in the measured
crease is found at 750 eV; at 1 keV no data are available neastal cross sections and has been understood in terms of the
the triple-ionization threshold. At 1 keV, quadruple ioniza- Coulomb or trajectory effedi25]. The target nuclear repul-
tion of argon is observed only for energy losses sufficient tassion experienced by the positron prohibits it from getting
ionize thelL shell, where after a fast increase it remainsclose to the target atom; as a consequence, the positron in-
roughly constant around 2—3 %. teracts with the target electron at larger impact parameters.

Energy-Loss (eV)
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On the other hand, the projectile electron is attracted by the 500 oV AE-=:45-9\-I oy ;-;-4-'.':458\,

target nucleus and the collision takes place at smaller impact 10° a aponm
parameters, resulting in comparatively larger cross sections. R i
This effect is more sensitive near the threshold and should g el o
decrease at higher impact velocities, in agreement with =
Fig. 3. 210 AE=1156V 3
£ I ¥ ) AE=1158V
o

C. Comparisons between charged particle and photon impact s {‘%Iﬁf%li &34.**}?%&.* ]

Charged particle data, both electron and positron, for mul- 10’ J * 3

tiple outer-shell ionization are also compared with photoion-
ization data in Fig. 3. For 500 eV electron impact, the frac-
tions of argon double ionization are slightly below the
corresponding fractions for photoionization. At 750 eV elec-
tron impact, double-ionization fractions are slightly above
those for photoionization, which are larger than those for
positron impact. At 1 keV, the electron impact fractions are
again larger than the photoionization fractions.

In the case of triple ionization, the present results for 500 E \ L
eV electron impact are systematically higher than their cor- 84 4 0 48 8 40 4 8
responding values for photoionization between 100 and 150 Andle (d
eV but the curves cross near thg,, edge with the photo- gle (deg)
ionization data being larger above theedge. For 750 and FIG. 4. Angular distributions of scattered electrons in coinci-
1000 eV, the relative amount of triple ionization by electrongence with singly and doubly ionized argon ions for 500 @ft

Sl and DU/SI

impact is smaller than for photon impact. figure) and 1 keV(right figure electron impact. The angular distri-
butions were obtained using a 10 eV energy-loss interval due to the
D. Angular distributions finite energy resolution and to improve statistics. Upper portion:

Figure 4 shows the angular distributions around zero de§|ngle ionization cross sectioiarb. unitg; solid squares, 45 eV

. S energy loss; open circles, 55 eV, open stars, 115 eV. Lower portion:
grees for single ionization by 500.eV a.nd.1 KeV el?Ctrondoub?Z-to-singFI)e ionization ratios; IC())pen squares, ratios forp45 eV
impact. Also shown are d'ouple-’.[o-smgle lonization raE'OS' Ir?,energy loss; solid circles, 55 eV; solid stars, 115 eV. The lines have
both cases the angular distributions are shown for_ a small'heen drawn to guide the eyes.
and a “large” energy loss. In order to improve statistics and
due to the beam energy resolution, the data shown involvinduced by 500, 750, and 1000 eV electron impact. Relative
sums over 10 eV energy bins. cross sections for single and multiple ionization of argon

The angular distributions of scattered projectiles presenjvere determined as a function of the projectile energy loss in
general features, regardless of the projectile energy. Fahe range of 0—85 % of the incident projectile energy. Using
single ionization, a maximum occurs at 0°, indicating thatthese data, comparisons between particle and antiparticle im-
the single ionization takes place at large impact parameterpact were made at 750 eV. The fractions were also compared
which gives a small transverse momentum transfer to theo those for photon impact. Finally, the angular distributions
target electron. For increasing energy loss, the intensity defor single-ionization and double-to-single ionization cross
creases and the distribution becomes flatter. At large energections were measured.
losses, the angular distributions present a minimum around The data demonstrate that single-ionization cross sections
0°, signaling that the collision takes place at small impacthy either electron or positron impact decrease rapidly for the
parameters. This broadening and appearance of a minimufitst 50 eV of the projectile energy loss and then more
at larger energy losses can be understood in terms of thglowly. In comparison, the double- and triple-ionization cross
binary collision between the incoming and target electrons.sections tend to decrease more slowly throughout the entire

The double-to-single ionization cross-section ratios arenergy-loss range. Thus, the percentage of multiple ioniza-
presented for small energy losses, i.e., near the doubleion increases significantly with increasing energy loss. The
ionization threshold43.4 eV}, and at a larger energy loss. comparison shows increasing differences between electron
Near the threshold of double ionization, the ratio shows and positron impact cross sections as the degree of target
minimum at 0°, indicating that the double ionization takesionization increases. These differences were explained con-
place at smaller impact parameters as compared to singteptually in terms of ionization mechanisms, the change of
ionization. For increasing projectile energy loss, the ratio ofprojectile trajectory due to the attraction or repulsion of the
double-to-single ionization is seen to be approximatelytarget nucleus, and changes in binding energies of the target
constant—at least in the region around 0°. electrons.

IV. SUMMARY AND CONCLUSIONS ACKNOWLEDGMENTS
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