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Double ionization of noble gases by positron impact
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The cross sections for double ionization and the ratios of double to single ionization, including Ps formation
for Ne, Ar, Kr, and Xe are presented from threshold to 100 eV. Within the energy region 6.8 eV below the
second ionization potential, i.e., the second Ore gap, we find Ne to have a double-ionization cross section
indistinguishable from zero, which is consistent with prior measurements. However, the total double-ionization
cross sections for Ar, Kr, and Xe just below the thresholds for direct double ionization are around 7—24 % of
the maximum cross-section value for each atom, all of which are of the order 8t ®® and occur around
70-90 eV. In contrast to what has previously been found for He and Ne, this is direct evidence of a significant
amount of transfer ionization for the three heavier noble gases in the second Ore gap, which is consistent with
previous measurements for Ar and X81050-294{@9)00310-§

PACS numbd(is): 34.85:+x, 36.10.Dr
INTRODUCTION EXPERIMENTAL APPARATUS AND TECHNIQUES

lonization of atoms by positron impact is a fundamental These measurements are carried out at ORELA, the

process, and studies have permitted comparisons to be mahg\éAC-baseg p(_)Sltron beam Lacmt()j/ S t Oa_k R'd(?e Natlonhal
with collisions involving electrons and other charged par- aboratory. Positrons are pro 'uced by pair pro uction when
ticles, e.g., Refs[1—3]. lonization of a neutral atorf) by a 175-MeV electron beam strikes a water cooled Ta target

positron impact can take place by the following reactions: @nd bremsstrahlung gamma rays are intercepted\bvane
converter. Some of these positrons are moderated to thermal
et +A—et +A™ fne . 1) energies in th&V converter and escape into the vacuum due
to the negative positron work function W. They are accel-
erated to around 3 keV and magnetically guided to the ex-
perimental station approximately 10 m from the ORELA tar-
get. This system has been used to produce up b 10
The first process is analogous to ionization by electron im{positrons §* [10]. During the present work the accelerator is
pact and is called direct ionizatidl). In Eq. (2) a positro-  operated at lower repetition rates and output powers and, due
nium atom is formed and this process is called Ps formatioro this and moderator degradation, the primary beam inten-
if n=1, or transfer ionizatio{Tl) if n=2. For the sam& sities are of the order of $&*.
value the threshold for Ed2) is 6.8 eV below that for Eq. The primary positron beam is implanted into a 3000-A
(1), due to the binding energy of Ps. By analogy to singlesingle crystal tungsten foil and remoderated to the desired
ionization, the energy range between the thresholds for Eqgnergies E) by biasing the foil. Pulses of remoderated pos-
(1) and(2) with n=2 will be called the second Ore gap. itrons then enter a 10-cm-long Penning trap where they are
Charltonet al.[4,5] were able to distinguish between pro- confined for 50us, thus effectively multiplying the interac-
cesseg1) and(2) by detecting final-state positron-ion coin- tion length by many orders of magnitude. At 30 eV, up to
cidences. They compared the ratios of double to single dire@5x 10° positrons can be stored in the Penning trap. Gas is
ionization by positron§n=2 andn=1 in procesg1)] with admitted to the center of the trap through a 1-cm-wide mi-
that for electrons, protons, and antiprotons for noble-gas tarrochannel capillary array to form a target jet perpendicular
gets. Proceskl) was also studied by measuring positron-ionto the beam axis. After confinement, the positrons are ex-
coincidences by Karat al. [6] for Ne, Kr, and Xe, and pelled from the trap and the ions are accelerated towards a
Kruseet al.[7] for Xe. Helmset al. [8] measured total ion- microchannel plate detector by a quadratic potential that is
ization cross-section ratigge., the ratios of the sum of Eqs. applied to the interaction region and spectrometer flight tube,
(1) and(2) with n=2 to the sum wittm=1) for Ar, Kr, and  causing similar ions to travel to the detector with flight times
Xe, and Bluhmeet al. [9] reported total double-ionization that are independent of their starting position in the Penning
cross sections for He and Ne, noting that the yield of doublytrap [11]. Data are accumulated in the form of ion time-of-
charged ions in the second Ore Gap was zero within thélight spectra at different positron energies, and data sets are
experimental uncertainties, indicating an unexpected supgathered automatically as the positron beam energy is
pression of Tl at these energies. They further deduced thaamped under the control of the data acquisition computer.
the cross sections for Tl were also suppressed at higher eMore details of the apparatus are given elsewh#&gs.
ergies. The aim of the present paper is to extend these data The energy distribution of the positrons entering the Pen-
and determine whether this phenomenon is true for the othering trap is measured using a retarding field analyzer. The
noble gases. energy spread is approximately 1.3-eV full width at half

et +A—PstA" +(n—1)e . (2
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maximum and, ignoring contact potential effects, the mearnnclude Ps formation, are significantly smaller than the
energy is known to within+0.25 eV. A pressure study present results. Like Ne, the cross-section ratios for Ar, Kr,
shows that, within the statistical uncertainties of the presenénd Xe, all increase monotonically over the energy range
data, the relative yields of double and singly charged ions aretudied. In contrast, the ratios and hence the double-
independent of target density, under the conditions used tmnization cross sections rise from the background well be-
collect data. low the threshold for DI due to TI. In this respect the present

All the data are measured with a mixture of the test gaslata agree with those of Helnes al.[8] for Ar and Xe, and
and He. Since the total single-ionization cross section for Hgrovide direct evidence of Tl in the second Ore gap.
is well known, e.g., Refs[13-15, the relative double- After obtaining the yield of doubly charged ions, the
ionization cross-section data are derived from the ratio of thgresent data are normalized using values of the double-
doubly charged ion yield from the test gas to the"Hgeld,  ionization cross sections obtained by other workers. For Ne
thus avoiding systematic effects due to beam intensity, targéhe data are normalized at 100 eV to the product of the cross-
thickness, and the effective length of the interaction regionsection ratio at this energigsee Fig. 1 and the total single-
the latter of which depends on positron energy and confineionization cross sectiofl6]. The data for Kr and Xe are also
ment time. The same is true for the relative cross-sectiomormalized at 100 eV using the sum of the direct single-
ratios, which are obtained from the numbers of doubly andonization[6] and Ps-formatiorj17,18 cross sections. The
singly charged ions measured in the spectra. The relativAr results are normalized at 75 eV using the direct single
confinement and detection efficiencies may vary significanthf19] and Ps-formation cross secti¢®0] values reported at
for ions of different species, and so all the yields are relativehis energy. The absolute uncertainties in the cross sections
at present and have been normalized to existing data. resulting from normalization are estimated to be around 20—
30 %.

The cross sections for double ionization are shown in Fig.
2. The data are plotted as a functionEf, where

The present results for the double to single ionization ra-
tios are presented in Fig. 1. For Ne these indicate that within E'=(E-En)/Emw, (€)
statistical uncertainty there is no evidence of double ioniza-
tion below the threshold for DI, in accord with the findings andE;, is the threshold for TI. Also plotted in Fig. 2 are total
of Bluhmeet al.[9]. The ratio rises monotonically from the single ionization dat§21] and in this casé&,y, is the thresh-
background somewhere around the threshold for DI at 62.6ld for Ps formation.
eV and increases steadily up to 100 eV. The present data for For Ne, the double-ionization cross section rises from the
Ne are normalized to those of Bluhreeal.[9] by weighted  background around the threshold for DI and then increases
least-squares fit at all energies in the range of overlap abow@onotonically up to the highest energy studied. As noted
the threshold for DI. Within the statistical uncertainties thereabove, there is no evidence of Tl in the second Ore gap in
is good agreement between the two data sets. The data afreement with the findings of Bluhn&t al. [9]. The mean
Kara et al. [6] which do not include contributions from Ps value of the cross section for Tl in the second Ore gap is
formation, is around 30% lower than that reported by Blu-2.1+4.7x 10 2°m?; i.e., it is indistinguishable from zero.
hmeet al.[9] at 100 eV. For the other gases, the cross sections rise from zero around

The present results for Ar, Kr, and Xe are normalized tothe thresholds for Tl to maxima arourd = 1.4 for Ar, 1.8
the data of Helmt al. [8] by least-squares fits at energies for Kr, and 1.7 for Xe, corresponding to impact energies of
between the threshold for TI and 100 eV. When normalizedapproximately 87, 73, and 68 eV, respectively. For Ar the
in this way, the present data for these three gases are uhata of Hippleret al. [22] agree reasonably well below the
reasonable accord with those of Helms at the higher energiemaximum in the present results, but reach their maximum
but are systematically smaller at lower energies. The data airound 110 eV, approximately 20 eV higher than the present
Karaet al.[6] for Kr and Xe that, as in the case of Ne do not results. In Kr, our data are higher than those of Ketral.[6]

RESULTS AND DISCUSSION
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FIG. 2. Double- and single-ionization cross sections. Ne: double ioniz@iopresent results;1, [9]; A, [6]; and single ionizatior®
[21]. Ar: double ionization®, present results), [22]; and single ionization® , [21]. Kr: double ionization®, present resultsi, [6]; and
single ionization< , [21]. Xe: double ionizatior®, present results), derived from[8] (see text, A, [6]; V, derived from[7] (see texk
and single ionization¢® , [21].

at 75 eV E’'=1.2) but are in closer agreement at the higherelectron, interaction with the projectile and two electrons,
energy shown. For Xe, the double-ionization cross sectionand shake off, in which the projectile interacts with one elec-
have been derived by multiplying the cross-section ratiogron followed by ionic relaxation leading to double ioniza-
[7,8] with the sum of the single direct ionization cross sec-tion [1]. The amplitudes for these mechanisms are thought to
tion [6] and the Ps-formation cross sectiphi7]. The data interfere, resulting in charge-dependent differences in the
derived from that of Helmst al.[8] are in very good agree- cross sections for different projectil€s]. At lower energies
ment with the present data. Particularly at lower energiesstrong interference may obscure distinctions between these
these are higher than the results for double ionizaf&] mechanisms. However, in considering what factors may tend
not including Ps formation. to reduce the probability of TI, we note that the first is likely
At the thresholds for DI, the cross sections for Tl areto be weighted by the probability of Ps impact target ioniza-
0.14+0.02 for Ar, 0.45-0.03 for Kr, and 1.56:0.05 for Xe, tion to that for Ps breakup, the latter being expected to domi-
in units of 10 2Xm2. These are about 7.6%, 14%, and 24%,nate at low energies. Also, the third mechanism is probably
respectively, of the maximum values of the double-not very likely because electron capture is generally a soft
ionization cross sections at higher energies. Other than thesellision process.
features, little structure is seen in our results, although this

might be masked by the large energy width of our positron
beg.m, Y 9 » P CONCLUSIONS

Within the second Ore gap, the energy dependence of the Relative cross sections for double ionization and double-
cross sections approximately follow a power law in terms oftg single-ionization ratios are determined for Ne, Ar, Kr, and
E’, with powers 1.5-0.14 for Ar, 0.98-0.10 for Kr, and  xe. Absolute values are assigned by normalization to exist-
1.50+0.03 for Xe. The cross sections, therefore, rise gradumg data.
ally from threshold, as can be seen from the ratios in Fig. 1, pgsitronium formation has previously been found to be
and not abruptly as is expected for single ionization by Psyppressed for He and Ni6] when accompanied by double
formation[21]. _ _ionization, and this is confirmed for Ne by the present re-

For single ionization, the cross sections for Ps formationgyjts. Although it is an interesting puzzle, the present results
have been found to peak at around twigg;, whereEpsiS  show that the Ps-formation suppression phenomenon is lim-
the threshold for Ps formation, e.g., REZ0]. This is thought  jted to He and Ne among the noble gases, and is therefore
to be related to velocity matching between the projectile angyrobably not of fundamental significance.
the Captured electron. The ratios between the direct Single- The energy dependencies of the cross sections in the sec-
ionization threshold ané&pg gradually increase from 1.4 for gnd Ore Gap for Ar, Kr, and Xe, follow approximate power
He to 2.3 for Xe, so the Ps-formation cross section in Xejagws with exponents of 1.59, 0.98, and 1.50, respectively.
peakS close to the threshold for direct ionization. This Im-Th|S is probab|y due to the three-body nature of the final
plies a relatively large cross section for single ionizatiby  state, which would not be expected to give rise to the sharp

Ps formation in the Ore gap. In contrast, the correspondingthreshold effect found in single ionizatiofPs formation
ratio for double ionization, i.e., the ratio between the thresh{21],

olds for Egs(1) and(2) with n=2, vary from 1.09 for He to
1.26 for Xe, suggesting that the positron may be too slow to
transfer ionize effectively in the second Ore gap resulting in  This work is supported by the National Science Founda-
the comparatively small amount of Tl at these energies. tion under Grant No. PHY-9600416 awarded to Marquette

At higher energies double ionization has been describetlniversity, the NATO Scientific Affairs Division under
as a two-step interaction with contributions from threeGrant No. CRG 961149, and the U.S. DOE under Grant No.
mechanisms: ejection of one electron that liberates a secorigdE-AC05-840R21400.
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