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H%+N, collisions at low-kilo-electron-volt energies
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(Received 30 May 1995

Direct scattering—H?O), stripping(—H™), and electron capture—~H") are studied at energies of 1.0, 2.0,
and 3.0 keV in small-angle HN, collisions. Time-of-flight and electrostatic-energy analysis are used to
identify the dominant collision processes. The electronically elastic channel is found to be weak beyond the
very smallest scattering angles. As an example, at 1.0 keV, electronically inelastic processes dominate the
collision for scattering angles larger than 0.2°. Beyond the smallest angles, both the stripping and electron-
capture processes can also result in electronic excitation of star N,*. The reduced cross sections, when
plotted as a function of reduced scattering angle, are shown to scale reasonably well for each of the three
processes studied.

PACS numbs(s): 34.50.Gb, 34.90:q

I. INTRODUCTION gets. On the basis of a state diagram, electronic excitation
may occur via a “Demkov” procesp4| between initial and
Collision studies generally provide information on the in- final states for which the potential-energy curves are parallel.
teractions that occur between a given projectile and targeElectronic excitation may also occur at molecular orbital or
Experimental results can test and in many cases guide trate crossings. In Hecollisions with CO and NQ@3] it was
development of underlying theories. In this context there is #hown that, as in the case of atomic targets, a correlated
substantial literature on keV energy collisions that is domi-two-electron-transfer process leads to excitation and charge
nated by studies of ion-atom problems. There are signifiexchange. Electronically inelastic processes are generally
cantly fewer studies on ion-molecule collisions and onlyfound to be weak at low-keV energies fe=E¢ (reduced
very limited work on atom-molecule systems. In this paperscattering angle=(beam energyx (scattering anglevalues
we report on 14+N, at low-keV energies. In addition to the smaller than 1 keV de¢see Refs[3,5] as examples
intrinsic interest in problems involving Hthese collisions Relatively little work has been reported o HN,. As
are particularly important at auroral altitudes. They affect theexamples of the limited literature we cite the experimental
energy balances and the chemistry and must be understogharge _production cross sections and differential scattering
for modeling calculations. The low-keV energy,tat auroral ~ calculations of Van Zylet al. [6], the electron-capture and
altitudes, has its Origin in a much higher-energy Hux -loss studies of Smitlet al. [7], the differential and total
(from the solar wind and other sour¢ewhich is incident on ~ Scattering cross sections for stripping reported by Cisneros
the upper atmosphere_ The inciderﬁ id)ns undergo ine'as_ et al. [8], and the absolute differential cross sections for
tic collisions, resulting in the excitation and ionization of the Very-small-angle scattering reported by Johnebal. [9]. In
target atoms and molecules. The projectiles are primarilyhis paper we preseont_result§ of a study of the direct scatter-
scattered through small angles in each of these collisions arl@9 [H(1s) +N,—H", including the elastic and electroni-
degrade to energies where electron-capture processes @lly inelastic channels as well as of the stripping
come important. Electron-capture collisions then gener&te HH (1) +N,—H"], and electron-captuiéi(1s) +N,—H"]
and H', resulting in a mixed flux of the three charge states ofProcesses. The present work, using time-of-flight techniques
hydrogen. At auroral altitudes the’ldomponent has a low- for energy-loss measurements ofiahd electrostatic energy
keV energy distribution and is the dominant charge stafe. Hanalysis on H and H', presents results on the angular de-
atoms at energies less than 10 keV cause most of the olpendence of the collision processes at energies of 1.0, 2.0,
served ionization and 0ptica| emissions from the auroral reand 3.0 keV. It is shown that inelastic collisions are dominant
gions[1]. In addition, the M atoms generate free electrons beyond the smallest angles iff(ds) +N, and that excitation
following stripping collisions. The collisional excitation of ©f the final N, or N,* must be considered in accurate calcu-
keV energy H is also the major source of Lymamin the lations on the stripping or electron capture.
hydrogen aurora. The radiation results from the excitation of
H(2p) in direct scattering rather than from electron capture
in H collisions[1]. It is clear that modeling calculations for
upper atmospheric processes require some understanding of The experimental techniques have been previously de-
keV energy collisions such as’HN,. scribed[10,11 and are only outlined here. Figure 1 shows
Although keV energy ion-molecule and atom-moleculethe experimental arrangement.” Hs extracted from a Co-
collisions have been studied for a number of years, our unlutron ion source floated at a low-kV voltage, which deter-
derstanding of them remains limited. Except for a few casegnines the beam energy. The source is supplied with a mix-
a qualitative approach is often used to interpret experimentdure of H, and Ar to increase the long-term stability of the
results. The approachdsee Refs[2,3] as examplesare  beam when compared to using purg. Flhe beam is focused
basically similar to those used successfully for atomic tarby an einzel lens, passed through a set of shim fields into a
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identified. The probability of elastic scattering at each angle
is determined from the ratio of the number of counts in the
elastic peak to the total number of counts in tHesHectrum.
The probabilities for the inelastic channels are determined
the same way. A “summed cross section” is obtained from a
9 measurement of the angular distribution of the scatter®d H
without energy analysis. Summed cross sectionE=a0.5,
1.5, and 5.0 keV were also reported by Johnsoal. [9].
Their summed results show a slight undulatioear 0.2° at
(j), charge-exchange celk), deflector plateslj, scattering cell 1.5 ke_V as ifm examp)'EBeC"?‘us_e O,f the Slgnlflcant loss in
(m), valve (), electrostatic energy analyzeo)( cryopump p),  Peam intensitydue to choppingin time-of-flight measure-
and time-of-flight(TOF) detector (). The distance from the scat- Ments, the angular resolution in the present studies cannot be
tering cell to the TOF detector is 4.2 m. as high as in Ref9] and this weak structure is not seen. The
elastic cross section at each energy is found by multiplying
the summed cross section by the probability of elastic scat-
beam “chopping region” consisting of two platéabout 1  tering. The stripping channels are studied in a similar man-
cm long and separated by 0.5 gnand is chopped by a ner. Here spectra are acquired for thé Bind the summed
voltage pulsed at 0.3 MHz for the time-of-flight measure-cross sections for stripping are obtained from the angular
ments. It is mass analyzed by a Wien filter and then passetistributions of the scattered ‘H(without energy analysjs
through a charge exchange cell filled with.H\ composite  Similar techniques are used for studying electron capture.
H* and H beam emerges from the charge exchange cellSince there are changes in charge state for stripping and cap-
The H' is electrically deflected leaving an’Hbeam, which  ture collisions, energy references are needed and obtained
enters the scattering cell containing thethirget gas at pres- from H%(1s) +Ar—H"/H™ collisions.
sures within the single collision region. The projectiles scat-
ter through an anglé and enter an electrostatic analyzer for

FIG. 1. Schematic of the experimental arrangement: ion sourc
(a), extractor and einzel lenselk<{d), deflectors €-i), Wien filter

energy measurements on tlnd H . The H passes through 1.0 preemprrerprrr e e ey
the analyzer to a time-of-flight detector positioned 4.2 m s HO +N, — HO+ N, E
from the scattering cell. The initial Hbeam(prior to neu- 0.8 F74 3
tralization has an energy full width at half maximum o o O E=1.0keV 3
(FWHM) of 0.5 eV per keV and a FWHM angular spread of 0.6 & 4 E=20keV 4
0.1°. Following electron capture, thethas a measured Pa ¢ ° & 0 Es80keV 3
FWHM energy spread of 2.0 eV at 1.0 keV and a FWHM 0.4 ¢ Oooé% 3
angular spread of 0.15°. 2 QO@O 3
Energy-loss spectra are acquired at selected angles in the 0.2 | A%AO@ 9 o 3
direct scattering(H’+N,—H°). Since the direct scattering 2 Sa, 4
does not involve a change in charge state, the incidént H 0.0 Eonelevnili il i e
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FIG. 3. Probabilities for electronically elastic scatteringaj
FIG. 2. Typical energy-loss spectrum for the direct scattering inand for the excitation of electronically inelastic procesges and
HO+N, at an energfg=1.0 keV and scattering angle=0.18°. The ~ P() plotted as a function of reduced scattering angtE 9. The
electronically elastic peak is labeléd PeaksB andC result from  electronically inelastic processes are seen to dominate beyond re-
inelastic processes. duced scattering angles of 0.2 keV deg.
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spectrum for stripping in P#+N,. Two peaks are seen and attributed

FIG. 4. Reduced differential cross sections as a function of ref0 (& H™+Nx(X) and(b) H" +N,*.
duced scattering angle for the processes corresponding to peaks
A-C in Fig. 1. The results are plotted to different arbitrary units wjth the simultaneous excitation of single electron states in
and show that they can be approximated by common curves. both the K and N,. Figure 3 shows the probabilities for
electronically elastic scatteringP() and for the inelastic
processegPg and P¢) as a function ofr, the reduced scat-

We are studying the small-angle direct scattering, striptering angle, at energies of 1.0, 2.0, and 3.0 keV. The elec-
ping, and electron capture for’lLs) +N, collisions at ener-  tronically inelastic processes are seen to dominate the colli-
gies of 1.0, 2.0, and 3.0 keV. The underlying collision pro-sion beyondr values of 0.2 keV deg. Figure 4 shows
cesses are identified using Gilmore’s potential-energy curvels= 6 sinfo(6)], the reduced differential cross sections, plotted
for N, [12] and assuming that electronic excitations occur viaas a function ofr and normalized to show that the general
Franck-Condon transitions from the,(X 125, v=0) level.  behavior for these processes can be approximated by com-
Figure 2 shows a typical energy-loss spectrum for the direcinon curves at the energies studied.
scattering in +N, (E=1.0 keV, §=0.189. The peak la- Stripping of the electron from the%projectile involves a
beledA corresponds to electronically elastic scattering. Peakninimum energy loss of 13.6 eV. Since there is a change in
B results from the excitation of a number of electronically the projectile charge state, an energy reference is required for
inelastic processes. The maximum at an energyAdssiear  interpreting the H spectra. The reference is obtained from
9 eV is consistent with the excitation of any in a group gf N H%(1s) +Ar—H™ collisions. Figure &) shows composite
states(a 'y, a’ 'S, B’ %, andw 'A,). Contributions ~ spectra for H+Ar—H" and H+N,—H". The main peaks
to the spectrum at an energy las&~8 eV may result from for the Ar and N targets have the same basic shép&/HM
excitation of the N(B 31'[,‘;,) state. It is unusual, however, of 2.5 eV) and the locations of the maxima show that the
that the N(A 33 1) state is only weakly excited. The exci- dominant stripping process in,Mesults in H +Ny(X) +e".
tation of triplet states from an initial Nsinglet state is not The FWHM is greater than the 0.5 eV associated with the
allowed in H" collisions but can occur when%projectiles  incident beam aE=1.0 keV and is attributed in part to the
are used. At energy lossesE between 11 and 12 eV the kinetic energy carried off by the ejected electrons. Figure
peak’s shape suggests possible contributions from both tHg(b) shows an enlarged plot of a second prodéaiseledb)
N, C °II, andE °X ; states. The excitation of Hn=2) at  with energy lossegelative to peala) in the range of 6.5-12
AE=10.2 eV is also within the range of pe&and cannot eV. The peak is attributed to stripping with simultaneous ex-
be discounted. The small structujgeakC) at AE>15 eV, citation of the N. Stripping resulting in & (1s)+N,
seen primarily at larger values, can be associated with ion- —H*+N,” (AE=1.6 eV relative to stripping at threshold to
ization of the molecule and one electron excitation of thethe continuumis found to be weak. Although the,N state
higher-lying Rydberg series of ]NPeakC is also consistent is unstable[12], its collisional excitation would be seen in

Ill. EXPERIMENTAL RESULTS AND CONCLUSIONS
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FIG. 8. (a) Energy reference for electron capture showing that
the dominant process is’HtN,—~H™+N,*. AE’ (=AE—15¢e\) is
set to zero at the maximum of peak (b) Typical energy spectrum
for electron capture in  ®N,. Two main peaks
(@)—H™(15)+N,"(X) and(B)—H (159 +N,™™ and a tail(y) are
seen. Possible contributions to pedkrom H™*+N,* cannot be
ruled out. The energy-loss scale is reversed here since the detected
beam is negatively charged.

the H" spectra. Previous studies of charge-changing colli-
sions have focused on absolute differential and tGal8]
cross-section measurements for the summed channels. Our
results for the summed channels show the same qualitative
features as reported in R¢¥]. Figure 6 showsd, andP,,
the probabilities of processesandb plotted against. Fig-
ure 7 shows the reduced differential cross sections for strip-
ping. The normalized results fer, and p, scale well for the
three energies studied.

In the H+N, electron-capture processes an electron is
transferred from the molecular target with an energy IbEs
of at least 14.7 eV. An energy calibration at 1.0 keV using
Ho+Ar—H +Ar" and a typical spectrum from HN,
—H™ are shown in Fig. &). The H+Ar calibration shows
that the dominant process in,Kpeak labeledy) corresponds
to H™ (1s%+N,"(X). The spectrum in Fig. ®) at E=2.0
keV and #=0.52° shows a weaker proce@® with a maxi-
mum positioned 10 eV down in energy and a ai). The
peak (B) is consistent with electron capture to HN,"
(C2%2 ' andD 2l'Ig). The probabilities for electron capture
to processes, B, andvy are plotted as a function of reduced
scattering angle in Fig. 9. The reduced differential cross sec-
tions for electron capture are shown in Fig. 10. These cross

FIG. 7. Reduced cross sections as a function of reduced scattef€ctions are again reasonably well fitted by common curves

ing angle for simple strippingp,) and stripping with target excita-
tion (p,) in H*+N,. The results are plotted to different arbitrary

at the energies studied.
At low-keV energies atom-atom and the few atom-

units and show that the shapes are well approximated by commamolecule systems studiddee Refs[3,5] as examplesgen-

curves at the three energies studied.

erally show strong elastic scattering at small scattering
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FIG. 10. Reduced differential cross sections for electron capture

angles. Direct inelastic processes become important at largé® (@) H™(1s)+N,"(X), (B) H (1s)+N,"™*, and (y)
angles. A significant result of this study is that if(#is) +N, ~ H_(1s9+N,™ as a function of reduced scattering angle in
the inelastic processes are found to dominate the collisioh®+Nz. The results are plott_ed to different arbitrary units and are
beyond the smallest anglé¢s>0.2 keV deg. In a paper on  S€en to be reasonably well fitted by common curves.

charge production in #N,, Van Zyl et al. [6] suggested

that ionic states play an important role in the collision. Ourelastig, the stripping, and electron-capture processes are rea-
present results support the role of the ionic channel even igonably well fitted by common curves when plotted as a
the direct scattering. The lowest-lying HN, " state is po- function of the reduced scattering angle. A careful compari-
sitioned, for infinite separation, at an energy of 15 eV aboveson of the reduced cross section for stripping with target
the incident H-N, potential-energy curve. Since the ionic €xcitation(py) to electron capture with target excitatigpy)
channel is attractive, the repulsive incident channel musshows an almost identical behavior in the angular depen-
cross it. The crossing may result in the excitation of an in-dence of the two cross sections. This suggests that a common
termediate ionic channel. Following the excitation of primary interaction excites the two channels.

H™+N,"*, this state can couple via Demkd¥] or curve

crossing processes to excited states resulting ’1FH_H2 or ACKNOWLEDGMENTS
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