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State-selected studies of the electron capture by R and N&** ions from N, and O, molecules
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State-selective differential cross sections for single-electron capture processes in collisiofi$ ¢gNS
and 4 ions with N, and Q have been studied experimentally at laboratory impact energies between 75 and
600 eV and scattering angles between 0° and 8° by means of a translational energy-gain spectroscopy
technique. For the Ntarget, zero-angle translational energy spectra show that the capture occurs mainly into
3s and 3 states of the projectile product Me*, respectively, for the ion charge statgs 3 and 4. For the
O, target, the dominant reaction channels are due to capture pnd 3’, respectively, for charge states
g=3 and 4. In collisions of N& with N, and G, contributions from processes commencing with a long-lived
metastable state Ré(2p® ?D) are detected. Other channels due to capture accompanied by target excitation
are found to open at large scattering angles. The angle and energy dependence of cross sections for single-
electron capture by Né (q=3 and 4 ions from N, and Q are also measured.
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[. INTRODUCTION detector located at the focal plane of the ESA. The scattering
angled is selected by means of an apertitenm diameter
The study of single-electron capture in very slow colli- in front of the ESA.
sions of multiply charged ions with molecular targets has
recently received considerable theoretical and experimenta' 4400
attention. Such processes are of importance in applications t
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the studies of low- to high-temperature astrophysical plasma: 3000 Ne3* — No
and properties of the earth’s atmosphere. They are also rel 9 E=175eV
evant to diagnostics of plasma parameters, plasma heatin¢ 2000 Ié >|§ 0 = 0°

and modeling of the comparatively cool edge of the fusion
plasma, where effective control and removal of impurities is 1000
of crucial importance.

Translational energy spectroscopy has been extensivel 15:() R R R
used to study state-selective single-electron capture by mul
tiply charged neon ions from rare-gas atoms and atomic anc 1000

molecular hydrogen. However, in the case of Ahd G
targets, there have been no previous experimental measurt
ments of cross sections, differential in translational energyza 500
gain and projectile scattering angle, for state-selective singleE

electron capture at low energies, to our knowledge. 2 LB i L L L B L L
: - - O ! e ke !
In our previous work we used a differential energy-gain 1500 Ne®™ — 0 & I8 5
spectrometef1,2], capable of measuring simultaneously the 2 I
scattering angle and the energy gain of projectile products ir 1000 B =756V
ion-atom collisions, for the study of state-selective single-

8 =0° 3 E
electron capture from atomic targets by?Ar(q=4-6) and 500 ||
Ne’* (q=3-5) ions at laboratory impact energies between
150 and 600 eV. In the work reported here we have extendet 0
our measurements to molecular targets. Briefly, multiply 600
charged neon ions were produced in a recoil ion source by
using 25 MeV E* ions from the Western Michigan Univer- 400
sity tandem Van de Graaff accelerator as a pump beam. Ar
einzel lens was used to focus the ion beam extracted from th 200
source into a 180° double-focusing magnet. After momen-
tum selection, the ion beam was again focused by two pairs
of deflectors and directed into a gas cell containing low- 0 25 5 7.5 10 12.5 15
pressure target gas to ensure single-collision conditions. lon: Q (eV)
scattered through a nominal anglénto a solid angle £)
of about 3< 10”3 sr were energy analyzed by means of a90° FIG. 1. Translational energy-gain spectra for single-electron
double-focusing electrostatic analyz@&SA), and then de- capture by 75 eV N& ions from N, and G at different projectile
tected by a one-dimensional position sensitive channel-platiaboratory scattering angles.
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TABLE I. Single-electron capture reaction channels for collisions of'Niens with N, and Q..

Designation of

Reactants and initial states Product final states AE (ev) reaction process
Ne** (2p3 *S)+Ny(X =) Ne?* (3s°9)+N," (X 237) 8.93 IEX
Ne* (3s %)+ N, (X *Zy) 8.28 IyX
Ne?* (3s5S)+ N, (A 2I1,) 7.81 IZA
Ne?t (3s5S)+N," (B 23,) 5.77 ILB
Ne** (2p3?D)+ N, (X '=5)  Ne?™ (2p® (?P)3s °P)+N,* (X 23y) 6.54 X
Ne?* (2p® (°P)3s 'p)+ N, " (X 22y) 5.87 X
Ne** (2p2 *S)+0,(X %2) Ne** (3p°P)+0," (X ?Il) 7.67 16X
Ne**™ (3p 3P)+0,™" (X ?Il,) 7.16 Ik X
Ne?t (3s5S)+0,"(a “Tl,) 8.41 IZA
Ne?™ (3s°9)+0,"(b *2y) 6.3 IC
Ne** (2p® 2D)+0,(X %) Ne** (2p%(?P)3s P)+0," (X 2Iy) 9.95 X
Ne** (2p3(?P)3s 'p)+0," (X ?I1,) 9.28 IlyX
[l. RESULTS AND DISCUSSION mber et al. [8]. The designations | and Il represent the
ground and first metastable states of the incident ion, respec-

In the. process of s_mgle-electron capture by mu.lt'pIYtively, while «,B,7, ... represent the ground and succes-
charged ions from atomic or molecular targets, the projectile

. . Sive higher excited states of the projectile product;
gains an amount of enerdy) that depends on the partici X,A,B, ... represent the ground and higher excited states of

pating elec.tronic states, masses Qf the projectile and targethe target product. To identify the reaction channels in-
and scattering angle of the projectile ions. In a classical two- '

= . : .volved, the energy-gain spectra for NeAr and Né*-Ar
body collision, the translational energy of an ion unOIer(‘:"Omgcollision system$2] were used as a standard to calibrate the
inelastic scattering differs from the impact energy of the pro- y yoar
S Q scale for the N&**-N, and -Q systems. In the latter
jectile ion Eq by g .
collision systems, single-electron capture spectra are ob-
Q=E-E,=AE—AK, (1)  served to be broader. This is probably due to the vibrational
states of the target products Nand Q" , which are smaller
whereAE is the energy defect of the reaction, akK is the  than the present energy resolution of 1.1 eV. The spectra
translational energy given to the target and is given by were normalized to the same target densities and total

amount of pump beam charge collected at the Faraday cup

AK = Mp (1—cosfp) Eo —AE} after it passed through the interaction region in the recoil-ion
mp+ M mp+ M source.
2 In the following sections the results for single-electron
[M cosf (2)  capture processes in collisions of Neions (=3 and 4
AME, P with N, and Q are presented and discussed. The data are

classified according to the translational energy-gain spectra,

wherem, andM are, respectively, the projectile and target yiterential cross sections, and energy dependence total cross
masses, andp is the final laboratory scattering angle of the gactions measurements.

projectile[3]. However, for these collision systems values of
AK calculated on the basis of zero and nonzero scattering
angles are found to be small. This indicates that we can A. Translational energy-gain spectra
assume tha@=AE. In the present mea}surements, the trans- 1. Né* collisions with N, and O,
lational energy spectra are expressed in terms ofXkelues
and no correctiorti.e., AK) was added to the measured en-  Figure 1 shows the translational energy-gain spectra for
ergy gain. the formation of N&* ions from the reaction of 75 eV Né

The energy levels used in calculating the energy defedons with N, and G at different projectile laboratory scat-
(AE) were taken from Moor¢4], Bashkin and Stondis],  tering angles. The possible exit channels following single-
and other sourcel$,7]. The product states are identified by electron capture are listed in Table I.
the energy gairQ, measured from the translational energy- In Ne**-N, collisions, the observed collision spectrum at
gain spectra obtained with a differential energy-gain specO° scattering angle is dominated by a peak due to capture
trometer. The energies\E) were calculated assuming that from the ground state Né(2p® “S) ions into the 3 >°S
the molecular targets and their product ions were at the lowexcited states of the Né& product ions with production of
est vibrational levels®=0). The observed reaction channels N,* in the ground stateX 225) via reaction channelg’K
are labeled according to the notation previously used by Kaand I»X. Contributions from capture accompanied by the
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excitation of the target product via the reaction changal | S S LU R SR UL I
cannot be ruled out. 1000 E T" |£| T T"l—‘ PTi =
The broad peak, centered arou@d=6.5 eV, is due to Ne** — N
capture from the metastable statp32??D of Ne** into the 750 E - 100 o5

2p(?P)3s states of N&' via lluX and llvX channels. 500 0

There can also be contributions due to transfer excitation vie

||||||||||||||||||||
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capture into the 8 state is peaked in the forward direction in

Ne3*-N, collisions. 50
In Ne** -0, collisions, the dominant peak at 0° scattering 5 0

angle corresponds to capture from ground state incidenO

Ne3* (2p2 49) into the P 5P states of N&' with produc- & 1000

tion of O,* in the ground stateX 2l'Ig) via 16X and kX 750

the reaction channelB. 250
At a scattering angle of 4.85°, single-electron capture into L L B B B B
the 3s state of N&" remains dominant, but the relative im- 200 [—
portance of the reaction channels correlated with the pres .
ence of the metastable statp®?D in the Né* ion beam 150 =
decreases. This indicates that the angular distribution for 100

NTS

0 5 10 15 20

eV
2. Ne** collisions with N, and O, Q (eV)

Figure 2 shows the translational energy-gain spectra for FIG. 2. Translational energy-gain spectra for single-electron
single-electron capture by 100 eV Afeions from N, and G capture by 100 e\( N ions from N, and G at different projectile
at different projectile laboratory scattering angles, and thdaboratory scattering angles.
possible reaction channels following single-electron capture
are listed in Table Il. For the Ne-N, system, the zero- 1o capture into the B state of N&* with the production of

degree spectrum shows only one peak; this peak correlates . . ; 2 2
with single-electron capture into thed3excited state of 962 in the excited states_éHu, A%, andD “Xq (A,
IuB, ... channels(see Fig. 2

Ne** from the ground state Né& (2p? 3P) ion with produc ) : .
tion of N,* in the ground stateX 25*) via the reaction . As the scattering angle increases, smgle_—electrop capture
2 g into the 20?(*D)3d state of N&" (I oX) remains dominant.

channels #X. There is also some contribution from an un- However. the importance of capture into accompanied b
resolved reaction at about 11.5 eV, involving transfer exci- ’ P P p P y

tation into the 22('D)3p 2F state of N&* accompanied by excitation of the target productgi and luB channelsin-

excitation of the target product into the excited stae[l ) creases, and the rela_ltlve w_n_portance of the reaction channel
of N,* (channel Ia\). IvX decreases. In this collision system, we observed a par-

At the scattering angle of 7.83°, single-electron capturdiCularly interesting feature of the scattering angle depen-
into the & state remains dominant, but the relative impor-dence of single-electron capture spectra. With increasing
tance of capture into thef?(1S)3s and P states gradually ~Scattering angles, contributions from avoided crossings at
increases. This indicates that the angular distribution for capsmaller internuclear separatioriiarge Q values become
ture into &l is more strongly peaked in the forward direction gradually more important, as one would expect. In general,
than for the process associated with capture imé(23)3s  at forward scattering or smaller angles, the larger impact
and 3 states. parameter collisions play an important role in the electron

For the Né*-0O, collisions, the observed spectrum at 0° capture process since the avoided crossings at small internu-
scattering angle is dominated by reaction chano&{ With clear separation cannot be reached and make no contribution.
unresolved contributions from the transfer excitatiarAl ~ As the angle is increased, contributions from successively
channel. The peak at around 6.5 eV is due to the reactioemaller internuclear separation regions make their appear-
channel vX, while the long tail located a@=12 eV is due ance.

0=5.6°. 0

channels, with contribution from the transfer excitation Nef' — Og

channel [A. The structure (C) on the lower-energy 500 E= 190 eV

. . ! 6=0

side of the dominant peak corresponds to capture inta 250

3s °S states with target excitation to thé 629) state of 0

O,*. The smaller peak at about 10 eV correlates with cap- 2
2 3+ 400 — =

ture from the metastable statgp2?D of Ne** into the E ]

2p3(°P)3s states of N&" via lluX and llvX channels. As 300 0 =71°

the angle is increased, capture into the States of N&" E E

remains dominant, whereas the relative importance of the =00 E I

reaction channels #4X and llvX is strongly decreased, and 100 —

the small peak completely disappears for scattering angle: o 3

2

[
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TABLE Il. Single-electron capture reaction channels for collisions of Niens with N, and G.

Designation of

Reactants and initial states Product and final states AE (eV) reaction process

Ne** (2p? 3P) +Nx(X'S4)  Ne* (3p *9)+N," (X 22) 15.5 X
Ne** (2p*('9)3s ?9)+N, " (X 22y) 13.2 lvX
Ne** (2p?('D)3p?F)+N, " (X 22y) 12.6 loX
Ne*™ (2p?(*D)3p 2F)+ N, (A 2I1,) 11.5 loA
Ne** (3d)+N," (X 2Zy) 8.8-10.2 X
Ne** (2p?('D)3d ?D)+N," (X 2Z) 6.5 loX

Ne** (2p% °P)+0,(X%2;)  Ne* (3p)+0,*(a ) 15-16.1 LA
Ne** (3p)+0," (A 211,) 14-15.1 uB
Ne** (3d)+0," (X Il,) 12.3-13.6 X
Ne** (3p)+0,"(D %3y) 11.3-12.4 LE
Ne** (2p?(*D)3d)+0," (X 2Il) 8.8-10 X
Ne*™ (3d)+0,"(a “Il,) 8.6-9.6 rA
Ne®* (3d)+0," (A ?I1,) 7.3-8.6 B
Ne** (4s *P)+0," (X 2I1,) 6.5 lvX

B. Differential cross sections that take place on the way into the collision, i.e., the upper
The experimental total differential cross sectionsPranch of the deflection function.
(da/dQ) for single-electron capture by K& ions from N, For 100 eV Né&'-N, collisions, the data show that the

and Q for g=3 and 4 are shown in Fig. 3. The dasheddistribution for capture into the_cB state is peaked_in the
curves in Fig. 3 are to guide the eye. The differential crosdorward direction and is a relatively smooth function. For
sections were found using the translational energy-gain techL00 €V Né*-O, collisions (see Fig. 3 the measurements
nique, by calculating the area under the peéksal inten- show that the projectile products are distributed forward in-
sity) in the energy-gain spectra at different projectile labora-Side the critical angleé).=2.7°, indicating that capture took
tory scattering angles. The general features of thélace on the way out of the collision.

distributions are qualitatively explained in terms of a semi-

classical model based on Coulomb potential cufgdsThe C. Total cross sections

traditional two-state model has been used to estimate the e neasyred total cross sections for single-electron cap-
critical angled., which corresponds to capture at an impacty .o by N&* ions (q=3 and 4 from N, and G at labora-
parameter equal to the crossing radius, by assuming that cags; ¢qjlision energies between 25 and 150 eV are shown in
ture occurs at a localized curve crossing between the pote ig. 4. For these measurements, an angular acceptance of
tial energy curves for entrance and exit chanr_1e|s. For smally oyt +10° was used after remov’ing the angular selector in
laboratory scattering angled, = Q/2E,, whereQis the €xo- 5y of the ESA. The absolute scales for the cross sections
ergicity of the collision andk, is the laboratory impact en- \ere evaluated by normalizing to the total amount of fast
ergy. The calculations of differential cross sections usuallyDeam charge collected and by using the total single-electron

show a minimum ab.. . This angle separates the events scat-Capture cross section measurements of Justinéro, [10]
tered at smaller angles due to capture on the way out angl \ei+_He collisions.

events scattered at larger angles due to capture on the way For Né* ions, the total cross sections oscillate with in-

into the coII|S|0n.+ » _ o creasing collision energy about averages values of 40 and
_For7sev NE"-N, collisions (see Fig. 3, the distribu-  ggy 10716 ¢y, respectively, for @and N, targets, a behav-
tion maximizes ;3ear the critical angl=3.3°, which cor- i, yhat is well documented for such collisions at low ener-
responds to thess"S capture channel at an impact parameteryios This is attributed to the availability of many capture

equal to the crossing radius. The forward peak clearly représpannels, which are situated nearly at the center of the reac-
sents the contribution from capture into the final channel of;,1 window. For N&* ions. the total cross sections slowly

the way out froré1+the COI”.SiQn' o increase with the collision energy. This can also be under-
For 75 eV Ne™-0, collisions, the distribution er.eases stood from the reaction window, which gets broader with
below 6. =2.9° for capture into the 3 state of the N&" ion,  jncreasing energy, and therefore capture channels with large

with a significant peak located near 3.8%ee Fig. 3. The Q values get an increasing probability.
structure belowd. represents contributions from capture on

the way out from the collision with a valley located near
=1.5°, which is a rainbow effect caused by gromotion of
the entrance channel. The peak occurring at larger angles Doubly differential cross sections, in energy and angle,
(i.e., =2.9°) is almost entirely contributions from capture for single-electron capture by very low-energy “Neions

[ll. CONCLUSION
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60000 - FIG. 4. Total cross sections for single-electron capture by*Ne
ions (=3 and 4 from N, and Q.
40000 .
o e Lo . . . .
20000 I served. We have also studied differential cross sections for
single-electron capture processes in the collision systems
90 3 T : p mentioned. For N& -N, and -G collisions, the angular dis-

4 tribution spectra contain a main peak lying just inside a criti-
) (deg) cal angled., corresponding to capture at an impact param-
eter equal to the crossing radius of the dominant reaction
~ FIG. 3. Experimental differential cross sectiortso{d(2) for  channel. The peaks are qualitatively explained by a two-state
single-electron capture by 75 eV Neand 100 eV N&" ions from  odel and are attributed to a capture process on the way out
Nz and Q. Smooth lines are drawn to guide the eye. from the collision. For collisions of N& with N, and Q,
the mean peaks of the distributions lie at angles greater than
(g=3 and 4 from N, and GQ have been studied by means of 6., which represent contributions from capture that takes
translational energy-gain spectroscopy. In addition to purélace on the way into the collision. The energy dependence
single-electron capture channels, we also detected weakef cross sections for single-electron capture by Néons
channels due to transfer excitatitre., capture accompanied (q=3 and 4 from N, and G, were also measured. No data
by target excitationand the presence of the metastable staton state-selective single-electron capture by low-energy
Ne3(2p22D) in the primary ion beam. In these collision sys- Ne?* ions from N, and G are, however, available for com-
tems, no clear evidence of molecular dissociation was obparison.
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