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Abstract

Electron capture by slowv(< 1 a.u.) partially stripped ions in atomic and molecular targets results in the selective
formation of only a few excited states of either target or projectile and is highly sensitive to the internal energy carried by the
projectile. This article describes a new experimental system employing the technique of double translational energ
spectroscopy to study these state selective electron capture processes. Recent results involviig, s, Gind G*
primary ions in prepared ground or metastable states, in collisions with simple atomic and molecular targets, are discussed. T
results highlight the difficulties involved in the interpretation of previous studies where the projectile primary ion beams
contained unknown mixtures of ions in both ground and metastable states. (Int J Mass Spectrom 192 (1999) 141-147) © 19¢
Elsevier Science B.V.
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1. Introduction in a limited range of internuclear separations provide
the dominant contribution to the electron capture
Electron capture processes of the type, process, resulting in the formation of a relatively

small number of excited product states.

A number of experimental techniques, such as
involving a wide variety of partially ionized species Photon emission spectroscopy (PES) [4] and transla-
play an important role in both fusion [1] and astro- tional energy spectroscopy (TES) [5], have been
physical [2] plasmas. At impact velocities< 1 a.u. ~ €mployed to study these low energy state selective
where a quasimolecular description of the collision €lectron capture (SSEC) processes involving partially
System is appropriate a limited number of product Stripped primary ions at kiloelectron volt energies. In
states can be formed effectively through pseudocross-the TES technique the differenckT between the
ings of the potential energy curves describing the kinetic energyT, of the primaryX%" ions and the

initial and final molecular states [3]. Pseudocrossings kinetic energy T, of the fast forward-scattered
X(@ D+ products is measured. This difference can be

expressed as AT = (T, — T;) = (AE — AK),
E-mail: rw.mccullough@qub.ac.uk where AK is the target recoil energy. Provided that

X3+ Y= XD, 1) + Y, 1)
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AE/T, << 1 and the scattering is confined to small beams of Af" from Ar®" + Ar collisions. However
angles theT ~ AE. Thus, within the limitations of  even though the existence of many metastable levels
the available energy resolution, an analysis of the in Ar>* made it difficult to produce pure state selected
X@~ D+ excited product yields in the energy change beams, the ability of the technique to provide much
spectrum [6] enables relative cross sections for the more information than from a single stage TES
main excited product channels to be determined. experiment was demonstrated.
Those product channels associated with metastable Recently, in our laboratory we have successfully
ions, which might be present in the primary ion used the DTES technique to carry out SSEC studies
beams, can be identified using the TES technique. Thewith beams of pure ground state and pure metastable
observed energy change spectra may be dominated byC?* ions [14,15] and also with pure ground stat&'N
such channels though a quantitative analysis is pre-ions [16,17]. More recently we have carried out
cluded unless the metastable content of the primary studies with pure ground state and pure metastable
beam is known. The TES technique is of limited value O?" ions [18]. Targets of He, Ne, Ar, HIN,, and G
in cases where the experimental energy resolution is have been used with ion impact energies in the range
insufficient to resolve ground and metastable product from 1.75 to 8 keV. These results can be compared with
channels or where an accidental overlap in the energy previous measurements carried out with ion beams
defects exists. In addition if the metastable core is not containing mixtures of ground and metastable ions.
conserved during the electron capture process then Ratios of total one-electron capture cross sections
additional reaction channels may be opened [7]. The for ground state and metastablé*CGons in He, Ne,
metastable content of the beam is dependent on theand Ar have also been determined using a simple
type of ion source used and the operating parameters.beam attenuation technique.
The importance of collision channels associated with
metastable primary ions revealed by these TES stud-
ies also illustrates why many previous measurements 2. Experimental approach
of total electron capture cross sections carried out
with ion beams of unknown metastable content in A schematic diagram of the double translational
different laboratories exhibit large discrepancies [8,9]. energy spectrometer is shown in Fig. 1. In order to
The presence of metastables in the primary beam illustrate the DTES technique the production &
can often be seen in the energy change spectra in ourground state ofP metastable € ions is described.
previous studies of SSEC by TES [6] although, since A beam of C* ions was derived frm a 5 GHz
the fraction present is usually not known, their influ- electron cyclotron resonance (ECR) ion source. The
ence is difficult to quantify. A number of methods, ions were formed within the source in a region held
such as ion beam attenuation [10], optical attenuation close b 0 V and were then extracted by a voltage of
[11] and translational attenuation [12], have been —4 kV applied to an extraction electrode and the
employed to determine the metastable fractions of beam transport tubes. The beam was focused, momen-
primary ion beams to enable a quantitative analysis. tum analysed by a 90° double focusing electromagnet
However, in order to carry out measurements with ion and then entered the first cylindrical electrostatic lens
beams in selected metastable or ground states, ansystem L1 of the double translational energy spec-
approach based on double translational energy spec-trometer. The intensity of the “C ion beam at this
troscopy (DTES) can be employed. In this method, stage was typically in the range 30-50 nA. After
TES is first used in a suitable gas target to prepare andfocussing and deceleration by L1 the beam passed
select product ions in the required ground or metasta- through the hemispherical electrostatic energy anal-
ble state. These selected ions are then used in a secongiser EA1 at an energy 40eV (whereq = 3). The
stage TES experiment. The DTES technique was first emerging energy resolved beam (intensitp.2 nA
demonstrated [13] in the production of state selected and energy spreadl1 eV FWHM) was accelerated by
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Fig. 1. Schematic diagram of the double translational energy spectrometer.

lens system L2 to an energy @fV,,; eV. It then

gas pressure was set to maximise th&" Gield
formed by one-electron capture collisions.

In order to use DTES to select a beam of ground
entered the first target gas cell T1 where the helium state ¢* (1s?2s%)'S ions the first stage of TES can

be used to select ions from peak A. This corresponds
to capture into " (1s?2s2p)*P which has a lifetime

The C* forward scattered collisions products (in  of only 0.53 ns [20] and decays by an optically

both ground and excited states) emerging from T1
were decelerated and focused by the lens system L3
before entering the hemispherical energy analyser
EA2. Application of an appropriate positive bias
voltageVg, to EA2 and the associated lenses L3 and
L4 ensured passage ofCions while rejecting €*
primary ions. The pass energy of EA2 was typically
60(g — 1) eV. In this work, for an initialg = 3,

Vg1 = —Voi/(g — 1) with Vo, = —1000 V. The
translational energy change spectrum obtained by
means of EA2 in this first stage of TES was used (by
scanning the voltag¥s,) to identify and select €

ions in well defined energy states subject to the energy
resolution limitations of the analyser. The principle is
illustrated by the TES energy change spectrum shown
in Fig. 2 for one-electron capture in®G-He colli
sions at 3 keV obtained using*Cions directly from

the ECR ion source. The spectrum is in good accord
with that observed in our previous work [19]. The

Relative C** yield (arb. units)
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Fig. 2. TES energy change spectrum of'Cions formed in

collision prOdUCt channels associated with the peaks A, one-electron capture by 3 ke\FCions in collisions with He using

B, C, and D in this spectrum are detailed in Table 1.

C3* ions obtained directly from the ECR ion source.
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Table 1 _ that this acceptance angle was sufficient to avoid any
Collision product channels corresponding to peaks A, B, C, and  ginnificant loss of scattered particles. As in the case
D in the TES energy change spectrum (Fig. 2) for one-electron . . .
capture by 3 keV & ions in collisions with He for capture in the target cell T1, appropriate potentials
Defoct were applied to L5 and EA3 to allow product Gons
Channel Product channel V) to enter with an energy of 4Q(— 2) eV. The
required retarding voltage is given b =

D C2+ 28%(*S) + He' (29) 23.28 9 g 9 9 ¥ra

5 C2* 252p(°P) + He' (29) 16.78 —(Vor + Voo)/(q — 2). The forward scattered 'C

A C2* 2s2p(*P) + He' (29 10.59 product ions emerging from the target cell T2 were

C C* 2p%(P) + He" (39 6.24 energy analyzed by EA3 and counted by a computer

C?* 2p%('D) + He" (29 5.20

controlled position sensitive detector system.

In the present work, energy change spectra (to be
discussed in Sec. 3) were obtained for pure 4 keV
allowed transition to the ground state before reaching beams of €" (1s%2s?) 'S ground state and pure
the second target. In the same way, in order to selectmetastable € (1s?2s2p) 3P ions in He, Ne, and Ar
a beam of metastableC (1s°2s2p)°P ions, the  using DTES. These spectra could be compared with
scanning voltageVs, can be changed by apprexi the corresponding TES spectra obtained usirfg C
mately 3 V (corresponding to 6 eV) to allow ions ions of unknown metastable content obtained directly
comprising peak B to pass. As this state has a long from the ECR ion source. The energy scales on our
lifetime of 12.5 ms [21], less than 0.1% of these ions energy change spectra were calibrated to an accuracy
will decay in the flight time €10 us) between the first  of better than 0.2 eV by reference to our previous TES
and second targets. The peaks in this particular energymeasurements for one-electron capture ifi™-G\r
change spectrum (Fig. 2) can be seen to be well collisions [19] and to energy defects for the various
separated and can be cleanly resolved within-thesV product channels obtained from energy level tabula-
resolution of EA2. A 100% pure beam of C*Sground tions [22,23]. Since the state’C 2s2p (*P) decays
or 3P metastable ions could therefore be produced by rapidly (0.53 ns) to the ground stat€¢'C2s? (*S) a
application of an appropriate scanning voltage. pure ground state beam ofCcan be produced by

The state selected®C beam emerging from EA2  selecting channel 3. In contrast, due to the long (12.5
was then accelerated and focused by lens system L4ms) lifetime of the G* 2s2p (°P) state, selecting
into the main target gas cell T2. This was 9 mm long channel 2 enabled us to produce a beam of metastable
with entrance aperture 1.2 mm diameter and exit ions. Therefore a 100% pure beam &f'C'S ground

aperture 1.9 mm diameter. The collision enekgyin or 3P metastable ions can be produced by a simple
the cell T2 is given bfec = —[Vqy, + (9 — 1)Vq,l adjustment of the analyser bias voltage. These state
eV where in the present work, for an initigl= 3, prepared beams then enter a second stage target cell,
Vo1 = —1000 Vandvy, = —1500 V. Thegasflow  held at the required collision voltage, from which final
rate to T2 was kept low enough to ensure thei@ns product states are determined by the final electrostatic

were formed as a result of one-electron capture in analyser and position sensitive detector system in the
single collisions. The potential differend&g applied form of an energy change spectrum.
between the target cell housing and the target cell T2
ensured that only Tions formed within the target cell
T2 contributed to our measured energy change spectra.3. Results and discussion

The forward scattered Cproduct ions emerging
from T2 were decelerated and focused by lens system  To date, SSEC has been studied at collision ener-
L5 into EA3, the final energy electrostatic energy gies in the range 1.75-8 keV involving state prepared
analyser, which had a half angle acceptance of 0.5°. ions of G, N*", and G in a variety of atomic and
Checks were made as in our earlier work [6] to ensure molecular targets. The progress that has been made in
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Fig. 3. Energy change spectra for one-electron capture from He by
4 keV C" ions (a) derived directly from our ECR ion source, (b)
TES prepared'S ground state ions, and (c) TES prepardl
metastable ions.

improving our understanding of these slow one elec-
tron capture collisions, which are extremely sensitive
to the amount of internal energy carried by the
incident ion, is evident from the following represen-

tative selection of data.

3.1. Studies involving € ions

Fig. 3 shows a TES energy change spectrum
obtained from a He target ugjra 4 keV G derived
directly from our ECR ion source which is compared
with the energy change spectra using DTES for pure
C?* s ground state and pure’C P metastable ion

beams. The DTES measurements provide more de-
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Our measured ratio of 11.5 3.0 for the total
one-electron capture cross sectiarSP)/o(*S) at 4
keV derived from beam attenuation measurements
may be compared with a previous estimate of 8.7
2.4 based on beam attenuation in conjunction with
controlled ion source electron impact energies [8].
Theoretical calculations [25] predict a ratio of about
15. We have used our measured rat{@P)/o(*S) at
4 keV to estimate the metastable fractibrin the
“mixed beam” derived directly from the ECR ion
source. By changing the ion source conditions values
of f ranging from 0.25 to 0.45 were obtained. Simi-
larly large C* metastable fractions of 0.55 from a 10
GHz ECR ion source were measured [26] compared
with a calculated [27] fraction of 0.56.

Since the total one-electron capture cross sections
in He for 4 keV C* 3P metastable ions are consid
erably larger than the corresponding cross sections for
1S ground state ions cautious interpretation is required
of any previous measurements with ion beams of
unknown metastable content.

3.2. Studies involving ground staté Nions

SSEC studies have been carried out using pure beams
of ground state RI" ions in targets of He, Ne, and Ar
[16] and in H, [17] in the energy range 1.75—-8 keV.

Energy change spectra were obtained at collision
energies in the range 1.75-8.0 keV. To ensure a pure
N?* (?P) ground state primary ion beam: the energy
resolution was about 1 eV. For comparison, TES
measurements were also carried out usirfg hons
obtained directly from the ECR ion source. In this
case the energy resolution was about 0.7 eV. The two
sets of energy change spectra may be compared in
Fig. 4.

The pure ground state and “mixed”?N beam
energy change spectra in Fig. 4 exhibit significant
differences. In particular, while our pure ground state
spectra can be interpreted unambiguously, the prom-
inent peak M2, at around 7 eV in the mixed beam
spectra, accounts for around 25% of the totalyield

tailed information than recent TES measurements on illustrating the strong influence of an unknown ad-

the G* + He system carried out with primary beams
of unknown metastable content [24].

mixture of metastable ions. Many channels, including
dissociative one-electron capture involving thg A
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Fig. 4. Energy change spectra at 8 keV for one-electron capture in

21 2 - . : ) N o _
N?*—H, collisions using (2) a R beam obtained directly from the 1011y, jdentified and distinguished from peaks M1
ion source (b) a pure beam ofN(?P) ground state primary ions

using DTES. The peaks G and M correspond to product channels @1d M2 which are associated with collisions involving
metastable ions. Here we confirm at 250 eV* tthe
dominance thé’D (G2) channel over théP (G1)
channel which was predicted in a recent theoretical
et _ . treatment [29] using a quantum mechanical calcula-
3, repulsive state, contribute to the long endother tjon of the collision dynamics. An earlier quantum
mic tail, which is less prominent in the pure ground mechanical description using a second order distort-
state spectrum. ed-wave approximation [30] predicted that the capture
Results of previous TES studies [28] at few kilo-  process is dominated by tR@ channel. This clearly

electron volt energies exhibit significant discrepancies yemonstrates the effectiveness of DTES where previ-
both in the structure and peak designations of the ously poorly resolved TES measurements [31] have

observed energy change spectra, which were inter-esited in doubt over some peak assignments. Fur-
preted in terms of an assumed mainly ground state yher work on this system is in progress.

N?* (P) primary ion beam.

involving ground and metastable®N primary ions, respectively.
The energy defects shown allow for vibrational excitation ¢f H
(v = 0 — DL), where DL is the dissociation limit.

Table 2

Main reaction channels for one-electron capture by ground state
. 0?* 3P jons and metastable?® D ions in collisions with
Recently, we have obtained data for SSEC by 4 pelium at 4 keV

keV ground state & ions in targets of He, Ne, and

3.3. Studies involving ground state? Oions

. Energy
Ar. Fig. 5 shows energy change spectra for pure pggk Product channel defect (eV)
3 . .

grogr?d stgte P and metastabléD ion beams in o1 o' 2P + He' (9 51
collision with He at 4 keV. The associated product o, 0" (2p%2D + He' (29) 791
channels are listed in Table 2. G3 O (2p%)*S + He" (39 10.53
The main peaks G1, G2, and G3 associated with M1 0" (2p°)°P + He' (*9) 8.02
M2 O* (2p%)?D + He"™ (?9) 9.72

collisions involving ground state primary ions can be
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4. Conclusions

These results, when compared with previous TES
measurements, clearly illustrate the effectiveness of
the DTES technique. The results highlight the role of
metastable contributions in previously measured total

one electron capture cross sections and demonstrate
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