International Joumnal of

=)

Mass Spectrometry

ELSEVIER International Journal of Mass Spectrometry 208 (2001) 8188

Experimental investigation of the formation of N atoms in
N"—Ne, Kr, and Xe collisions

P.G. Reyed F. Castill®, H. MarfineZ”

#Facultad de Ciencias, UNAM, Mo, D. F. and Estudiante de Doctorado de la Facultad de Ciencias, UAEMéxice
PInstituto de Ciencias Nucleares, UNAM D.F. ko
“Centro de Ciencias Bicas, UNAM, Apartado Postal 48-3, 62151, Cuernavaca, Moreldgjdde

Received 20 November 2000; accepted 15 February 2001

Abstract

Total cross sections for single electron capture Byidhs impinging on Ne, Kr, and Xe were measured in the energy range
of 1.0-5.0 keV. The electron capture cross sections for all the targets studied are found to be in excellent agreement wit
previous data in the low-energy range. These results give a general shape of the whole curve of single electron capture crc
sections for the N-Ne system over a wide range of energy. For the cases*eKK and N"™—Xe systems, semiempirical
calculation using the two-state approximation are in very good agreement with present cross-section data. (Int J Mass Spectrc
208 (2001) 81-88) © 2001 Elsevier Science B.V.
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1. Introduction 250-1400 keV. Vujoviet al. [8] measured the single
electron capture cross section in the energy range
Currently there is much interest in electron capture 2—30 keV for ground-state Nions and 5-20 keV for
processes in astrophysics [1-4] and plasma researchmetastable state Nions in collisions with inert gases.
[5], in particular fusion reactor design, where cur- Lo and Fite [9] wrote a review article on single
rently the emphasis is on atomic collisions in the electron capture cross sections of Nons passing
divertor region [6]. With high probability, electrons through gases. Fedorenko [10] reported measure-
are transferred quasiresonantly into excited states of ments of single electron capture cross sections of N
the ion. Earlier studies involving electron capture by ions on Ar and Xe, for energies between 5 and 30
N™ ions in collisions with atomic targets were con- keV. Matitet al. [11] investigated experimentally and
cerned with total cross-section measurements in the calculated theoretically the total charge-transfer cross
low and intermediate energy range. Pivovar et al. [7] sections for ground-state and metastablé Mns
carried out measurements of single electron capture of colliding with inert gas atoms. Identification of the
N* in Ne, Ar, and Xe atoms in the energy range various direct and exchange processes was achieved
using energy loss techniques by Thielmann et al. [12]
in the 500—2000 eV energy range.
* Corresponding author. E-mail: hm@fis.unam.mx In the present work, an experiment is carried out
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for the measurements of the charge transfer crossthe measurement of the incoming™Nion-beam

sections of N incident on rare gases such as Ne, Kr, current (, is the number of N ions incident per

and Xe. Data were measured for 1.0-5.0 keV and second on the target).

over the angular range 061=4.0°. Under the thin target conditions used in this exper-
iment, the differential cross sections for thé€ for-
mation were evaluated from the measured quantities

2. Experiment by
The experimental apparatus and technique do(6) _ 1¢(6)
needed to generate the fast ion beam were recently d{) lonl

reported [13]. Briefly, the N ions formed in an arc
discharge source containing,§as (99.99% purity) wheren is the number of target atoms per unit volume
at ion source pressures of 0.04—0.07 mTorr were (typically 1.2X 10**atoms/crf) andl is the length of
accelerated to 1.0-5.0 keV and selected by a Wien the scattering chambed (= 2.5 cm). Laboratory
velocity filter. In experiments of this nature the angular distributions were measured over the range
electron energy must however, be kept low enough *=4° in steps of 0.15°.

to prevent formation of BI" in the ion source. The The total cross sectiom, , for the production of the
N* ions were then allowed to pass through a series N° particles was obtained by the numerical integration
of collimators before entering the gas target cell, of do/dQ) over all angles measured,; this is

which was a cylinder of 2.5 cm in length and

diameter, wih a 1 mmentrance aperture, and a om dor
2-mm-wide, 6-mm-long exit aperture. The target 7= ZWJ dQ
cell was located at the center of a rotatable,
computer controlled vacuum chamber that moved gq. o~ ¢ the differential cross sections vanish.
the whole detector assembly, which was located 47
cm away from the target cell. A precision stepping
motor ensured a high repeatability in the position-
ing of the chamber over a large series of measure-
ments. The detector assembly consisted of a Har-
rower-type parallel-plate analyzer and two channel-
electron multipliers (CEMs) attached to its exit
ends. The neutral beam {Npassed straight through

the analyzer and impinged on a CEM so that the N . )
neutral counting ratel{(6) particles per unit solid tions. The beam intensity was measured before

angle per second detected at a laboratory argle and after each scan. Measurements not agreeing to
with respect to the incident beam direction) could within 5% were discarded. Angular distributions were
be measured. Separation of charged particles oc-measured on both sides of the forward direction to

curred inside the analyzer, which was set to detect €nsure they were symmetric.

the N™ ions with the lateral CEM. The CEMs were The estimated rms error is 15%, whereas the total
calibrated in situ with low-intensity Nand N cross sections were reproducible to within 15% from

beams, which were measured as a current in aday to day. Changes were not observed in the absolute
Faraday cup by a sensitive electrometer. The un- differential and total cross sections values with re-
certainty in the detector calibration was estimated spect to the ion source conditions. Also, no variation
to be less than 3%. A retractable Faraday cup was in the distributions was detected over a target pressure
located 33 cm away from the target cell, allowing range of 0.2—0.6 mTorr.

sin(6) do
[0}

Extreme care was taken when the absolute differ-
ential cross section was measured. The reported value
of the angular distribution was obtained by measuring
it with and without gas in the target cell with the same
steady beam. Then point-to-point substraction of both
angular distributions was carried out to eliminate the
counting rate due to neutralization of thé ldeam on
the slits and those arising from background distribu-
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Fig. 1. Reduced differential cross sections for single electron capture” abié in (a) Ne, (b) Kr, and (c) Xe.

Several sources of systematic errors are present3. Results and discussions

and have been discussed in a previous paper [14]. The
absolute error of the reported cross sections is be-

both random and systematic errors.

83

In Fig. 1(a)—(c), we show the angular and energy

lieved to be less thart15%. This estimate represents dependence (the reduced differential cross sections
(RDCS)p = (do/dQ)6 sin(0)) of the single electron
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Fig. 1. (Continued)

capture differential cross section in the laboratory pattern. For N-Kr system (Fig. 1(b)), the curves
system for the N-Ne, N"—Kr, and N"—Xe systems, representing the RDCS for the different energies have
respectively, at several energies, where the abscissa isan overall increase of one order of magnitude. At all
the reduced angler = E_,0. For clarity in Fig. the energies studige(7) has a rather similar behavior
1(a)—(c), error bars were put only on the data of 3 within the experimental uncertainty; the general be-
keV. In this normalized form, all electron capture data havior for these curves show a tendency to fall into a
for a charged particle would fall on a general curve single pattern. The results have a structure at 3.25
that is described only by a given velocity-independent keV deg and decrease beyond that value. dfor the
interaction potential and eachvalue thus belonging  N"—Xe system (Fig. 1(c)), several remarkable-fea
to a certain value of the collisional impact parameter tures can be observed which are worth pointing out:
b. Data taken at different energies and plottedrip)( (a) p(7) shows a similar behavior at all energies within
coordinates should then fall on a single curve. For the the experimental uncertainty; (b) it increases up to
N*-Ne system (Fig. 1(a)), the curves representing the 3.70 keV deg by one order of magnitude. This is
RDCS for the different energies studied in this work followed by a maximum and decrease beyond 3.70
have an overall increase of two orders of magnitude. keV deg. The features that occur at the same value of
This is followed by a structure and a decrease beyond  for different energies indicate that they originate at
6.33 keV deg. At all the energies studipfl) has a a common region of the interaction potential, since
rather similar behavior within the experimental uncer- constantr implies nearly constant impact parameter
tainty; although for the two lowest energies study in and distance of closest approach [15]. In this partic-
this work (1.0 and 1.5 keV), the structure cannot be ular case, the impact paramebewas evaluated using
observed, due to the largest valuerafbserved are 4  an exponentially shielded coulomb potential [15,16].
and 6 keV deg, respectively. The general behavior for In the present case, the experimental results for the
these curves displays a tendency to fall into a single N*—Ne system present a maximum at 6.33 keV deg
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Fig. 2. Total cross sections for single electron capture 6fibhs in Ne.

(corresponding to the impact parametber 3.44a.);

for the N*—Kr shows a maximum at 3.25 keV dely (

= 3.1%,) and for the case of N-Xe system display
amaximum at 3.70 keV dedp & 2.93,). The impact
parameter estimated through the exponentially
shielded coulomb potential is probably not accurate,
but it is sufficient for the present purpose. These
results suggest that when thé Igrojectile penetrates
below a critical projectile—target separation (here
corresponding tb = 3.44a, for Ne targetp = 3.15,

for Kr case andb = 2.93, for Xe) the electron
capture channel “opens.” It is not possible at this time
to identify the specific channels.

indication of the maximum reproducibility of the data
in the present energy range (15%).

The energy dependence of the total single electron
capture cross section for an"Non colliding with Ne
is shown in Fig. 2 and exhibits a monotonic decreas-
ing behavior as a function of the incident energy at
energies below 10 keV. The present data confirm this
behavior, which was first observed by Vujowt al.
[8]. Our data agree well with the measurements of
Vujovi€ et al. [8] in the overlapping region and merge
smoothly into de cross sections measured by Vujovic
et al. [8] and Lo and Fite [9] at energies greater than
5.0 keV. The behavior at energies below 10 keV has

The measured RDCS for single electron capture of been explained by Vujoviet al. [8] as due to a

N* impacting on Ne, Kr, and Xe gases were inte

pseudocrossing between the potential curves of the

grated over the observed angular range. Figs. 2—4 (NeN)" system, which has been confirmed by the

show a comparison of our values of the total cross

behavior observed in the RDCS of this work. The

sections for the three collision systems with the data shapes of the cross sections of the four sets of data (Lo
of various other groups. The error bars are given as anand Fite [9], Vujovicet al. [8], Pivovar et al. [7], and
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Fig. 3. Total cross sections for single electron capture 6fibhs in Kr.

present data) indicate that the data from all the four N*(3P) + Kr(1S) — N(*S) + Kr* (°P)
measurements are mutually consistent. These results

give a general shape of the whole curve of single (Solidlinein Fig. 3) )
electron capture cross sections for thé-Nle system
over a wide range of energies (1.0-1400 keV).

It can be seen from Fig. 3 that the shape of the cross
section for an N ion colliding with Kr shows an almost
flat behavior as a function of the incident energy over Measurements, which lie between the experimental
most of the energy range. Our data were found to be in €Tors, however the present data are over all the
excellent agreement with the data of Vujoetal. [8] theoretical calculation of the process (2) in the
and merge smoothly into the cross sections measured byPresent energy range.

Vujovié et al. [8] and Fedorenko [10] at energies greater ~ For N"-Xe systems, the total cross sections
than 5 keV. Also, the present data are in very good show a monotonic decreasing behavior as a func-

which are near-resonant processes due to their
energy defect 0.05 and 0.54 eV, respectively. The
theoretical calculations agree well with the present

agreement with the theoretical calculation of Mati@l. tion of the incident energy (see Fig. 4). The present
[11], who used the two state approximation considering data agree well and merge smoothly into the cross
the processes: sections measured by Vujovét al. [8]. The present

data agree well with the calculation of Matit al.
[11], who used the two state approximation consid-

(broken line in Fig. 3) (1)  ering the process:

N* (D) + Kr(1S) — N(®D) + Kr*(?P)
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Fig. 4. Total cross sections for single electron capture 6fidhs in Xe.

N+(3P) + Xe(lS) s N(4S) + Xezp) ACknOWledgementS
(solid line in Fig. 4) (3) The authors are grateful to R. Hénuez-Lamoneda

) S and J. C. Lopez-Vieyra for helpful suggestions and
At energies above 3 keV, the calculation is within the .o yments and also thank JdRengel and A. Goriter
experimental error, whereas the present data aréty thejr technical assistance. Research supported by

Sllghtly over the theoretical values at energies below DGAPA IN-100392 and CONACYT 32175-E.
3 keV, however the agreement between them is

reasonable.
References

4. Summary [1] V. Kharchenvo, N. Balakrishnan, A. Dalgarno, J. Atmos.
Sol.-Terr. Phys. 60 (1999) 95.

The results of the present work can be summarized [2] V- Kharchenvo, N. Balakrishnan, A. Dalgarno, J. Atmos.
as follows. (1) Differential and total cross sections for (3] $0|SuTr? r;_?g;ﬁéﬁiﬂl}g?m by, A. Dalgamo, Int. Rev.
electron capture in N-Ne, Kr, and Xe collisions Phys. Chem. 15 (1996) 53.
were measured at laboratory energies between 1.0 and [4] F.W. Meyer, Comments At. Mol. Phys. 33 (1997) 193.

5.0 keV. (2) The electron capture cross sections for all [2} R:V: Janev, Reviews of Modern Physics in Fusion Edge
Plasmas, Plenum, New York, 1995.

the targets studied are found to be in excellent [g] s. Lepp, A. Dalgarno, Astron. Astrophys. 306 (1996) L21.
agreement with previous data. (3) For the cases of [7] L.l Pivovar, M.T. Novikov, A.S. Dolgov, Sov. Phys. JETP 23
N*—Kr and N*-Xe systems the theoretical calcula (1966) 357. L

. ., . [8] M. Vujovi¢, M. Mati¢, B. Cobic, P. Hvelplund, J. Phys. B 10
tion of Matic et al. [11] are in very good agreement (1977) 3699.

with our experimental data. [9] H.H. Lo, W.L. Fite, At. Data 1 (1970) 305.



88 P.G. Reyes et al./International Journal of Mass Spectrometry 208 (2001) 81-88

[10] N.V. Fedorenko, Zh. Tekhn. Fiz. 24 (1954) 2113. [14] H. Martinez, J. Phys. B 31 (1998) 1553.

[11] M. Mati¢, V. Sidis, M. Vujovic B. Cobic, J. Phys. B 13 [15] F.T. Smith, R.P. Marchi, W. Alberth, D.C. Lorents, O. Heinz,
(1980) 3665. Phys. Rev. 161 (1967) 31; F.T. Smith, R.P. Marchi, K.G.

[12] U. Thielmann, J. Krutein, M. Barat, J. Phys. B 13 (1980) 4217. Dedrick, ibid. 150 (1966) 79.

[13] H. Martinez, A. Amaya-Tapia, J.M. Hefndez, J. Phys. B 33 [16] H. Martinez, P.G. Reyes, J.M. Hernandez, B.E. Fuentes, Int. J.
(2000) 1935. Mass Spectrom. lon Phys. 198 (2000) 77.



