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State-selective electron-capture measurements for’N-H and N**-H, collisions

F. W. Bliek, G. R. Woestenerik,R. Hoekstra, and R. Morgenstern
Kernfysisch Versneller Instituut, Rijksuniversiteit Groningen, Zernikelaan 25, 9747 AA Groningen, The Netherlands
(Received 16 May 1997

State-selective electron-capture cross-section measurements in the energy range between 1 and 4 keV/amu
are reported for collisions between*N ions and atomic and molecular hydrogen. The cross sections are
measured in a crossed-beam experiment by means of photon emission spectroscopy. The singlet and triplet
states are resolved. It is found that the capture probabilities are not statistically distributed over both spin states
and depend strongly on the primary energy. For collisions with atomic hydrogen the agreement with fully
guantum-mechanical calculations is in general good. The sums of the experimental results for capture into all
the singlet and triplet states are in excellent agreement with previous total one-electron capture measurements.
Additionally for molecular hydrogen we performed multichannel Landau-Zener calculations that are found to
be in fair agreement with the experimental data except for the highest angular momenta states.
[S1050-2947@8)00701-X

PACS numbd(s): 34.70+¢e, 34.10+x

[. INTRODUCTION technique to obtain accurate total charge transfer cross sec-
tions. Furthermore, translational energy spectrosd@iss)

Single-electron capture is the dominant inelastic processxperiments by McCullouglkt al. [4] provided the first in-
that occurs in collisions between multiply charged ions andormation on state-selective cross sections. Their measure-
neutrals in the low- and intermediate-energy regimes. With aments, however, could not resolve the singlet and triplet
high probability electrons are transferréguasjresonantly  states.
into excited states of the ion. Therefore single-electron cap- Theoretically the N*-H system was studied by Butler
ture plays an important role in the energy and charge statend Dalgarnd5] using a two-state Landau-Zener approxi-
balance of both astrophysical and thermonuclear fusion plasnation. The N*-H system was analyzed by Feickettal.
mas. The photon emission resulting from the decaying prodt6] in the framework of a molecular orbitdMO) model at
uct ions contains important information on plasma paramimuch lower energies than the ones used in our experiment.
eters such as ion densities and temperatures. However, @uantum mechanical calculations by Stamtikl.[1], which
determine these plasma quantities detailed knowledge aboaktend previous calculations by Zygelmenal.[7] and cal-
the charge transfer processes is required and therefore tlealations by Shimakurat al. [8], which have been extended
study of single-electron capture receives much attention. in a recent paper by Folker&t al.[3], cover several decades

In this paper we report state-selective cross sections foof the energy spectrum starting from a few tenths of eV up to

single-electron capture in the following reactions: several keV. In the following these two extensive sets of
PR 3t e ) N calculations will be referred to as Stanat al. [1,9] and
N**(1s°2s) +H—N""(1s"2sn/) +H Shimakuraet al. [8]. Their results are generally in good

N3F(18%2sn /) +hu+HT, (1) agreement with the available experimental resglts, however,
our present results provide a much more stringent test of
4+ (12 3+ (12 + 3+ (1c2an /! these models since both the singlet and triplet states are re-
N7 (1878) +Hp N (187250/) +H; N7 (1s%sn' /) solved. Generally it is assumedgthat in ke\F;/amu collisions
+hy+Hj . (2)  the distribution over different spin states is statistif].
The calculations by Stancét al. and Shimakurat al. pre-

The experiments are carried out in the energy range bedict a ratio between triplet and singlet capture clearly devi-
tween 1 and 4 keV/amu by means of photon emission speating from statistical. With our high-resolution PES measure-
troscopy(PES, i.e., by detecting the photorfier emitted in  ments it is possible to test this theoretical prediction.
the N (n/)—N3*(n’/") transitions.

Due to the possibly important role of N-H charge Il. EXPERIMENTAL METHOD
changing collisions in plasma diagnostics and mode]itig
several experimental and theoretical studies on charge trans-
fer in N**-H collisions have been undertaken. Up to now The state-selective electron-capture measurements were
N** + H collisions were studied experimentally by Huqg performed in a new crossed-beam setup installed at the
et al. [2] and Folkertset al. [3] who used the merged-beam atomic physics facility of the KVI Groningen. The cross

sections are determined by means of PES, i.e., photons re-

sulting from the decay of the excited product ions are de-

*Present address: Debeye Institute, Dept. of Atomic and Interfactected by a vacuum ultraviolet monochromator sensitive in
Physics, Rijksuniversiteit Utrecht, P.O. Box 80000, 3508 TA Utre-the wavelength region between 10 and 80 nm. This mono-
cht, The Netherlands. chromator is calibrated absolutely on wavelength and sensi-

A. Photon emission spectroscopy setup
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tivity; see, e.g., Hoekstraet al. [10,11] and references -10
therein. The setup is equally configured as the one describe singlet triplet
in Ref. [11], however, the present experiment is equipped -20
with an octupole ion trap in which the primary ion beams,
which are produced at keV energies by an ECR ion sources -30
can be decelerated down to eV energj&g]. But in the L
present series of measurements the octupole guide was n@ -40
yet used to decelerate ion beams to avoid any influence ol
the ion beam quality and to verify that absolute cross sec-2 -50
tions can be measured. These cross sections are not ong
taken to verify theoretical predictions but they should also® -60
serve as a reference for future measurements with the r
guide in operation. -70

3p 3d
3s —
348

32.3 28.3

2p

B. Hydrogen target -80

The (atomig hydrogen target is provided by a Slevin-type
radio frequency sourcgl3]. In this source a discharge of
molecular hydrogen can be sustained by feeding about 30

FIG. 1. Niv energy-level diagram for both the 3inglet and
riplet states. The wavelengttism nm) of the transitions are indi-

of rf power, at a frequency of 27 MHz, into a coaxial cavity. ated in italics.

The atomic hydrogen effuses into the collision chamber

through an optically blind Teflon capillary, which is cooled D= V2k @
by a cryodrive to a temperature of 80 K to reduce the hydro- (\/E_ 1)k+1"

gen recombination rate at the Teflon surface even further.
The dissociation degreb is typically in the order of 75% The H and H densities are determined before and after each

and is defined by measurement of R ions with a mixed H-H target. Now
the subtraction of the Kcontribution to a spectrum resulting
__ M &) from collisions on a mixed target is straightforward. The H

Ny +nNy, ' target beam is calibrated absolutely against a stajitarfet.

During the measurements the target pressure is kept low

This parameter is checked before and after every measurenough to ensure single collisions and is stabilized within
ment by observing the Hg(2p— 1s) line emission resulting  2%.
from collisions of HE* with a pure H, target or with a
mixed H-H, target. This is a sensitive parameter for the C. Photon detection
dissociation degree since the cross sections for electron cap-
ture from H and H are significantly differenfl11,14].

The signalS°™ resulting from collisions on a pure molecu-
lar target is given by

During collisions between R ions and both atomic and
molecular hydrogen the electrons are predominantly cap-
tured into the N*(1s? 2s 3/) !L and 3L states. Inspecting
the relevant part of the Grotrian diagrartsee Fig. 1 it is
f—cn, o ) clear that all relevant N/(3/— 2/) transitions have wave-

Hp " Hy lengths in the VUV, except for the (83P— 3s 3S) transi-
. . . tion at 348 nm. Since this transition has a branching ratio of
With ny, the H, density, oy, the Heil(2p—1s) emission .0 "o ghserved emission of thes(35—2p 3P) transi-
cross section, an€ a calibration factor. When the rf is tjon at (32.3 nm results from capture into both thes BS
switched on both collisions on H andjttontribute to the  state and the 8 2P state whereby the latter one contributes
signal ", which is given by via the cascade (8 3P—3s 3S—2p 3P). The lifetimes for
these states are so shftb] that all photons resulting from
the decay of the reaction products are emitted in the viewing
area of the VUV spectrometer. In principle also the other
3/—3/" transitions have to be taken into account. How-
ever, the branching ratios are so snjdlb] that they hardly
. . . . . contribute to cascade emission. This means that all emission
fractionk of the H2. particles is dissociated. Smge the MaSScross sections can directly be converted into capture cross
of the H particles is half the mass of the, Hbarticles, the sections. The photon emission is observed with a VUV
velocity of the H particles is/2 times the velocity of the B onochromator. This is a grazing incidence vacuum spec-
particles. Now it follows that the fraction of dissociated mo- ;.o meter positioned under the double magic angle, i.e., 54.7°

2
Son:C (1_k)nH20'H2+ _2an20'|_| . (5)

5

The density of the H particles equals (2)kny, when a

lecular hydrogerk equals with respect to the beam axis and tilted by 45°, to cancel
1 polarization effect§11]. A position-sensitive microchannel
k= (% — 1)( \/Eﬂ - 1) _ (6)  plate detector enables simultaneous detection of lines within
Soft OH, a range of 20 nm with a resolution of 0.6 nm. The

wavelength-dependent sensitivity of the VUV monochroma-
The dissociation degree is relatedkdy tor has been determined absolutely with an accuracy of 20%
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FIG. 2. Typical VUV spectrum resulting from ‘N ions collid-

ing on a mixed H/H target. FIG. 3. Measured and calculateMCLZ) state-selective

) o _charge-transfer cross sections fofNions colliding on H, mol-
by means of various electron- and ion-impact processes witBgyles.

well-known cross sections. In the relevant spectral ra2de

— 39 nm, see Fig.)] the absolute calibration of the VUV The relative errors represent the statistical errors at a 90%

system depends to a large extent on data fof Heolliding ~ confidence level and the uncertainties in the target density.

on H, [14] and C** colliding on H, [10]. The latter ones are due to possible fluctuations in the target
Figure 2 shows a typical PES spectrum ofNemission ~ density and the overlap of the ion and target beams. Apart

in the VUV spectral range. The emission cross sections arfom the relative errors a systematic error of 20% has to be

related via included due to uncertainties in the absolute calibration of
the VUV spectrometer.
_4m g S(N) Until now this collision system was hardly studied, i.e.,
Ten{Nl—mk) = o K(MQ nL- (8) only two experiments were performed. Wang and Church

[16] measured a rate coefficient of 420 1° cm®/s for
to the measured sign&(\), where\ is the wavelength of electron capture at a mean energy of 2.3 eV and McCullough
the nl—mk transition,w is the solid angle of observation, et al. [4] measured the translational energy gain of 24-keV
the charge state of the ion§(\) the quantum efficiency of N** ions colliding on H, molecules. Their spectrum shows
the detection systenQ the accumulated charge, the ef-  capture into different’ states, but no capture probabilities

fective target density, and the observation length. were determined.
Since no theoretical calculations are available the multi-
Ill. EXPERIMENTAL RESULTS AND DISCUSSION channel Landau-ZenéMCLZ) model is used to describe the

general trends in the capture processes. In the model the
electronic transitions occur at avoided crossings between
adiabatic potential-energy curves and are induced by radial

The experimental results for electron capture int6"N  couplings only. The probability for a transition between an
ions from collisions with molecular hydrogen are given in initial potential curve of state to the potential curve of state
Table | and are depicted as a function of energy in Fig. 3j is given by (1-p) with p given by

A. One-electron-capture cross sections for R
colliding on H,

TABLE |. Measured state-selective charge-transfer cross sections “4oridhs colliding on H, mol-
ecules. The errors represent the relative errors only. The systematic absolute error is 20%.

E (eV/amy o (3s 19) o (3p 'P) oc(BdD) o((3s3)+o(3p 3P) o (3d D)

860 5.85x 1.51 3.04x 1.06 2.05x 1.39
1140 453+ 0.90 297 052 2.01* 0.62 18.78*= 2.85 1.81+ 0.47
1290 419+ 0.81 3.06*= 0.56 2.34* 0.52 21.39+ 3.67 3.07= 0.58
1470 3.32£ 049 3.32% 049 1.89%x 0.56 18.14+ 2.21 1.89x 0.39
1570 5.30+ 1.10 3.98* 0.75 2.74* 0.71 22.47+ 3.90 3.16+ 0.67
1710 3.95+ 1.22 2.88+f 0.81 1.85* 0.85 17.21*+ 4.27 2.39+ 0.78
2000 3.07= 0.50 291+ 0.36 1.62* 0.42 13.73+ 1.48 2.49+ 0.36
2290 3.03= 1.22 3.43* 1.05 2.04% 0.92 15.84* 4.30 3.11+ 0.95
2570 3.35% 0.94 3.92+ 0.84 3.14* 0.89 16.68+ 3.36 3.77t 0.86
2860 3.32= 0.61 3.51* 0.44 2.14* 0.48 15.66= 1.71 4.09%+ 0.53
3430 252+ 0.83 2.90x 0.69 1.70= 0.65 12.18* 2.63 3.81+ 0.91

3710 2.35f 0.63 3.37x 0.63 2.22* 0.57 1417+ 2.48 4.46*+ 0.83
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TABLE Il. Measured state-selective charge-transfer cross sections f6ridhs colliding on H. The
errors represent the relative errors only. The systematic absolute error is 20—25 %.

E (eV/amy o (3s 19) o (3p P) oc(Bd D) o(3s3%)+0 (3p 3P) o (3d D)

1140 473 0.67 2.92+ 094 2.74* 0.92 10.87x 3.51 3.89x 1.19
1470 1.18*+ 0.57 3.53% 0.51 2.96* 0.59 13.34= 1.93 2.92+ 0.46
1570 2.35* 0.61 4.23= 0.78 3.49%= 0.69 16.86= 3.17 4.76x 0.87
1710 2.07£ 092 3.96%f 1.15 2.94+ 1.02 14.61+ 4.18 478+ 1.40
2000 1.33+ 0.52 256+ 0.57 2.67*= 0.64 9.31*+ 2.04 4.24+ 0.89
2290 1.95+ 090 2.62+= 0.80 3.21*+ 1.07 13.45+ 3.80 4,96+ 1.44
2570 2.21+ 0.71  3.23= 0.73 1.99%+ 0.67 13.78+ 2.93 6.38+ 1.33
2860 1.74+= 055 297+ 0.66 2.65*+ 0.64 10.79+ 2.33 5.34+ 1.10
3430 1.49+ 044 3.01+ 0.60 1.87= 0.41 11.66x 2.48 5.89+ 1.03
3710 1.23+= 0.39 287 0.55 2.10= 0.47 10.80x 2.04 5.73x 1.03
—27THi2j the states with a low angular momentum However, the
p=exr{ m) , (9 cross sections for capture into both thi 3D and the 3l 3D

state are not only clearly underestimated but also the experi-
where the transition matrix elemeht;; is one-half of the ~mentally observed primary energy dependence of the'd
splitting of the adiabatic potential-energy curves at the crossstate is completely opposite as theoretically predicted. This
ing pointR.. AF is the difference in the slopes of the cor- can be attributed to the fact that the Landau-Zener model
responding potential-energy curvesRatandv,,qthe radial only calculates capture into the=0 states and does not
velocity atR,. The crossing points are calculated by assuminclude rotational coupling. Apparently this coupling is not
ing repulsive Coulomb interaction for the®Ni(3/)-H, sys-  important for transitions to states with a low angular momen-
tem and ion-induced dipole interaction for thé NH, sys-  tum but becomes more important for states with a high
tem. Furthermore straight line trajectories are assumed. To
obtain the coupling elements;; the Olson-Salop-Taulbjerg

approximation17—19 is used, which is given by B. One-electron-capture cross sections for R colliding on H
The experimental results for electron capture ontb"N
913, —1.32R .« ions in collisions with atomic hydrogen are given in Table ||
| \/a \/a (10 and are depicted as a function of energy in Fig. 4. Again as

in Table | the relative errors represent the statistical errors at

This formula for the matrix elements is based on an ema 90% confidence level and the uncertainties in the target
pirical fit to exact calculations of the splitting of adiabatic density. The latter ones now additionally include fluctuations
potential curves. The addition of the factigf to the original  in the dissociation degree of the target. The systematic error
formula of Olsen and Salop allows for describing captureis 20—25%.
into the nondegenerate states of partially stripped ions ~ The TES data by McCullouglet al. [4] resolve states
[19]. For then=3 levelfg is equal to 0.58-0.71, and 0.41 Wwith different angular momentunx;, but do not resolve the
for 3s, 3p, and 3, respectively. The possibilty to calculate
capture from different targets is covered by v21, with I, N 4 H —m N (@) 4 H
the ionization potential of the target. The probabilRy to 10 ; 10
transfer an electron from stateto statej equals p(1—p).
The generalization to a situation wheMestates are involved

is straightforward and can, for example, be found 29]. E ‘“’é
Now the cross sectiow; for capture into statg can be f._-_, “-’9
calculated by < s
R, @ 2
O'j:277fo P”(b)bdb (11) 8 8
The singlet and triplet systems are treated separately. The 10 pm7=
corresponding cross sections are afterwards multiplied by c , 1le .
their spin statistical weight€0.25 for the singlet states and 1 1
0.75 for the triplet statésto allow for a direct comparison E (keV/amu) E (keV/amu)

with the experimental data. Only capture into thé*N3/)
states is found to be of relevance. o FIG. 4. Comparison of our measured state-selective single-
The results of the Landau-Zener model are in fair agreeelectron-capture cross sections fof N+ H collisions with the

ment with the experimental resultsee Fig. 3 Both the theoretical predictions of Stanait al.[1] (— - —), Shimakuraet al.
magnitude and energy dependence are predicted well for gl§] (—), and our MCLZ calculation {- -).
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N*+ H —=N*(3/"%L) + H* orbital method including electron translation factors. Two-
electron processes, i.e., capture and simultaneous projectile-
core excitation, have also been considered but over the
whole energy region their contribution is small. The molecu-
lar electronic states were obtained by using a modified
valence-bond configuration-interaction method. In the calcu-
lation for the singlet system all eight states and fivdl
states have been included while on the triplet side all 7
sates and fivél states have been taken into account.
A deviation from a statistical distribution is also observed

in our measuremeni§igs. 5c), 5(d), and §h)]. This triplet-

Y, - singlet ratio can reliably be determined because all the emis-
e e SeE 109 Total | sion lines are measured in one spectrum, so possible errors
’ ] — due to target fluctuations and changes in beam overlaps can-

Total singlet

10 ¢

Cross Section (10716 cm?2)

tb ’ 3D+ 3% 1

s 3]
Cross Section (10716 cm?2)

Ratio

[ { ] g _ | cel. The uncertainty in the ratio is just due to statistical errors
L iﬁﬂ . o ? Totaltiplt and the uncertainty in the relative calibration of the VUV
rd 3] 1h Total singlet spectrometer, which over the relevant spectral range of
01 1 10 01 1 10 24-39 nm is<15%. From Fig. t) it is seen the ratio of
Energy (keV/amu) Energy (keV/amu) capture into the singlet and triplet states is best described by

the calculations of Stancét al.[1]. The difference between

FIG. 5. Comparison of our summed single-electron-capturehe calculations of Stanciét al. and Shimakureet al. [8]
cross sections and our triplet-singlet rati®)(for N** + Hwith  stems mainly from the differences in the ratios for tiseaBid
the theoretical predictions of Staneit al.[1] (—-—), Shimakura ~ 3p states. From Fig. 4 and in particular Figcyit is seen
et al. [8] (—), and our MCLZ calculation (- -). The - --lines in  that the main difference in the calculations is in the triplet 3
panels(c), (d), and(h) indicate a statistical distribution over the two ang 3y cross sections. Although we realize that there is a
spin states. The other experimental data in pa@|s(b), and(h)  gystematic error of about 25% associated with our experi-
are from McCullougtet al. [4] (A) and Huget al. [2] (W). ments, it seems that for capture into the 3S+3p 3P
different spin states. Therefore the sums over both the SingI%S:ﬁlsertrzirreeﬁgrlfag{u?:Iir:t?)ktlﬁgjgllbaﬁi;hg(rg)l{vt/céoﬁrr::jgg'
and triplet states are dep_|cted In Fig&)sand 3b) to_be able pifference between experiment and theory, either in absolute
to compare our data with their results. There is excellen alue or in energy dependence. For the other states the dif-

agreement between the cross sections obtained with bo b he th ical dici I
methods in the overlapping energy range. McCulloeghl erences between the theoretical predictions are too small to
' "._._distinguish between both models.

put their cross sections on an absolute scale by normalizing

their total cross sections to the merged-beam data of Huq

et al. [2]. The agreement between our data and the ones of IV. CONCLUSION

McCullough et al. thus implies that our total cross sections  cross sections for R colliding on atomic hydrogen

should agree with the total cross sections of Hti@l. This  have been measured in the energy region between 1140 and

can indeed be seen from Figgh 3710 eV/amu in which the singlet and triplet states have
_In a first approach to theoretically analyze' NH colli- - peen resolved. The capture cross sections are not statistically

sions Zygelmaret al. [7] calculated only capture into the gjstributed over the singlet and triplet states, agreeing with

singlet states. They assumed that the cross sections for Carge-scale calculations by Staneil al. [1] and Shimakura

ture into the triplet states were equal to the ones of the corgt g|. [8]. In the energy range of 1 — 4 keV/amu, it is hard to

responding singlet states. This implied a statistical distribugiscriminate between the two model calculations even on the

tion over the spin systems. Since the binding energies of thgasis of state-selective cross sections, because the differences

3l states in the triplet system and singlet system are almo$fetween the two models are too small. From the measured

equal(cf. Fig. 1) this is a logical assumption. Therefore also singlet-triplet ratio it is seen that the experimental data are
the outcome of MCLZ calculations, which mainly depend onpest reproduced by the calculations of Staetial.

the binding energies of the active states, should yield a sta-
tistical distribution over the two spin systems. This can in-
deed be seen from Figs(d}, 5(d), and §h). From the same
figure it is obvious that the most elaborate calculations by
Stancil et al. [1] and Shimakureaet al. [8] predict triplet- We would like to thank B. Zygelman for providing his
singlet ratios, which clearly deviate from 3 and which data prior to publication and N. Shimakura for providing us
strongly depend on collision energy. Stanetlal. used a with an electronic version of his results. Furthermore, we
fully quantum-mechanical close-coupled, molecular-orbitalwould like to acknowledge the excellent support of the tech-
method to determine the cross sectighid The molecular nical staff of the Kernfysish Versneller Instituut. This work
data areab initio obtained using a spin-coupled valence-is part of the research program of the “Stichting voor Fun-
bond method. For the calculation of the coupling-matrix el-damenteel Onderzoek der MaterigFOM), with financial
ements four!>* and five 33" states are included. Shi- support from the “Nederlandse Organisatie voor Weten-
makuraet al. used a semiclassical close-coupling molecularschappelijk Onderzoek(NWO) and EURATOM.
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