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State-selective electron-capture measurements for N41-H and N41-H2 collisions

F. W. Bliek, G. R. Woestenenk,* 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 N41 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
quantum-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.
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I. INTRODUCTION

Single-electron capture is the dominant inelastic proc
that occurs in collisions between multiply charged ions a
neutrals in the low- and intermediate-energy regimes. Wit
high probability electrons are transferred~quasi!resonantly
into excited states of the ion. Therefore single-electron c
ture plays an important role in the energy and charge s
balance of both astrophysical and thermonuclear fusion p
mas. The photon emission resulting from the decaying pr
uct ions contains important information on plasma para
eters such as ion densities and temperatures. Howeve
determine these plasma quantities detailed knowledge a
the charge transfer processes is required and therefore
study of single-electron capture receives much attention.

In this paper we report state-selective cross sections
single-electron capture in the following reactions:

N41~1s22s!1H→N31~1s22snl !1H1

→N31~1s22sn8l 8!1hn1H1, ~1!

N41~1s2s!1H2→N31~1s22snl !1H2
1→N31~1s2sn8l 8!

1hn1H2
1 . ~2!

The experiments are carried out in the energy range
tween 1 and 4 keV/amu by means of photon emission sp
troscopy~PES!, i.e., by detecting the photonshn emitted in
the N31(nl )→N31(n8l 8) transitions.

Due to the possibly important role of N41-H charge
changing collisions in plasma diagnostics and modeling@1#
several experimental and theoretical studies on charge tr
fer in N41-H collisions have been undertaken. Up to no
N41 1 H collisions were studied experimentally by Hu
et al. @2# and Folkertset al. @3# who used the merged-bea
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technique to obtain accurate total charge transfer cross
tions. Furthermore, translational energy spectroscopy~TES!
experiments by McCulloughet al. @4# provided the first in-
formation on state-selective cross sections. Their meas
ments, however, could not resolve the singlet and trip
states.

Theoretically the N41-H system was studied by Butle
and Dalgarno@5# using a two-state Landau-Zener approx
mation. The N41-H system was analyzed by Feickertet al.
@6# in the framework of a molecular orbital~MO! model at
much lower energies than the ones used in our experim
Quantum mechanical calculations by Stancilet al. @1#, which
extend previous calculations by Zygelmanet al. @7# and cal-
culations by Shimakuraet al. @8#, which have been extende
in a recent paper by Folkertset al. @3#, cover several decade
of the energy spectrum starting from a few tenths of eV up
several keV. In the following these two extensive sets
calculations will be referred to as Stancilet al. @1,9# and
Shimakuraet al. @8#. Their results are generally in goo
agreement with the available experimental results, howe
our present results provide a much more stringent tes
these models since both the singlet and triplet states are
solved. Generally it is assumed that in keV/amu collisio
the distribution over different spin states is statistical@7#.
The calculations by Stancilet al. and Shimakuraet al. pre-
dict a ratio between triplet and singlet capture clearly de
ating from statistical. With our high-resolution PES measu
ments it is possible to test this theoretical prediction.

II. EXPERIMENTAL METHOD

A. Photon emission spectroscopy setup

The state-selective electron-capture measurements
performed in a new crossed-beam setup installed at
atomic physics facility of the KVI Groningen. The cros
sections are determined by means of PES, i.e., photons
sulting from the decay of the excited product ions are
tected by a vacuum ultraviolet monochromator sensitive
the wavelength region between 10 and 80 nm. This mo
chromator is calibrated absolutely on wavelength and se
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222 57BLIEK, WOESTENENK, HOEKSTRA, AND MORGENSTERN
tivity; see, e.g., Hoekstraet al. @10,11# and references
therein. The setup is equally configured as the one descr
in Ref. @11#, however, the present experiment is equipp
with an octupole ion trap in which the primary ion beam
which are produced at keV energies by an ECR ion sou
can be decelerated down to eV energies@12#. But in the
present series of measurements the octupole guide wa
yet used to decelerate ion beams to avoid any influence
the ion beam quality and to verify that absolute cross s
tions can be measured. These cross sections are not
taken to verify theoretical predictions but they should a
serve as a reference for future measurements with th
guide in operation.

B. Hydrogen target

The~atomic! hydrogen target is provided by a Slevin-typ
radio frequency source@13#. In this source a discharge o
molecular hydrogen can be sustained by feeding about 3
of rf power, at a frequency of 27 MHz, into a coaxial cavit
The atomic hydrogen effuses into the collision cham
through an optically blind Teflon capillary, which is coole
by a cryodrive to a temperature of 80 K to reduce the hyd
gen recombination rate at the Teflon surface even furt
The dissociation degreeD is typically in the order of 75%
and is defined by

D5
nH

nH1nH2

. ~3!

This parameter is checked before and after every meas
ment by observing the HeII(2p→1s) line emission resulting
from collisions of He21 with a pure H2 target or with a
mixed H-H2 target. This is a sensitive parameter for t
dissociation degree since the cross sections for electron
ture from H and H2 are significantly different@11,14#.

The signalSoff resulting from collisions on a pure molecu
lar target is given by

Soff5CnH2
sH2

, ~4!

With nH2
the H2 density,sH2

the HeII(2p→1s) emission

cross section, andC a calibration factor. When the rf is
switched on both collisions on H and H2 contribute to the
signalSon, which is given by

Son5CF ~12k!nH2
sH2

1
2

A2
knH2

sH G . ~5!

The density of the H particles equals (2/A2)knH2
when a

fraction k of the H2 particles is dissociated. Since the ma
of the H particles is half the mass of the H2 particles, the
velocity of the H particles isA2 times the velocity of the H2
particles. Now it follows that the fraction of dissociated m
lecular hydrogenk equals

k5S Son

Soff
21D S A2

sH

sH2

21D 21

. ~6!

The dissociation degree is related tok by
ed
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D5
A2k

~A221!k11
. ~7!

The H and H2 densities are determined before and after e
measurement of N41 ions with a mixed H-H2 target. Now
the subtraction of the H2 contribution to a spectrum resultin
from collisions on a mixed target is straightforward. The H2
target beam is calibrated absolutely against a static H2 target.
During the measurements the target pressure is kept
enough to ensure single collisions and is stabilized wit
2%.

C. Photon detection

During collisions between N41 ions and both atomic and
molecular hydrogen the electrons are predominantly c
tured into the N31(1s2 2s 3l ) 1L and 3L states. Inspecting
the relevant part of the Grotrian diagrams~see Fig. 1! it is
clear that all relevant NIV~3l → 2l ) transitions have wave
lengths in the VUV, except for the (3p 3P→3s 3S) transi-
tion at 348 nm. Since this transition has a branching ratio
one, the observed emission of the (3s 3S→2p 3P) transi-
tion at ~32.3 nm! results from capture into both the 3s 3S
state and the 3p 3P state whereby the latter one contribut
via the cascade (3p 3P→3s 3S→2p 3P). The lifetimes for
these states are so short@15# that all photons resulting from
the decay of the reaction products are emitted in the view
area of the VUV spectrometer. In principle also the oth
3l →3l 8 transitions have to be taken into account. Ho
ever, the branching ratios are so small@15# that they hardly
contribute to cascade emission. This means that all emis
cross sections can directly be converted into capture c
sections. The photon emission is observed with a VU
monochromator. This is a grazing incidence vacuum sp
trometer positioned under the double magic angle, i.e., 54
with respect to the beam axis and tilted by 45°, to can
polarization effects@11#. A position-sensitive microchanne
plate detector enables simultaneous detection of lines wi
a range of 20 nm with a resolution of 0.6 nm. Th
wavelength-dependent sensitivity of the VUV monochrom
tor has been determined absolutely with an accuracy of 2

FIG. 1. NIV energy-level diagram for both the 3l singlet and
triplet states. The wavelengths~in nm! of the transitions are indi-
cated in italics.
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57 223STATE-SELECTIVE ELECTRON-CAPTURE . . .
by means of various electron- and ion-impact processes
well-known cross sections. In the relevant spectral range~24
– 39 nm, see Fig. 1!, the absolute calibration of the VUV
system depends to a large extent on data for He21 colliding
on H2 @14# and C41 colliding on H2 @10#.

Figure 2 shows a typical PES spectrum of NIV emission
in the VUV spectral range. The emission cross sections
related via

sem~nl→mk!5
4p

v

q

K~l!Q

S~l!

nL
~8!

to the measured signalS(l), wherel is the wavelength of
thenl→mk transition,v is the solid angle of observation,q
the charge state of the ions,K(l) the quantum efficiency o
the detection system,Q the accumulated charge,n the ef-
fective target density, andL the observation length.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. One-electron-capture cross sections for N41

colliding on H 2

The experimental results for electron capture into N41

ions from collisions with molecular hydrogen are given
Table I and are depicted as a function of energy in Fig

FIG. 2. Typical VUV spectrum resulting from N41 ions collid-
ing on a mixed H/H2 target.
th

re

.

The relative errors represent the statistical errors at a 9
confidence level and the uncertainties in the target dens
The latter ones are due to possible fluctuations in the ta
density and the overlap of the ion and target beams. Ap
from the relative errors a systematic error of 20% has to
included due to uncertainties in the absolute calibration
the VUV spectrometer.

Until now this collision system was hardly studied, i.e
only two experiments were performed. Wang and Chu
@16# measured a rate coefficient of 4.2310210 cm3/s for
electron capture at a mean energy of 2.3 eV and McCullo
et al. @4# measured the translational energy gain of 24-k
N41 ions colliding on H2 molecules. Their spectrum show
capture into differentl states, but no capture probabilitie
were determined.

Since no theoretical calculations are available the mu
channel Landau-Zener~MCLZ! model is used to describe th
general trends in the capture processes. In the model
electronic transitions occur at avoided crossings betw
adiabatic potential-energy curves and are induced by ra
couplings only. The probability for a transition between
initial potential curve of statei to the potential curve of state
j is given by (12p) with p given by

FIG. 3. Measured and calculated~MCLZ! state-selective
charge-transfer cross sections for N41 ions colliding on H2 mol-
ecules.
TABLE I. Measured state-selective charge-transfer cross sections for N41 ions colliding on H2 mol-
ecules. The errors represent the relative errors only. The systematic absolute error is 20%.

E ~eV/amu! s (3s 1S) s (3p 1P) s (3d 1D) s (3s 3S)1s (3p 3P) s (3d 3D)

860 5.856 1.51 3.046 1.06 2.056 1.39
1140 4.536 0.90 2.976 0.52 2.016 0.62 18.786 2.85 1.816 0.47
1290 4.196 0.81 3.066 0.56 2.346 0.52 21.396 3.67 3.076 0.58
1470 3.326 0.49 3.326 0.49 1.896 0.56 18.146 2.21 1.896 0.39
1570 5.306 1.10 3.986 0.75 2.746 0.71 22.476 3.90 3.166 0.67
1710 3.956 1.22 2.886 0.81 1.856 0.85 17.216 4.27 2.396 0.78
2000 3.076 0.50 2.916 0.36 1.626 0.42 13.736 1.48 2.496 0.36
2290 3.036 1.22 3.436 1.05 2.046 0.92 15.846 4.30 3.116 0.95
2570 3.356 0.94 3.926 0.84 3.146 0.89 16.686 3.36 3.776 0.86
2860 3.326 0.61 3.516 0.44 2.146 0.48 15.666 1.71 4.096 0.53
3430 2.526 0.83 2.906 0.69 1.706 0.65 12.186 2.63 3.816 0.91
3710 2.356 0.63 3.376 0.63 2.226 0.57 14.176 2.48 4.466 0.83



224 57BLIEK, WOESTENENK, HOEKSTRA, AND MORGENSTERN
TABLE II. Measured state-selective charge-transfer cross sections for N41 ions colliding on H. The
errors represent the relative errors only. The systematic absolute error is 20–25 %.

E ~eV/amu! s (3s 1S) s (3p 1P) s (3d 1D) s (3s 3S)1s (3p 3P) s (3d 3D)

1140 4.736 0.67 2.926 0.94 2.746 0.92 10.876 3.51 3.896 1.19
1470 1.186 0.57 3.536 0.51 2.966 0.59 13.346 1.93 2.926 0.46
1570 2.356 0.61 4.236 0.78 3.496 0.69 16.866 3.17 4.766 0.87
1710 2.076 0.92 3.966 1.15 2.946 1.02 14.616 4.18 4.786 1.40
2000 1.336 0.52 2.566 0.57 2.676 0.64 9.316 2.04 4.246 0.89
2290 1.956 0.90 2.626 0.80 3.216 1.07 13.456 3.80 4.966 1.44
2570 2.216 0.71 3.236 0.73 1.996 0.67 13.786 2.93 6.386 1.33
2860 1.746 0.55 2.976 0.66 2.656 0.64 10.796 2.33 5.346 1.10
3430 1.496 0.44 3.016 0.60 1.876 0.41 11.666 2.48 5.896 1.03
3710 1.236 0.39 2.876 0.55 2.106 0.47 10.806 2.04 5.736 1.03
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DFv rad
D , ~9!

where the transition matrix elementHi j is one-half of the
splitting of the adiabatic potential-energy curves at the cro
ing point Rc . DF is the difference in the slopes of the co
responding potential-energy curves atRc andv rad the radial
velocity atRc . The crossing points are calculated by assu
ing repulsive Coulomb interaction for the N31(3l )-H 2 sys-
tem and ion-induced dipole interaction for the N41-H 2 sys-
tem. Furthermore straight line trajectories are assumed
obtain the coupling elementsHi j the Olson-Salop-Taulbjerg
approximation@17–19# is used, which is given by

Hi j 5S 9.13f nl

Aq
D expS 21.324Rca

Aq
D . ~10!

This formula for the matrix elements is based on an e
pirical fit to exact calculations of the splitting of adiabat
potential curves. The addition of the factorf nl to the original
formula of Olsen and Salop allows for describing captu
into the nondegeneratel states of partially stripped ion
@19#. For then53 level f 3l is equal to 0.58,20.71, and 0.41
for 3s, 3p, and 3d, respectively. The possibilty to calcula
capture from different targets is covered bya5A2I t, with I t
the ionization potential of the target. The probabilityPi j to
transfer an electron from statei to statej equals 2p(12p).
The generalization to a situation whereN states are involved
is straightforward and can, for example, be found in@20#.
Now the cross sections j for capture into statej can be
calculated by

s j52pE
0

Rj
Pi j ~b!bdb. ~11!

The singlet and triplet systems are treated separately.
corresponding cross sections are afterwards multiplied
their spin statistical weights~0.25 for the singlet states an
0.75 for the triplet states! to allow for a direct comparison
with the experimental data. Only capture into the N31(3l )
states is found to be of relevance.

The results of the Landau-Zener model are in fair agr
ment with the experimental results~see Fig. 3!. Both the
magnitude and energy dependence are predicted well fo
s-

-

o

-

e

he
y

-

all

the states with a low angular momentuml . However, the
cross sections for capture into both the 3d 1D and the 3d 3D
state are not only clearly underestimated but also the exp
mentally observed primary energy dependence of the 3d 3D
state is completely opposite as theoretically predicted. T
can be attributed to the fact that the Landau-Zener mo
only calculates capture into them50 states and does no
include rotational coupling. Apparently this coupling is n
important for transitions to states with a low angular mome
tum but becomes more important for states with a highl .

B. One-electron-capture cross sections for N41 colliding on H

The experimental results for electron capture onto N41

ions in collisions with atomic hydrogen are given in Table
and are depicted as a function of energy in Fig. 4. Again
in Table I the relative errors represent the statistical error
a 90% confidence level and the uncertainties in the ta
density. The latter ones now additionally include fluctuatio
in the dissociation degree of the target. The systematic e
is 20–25%.

The TES data by McCulloughet al. @4# resolve states
with different angular momentum,l , but do not resolve the

FIG. 4. Comparison of our measured state-selective sin
electron-capture cross sections for N41 1 H collisions with the
theoretical predictions of Stancilet al. @1# (2•2), Shimakuraet al.
@8# ~—!, and our MCLZ calculation (•••).
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57 225STATE-SELECTIVE ELECTRON-CAPTURE . . .
different spin states. Therefore the sums over both the sin
and triplet states are depicted in Figs. 5~a! and 5~b! to be able
to compare our data with their results. There is excell
agreement between the cross sections obtained with
methods in the overlapping energy range. McCulloughet al.
put their cross sections on an absolute scale by normali
their total cross sections to the merged-beam data of
et al. @2#. The agreement between our data and the one
McCullough et al. thus implies that our total cross sectio
should agree with the total cross sections of Huqet al. This
can indeed be seen from Fig. 5~g!.

In a first approach to theoretically analyze N41-H colli-
sions Zygelmanet al. @7# calculated only capture into th
singlet states. They assumed that the cross sections for
ture into the triplet states were equal to the ones of the
responding singlet states. This implied a statistical distri
tion over the spin systems. Since the binding energies of
3l states in the triplet system and singlet system are alm
equal~cf. Fig. 1! this is a logical assumption. Therefore al
the outcome of MCLZ calculations, which mainly depend
the binding energies of the active states, should yield a
tistical distribution over the two spin systems. This can
deed be seen from Figs. 5~c!, 5~d!, and 5~h!. From the same
figure it is obvious that the most elaborate calculations
Stancil et al. @1# and Shimakuraet al. @8# predict triplet-
singlet ratios, which clearly deviate from 3 and whic
strongly depend on collision energy. Stancilet al. used a
fully quantum-mechanical close-coupled, molecular-orb
method to determine the cross sections@1#. The molecular
data areab initio obtained using a spin-coupled valenc
bond method. For the calculation of the coupling-matrix
ements four 1S1 and five 3S1 states are included. Sh
makuraet al. used a semiclassical close-coupling molecul

FIG. 5. Comparison of our summed single-electron-capt
cross sections and our triplet-singlet ratios (d) for N41 1 H with
the theoretical predictions of Stancilet al. @1# (2•2), Shimakura
et al. @8# ~—!, and our MCLZ calculation (•••). The -••- lines in
panels~c!, ~d!, and~h! indicate a statistical distribution over the tw
spin states. The other experimental data in panels~a!, ~b!, and ~h!
are from McCulloughet al. @4# (m) and Huqet al. @2# ~j!.
let
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orbital method including electron translation factors. Tw
electron processes, i.e., capture and simultaneous proje
core excitation, have also been considered but over
whole energy region their contribution is small. The molec
lar electronic states were obtained by using a modifi
valence-bond configuration-interaction method. In the cal
lation for the singlet system all eightS states and fiveP
states have been included while on the triplet side all 7S
sates and fiveP states have been taken into account.

A deviation from a statistical distribution is also observ
in our measurements@Figs. 5~c!, 5~d!, and 5~h!#. This triplet-
singlet ratio can reliably be determined because all the em
sion lines are measured in one spectrum, so possible e
due to target fluctuations and changes in beam overlaps
cel. The uncertainty in the ratio is just due to statistical err
and the uncertainty in the relative calibration of the VU
spectrometer, which over the relevant spectral range
24–39 nm is<15%. From Fig. 5~h! it is seen the ratio of
capture into the singlet and triplet states is best described
the calculations of Stancilet al. @1#. The difference between
the calculations of Stancilet al. and Shimakuraet al. @8#
stems mainly from the differences in the ratios for the 3s and
3p states. From Fig. 4 and in particular Fig. 4~c! it is seen
that the main difference in the calculations is in the triplets
and 3p cross sections. Although we realize that there is
systematic error of about 25% associated with our exp
ments, it seems that for capture into the 3p 3S13p 3P
states the results of Shimakuraet al. are slightly too high.
Furthermore for capture into the 3d 1D @Fig. 4~d!# we find a
difference between experiment and theory, either in abso
value or in energy dependence. For the other states the
ferences between the theoretical predictions are too sma
distinguish between both models.

IV. CONCLUSION

Cross sections for N41 colliding on atomic hydrogen
have been measured in the energy region between 1140
3710 eV/amu in which the singlet and triplet states ha
been resolved. The capture cross sections are not statisti
distributed over the singlet and triplet states, agreeing w
large-scale calculations by Stancilet al. @1# and Shimakura
et al. @8#. In the energy range of 1 – 4 keV/amu, it is hard
discriminate between the two model calculations even on
basis of state-selective cross sections, because the differe
between the two models are too small. From the measu
singlet-triplet ratio it is seen that the experimental data
best reproduced by the calculations of Stancilet al.
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