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X-ray emission spectra induced by hydrogenic ions in charge transfer collisions
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Theoretical models are constructed of the hard x-ray spectra resulting from electron capture by fully stripped
Ne101 ions traversing the gases Ne, He, H2 , CO2 , and H2O. The measured spectra are superpositions of
individual lines of Ne91. An exact description of the radiative cascade is used. Initial excited populations that
reproduce the measured spectra are derived and quantitative predictions of the energies and intensities of lines
in the soft x-ray and extreme ultraviolet regions are made. These lines when observed will be powerful
diagnostic probes of the capture mechanism and of the diverse range of laboratory and astrophysical plasmas
in which it occurs.
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The discovery that comets emit x rays and extreme ul
violet ~EUV! radiation@1–10# has generated several sugge
tions for the possible excitation mechanisms, of wh
bremsstrahlung@10–13# and electron capture by solar win
ions @14# are the most plausible. The detection of structure
the spectra@9,10# strongly indicated that electron capture b
highly charged heavy ions of the solar wind colliding wi
the cometary atmosphere was a major source, altho
bremsstrahlung may be contributing also. Calculations of
spectra resulting from charge transfer for typical solar w
ion compositions have been carried out by Ha¨berli et al.
@15#, Wegmannet al. @16#, Schwadron and Cravens@17#, and
Kharchenko and Dalgarno@18,19#. The models predict mul-
tiple emission lines with specific relative intensities. T
more comprehensive calculations of Kharchenko and D
garno @18# predict ratios for the intensities of spectral fe
tures at 400 eV, 560 eV, and 670 eV of 2.2:3.2:1.0, wher
Lisseet al. @10# report for comet C/Linear 1999 S4 ratios
2.3:4.5:1.0. The spectral features consist of several u
solved emission lines. A small adjustment in the adop
solar wind ion composition would bring the theoretical a
measured spectra into agreement. The calculations dem
strate that if sufficient accuracy and spectral resolution
be achieved cometary spectra will be a powerful diagno
probe of the solar wind ion composition@15,17–19#.

Laboratory experiments@20–27# on x rays produced by
specific ions in individual gases in conjunction with cro
section calculations@26–34# open the way to a reliable quan
titative description of the electron capture process and
application to comets, the planets Earth@35,36# and Jupiter
@37–40#, the soft x-ray background@41,42#, astrophysical
environments where gamma-ray lines have been obse
@43,44#, high temperature plasmas@45–47#, and possibly
main sequence stellar winds@48#.

In this Brief Report we analyze the measurements o
rays induced by fully stripped ions colliding with variou
gases@23,24#. The process may be represented by

Xm11A→X(m21)1~nl !1A1, ~1!

whereA is the target gas atom or molecule andX(m21)1(nl)
is the excited state of the hydrogenic ion with principal qua
tum numbern and azimuthal quantum numberl. Following
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the initial capture processes the$nl% states cascade throug
the lower lying energy levels by a complicated series of
diative transitions, giving rise to numerous emission lines
the x-ray and EUV regions with specific relative intensitie
The radiative transitions are subject to the selection rule
D l 561 and the spectra are sensitive to the initiall popula-
tions. To calculate the transition probabilitiesA(n8l 8,nl)
from statenl to staten8l 8 and the related branching ratio
pn8 l 8,nl5A(n8l 8,nl)/(n8 l 8A(n8l 8,nl), we used exact non
relativistic formulas@49,50#. The solution of the cascadin
problem was obtained using the formulation of Kharchen
et al. @40#. Given an initial$nl% distribution we get an exac
representation of the resulting spectrum.

The numbers of cascading photonshn8 l 8
nl emitted by an

excited ion innl→n8l 8 transitions are calculated taking int
account all possible pathways of the photon cascade re
ation. It is convenient to describe excited states of hyd

FIG. 1. X-ray emission spectra induced in Ne1011Ne colli-
sions. Experimental data by Beiersdorferet al. @21# are shown by
circles. The Ne* 91 emission spectra calculated for different phot
energy resolutionsG are shown by the thin solid curve for a spectr
resolution of 1 eV, by the dot-dashed curve forG510 eV, and by
the thick solid curve forG5100 eV.
©2002 The American Physical Society01-1
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FIG. 2. X-ray emission spectra induced in Ne101 collisions with He atoms and with H2 , H2O, and CO2 molecules. Experimental data b
Greenwoodet al. @20# are shown by circles. The Ne* 91 emission spectra calculated for a photon energy resolution of 50 eV are show
the solid curves. The relative intensities ofn→n8 cascading transitions are shown by squares.
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genic ions by the index numberN5n(n21)/21 l 11, which
represents the pair of quantal numbers$n,l %. The branching
ratiospn8 l 8,nl of N(n,l )→N8(n8,l 8) transitions compose th
transition matrixP̂5$PN8,N%5$pn8 l 8,nl%. The initial popula-
tions of different excited states in single electron capt
collisions are given by the vectorC@0#5$cN(0)% normalized
to unity. The vector componentscN(0) are the probabilities
of electron capture intoN(n,l ) excited states:cN(0)
5s(n,l )/s, where s(nl) and s are the partial and tota
electron capture cross sections. The population of the exc
electronic states is altered due to radiative cascading. A
emission of the first photon the new occupation numbers
excited states are given by the vectorC@1#5P̂C@0#, after a
second photon emission byC@2#5P̂C@1#5P̂2C@0#, and so
on. Each multiplication by the transition matrixP̂ clears the
level with the highest occupied principal quantum numben.
The populations of all excited states are terminated aftei m
cascading steps, wherei m is the number of intermediate ex
cited states in the longest relaxation path. The maxim
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number of photons emitted in the relaxation pathways
pends on the ion excess chargeq and on the target ionization
potential.

The fraction of photonshn8 l 8
nl emitted in N→N8 transi-

tions is calculated as

hn8 l 8
nl

5pn8 l 8,nl~C@0#1C@1#1C@2#1••• !N(n,l )

5pn8 l 8,nl~Ctot!N(n,l ) , ~2!

whereCtot is the vector of the total population via all pos
sible cascading pathways calculated as

Ctot5(
i 50

i m

P̂i
•C@0#. ~3!

The initial populations depend on the nature of the coll
ing systems and on the projectile ion velocity. In Fig. 1 r
cent measurements of x-ray emission spectra in Ne1011Ne
collisions @24# at energy of (964) eV amu21 are compared
1-2
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TABLE I. Relative intensities of Ne* 91 emission lines.

6p-1s 5p-1s 4p-1s 3p-1s 2p-1s 3d-2p 4 f -3d 5g-4 f 6h-5g 6g-4 f 6g-5 f 6 f -3d 6d-2p 4d-2p 5 f -3d

\v ~eV! 1324 1308 1277 1211 1022 189 66.1 30.6 16.6 47.2 16.6 113 302 255 96
He 0.095 0.12 0.15 1 0.57 0.41 0.32 0.20 0.1
H2 0.056 0.014 0.065 0.15 1 0.74 0.51 0.33 0.32 0.18 0.15 0.13 0.11 0.10 0
H2O 0.028 0.014 0.058 0.13 1 0.73 0.49 0.30 0.25 0.15 0.12 0.098 0.086 0.10
CO2 0.033 0.017 0.041 0.17 1 0.68 0.46 0.30 0.29 0.16 0.13 0.13 0.13 0.094 0
to
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with theoretical spectra calculated by applying our pho
cascading scheme to the initialnl distribution from a multi-
crossing Landau-Zener model. The theoretical spectra
given for photon energy resolutions of 1, 10, and 100
The low resolution spectra are in very good agreement w
the experimental data and the earlier disagreement with
theoretical models@15,16# is removed by our more accura
description of the cascading. The predicted spectra of the
cascading photons are shown in the inset of Fig. 1. The
ure demonstrates the substantial enhancement in diagn
capability provided by high spectral resolution and by t
detection of cascading photons.

In Figs. 2~a!–2~d! we reproduce the measurements
Greenwoodet al. @23# of the x-ray spectra resulting from
collisions of fully stripped Ne101 ions traversing gases o
He, H2 , H2O, and CO2 at energies of 3 keV/amu with
spectral resolution of 100 eV. Each spectrum has two m
peaks centered at 1.3 keV and 1.0 keV. Greenwoodet al.
interpreted the spectra as a superposition of thea, b, g, and
d lines of the Lyman series of Ne91.

Theoretical studies of charge transfer@30,32–34,51# indi-
cate that capture occurs preferentially into levels with a n
row range of principal quantum numbersn. The distribution
of orbital angular momentuml states depends sensitively o
the projectile velocity, changing from an approximately s
tistical distribution at high energies to small values ofl at
low energies@23,30,51#. We use these model features for
approximate description of the initialnl populations, and
small changes in the capture probabilities are needed to
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tain agreement with experimental x-ray spectra. Our deter
nation of the initialnl populations agrees well with exper
ment for Ne1011He for which recoil spectroscopy data o
selective level populations exist@26#.

We present in Figs. 2~a!–2~d! the theoretical spectra de
graded to a resolution of 50 eV. The individual lines of whi
the spectra are composed are identified in Table I. The hig
energy peak in each spectrum consists primarily of the
man 6p-1s and 3p-1s lines of Ne91 and the lower energy
peak consists primarily of the Lyman 2p-1s line. The analy-
sis yields accurate intensities of the many lines that appea
longer wavelengths in the radiative cascade from the initia
populated levels. We list in Table I the predicted intensit
scaled to the intensity of the Lymana line of Ne91. There
are several strong lines. The most prominent is the emis
of the 3d-2p Balmer line at 189 eV for all targets. Th
relative intensities of the brightest emission lines are se
tive to the ionization potential of the target atoms and m
ecules. The point at 510 eV in the figures gives the to
intensity of the 2s→1s two-photon decay continuum. Othe
possible sources of continuum emission are bremsstrah
and radiative electron capture. Observation of the lines
Table I would provide a unique check on the electron capt
hypothesis and a more accurate representation of the ca
process@52#. Small but significant discrepancies exist b
tween the experimental and model spectra on the low ene
side of the major peaks. They may well be due to our neg
of multiple electron captures@23,26#.

The derived initial populations are listed in Table II. The
7

3

TABLE II. Population of excited states of Ne* 91 ions.

Collision n ns np nd n f ng nh ni

Ne1011He 4 0.042 0.075 0.126 0.064
5 0.024 0.082 0.180 0.179 0.225
3 0.0 0.055 0.0

Ne1011H2 4 0.0 0.035 0.0 0.0
5 0.001 0.002 0.003 0.004 0.005
6 0.027 0.052 0.137 0.191 0.247 0.241
3 0.0 0.038 0.0

Ne1011H2O 4 0.0 0.028 0.0 0.0
6 0.027 0.025 0.10 0.12 0.16 0.12
7 0.008 0.024 0.04 0.057 0.083 0.089 0.0
3 0.0 0.05 0.00

Ne1011CO2 5 0.024 0.0 0.032 0.0 0.0
6 0.047 0.031 0.16 0.19 0.22 0.21
7 0.0 0.001 0.002 0.003 0.004 0.005 0.00
1-3
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are similar to those we obtained using the multicross
Landau-Zener model and by molecular and classic
trajectory Monte Carlo calculations@33,34,51#. The values
for H2O should be particularly useful for the interpretation
cometary data.
s.
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