Preprint
UCRL-]JC-147239

Laboratory Studies of the
X-Ray Emission Produced
by the Interaction of solar
Wind Heavy lons with
Comets

P. Beiersdorfer, H. Chen, M. May, D. Thorn, K.R. Boyce,
G.V. Brown, R.L. Kelley, F.S. Porter, C.K. Stahle, A.E.
Szymkowiak, S.M Kahn

This article was submitted to NASA Laboratory Astrophysics

”_-S'r‘;eﬁi"'"e"' of Energy \\orkshop, Moffett Field, CA, May 1-3, 2002
Lawrence
Livermore

National

Laboratory August 9, 2002

="

Approved for public release; further dissemination unlimited



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
Government or the University of California. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or the University of California, and shall
not be used for advertising or product endorsement purposes.

This is a preprint of a paper intended for publication in a journal or proceedings. Since changes may be
made before publication, this preprint is made available with the understanding that it will not be cited or
reproduced without the permission of the author.

This work was performed under the auspices of the United States Department of Energy by the
University of California, Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48.

This report has been reproduced directly from the best available copy.

Available electronically at http://www.doc.gov /bridge

Available for a processing fee to U.S. Department of Energy
And its contractors in paper from
U.S. Department of Energy
Office of Scientific and Technical Information
P.O. Box 62
Oak Ridge, TN 37831-0062
Telephone: (865) 576-8401
Facsimile: (865) 576-5728

E-mail: reports@adonis.osti.gov

Available for the sale to the public from
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161
Telephone: (800) 553-6847
Facsimile: (703) 605-6900
E-mail: orders@ntis.fedworld.gov
Online ordering: hitp://www.ntis.gov/ordering.htm

OR

Lawrence Livermore National Laboratory
Technical Information Department’s Digital Library
http:/ /www.linl.gov/tid/Library.html


mailto:reports@adonis.osti.gov
http://orders&tis.fedworld.gov
http://ntis.gov
http://www.llnl.gov

Laboratory Studies of the X-ray Emission Produced by the
Interaction of Solar Wind Heavy Ions with Comets

P. Beiersdorfer, H. Chen, M. May, D. Thorn
Lawrence Livermore National Laboratory, Livermore, CA 94550
K. R. Boyce, G. V. Brown, R. L. Kelley, F. S. Porter, C. K. Stahle, A.E. Szymkowiak

NASA Goddard Space Flight Center, Greenbelt, MD 20771
S. M. Kahn

Columbia Astrophysics Laboratory, Columbia University, New York, NY 10027
ABSTRACT

The process of X-ray emission following charge exchange between solar wind
heavy ions and cometary gases is studied in the laboratory. The emission
is recorded with the spare ASTRO-E 6x6 microcalorimeter array. The mi-
crocalorimeter affords a resolution of better than 10 eV in the range of X-ray
energies of interest and thus individual emission lines can be resolved. Our
present measurements focus on the most abundant K-shell heavy ions found in
the solar wind. In particular, we measure the K-shell emission of bare C, N, O,
and Ne, and their hydrogenlike counter parts interacting with such gases as CO,,
N3, and CHy. Several results are noted that had not been considered in the early
cometary X-ray models.

1. Introduction

Charge exchange between cometary gases and solar wind heavy ions is likely to be the
dominant process of X-ray emission from comets. While charge exchange cross sections have
been measured by various facilities, little experimental data has been gathered about the
detailed processes that lead to X-ray line formation. To fill this void, we are studying the
charge exchange process in the laboratory.

Our measurements utilize ions from the EBIT-1 and EBIT-II electron beam ion traps
at the Lawrence Livermore National Laboratory (Levine et al. 1988). EBIT-I and EBIT-II
are the first and second such devices put into operation in 1986 and 1990, respectively. Ions



are first produced with the electron beam on in the so-called electron trapping mode. Then
the beam is turned off, and the device is operated in the so-called magnetic trapping mode
(Beiersdorfer et al. 1996). In this mode, the trap is operated like a Penning trap. Neutral
atomic or molecular gases of choice are introduced into the trap, and the ions are allowed to
undergo charge exchange reactions.

The charge exchange induced X-ray emission is recorded with the spare ASTRO-E
microcalorimeter array built at the Goddard Space Flight Center (Porter et al. 2000). This
calorimeter has unique features that make charge-exchange measurements possible. First, it
has a large effective area (=~ 13 mm?) consisting of 36 individual elements, 32 of which are
active. A large area is necessary to observe the rather weak signal from charge exchange,
which is about 100 — 1000 times weaker than x-ray emission from electron-impact excitation
during the electron trapping mode. Second, the Goddard calorimeter gives a time-tag to
each photon. This is necessary to distiguish between X rays collected during the electron
trapping mode and the magnetic trapping mode. Third, the long-term gain stability allows
us to collect data for extended periods without compromising the resolving power. Finally,
the differential response of our instrumentation is calibrated in sifu. This is necessary at
the low energies of the X rays of interest (< 1000 e€V), where the instrumental response is
strongly affected by the transmission of the thermal shielding foils.

2. Typical Results

Our present measurements focus on the X-ray emission from K-shell heavy ions. A
spectrum of the X-ray emission from hydrogenlike Ne®* following charge exchange between
bare Ne'®* and neutral neon is shown in Fig. 1. The spectrum shows lines corresponding to
transitions from the 2p, 3p, 4p, 5p, and 6p upper levels to the 1s ground state. These are
labeled Lya, Ly@, Ly, Lyd, and Lye, respectively.

The figure also shows the predictions of the cometary X-ray models developed by Haberli
et al. (1996) and Wegmann et al. (1997). Haberli et al. included emission from only the 2p
level. Wegmann et al. included emission from all upper levels accessible to population by
charge exchange assuming that the amount of emission from each upper level is same for all.

A spectrum of the X-ray emission from heliumlike Ne¥* following charge exchange be-
tween hydrogenlike Ne®* and neutral neon is shown in Fig. 2. The spectrum is very different
from that shown in Fig. 1. First, emission involving high principal quantum numbers is
suppressed. Most emission is from lines with an n = 2 upper level. Second, the forbidden
transition 1s2s %S, — 1s% 1S, produced the strongest X-ray emission. This emission pat-



tern is the direct result of the presence of triplet levels in the heliumlike ion, which strongly
determines the radiative properties of the heliumlike ion (Beiersdorfer et al. 2001). Triplet
levels do not exist in hydrogenlike ions.

Predictions from Héberli et al. (1996) and Wegmann et al. (1997) are again overlayed
with the measured spectrum in Fig. 2.

3. Conclusion

Our measurements have produced several suprising results that had not been considered
in the early cometary X-ray models. The emission pattern is different for different isoelec-
tronic systems; the forbidden line 1s2s 3S; — 1s? 1S, produces the strongest emission in
heliumlike ions. The actual emission pattern changes with the collision energy (Beiersdorfer
et al. 2001). Moreover, the detailed emission depends on the chemical composition of the
cometary gases.

The complexity of the X-ray emission from cometary (and presumably from planetary)
atmospheres implies rich opportunities for using the emission for diagnostic purposes that
go beyond merely determining the composition and intensity of the solar wind.

This work was supported by NASA’s Planetary Atmospheres Program work order W-
19,938 and performed by UC-LLNL under the auspices of DOE under Contract No. W-
7405-Eng-48.
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Fig. 1.— Ne IX spectrum measured with the Goddard X-ray microcalorimeter on the Liv-
ermore EBIT-II electron beam ion trap. The spectrum was produced by charge exchange
recombination of Ne!®* with neutral neon.
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Fig. 2.— Ne VIII spectrum measured with the Goddard X-ray microcalorimeter on the
Livermore EBIT-II electron beam ion trap. The spectrum was produced by charge exchange
recombination of Ne®* with neutral neon forming excited heliumlike Ne®* ions.



